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COMPARATIVE FINITE ELEMENT ANALYSIS OF STRESS DISTRIBUTION 

OF DIFFERENT IMPLANT-SUPPORTED CROWN AND ABUTMENT 

MATERIALS 

ABSTRACT 

This study aimed to evaluate the stress distribution of three-dimensional (3D) printed 

ceramic filled hybrid materials and zirconia as abutments and implant-supported crowns 

using a finite element study model. Five groups of materials were: computer-aided design 

and computer-aided manufacturing (CAD/CAM) zirconia implant-supported crown with 

CAD/CAM zirconia custom abutment (ZR-ZR); 3D printed VarseoSmile® Crown Plus 

implant-supported crown with CAD/CAM zirconia custom abutment (VSC-ZR); 

CAD/CAM zirconia implant-supported crown with 3D printed VarseoSmile® Crown Plus 

custom abutment (ZR-VSC); 3D printed VarseoSmile® TriniQ® implant-supported crown 

with CAD/CAM zirconia custom abutment (VST-ZR); and CAD/CAM zirconia implant-

supported crown with 3D printed VarseoSmile® TriniQ® (ZR-VST) custom abutment. 

The implant-supported crown of a mandibular first molar was designed and modelled in 

computer-aided design (CAD) software, and analysed using finite element analysis (FEA) 

ANSYS Workbench 2021 R1 software. All the materials were considered homogenous, 

isotropic, and linearly elastic.  A 600N vertical load (Load Case 1) was applied to the 

central axis of implant onto the crown, while a 225N oblique load (Load Case 2) was 

applied 45° to the central axis of implant onto the crown. The von Mises stress was 

recorded at crown, cement between crown and CAD/CAM custom abutment, CAD/CAM 

custom abutment, cement between CAD/CAM custom abutment and titanium base (Ti-

base) abutment, abutment screw, titanium base abutment, fixture, cortical, and cancellous 

bone. The von Mises stress percentage difference was compared to the control group ZR-

ZR. The stress concentration areas were indicated by colorimetric map. At the crown, 

Group ZR-VST had the highest von Mises stress (214.39 MPa; 112.72 MPa), while Group 
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VST-ZR had the lowest (173.66 MPa; 101.58 MPa) in Load Case 1 and 2, respectively. 

The stress concentration areas were the crown's occlusal area, the cement layer of the 

neck and top region of the abutment, top region of titanium base abutment, the internal 

connection to the abutment screw, the collar area at gingival level, first thread of abutment 

screw, and cervical area of titanium base abutment. At the CAD/CAM custom abutments, 

Groups ZR-VSC and ZR-VST demonstrated the lowest stress in Load Case 1 and 2, which 

were 46.66 MPa and 44.62 MPa; 45.34 MPa and 41.95 MPa, respectively. The cement 

between the crown and the CAD/CAM custom abutment showed the lowest stress in 

Group ZR-VSC (28.19 MPa) and Group ZR-VST (28.92 MPa) in Load Case 1. In Load 

Case 1, the cement between the CAD/CAM custom abutment and the Ti-base abutment 

demonstrated the greatest stress in Groups ZR-VSC (70.14 MPa) and ZR-VST (72.52 

MPa), similarly observed in Load Case 2 (Group ZR-VSC:54.72 MPa; Group ZR-VST: 

57.76 MPa). The stress at the fixture in the cortical and cancellous bones was comparable 

across all groups under both loads. In conclusion, the combination of implant-supported 

crown and abutment with different moduli of elasticity positively influences stress 

distribution at the crown, cement between crown and CAD/CAM custom abutment, 

CAD/CAM custom abutment, abutment screw, cement between CAD/CAM custom 

abutment and Ti-base abutment, Ti-base abutment and fixture, but no effect on stress 

distribution in the peri-implant bone structure.  

Keywords: Finite Element Analysis, 3-dimensional Printed Hybrid Materials, 

Computer-aided design and computer-assisted manufacturing (CAD/CAM) zirconia, 

Custom Abutment, Stress Distribution 
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ANALISIS “FINITE ELEMEN” PERBANDINGAN PENGAGIHAN TEKANAN 

BAGI BAHAN KORONA DAN ABUTMEN YANG DISOKONG IMPLAN 

BERBEZA 

ABSTRAK 

Kajian ini bertujuan untuk menilai pengagihan tekanan bahan hibrid yang diisi seramik 

tiga dimensi (3D) yang dicetak dan zirkonia sebagai abutment dan korona yang disokong 

implan menggunakan model kajian finite elemen. Lima kumpulan bahan yang digunakan 

adalah: korona yang disokong implan zirkonia CAD/CAM dengan abutment custom 

zirkonia CAD/CAM (ZR-ZR); korona yang disokong implan VarseoSmile® Crown Plus 

yang dicetak 3D dengan abutment custom zirkonia CAD/CAM (VSC-ZR); korona yang 

disokong implan zirkonia CAD/CAM dengan abutment custom VarseoSmile® Crown Plus 

yang dicetak 3D (ZR-VSC); korona yang disokong implan VarseoSmile® TriniQ® yang 

dicetak 3D dengan abutment custom zirkonia CAD/CAM (VST-ZR); dan korona yang 

disokong implan zirkonia CAD/CAM dengan abutment custom VarseoSmile® TriniQ® 

yang dicetak 3D (ZR-VST). Korona yang disokong implan pada molar pertama 

mandibula direka dan dimodelkan dalam perisian reka bentuk berbantu komputer (CAD), 

dan dianalisis menggunakan analisis finite elemen (FEA) ANSYS Workbench 2021 R1. 

Semua bahan dianggap homogen, isotropik, dan elastik linear. Beban vertikal 600N (Kes 

Beban 1) dikenakan pada paksi tengah implan ke atas korona, sementara beban serong 

225N (Kes Beban 2) dikenakan 45° ke paksi tengah implan ke atas korona. Tekanan von 

Mises direkodkan pada korona, simen antara korona dan abutment custom CAD/CAM, 

abutment custom CAD/CAM, simen antara abutment custom CAD/CAM dan abutment 

asas titanium, skru abutment, abutment asas titanium, fixture, kortikal, dan tulang 

kanselus. Peratusan perbezaan tekanan von Mises direkodkan berbanding dengan 

Kumpulan ZR-ZR sebagai kumpulan kawalan. Kawasan kepekatan tekanan ditunjukkan 

oleh peta kolorimetrik. Pada korona, Kumpulan ZR-VST mempunyai tekanan von Mises 
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tertinggi (214.39 MPa; 112.72 MPa), sementara Kumpulan VST-ZR mempunyai yang 

terendah (173.66 MPa; 101.58 MPa) dalam Kes Beban 1 dan 2, masing-masing. Kawasan 

kepekatan tekanan adalah kawasan oklusal korona, lapisan simen pada bahagian leher 

dan bahagian atas abutment, bahagian atas abutment asas titanium, sambungan dalaman 

ke skru abutment, kawasan kolar pada tahap gingiva, benang pertama skru abutment, dan 

kawasan serviks abutment asas titanium. Pada abutment custom CAD/CAM, Kumpulan 

ZR-VSC dan ZR-VST mencatatkan tekanan terendah dalam Kes Beban 1 dan 2, iaitu 

46.66 MPa dan 44.62 MPa; 45.34 MPa dan 41.95 MPa. Simen antara korona dan 

abutment custom CAD/CAM menunjukkan tekanan terendah dalam Kumpulan ZR-VSC 

(28.19 MPa) dan Kumpulan ZR-VST (28.92 MPa) dalam Kes Beban 1. Dalam Kes Beban 

1, simen antara abutment custom CAD/CAM dan abutment asas titanium menunjukkan 

tekanan tertinggi dalam Kumpulan ZR-VSC (70.14 MPa) dan ZR-VST (72.52 MPa), 

begitu juga dalam Kes Beban 2 (Kumpulan ZR-VSC:54.72 MPa; Kumpulan ZR-VST: 

57.76 MPa). Tekanan pada fixture dalam tulang kortikal dan kanselus adalah setanding 

di semua kumpulan di bawah kedua-dua beban. Kesimpulannya, kombinasi korona yang 

disokong implan dan abutment dengan modulus elastik yang berbeza mempengaruhi 

pengagihan tekanan pada korona, simen antara mahkota dan abutment, abutment, skru 

abutment, simen antara abutment dan abutment asas titanium, abutment asas titanium, 

dan fixture. Walau bagaimanapun, ia tidak memberi kesan kepada pengagihan tekanan 

dalam struktur tulang peri-implan. 

Kata Kunci: Analisis “Finite Elemen”, Bahan Hibrid Cetakan 3-dimensi, Zirkonia, 

Abutmen Disesuaikan (CAD/CAM), Pengagihan Tekanan  

 

 

Univ
ers

iti 
Mala

ya



viii 

ACKNOWLEDGEMENTS 

First and foremost, I would like to express my sincere gratitude and utmost respect to 

my supervisors: Dr Muaiyed Mahmoud Buzayan, Associate Professor Dr Eshamsul Bin 

Sulaiman and Dr Nur Diyana Binti Mohamed Radzi for their invaluable guidance, support 

and encouragement throughout this study. Their expertise and insights were crucial to the 

completion of this research. 

I am also deeply grateful to three important individuals, specifically my parents: Mr 

Chan Beng Hock and Madam Chew Yen Chin and my sister: Miss Chan Tung Tung for 

their continuous encouragement and understanding that had kept me motivated. 

Lastly, I am also grateful to my friends for their advice and suggestions. 

  

Univ
ers

iti 
Mala

ya



ix 

TABLE OF CONTENTS 

ABSTRACT. .................................................................................................................... iv 

ABSTRAK… ................................................................................................................... vi 

Acknowledgements ....................................................................................................... viii 

Table of Contents ............................................................................................................. ix 

List of Figures ................................................................................................................ xiv 

List of Tables.................................................................................................................. xvi 

List of Symbols and Abbreviations ............................................................................. xviii 

CHAPTER 1: INTRODUCTION .................................................................................. 1 

1.1 Introduction.............................................................................................................. 1 

1.2 Research Question ................................................................................................... 5 

1.3 Aim of Study............................................................................................................ 5 

1.4 Objectives ................................................................................................................ 5 

CHAPTER 2: LITERATURE REVIEW ...................................................................... 7 

2.1 Introduction of Dental Implant ................................................................................ 7 

2.2 Components of Dental Implant ................................................................................ 7 

2.3 Classification of Implant-Supported Crown ............................................................ 8 

2.3.1 Types of Retention...................................................................................... 8 

2.3.1.1 Screw-retained ............................................................................. 8 

2.3.1.2 Cement-retained .......................................................................... 9 

2.3.1.3 Screw-retrievable Cement-retained (SRCR) Restorations .......... 9 

2.3.2 Types of Crown Materials ........................................................................ 10 

2.3.2.1 Metal-Ceramics ......................................................................... 10 

2.3.2.2 Veneered Ceramics.................................................................... 11 

Univ
ers

iti 
Mala

ya



x 

2.3.2.3 Monolithic Ceramics ................................................................. 11 

2.3.2.4 CAD/CAM Resin Composites .................................................. 12 

2.4 Implant Abutment .................................................................................................. 13 

2.4.1 Classification of Dental Abutments.......................................................... 13 

2.4.1.1 Implant-Abutment Connections ................................................ 14 

2.4.1.2 Method of Manufacturing Dental Abutments ........................... 15 

2.4.1.3 Types of Abutment Materials .................................................... 17 

2.5 Complications of Implant-Supported Prosthesis ................................................... 26 

2.5.1 Mechanical Complications ....................................................................... 26 

2.5.2 Biological Complications ......................................................................... 29 

2.6 Finite Element Analysis (FEA).............................................................................. 31 

2.7 Novelty................................................................................................................... 32 

CHAPTER 3: MATERIALS AND METHOD ........................................................... 33 

3.1 Materials and Methods........................................................................................... 33 

3.2 Computer Specification ......................................................................................... 35 

3.3 Software ................................................................................................................. 35 

3.4 Overview Process of FEA...................................................................................... 36 

3.5 Pre-Processing: Import STL .................................................................................. 38 

3.5.1 The Model................................................................................................. 38 

3.5.1.1 The Crown ................................................................................. 38 

3.5.1.2 The CAD/CAM Custom Abutment........................................... 38 

3.5.1.3 The Abutment Screw ................................................................. 39 

3.5.1.4 The Ti-Base Abutment .............................................................. 39 

3.5.1.5 The Fixture ................................................................................ 39 

3.5.1.6 The Mandible ............................................................................ 39 

3.5.1.7 The Cement ............................................................................... 40 

Univ
ers

iti 
Mala

ya



xi 

3.5.2 The Geometry of Assembled Model ........................................................ 40 

3.6 Pre-Processing: Geometry Checking, Simplification, Rebuilding and Cleaning Up

 40 

3.6.1 Fixture....................................................................................................... 41 

3.6.2 Crown ....................................................................................................... 42 

3.6.3 CAD/CAM Custom Abutment ................................................................. 43 

3.6.4 Abutment Screw ....................................................................................... 44 

3.6.5 Ti-base Abutment ..................................................................................... 44 

3.6.6 Cortical Bone and Cancellous Bone ......................................................... 45 

3.7 Pre-Processing:Meshing ........................................................................................ 46 

3.8 Load and Boundary Condition............................................................................... 48 

3.8.1 Load Case 1: Vertical Load 600N ............................................................ 48 

3.8.2 Load Case 2: Oblique Load 225N ............................................................ 49 

3.9 Material Properties Definition ............................................................................... 50 

3.10 Processing: Analysis .............................................................................................. 51 

CHAPTER 4: RESULTS.............................................................................................. 58 

4.1 Load Case 1 ........................................................................................................... 58 

4.1.1 Overall The Highest Stress Area .............................................................. 62 

4.1.2 Crown ....................................................................................................... 62 

4.1.3 Cement between Crown & CAD/CAM Custom Abutment ..................... 62 

4.1.4 CAD/CAM Custom Abutment ................................................................. 62 

4.1.5 Abutment Screw ....................................................................................... 63 

4.1.6 Cement between CAD/CAM Custom Abutment and Ti-base Abutment. 63 

4.1.7 Ti-base Abutment ..................................................................................... 63 

4.1.8 Fixture....................................................................................................... 63 

4.1.9 Cortical Bone and Cancellous Bone ......................................................... 64 

Univ
ers

iti 
Mala

ya



xii 

4.2 Load Case 2 ........................................................................................................... 64 

4.2.1 Overall The Highest Stress Area .............................................................. 68 

4.2.2 Crown ....................................................................................................... 68 

4.2.3 Cement between Crown and CAD/CAM Custom Abutment................... 68 

4.2.4 CAD/CAM Custom Abutment ................................................................. 68 

4.2.5 Abutment Screw ....................................................................................... 69 

4.2.6 Cement between CAD/CAM Custom Abutment and Ti-base Abutment. 69 

4.2.7 Ti-base Abutment ..................................................................................... 69 

4.2.8 Fixture....................................................................................................... 69 

4.2.9 Cortical Bone and Cancellous Bone ......................................................... 69 

4.2.10 Comparison of Stress Distribution at Different Level of Components of 

Implant and Bone Structure under 2 Load Cases. .................................... 71 

4.2.10.1 Overall The Highest Stress Concentration For the Whole 

Structure .................................................................................... 71 

Red label indicates the highest stress concentration area. ....................... 71 

4.2.10.2 Crown ........................................................................................ 74 

4.2.10.3 Cement Between the Crown & CAD/CAM Custom Abutment 

under 2 Load Cases ................................................................... 76 

4.2.10.4 CAD/CAM Custom Abutment .................................................. 78 

4.2.10.5 Abutment Screw ........................................................................ 80 

4.2.10.6 Cement between the CAD/CAM Custom Abutment and Ti-base 

Abutment ................................................................................... 82 

4.2.10.7 Ti-base Abutment ...................................................................... 84 

4.2.10.8 Fixture ....................................................................................... 86 

4.2.10.9 Cortical Bone............................................................................. 88 

4.2.10.10 Cancellous Bone ............................................................. 90 

Univ
ers

iti 
Mala

ya



xiii 

CHAPTER 5: DISCUSSION ....................................................................................... 92 

5.1 Methodology .......................................................................................................... 92 

5.2 Stress Distribution.................................................................................................. 94 

5.2.1 Crown ....................................................................................................... 94 

5.2.2 Cement ...................................................................................................... 96 

5.2.3 CAD/CAM Custom Abutment and Abutment Screw .............................. 96 

5.2.4 Ti-base Abutment ..................................................................................... 98 

5.2.5 Fixture....................................................................................................... 98 

5.2.6 Cortical Bone and Cancellous Bone ......................................................... 99 

5.2.7 Overall ...................................................................................................... 99 

5.3 Limitations ........................................................................................................... 101 

CHAPTER 6: CONCLUSION ................................................................................... 102 

References ..................................................................................................................... 103 

Univ
ers

iti 
Mala

ya



xiv 

LIST OF FIGURES 

Figure 3.1: The Overall Process of FEA ......................................................................... 36 

Figure 3.2: The Flow for the FEA Process in Details ..................................................... 37 

Figure 3.3: Comparison between STL file of Fixture and Cleaned Up Geometry. ........ 41 

Figure 3.4: (A): The Original Crown Profile Buccal View; (B): Occlusal View ........... 42 

Figure 3.5: Comparison between STL of Crown Profile & After Cleaned Up Geometry.
 ......................................................................................................................................... 42 

Figure 3.6: Comparison between STL of Crown Profile & After Rebuilt Geometry. .... 43 

Figure 3.7: Comparison between Original CAD/CAM custom Abutment STL and After 
Cleaned Up Geometry. .................................................................................................... 43 

Figure 3.8: Comparison between Original Abutment Screw STL vs Cleaned and Rebuilt 
Abutment Screw. ............................................................................................................. 44 

Figure 3.9: Comparison between Original Ti-base Abutment & Cleaned and Rebuilt Ti-
base Abutment. ................................................................................................................ 45 

Figure 3.10: Comparison of Original Cortical and Cancellous Bone and Cleaned Bone 
Geometry. ........................................................................................................................ 46 

Figure 3.11:Assembled Model of 3D Tetrahedron Mesh for Ansys ............................... 47 

Figure 3.12: The Three Dimension were Comparable .................................................... 47 

Figure 3.13: Complex and Organic Shape of the Components ....................................... 48 

Figure 3.14: Vertical Load 600N was Applied to the Central Axis of Implant onto the 
Crown. ............................................................................................................................. 49 

Figure 3.15: Oblique Load 225N was Applied 45 to the Central Axis of Implant onto the 
Crown .............................................................................................................................. 49 

Figure 3.16: Group ZR-ZR: CAD-CAM Zirconia Crown Cemented to CAD-CAM 
Zirconia Custom Abutment which was Cemented to Ti-base Abutment (Control Group)
 ......................................................................................................................................... 53 

Figure 3.17: Group VSC-ZR: 3D-Printed VarseoSmile® Crown Plus Crown Cemented to 
CAD-CAM Zirconia Custom Abutment which was Cemented to Ti-base Abutment.... 54 

Univ
ers

iti 
Mala

ya



xv 

Figure 3.18: Group ZR-VSC: CAD-CAM Zirconia Crown Cemented to 3D-Printed 
VarseoSmile® Crown Plus Custom Abutment which was Cemented to Ti-base Abutment
 ......................................................................................................................................... 55 

Figure 3.19: Group VST-ZR: 3D-Printed VarseoSmile ® TriniQ® Crown Cemented to 
CAD-CAM Zirconia Custom Abutment which was Cemented to Ti-base Abutment.... 56 

Figure 3.20: Group ZR-VST: CAD-CAM Zirconia Crown Cemented to 3D-Printed 
VarseoSmile ® TriniQ®  Custom Abutment which was Cemented to Ti-base Abutment 57 

Figure 4.1: Result of Load Case 1: Comparison of Von Mises Stress of Overall The 
Highest Stress Area, Crown, Cement between Crown and CAD/CAM Custom Abutment, 
CAD/CAM Custom Abutment, Abutment Screw, Cement between CAD/CAM Custom 
Abutment and Ti-base Abutment, Ti-base Abutment, Fixture, Cortical Bone, and 
Cancellous bone among all five group of FEA Models under Load Case  1 .................. 60 

Figure 4.2: Result of Load Case 2: Comparison of Von Mises Stress Of Overall The 
Highest Stress Area ,Crown, Cement between Crown and CAD/CAM Custom Abutment, 
CAD/CAM Custom Abutment, Abutment Screw, Cement between CAD/CAM Custom 
Abutment and Ti-base Abutment, Ti-base Abutment, Fixture, Cortical Bone and 
Cancellous Bone Among All 5 Groups of FEA Models  in Load Case 2 ....................... 66 

  

Univ
ers

iti 
Mala

ya



xvi 

LIST OF TABLES 

Table 2.1: Incidence of Different Types of Prosthetic Complications in 405 Patients in 
Four Independent Private Dental Offices with Placement of 1692 Dental Implants From 
January 1991 to December 2002 ..................................................................................... 29 

Table 3.1:Materials And Methods Used ......................................................................... 33 

Table 3.2: Dimension of Components of Implant and Bone Structure CAD ................. 34 

Table 3.3: Computer Specification.................................................................................. 35 

Table 3.4:  FEA Software................................................................................................ 35 

Table 3.5: Young Modulus and Poisson Ratio of Each Material .................................... 50 

Table 3.6: 5 Groups of Different Combinations of Crown and CAD/CAM Custom 
Abutment Materials ......................................................................................................... 52 

Table 4.1: Result of Load Case 1: Comparison of Von Mises Stress Of Overall The 
Highest Stress Area, Crown, Cement between Crown and CAD/CAM Custom Abutment, 
CAD/CAM Custom Abutment, Abutment Screw, Cement between CAD/CAM Custom 
Abutment and Ti-base Abutment, Ti-base Abutment, Fixture, Cortical Bone and 
Cancellous Bone Among All 5 Groups of FEA Models under Load Case 1. ................. 59 

Table 4.2: Comparison of the Von Mises Stress Percentage Difference Of the Overall The 
Highest Stress Area, Crown, Cement between Crown and CAD/CAM Custom Abutment, 
CAD/CAM Custom Abutment, Abutment Screw, Cement between CAD/CAM Custom 
Abutment and Ti-base Abutment, Ti-base Abutment, Fixture, Cortical Bone and 
Cancellous Bone Among All 5 Groups of FEA Models under Load Case 1 Compared to 
Control Group ZR-ZR ..................................................................................................... 61 

Table 4.3: Result of Load Case 2: Comparison of Von Mises Stress Of Overall The 
Highest Stress Area, Crown, Cement between Crown and CAD/CAM Custom Abutment, 
CAD/CAM Custom Abutment, Abutment Screw, Cement between CAD/CAM Custom 
Abutment and Ti-base Abutment, Ti-base Abutment, Fixture, Cortical Bone and 
Cancellous Bone Among All 5 Groups of FEA Models under Load Case 2 .................. 65 

Table 4.4: Comparison of the Von Mises Stress Percentage Difference Of the Overall The 
Highest Stress Area, Crown, Cement between Crown and CAD/CAM Custom Abutment, 
CAD/CAM Custom Abutment, Abutment Screw, Cement between CAD/CAM Custom 
Abutment and Ti-base Abutment, Ti-base Abutment,  Fixture, Cortical Bone and 
Cancellous Bone Among All 5 Groups of FEA Models under Load Case 2 Compared to 
Control Group ZR-ZR ..................................................................................................... 67 

Univ
ers

iti 
Mala

ya



xvii 

Table 4.5: Overall the Highest Stress Concentration for the Whole Structure under Load 
Case 1 .............................................................................................................................. 71 

Table 4.6: Overall the Highest Stress Concentration for the Whole Structure under Load 
Case 2 .............................................................................................................................. 72 

Table 4.7: Stress Distribution at the Crown under the Two Load Cases ........................ 74 

Table 4.8: Stress Distribution between Cement Between the Crown & CAD/CAM 
Custom Abutment under 2 Load Cases ........................................................................... 76 

Table 4.9: Stress Distribution at the CAD/CAM Custom Abutment under the Two Load 
Cases ............................................................................................................................... 78 

Table 4.10: Stress Distribution at the Abutment Screw under 2 Load Cases ................. 80 

Table 4.11: Stress Distribution of Cement between the CAD/CAM Custom Abutment and 
Ti-base Abutment under 2 Load Cases ........................................................................... 82 

Table 4.12: Stress Distribution of Ti-base Abutment under 2 Load Cases ..................... 84 

Table 4.13: Stress Distribution of Fixture in 2 Load Cases ............................................ 86 

Table 4.14: Stress Distribution of Cortical Bone in 2 Load Cases ................................. 88 

Table 4.15: Stress Distribution of Cancellous Bone in 2 Load Cases............................. 90 

 

  

Univ
ers

iti 
Mala

ya



xviii 

LIST OF SYMBOLS AND ABBREVIATIONS 

 
3D : Three-dimensional 

CAD/CAM : Computer-aided design and computer-aided manufacturing 

CAD  : Computer aided design  

ZR-ZR : CAD/CAM zirconia implant-supported crown cemented to 

CAD/CAM zirconia custom abutment which is cemented to titanium 

base abutment 

VSC-ZR : 3D printed VarseoSmile® Crown Plus crown cemented to CAD/CAM 

zirconia custom abutment which is cemented to titanium base 

abutment 

ZR-VSC : CAD/CAM zirconia implant-supported crown cemented to 3D 

printed VarseoSmile® Crown Plus custom abutment which is 

cemented to titanium base abutment 

VST-ZR : 3D printed VarseoSmile® TriniQ® crown cemented to CAD/CAM 

zirconia custom abutment which is cemented to titanium base 

abutment 

ZR-VST : CAD/CAM zirconia implant-supported crown cemented to 3D 

printed VarseoSmile® TriniQ® custom abutment which is cemented 

to titanium base abutment 

Ti-Base : Titanium base abutment 

FEA : Finite element analysis 

AM                 : Additive manufacturing 

SM : Subtractive manufacturing 

ASTM : American Society of Testing and Materials 

 

Univ
ers

iti 
Mala

ya



xix 

 

SLA : Stereolithography 

2D : 2-dimensional 

DLP : Digital light processing 

UV : Ultraviolet 

cpTi : Commercially pure Grade IV titanium  

Ti-6Al-4V : Grade V titanium alloy 

Y-TZP : Yttria-stabilized tetragonal zirconia 

HPPs : High-performance polymers 

UCLA : University of California Los Angeles Abutment 

FDP : Fixed dental prostheses 

IAC : Implant-abutment connection 

PICN : Polymer-infiltrated ceramic networks 

FE              : Finite element 

STL : Standard tessellation language 

STP/STEP : Standard for the Exchange of Product 

 

 

 

 

 

  

Univ
ers

iti 
Mala

ya



1 

CHAPTER 1: INTRODUCTION 

1.1 Introduction 

The inclusion of digital workflow in dentistry has led to further development of 

computer-aided design and computer-aided manufacturing (CAD/CAM) technology. It 

includes subtractive (SM) or additive manufacturing (AM) technology, or a combination 

of both, to manufacture dental restorations. Nevertheless, the shortcomings of subtractive 

or milling technology include material waste, the tendency to induce microcracks, and 

the lack of surface detail reproduction depending on the size of the milling tools. The bur 

size used in the milling process also limits the design of subsequent restorations. Another 

alternative to milling is AM technology, which has been successfully introduced in 

manufacturing resin and metal prosthesis (Beuer et al., 2008; Hoang et al., 2015; Huang, 

2003; Soumeire & Dejou, 1999; Strub et al., 2006; Zeng et al., 2015) . 

According to the American Society of Testing and Materials (ASTM), AM is defined 

as “the process of joining materials to make objects from 3D model data, usually layer-

upon-layer, as opposed to subtractive manufacturing methodologies.” There are seven 

different categories classified by ASTM: stereolithography (SLA), material jetting, 

material extrusion, binder jetting, powder base fusion, sheet lamination, and direct energy 

deposition. SLA and the related digital light processing (DLP) technique are the most 

commonly employed methods in dentistry. Both use curable photopolymer resin, where 

a build plate descends in small increments and the liquid polymer is exposed to light for 

polymerization. In the SLA technique, the object is constructed by the ultraviolet (UV) 

laser or laser diode, drawing each layer of the cross section one by one. The DLP 

technique employs a digital projector screen to transmit a single image of each layer 

simultaneously across the entire build plate (Kessler et al., 2019).  
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AM has the potential to overcome the challenges of milling dental ceramics. It can 

create dental restorations with complex macro-geometries and shapes that couldn’t be 

made using conventional machining techniques, as well as include undercuts or 

inaccessible areas that cannot be milled. Its benefits include mass production, time 

savings, and less material waste. Moreover, it also reduces the residual monomers and 

eliminates the need for heating materials, which benefits the surrounding tissues and 

prepared teeth. The internal and marginal fit accuracy is more promising due to the 

reduced polymerization shrinkage (Abdullah et al., 2018; Ahlholm et al., 2019; van Noort, 

2012; Zhang et al., 2014). Unlike the cartridge system, this material is flexible because it 

does not need to remove teeth or models. Less flexibility allows for a higher filler content, 

resulting in improved mechanical properties. Nevertheless, in the case of AM materials, 

their filler content and size are restricted to maintaining a certain level of viscosity in the 

resin (Kessler et al., 2019; Revilla-León et al., 2019; Tahayeri et al., 2018). Due to the 

superior advantages compared to subtractive manufacturing, additive manufacturing of 

dental products has gained popularity. Additionally, there have been significant 

advancements in the development of additively manufactured resin materials that can be 

utilized for definitive prostheses (Çakmak et al., 2024; Grzebieluch et al., 2021). 

Implant-supported crown has been increasingly indicated for replacement of a missing 

tooth. The primary cause is their ability to conserve the natural dental tissues of adjacent 

teeth, as well as their positive prognosis, which is supported by substantial scientific 

research published in the literature, including extensive clinical trials.  The long-term 

efficacy of dental implant crowns highly depends on the fundamental biological and 

mechanical features of the prosthetic superstructure. The effectiveness of this treatment 

approach is not only dependent on the achievement of successful osseointegration, but it 

is also closely linked to the corresponding aesthetic of the superstructure, supra-crestal 
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soft tissue emergence profile and functional demands (De Angelis et al., 2020; Jung et 

al., 2012). 

Dental implant abutments serve to connect the implant fixture with the prosthetic 

component, ensuring stability and functional support. There are various dental materials 

for manufacturing dental implant abutments, including titanium, zirconia, and hybrid 

options. Every material has its own distinct benefits and drawbacks, which can influence 

the outcome of implant restorations in terms of aesthetics and longevity (Alqutaibi, 2019; 

Alqutaibi et al., 2021).   

Titanium abutments are widely used as implant abutments because of their well -

established clinical success and high survival rates. Clinical studies show that fixed 

implant reconstructions supported by titanium abutments had very high survival rates. In 

a recent systematic review, it is found that metal abutments supporting fixed implant 

reconstructions have only a limited number of complications. The abutment screw 

loosening is the most common technical issue encountered with this particular abutment    

(Andersson et al., 1995; Pjetursson et al., 2007; Sailer, Philipp, et al., 2009). Nowadays, 

the aesthetic outcome is also one of the important criteria for the clinical success of an 

implant-borne reconstruction. The dark greyish appearance of metal abutments is one of 

their main disadvantages. Numerous studies have demonstrated that metal abutments can 

result in a greyish discolouration surrounding the mucosa of a dental implant. Therefore, 

metal abutments have limited indications in aesthetic zones, despite being extremely 

stable from a technical standpoint (Jung et al., 2007; Park et al., 2007). Although titanium 

oral implants have shown significant development and survival rates of 95% or greater 

over a period of 5-10 years, there is an increasing demand for metal-free alternatives. 

Besides, there is an aspect to consider: the possibility of titanium particle release, which 
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could result in hypersensitivity or allergy to titanium (Callejas et al., 2022; Goiato et al., 

2014; Müller & Valentine-Thon, 2006; Sicilia et al., 2008) . 

Alternatively, ceramic abutments made out of the high-strength ceramics alumina and 

zirconia are developed. Compared to metal abutments, ceramic abutments provide more 

clinical benefits. First and foremost, their aesthetic benefit and lessening effect on 

mucosal discoloration are well documented. Ceramic abutments induce significantly less 

mucosal discoloration than metal abutments. It is also found that there is less bacterial 

adhesion and biofilm formation on ceramics such as zirconia than on titanium. Ultimately, 

the soft tissue integration of the ceramics alumina and zirconia is comparable to that of 

titanium (Abrahamsson et al., 1998; Hashimoto et al., 1988; Jung et al., 2008; Kohal et 

al., 2004; Prestipino & Ingber, 1993a, 1996; Roehling et al., 2017; Scarano et al., 2004). 

Ceramics' mechanical behaviour is limited by their brittleness and reduced resistance to 

tensile stresses. The presence of micro-structural defects in the material may lead to the 

formation of cracks when subjected to tensile forces. They are brittle, more prone to 

fatigue, and hence less resistant to fractures (Apicella et al., 2011; Belser et al., 2004).   

Additively manufactured definitive resins are the new materials introduced in dentistry 

for full and partial coverage restorations on natural teeth. Their usage has now been 

proposed for implant-supported restorations. Definitive resins can be either 

commercialized as composite resins or hybrid composite resins incorporating ceramic 

particles. One of the biggest advantages of resin-based materials includes acting as a 

shock absorber dissipating great masticatory forces which may be destructive to the bones 

due to lack of periodontal ligaments and proprioception. These new materials have gained 

great interest due to their high resistance to fractures, pleasant aesthetics, accurate 

measurements with the implant, and biocompatibility (Çakmak et al., 2022; Donmez & 

Okutan, 2022; Graf et al., 2022; Roberts et al., 2018; Rosentritt et al., 2017). However, 
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the stress distribution of different combinations of crown and abutment materials in 

implants and peri-implant bone components remains unclear. This study aims to evaluate 

the stress distribution of 3D printed ceramic filled hybrid materials used as CAD/CAM 

custom abutments and implant-supported crowns, and compare them with CAD/CAM 

zirconia, while properly citing relevant literature. 

1.2 Research Question 

• Can the force transferred to the various interfaces in dental implant-supported 

restorations and result in stress be reduced by implementing novel designs, such 

as incorporating 3D printed ceramic filled hybrid materials substrates with 

zirconia, to enhance the biomechanical compatibility and shock absorption 

capabilities of these prostheses? 

• Can the force transferred to the peri-implant bone in dental implant-supported 

restorations and result in stress be reduced by implementing novel designs, such 

as incorporating 3D printed ceramic filled hybrid materials substrates with 

zirconia, to enhance the biomechanical compatibility and shock absorption 

capabilities of these prostheses? 

1.3 Aim of Study 

• To evaluate the stress distribution at the different components of implant system 

and surrounding bones using different combinations of two different materials 

which are 3D printed ceramic filled hybrid materials and CAD/CAM zirconia.  

1.4 Objectives 

• To evaluate the stress distribution at peri-implant bone with two 3D printed 

ceramic filled hybrid materials and CAD/CAM zirconia as CAD/CAM custom 

abutment and crown materials. 
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• To determine the stress distribution at various interfaces of implant-supported 

prosthesis including the crown, cement layers, CAD/CAM custom abutment, 

abutment screw, Ti-base abutment & fixture. This is done using different 

combinations of 3D printed ceramic filled hybrid materials and CAD/CAM 

zirconia for abutment and crown materials. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction of Dental Implant 

The field of dental implantology has a significant historical background, as early 

endeavours to replace teeth can be traced back thousands of years in ancient civilizations. 

In 1965, Dr. P. Branemark developed an implant system using pure titanium screws that 

was first placed in his patient. This made a significant contribution to modern dental  

implantology. These 4 implants were placed in a patient with severe jaw and chin 

deformities, tooth agenesis, and misaligned teeth and were noted to fuse with bones in 6 

months. They remained intact in situ for the next 40 years. This accomplishment gave 

rise to the principle of osseointegration, which denotes that the implant and the 

neighbouring bone form a structural and functional connection under loading. Numerous 

implant systems and protocols have a significant impact on osseointegration, 

transforming the field of dental rehabilitation (Brånemark, 1983).  

Earlier, Branemark implants were mainly used for securing mandibular complete 

prostheses in place. The application of dental implants has expanded over the ensuing 

decades to encompass complicated maxillofacial prostheses, removable complete 

implant-retained and supported overdentures, fixed partial dentures, and crowns. Its 

reliable results in supporting a wide range of dental prostheses led to its implementation 

in prosthodontics (Albrektsson & Donos, 2012).  

2.2 Components of Dental Implant 

Dental implants comprise several primary components, such as the crown, abutment, 

and fixture. The fixture is surgically inserted into the jaw bones and serves as a foundation 

for implant superstructures. The abutment is the connection between the implant crown 

and fixture, protruding from the gingiva and supporting the crown. It ensures the stability 

and alignment of the crown. The crown is the prosthesis to replace a missing tooth and 
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could be made of different materials, such as metal, porcelain, or ceramics. It mimics the 

appearance and performance of a natural tooth to improve function and aesthetics. 

2.3 Classification of Implant-Supported Crown 

2.3.1 Types of Retention 

2.3.1.1 Screw-retained 

Single-unit, multiple-unit, and cross-arch fixed dental prostheses are examples of 

screw-retained abutments. On of the main advantages is the screw-retained abutments are 

preferable for long-span prostheses due to easier maintenance and a reduced risk of 

complications. It is also applicable to cantilever prostheses due to the ease of obtaining 

adequate retention to compensate for the leverage of extension and the extra caution of 

maintenance. Its retrievability is more predictable. Furthermore, it requires minimal 

interocclusal space, of 4 mm (Aglietta et al., 2009; Buser et al., 1991; Chee & Jivraj, 

2006; Salvi & Brägger, 2009; Shadid & Sadaqa, 2012). Sailer et al. observed that the 

survival rate of screw-retained partial fixed dental prostheses (FDP) was significantly 

higher than that of cement-retained prostheses over a five-year period, at 98% and 96.9%, 

respectively. However, the expected occurrence of technical issues during a 5-year period 

was higher for screw-retained abutments compared to cement-retained abutments, with 

rates of 24.4% and 11.9%, respectively. Mechanical complications include the fracture of 

ceramics, abutments, frameworks, implants and screws.  The disadvantages also include 

a time-consuming procedure, increased cost, and the presence of a screw channel that 

cause occlusal interference, especially in posterior sites.  Overall, it was shown that the 

complication rate in screw-retained full and partial FDPs was frequently higher for 

cement-retained abutments. The screw-retained abutments did not demonstrate a 5-year 

biological complication rate compared to the cement-retained abutments (2.8%)(Sailer et 

al., 2012) . 
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2.3.1.2 Cement-retained 

The pros of a cement-retained abutment are that it can compensate for implant 

placement that is not in the prosthetically ideal position, it has a good passive fit, it doesn't 

have a screw channel, and it's easy to control occlusion in an intact occlusal table. The 

major drawback, broadly discussed, was excess cement and the inability to remove it, 

leading to peri-implantitis and mucositis. Furthermore, the downsides from a biological 

point of view, such as marginal bone loss greater than 2 mm, are common. There is a 

higher chance of a microgap being present between the abutment and the superstructure, 

which acts as a reservoir for biofilm. Thus, the cementation should be done appropriately 

and strictly follow the protocol, with the cementation margins at the equivalent or 

supracrestal soft tissue level. At the same time, from technical point of view, reports of 

abutment loosening were more prevalent in cement-retained abutments. Cement-retained 

abutments are also more difficult to repair than screw-retained abutments, according to 

the technical complications reported (Keller et al., 1998; Londhe et al., 2020; Quirynen 

& van Steenberghe, 1993).  

2.3.1.3  Screw-retrievable Cement-retained (SRCR) Restorations 

It is combination of cement- and screw-retained retention. Its advantage includes 

eliminates the risk of subgingival cement, as the components are cemented extraorally. 

Besides, the cement layer also works as an interface to distribute the force evenly while 

the screw access channel is retrievable. The use of prefabricated titanium attached to the 

superstructure with luting cement instead of a cast high noble abutment for screw-retained 

restorations helps to save the cost of production (AlHelal et al., 2017; Conejo et al., 2017; 

Heo & Lim, 2015; Lin et al., 2014; Malpartida-Carrillo et al., 2020; Proussaefs & AlHelal, 

2018; Selz et al., 2016; Stimmelmayr et al., 2017). Its disadvantage is that the presence 

of screw access channels interferes with occlusal morphology and disrupts the continuity 

of the structural ceramic, which reduces the material's longevity and fracture resistance. 
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2.3.2 Types of Crown Materials 

2.3.2.1 Metal-Ceramics 

The crown materials are one of the potential factors affecting the outcomes of implant-

supported crowns. Metal-ceramics have historically dominated clinical applications. The 

study by Jung et al. reported a significantly high survival rate of 95.8%. It reported 

satisfactory clinical outcomes and mechanical stability. Based on a systematic review and 

meta-analysis of randomised controlled trials by Ahmed et al., metal-ceramic crowns and 

all-ceramic crowns exhibited similarly acceptable outcomes in regard to prosthesis 

failure, mechanical and biological complication rates, and patient satisfaction. Its 

estimated 5-year survival rate of 98.3% was considered as the gold standard. A recent 

systematic review revealed that metal-ceramic implant-supported restorations have a 

similarly outstanding 5-year survival rate to all-ceramic restorations. There was a 

systematic review and meta-analysis by Hu et al. demonstrated no significant difference 

between ceramic and metal ceramic implant-supported crowns in terms of survival rate, 

marginal bone loss, pocket probing depth, or mucosal discoloration. Metal-ceramics 

implant-supported crowns showed better marginal adaptation than all-ceramics. 

However, aesthetics is compromised, especially in colour matching. Current evidence 

suggests that metal- ceramic implant-supported crowns may have a higher survival rate 

than all-ceramics (Alqutaibi et al., 2021; Hu et al., 2020; Jung et al., 2012; Pjetursson, 

Valente, et al., 2018; Rabel et al., 2018). Conversely, metal ceramic crowns had a 

substantially reduced failure rate than porcelain-fused-to-zirconia implant crowns caused 

by veneer ceramic cracks. However, further studies that involve larger sample sizes are 

needed. On the other hand, there was a study of ceramic veneering reported as the most 

frequent complication, occurring in 16.7% of cases within 5 years (Pjetursson et al., 

2014). 
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2.3.2.2 Veneered Ceramics 

Nevertheless, Pjetursson's research indicated that zirconia-ceramic implant-supported 

crowns are just as good an alternative to metal-ceramics as metal-ceramics in terms of 

similar biological complications and aesthetics. Several systematic reviews also reported 

that all-ceramic implant crowns had a comparable survival rate of 95.8% after 5 years and 

slightly reduced to 94.4% after 10 years. However, in Rammelsberg's study, all-ceramics 

had a higher incidence of failure than metal-ceramics. The mechanical complications 

related to crown fracture occurred more frequently in zirconia-ceramics (Jung et al., 2012; 

Pjetursson, Valente, et al., 2018; Rabel et al., 2018; Rammelsberg et al., 2020). Veneered 

ceramics implant-supported crowns observed a remarkably greater rate of chipping off 

compared to monolithic. Zirconia and lithium disilicate have a higher potential risk for 

chipping, especially in cases of full coverage compared to partial coverage (Pjetursson et 

al., 2021; Rammelsberg et al., 2020).  

Mechanical problems happen more often with implant-supported all-ceramic crowns 

that use the bilayering technique and Y-TZP as the core material. The most prevalent 

technical complication observed was chipping, with a complication rate of 9% after 5 

years. Moreover, a greater percentage of porcelain-fused-to-zirconia implant crowns 

fractured specifically due to fractures in the veneering ceramic in comparison to metal -

ceramic crowns (Rabel et al., 2018). 

2.3.2.3 Monolithic Ceramics 

Monolithic zirconia crowns have a higher flexural strength and fracture resistance than 

bilayered ceramics, reducing the chipping and fracture risks observed with veneered 

ceramics. The common complications seen in monolithic ceramic implant-supported 

crowns were screw loosening and debonding at the titanium base abutment. The highest 

rate of screw loosening is presented in monolithic zirconia implant-supported crowns 
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(2.25% in 32 studies with 1153 implant-supported SCs) reported an annual rate of 0.44%. 

and the second-highest rate of loss of retention is fracture of luting cement, with 4.44%, 

reported for monolithic zirconia implant-supported crowns.  This material is unyielding 

and vulnerable to excessive occlusal force, which can cause the implant-supported 

prostheses to crack and break due to the lack of proprioceptive feedback from periodontal 

ligaments (Hamza & Sherif, 2019; Joda et al., 2015; Lemos et al., 2022; Pjetursson et al., 

2021; Rosentritt et al., 2018; Spitznagel et al., 2022; Zhang et al., 2013). 

2.3.2.4 CAD/CAM Resin Composites 

Resin composites were more preferable in additive manufacturing than glass ceramics 

due to their low abrasiveness to opposing teeth and the capability to absorb functional 

stress. 3D printing provides greater accuracy, repeatability, speed, and cost-effectiveness.  

Clinical research demonstrates the potential of resin composites as a material that may 

address biomimetic principles of tissue preservation and validates the favourable 

performance of such indirect resin composite restorations. According to several in vitro 

studies, the mechanical properties, such as fracture and fatigue strengths, of resin 

composite CAD/CAM materials, as well as clinical performance has a favourable short -

term survival rate (Abdullah Alshamrani et al., 2023; Edelhoff et al., 2023; El-

Damanhoury et al., 2015; Komine et al., 2020; Kunzelmann et al., 2001; Magne et al., 

2002; Shembish et al., 2016; Vanoorbeek et al., 2010).The impact of ceramic 

nanoparticles on the characteristics of resin dental composites includes their chemical 

stability over time and improved mechanical properties. The 3D printed crown with 

additional ceramic nanoparticles showed comparable results in fracture resistance.  

(Abdullah Alshamrani et al., 2023; Moldovan et al., 2023; Singh et al., 2016). The 

literature showed that CAD/CAM resin composites with a relatively high flexural 

strength and a low flexural modulus probably due to an increased filler load and enhanced 

degree of cure. As previously postulated by Magne et al. , materials with a lower flexural 
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modulus experience a bigger deformation under load and greater stress absorption 

compared to a higher flexural modulus (Alharbi et al., 2016; Magne et al., 2011; 

Sulaiman, 2020; Zimmermann et al., 2020). According to the study conducted by Valenti 

et al., 3D printed resin materials could be an alternative to conventionally milled one 

(Valenti et al., 2022).  

2.4 Implant Abutment 

The success of a dental implant restoration is multifactorial. Different types of 

abutment materials and designs play a crucial role in achieving aesthetic and functional 

harmony in implant prostheses. 

The implant abutment is an integral part of the dental implant that emerges through the 

peri-implant gingival tissues connecting the implant platform and prostheses. A correctly 

chosen implant abutment will assure outstanding functional stability, sufficient soft tissue 

thickness, and a harmonious and well-proportionate emergence profile (Stoeva et al., 

2022).   

The superstructure, also known as the metal framework, is attached to the implant 

abutment. It is mainly to provide retention in removable prostheses and also serve as the 

framework for a fixed prosthesis. An implant prosthetic superstructure can be vulnerable 

to excessive masticatory stresses, making it a potential weak point. Excessive loading can 

result in mechanical complications such as abutment screw loosening, screw fracture and 

abutment fracture (Carossa et al., 2022). 

2.4.1 Classification of Dental Abutments 

There are numerous classifications of dental abutments that are well documented in 

the literature. There are different types of implant-abutment connections, methods of 

manufacturing, types of abutment materials, and types of retention in prostheses. 

Univ
ers

iti 
Mala

ya



14 

2.4.1.1 Implant-Abutment Connections 

(a) External Hex Connection 

External hex was originally introduced with Branemark type of implants. It was long 

in service and implemented in a number of systems, as the abutments are interchangeable 

among the manufacturers. The implant-abutment interface was first introduced as a 7-

mm-high external hexagon. It can be used not only as a fixature mount during the first 

stage of implant placement, but also as a transmucosal extension in restoring completely 

edentulous arches (Binon, 2000; Muley et al., 2012). The drawbacks of this design include 

an ineffective anti-rotational feature and the inability to withstand excessive axial forces 

towards the crowns. Therefore, a variety of issues may arise, including fractures or 

loosening of the abutment screw, fractures of the abutment, and delicate movements at 

the connection between the implant and the abutment. Following that, many 

modifications of this design came onto the market to overcome its limitations, such as 

tapered external hexagons, external octagons, and spline connections (Binon, 1995; 

Binon et al., 1994).  

(b) Internal Hex Connection 

In order to overcome the drawbacks of the external hex, the internal hex was 

implemented. It was developed by Nickzick implant manufacturer in 1986. Its main 

functions are to maintain the integrity of the joint between implant and abutment when 

subjected to masticatory load and facilitate uniform distribution of force throughout the 

implant. Furthermore, it simplifies the procedure and armamentarium required to 

complete the restoration (Binon et al., 1994; English, 1992; Kallus & Bessing, 1994; 

Niznick, 1982; Niznick, 1991). It offers a limited interocclusal height for prosthetic 

components, a shielded abutment screw, resists vibration, avoids microbial invasion, and 

improves aesthetic outcomes by lowering the restorative interface (Binon, 2000). There 

are different types of internal hex designs, including the most common six-point internal 
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hexagon, twelve-point hexagon, three-point internal tripod, internal octagon, and morse 

taper, all of which are well known for their superior outcomes in terms of implant 

survival, success, and preservation of peri-implant bone height (Goiato et al., 2015; 

Schmitt et al., 2014; Vetromilla et al., 2019). The concept of a friction fit connection at a 

two-degree and four-degree taper works as a retention feature to retain the implant 

abutment through surface friction. Its anti-rotational feature reduces abutment screw 

loosening and eliminates micromovement in the implant-abutment connection. Both 

Sutter et al. and Norton demonstrated the implant system's resistance to bending force by 

incorporating the morse taper design's vertical positioning and self-locking features. 

Levin et al. and Felton also proved a similar result (Chee et al., 1999; Levin et al., 2005; 

Merz et al., 2000; Muley et al., 2012; Norton, 1997; Norton, 1999). 

2.4.1.2 Method of Manufacturing Dental Abutments 

(a) Standard Stock Abutments 

Standard stock abutments are pre-machined by the manufacturers to reduce 

preparation time. They can be modified and milled by dentists or dental technologists to 

mimic the contour of natural teeth and improve aesthetics. They are available in various 

angulations, such as 0°, 15°, and 20°, to accommodate the position of fixtures. They can 

be fixed or removable. The fixed abutments include Snappy abutments, multi -unit 

abutments, Aesthetic abutments, Procera abutments, Gold adapt abutments, and single 

tooth abutments. Moreover, removable abutments are Locator, GPS abutments, ERA, 

mini ERA, BALL attachment, ZAG and others. The advantage of standard stock 

abutments is easy to maintain due to supragingival margin. However, it is hard to achieve 

a good emergence profile. Aesthetic abutments are conical abutments used in the 

aesthetics zone as single and multi-unit restorations, however, their collar height is 

uniform circumferentially and do not follow natural contour of gingival margin (Kalpana 

D, 2020; Shah et al., 2014).  
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(b) Custom Abutments 

Custom abutments are commonly used to correct extreme angulations, to provide 

proper emergence profile of supracrestal soft tissue and crown designs. They are indicated 

in cases of customisation for tissue collar height, crown height, interproximal distance, 

implant angulations, and aesthetics. They can be manufactured using the lost-wax 

technique, utilising the University of California Los Angeles Abutment (UCLA), gold 

adapt, or cast to abutments for casting. CAD/CAM technology was incorporated into the 

production of custom abutments in the 1980s. They utilise the digital method of 

impression-making and scanning, followed by milling out the prefabricated metal alloy. 

Improved inaccuracies occurred in the conventional casting method. There are four types 

of customised abutments: customised titanium abutment, customised titanium hybrid-

abutment-crown, customised zirconia abutment with titanium base, and customised 

zirconia hybrid-abutment-crown with titanium base. They could be of the hexed type to 

prevent rotation in single-unit restorations, whereby the non-hexed type implant surface 

is indicated in multi-unit restorations by offering less rotation resistance. They exhibit a 

more desirable emergence profile (Elsayed et al., 2017, 2018; Kalpana D, 2020; Shah et 

al., 2014).  

Custom titanium abutment has lower modulus of elasticity which is half of customised 

zirconia abutment. Hence, it generates less stress in abutment but more stress in screw, 

abutment and crown. It can resist deforming under higher occlusal force which is 

approximately 900N when occlusal vertical force beyond 220N was applied. The 

introduction of titanium base abutment improves mechanical performance at the implant-

abutment junction and aesthetics. Custom zirconia abutment with titanium base abutment 

has greater fracture and flexural strength compared to custom titanium and zirconia 

abutment (Elsayed et al., 2017, 2018; Nouh et al., 2019a, 2019b; Peixoto et al., 2016; 

Yilmaz et al., 2015). Custom hybrid-abutment-crown combines custom titanium 
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abutment and crown and then is tightened to fixture by screw. Its advantages are 

retrievability and indicated in limited interocclusal space where cement-retained crown 

could not provide adequate retention (Conejo et al., 2017; Nouh et al., 2019b; Vigolo et 

al., 2006). Customised zirconia hybrid-abutment-crown with titanium bases combine 

extraoral cementation of customised zirconia abutment to titanium base abutment and 

lastly screwed intraorally. This design has combination of advantages of titanium base 

abutment which helps in uniform stress distribution and zirconia by absorbing stress 

itself. This design is cost-saving and eliminates the cement interface, hence preventing 

peri-implantitis and mucositis The benefits also include customisation of the emergence 

profile and treatment modulation that requires special angulation (Adolfi et al., 2020; 

Elsayed et al., 2018; Nouh et al., 2019b; Pitta et al., 2018; Pumnil et al., 2022; Reich, 

2015). 

(c) Multi-Unit Abutments (MUA) 

MUA is a key to the All-on-4 ® treatment concept introduced by Maló et al. It 

comprises two fixtures that are placed vertically in the anterior regions, and the other two 

are angulated and placed posteriorly to provide the stability of the complete arch-fixed 

denture. It is a viable option for creating screw-retained prostheses. MUA ensures a 

completely passive fit of the prosthesis, even when the implant axes are significantly 

divergent. Moreover, they also safeguard the peri-implant soft tissues due to repeated 

screwing and unscrewing of the implant components  (Ashurko et al., 2020; Maló et al., 

2003). 

2.4.1.3 Types of Abutment Materials 

(a) Titanium 

There are numerous materials for fabricating dental implant abutments discussed in 

the literature. For several decades, metal-ceramic reconstructions and metallic abutments 
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have been the norm in dental implantology. Titanium is extensively used for its simplified 

production process and cost-effectiveness. It is also well known for its excellent 

osseointegration, outstanding mechanical properties, particularly in resisting cyclic 

chewing loads, and exceptional resistance to corrosion. According to the ASTM, these 

metals are grouped as Grades I to V. Grades I to IV are pure and unalloyed, while Grade 

V is alloyed with the addition of 6% aluminium and 4% vanadium (Ti-6Al-4V), which is 

the strongest among all designed for the purpose of dental implants. There are four distinct 

grades of titanium that are determined by the number of impurities in the metal. Grade III 

and IV titanium are utilised as implants due to their favourable mechanical characteristics  

(Chen et al., 2020; Kim et al., 1997; Marin & Lanzutti, 2024; Nicula et al., 2007; 

Niespodziana et al., 2008; Niinomi & Nakai, 2011; Uporabo, 2017). Several organisations 

utilise the titanium alloy Ti-6Al-4V, which exhibits superior mechanical qualities 

compared to pure titanium. There are prefabricated and custom titanium abutments 

available based on different clinical scenarios. The prefabricated titanium abutments are 

indicated for cement retained restorations, ideal implant placement, sufficient depth, 

diameter, and emergence profile of the edentulous region. Conversely, custom titanium 

abutments can be applied whenever there is an off-axial implant in which screw access is 

buccally seated. They are more durable, stronger, and have a wide range of applications 

in the construction of prostheses with specific thicknesses, as well as in cement-retained 

and screw-retained restorations (Huang & Wang, 2019; Lee et al., 2010; Rodriguez et al., 

2017). However, this alloy has inferior corrosion resistance and cytocompatibility 

properties. In addition, the grey shine from the peri-implant mucosa can sometimes be 

seen due to the metallic structures, especially in cases of thin phenotype gingiva, which 

may affect its aesthetic appearance. Allergy to titanium is another biological issue 

reported. However, cases of hypersensitivity to titanium are quite rare. There is a lack of 

scientific evidence regarding allergic reactions that led to implant loss due to the limited 
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cases reported in the literature. Currently, there is no direct evidence showing an allergy 

to titanium leading to dental implant failure. Some cases have demonstrated the growth 

of pyogenic granulomas and haemangiomas following the initial stage of dental  implant 

surgery and placement (Al-Shamiri et al., 2015; Cortada et al., 2000; Furrer et al., 2018; 

Herrero-Climent et al., 2013; Jung et al., 2007; Park et al., 2007; Velasco-Ortega et al., 

2016). Several cases revealed histological findings containing metal particles, potentially 

due to tribocorrosion, a process that degrades mechanical characteristics due to loading, 

stress, or friction. However, focused histopathological analyses or specific tests are 

frequently unavailable or not performed routinely. Although diagnostic techniques are 

readily accessible, doctors and dentists often depend only on clinical and radiological 

assessments, neglecting laboratory testing. This is because they clinically resemble other 

postoperative problems, most commonly peri-implant mucositis and peri-implantitis (Poli 

et al., 2021). 

(b) Alumina 

Following that, the trend has switched to ceramic abutments, especially in the aesthetic 

zone. In 1993, the first all-ceramic implant abutments were fabricated using alumina, a 

ceramic with exceptional strength. Alumina, within the realm of ceramics, has 

advantageous physical qualities. Its bending strength is 547 MPa, while the fracture 

toughness is 3.55 MPa. The early abutments were customised to conform to the 

anatomical locations. Alumina abutments showed significant fracture resistance in in 

vitro experiments   (Andersson et al., 1998; Buser et al., 1997; H, 1996; McGlumphy EA, 

1992; Prestipino & Ingber, 1993a, 1993b). Nevertheless, clinical investigations revealed 

that abutment fractures occurred more in single implant restoration (7%) than implant-

supported fixed dental prostheses (1.9%). It was too curbed to use anymore (Andersson 

et al., 2003; Andersson et al., 2001).  
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(c) Zirconia 

Bioceramics has significantly advanced in the field of dental implantology. Yttria-

stabilized tetragonal zirconia (Y-TZP) is becoming increasingly popular as both a 

prosthesis and a dental implant among various bioceramics. There are two distinct types 

of Y-TZP ceramics: monolithic, which is a one-piece design for the implant and abutment, 

and two independent components, which are individual parts with a metallic insert that is 

internally connected. The transformation induced by stress strengthens the toughness of 

zirconia. A crack is caused by an external force. There is a transition phase from 

tetragonal to monoclinic due to the stress concentration at the crack's tip. As a result, 

volume growth increased by 4%. The volume growth creates compressive stress, which 

leads to crack closure and an improvement in the material's fracture toughness  

(Camposilvan et al., 2018; Chevalier, 2006; Cruz et al., 2022; Gökçe et al., 2020; Lin & 

Duh, 2003; Mohan et al., 2007; Piconi & Maccauro, 1999; Sevilla et al., 2009; Variola et 

al., 2014; Variola, 2009; Wenz et al., 2008; Yılmaz et al., 2017). It also presents corrosion 

resistance, improved wear resistance, and outstanding aesthetic properties. The fracture 

toughness and bending strength of zirconia are nearly double those of alumina ceramic, 

which are 9 MPa and 900 MPa, respectively. According to the in vitro study, zirconia 

abutments could withstand loads as high as 738 N which is higher than the average 

occlusal forces 110N that occur naturally in the anterior teeth and 370 N for implants    

(Filser F, 1997; H, 1996; Haraldson et al., 1979; Paphangkorakit & Osborn, 1997; W, 

1989; Yildirim et al., 2003). The setbacks of zirconia abutments, on the other hand, are 

susceptible to aging and decreasing in physical characteristics. Studart et al. found that 

the fracture toughness of zirconia is weakened to half (50%) after ten years of artificial 

ageing in an aqueous environment. Several prosthetic complications related to the 

zirconia abutments were reported, such as fractures of the abutment and porcelain, 

abutment screw loosening, and loss of retention. A further 12-year retrospective 
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investigation into zirconia problems revealed the frequent occurrence of abutment 

fractures at the screw access hole and the implant neck (Studart et al., 2007; Torabinejad 

et al., 2007). When an implant-supported restoration is subjected to occlusal force, the 

region around the abutment screw head withstands the most torque and stress, according 

to studies. This area is also the most crucial for preserving the stability of ceramic 

abutments (Att et al., 2006; Tripodakis et al., 1995; Yildirim et al., 2003).  On the other 

hand, there have been reports of technical issues about abutment fractures occurring more 

often with zirconia abutments than with metal abutments. The primary cause of ceramic 

abutment fractures in many in vitro tests was the development of high tensile pressures 

in this specific area during function. The brittleness of zirconia causes it to not resist the 

tension. The excessive tension caused the zirconia abutment to fracture first, prior to the 

abutment screw (Apicella et al., 2011; Att et al., 2006; Naveau et al., 2019; Pjetursson, 

Zarauz, et al., 2018; Tripodakis et al., 1995; Yildirim et al., 2003).  A recent systematic 

review compared the clinical outcomes of different types of materials for implant 

abutments in the anterior crowns. The results revealed that 6 out of 14 studies 

demonstrated 3–14% fracture rates for ceramic abutments and 0% fracture in the metallic 

abutments (Totou et al., 2021) . An additional issue of concern is the adhesion between 

the resin cement and the zirconia substance. Several writers have proposed that a 

satisfactory and durable connection with zirconia can be achieved by using a composite 

resin cement that contains 10-methacryloyloxydecyl dihydrogen phosphate (MDP). It has 

been suggested to prepare the zirconia surfaces by using mechanical or mechanochemical 

conditioning before treatment (Kern & Wegner, 1998; Özcan & Bernasconi, 2015; 

Wegner & Kern, 2000). Nevertheless, the brittleness of ceramics also makes them inferior 

in toughness compared to commercially pure titanium (Camposilvan et al., 2018; 

Chevalier, 2006; Lin & Duh, 2003; Mohan et al., 2007; Piconi & Maccauro, 1999; Sevilla 

et al., 2009) .  
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Zirconia abutments are classified into two types: two-piece abutments with a titanium 

base in the connecting part and one-piece abutments comprised entirely of zirconia (Chun 

et al., 2015). 

i One-piece Zirconia Abutment 

One-piece zirconia abutments are fabricated from monoblocks without a titanium base. 

There were several complications reported in one-piece zirconia abutment including the 

titanium implant interface broke down more quickly because of too much wear from 

continuous loading. Besides, screw head fracture or abutment fracture at the screw head 

level observed in the study conducted by Alsahhaf et al. and supported by evidence-based 

data. This showed the head of screw was the most vulnerable area to fracture in al l-

ceramic abutments (Alsahhaf et al., 2017; Att et al., 2006; Papavasiliou et al., 1996; 

Stimmelmayr et al., 2012; Strub & Gerds, 2003; Tripodakis et al., 1995; Yildirim et al., 

2003). There were also studies demonstrating implant-abutment connection or 

transmucosal part of abutment were the common fracture point in one-piece zirconia 

abutment. One-piece zirconia abutments exhibit inferior clinical and technical 

performance compared to two-piece zirconia abutments, especially in the anterior 

aesthetic zone. Another limitation of one-piece zirconia abutments is their propensity for 

fracture, which happens either at the implant-abutment connection or within the 

transmucosal region of the abutment (Elsayed et al., 2017; Lv et al., 2023). In addition, 

the use of heterogeneous materials in the connection increases the stress concentration, 

screw loosening, and permanent damage to the implant geometry, especially when the 

restoration vertical height is more than 14mm (Brodbeck, 2003; Fabbri et al., 2017; 

Stimmelmayr et al., 2012).  
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ii Two-piece Zirconia Abutment 

Two-piece zirconia abutments consist of a zirconia component and a titanium base 

abutment connected to the implant through screw fixation. They have improved esthetics, 

optimal biological response, and superior mechanical properties, with no adverse effects 

on the implant–abutment interface (Chun et al., 2015). 

Stimmelmayr et al. found that two-piece zirconia abutments connected to a titanium 

implant exhibited greater fracture resistance than one-piece zirconia abutments. This 

design overcame the limitation of material heterogeneity and stress concentration in one-

piece zirconia abutment while maintaining the benefit of zirconia abutment. The 

introduction of titanium base abutments improved the fracture resistance and shear  force 

resistance of the abutments  (Edelhoff et al., 2019; Sailer et al., 2018; Stimmelmayr et al., 

2013). 

There were studies exhibited greater fracture strength in two-piece zirconia abutments 

with internal connections as opposed to zirconia abutments and one-piece zirconia 

abutments with external connections. However, they found that two-piece zirconia 

abutments with internal connections tend to fracture before the metal component 

fractured. The fracture point of zirconia abutments with external connections was seen to 

be above the implant shoulder, and the fracture point of a one-piece zirconia abutment 

with internal connections was seen to be beyond the implant shoulder (Mühlemann et al., 

2014; Sailer, Sailer, et al., 2009; Truninger et al., 2012). 

(d) Polyetheretherketone (PEEK) 

Polymeric compounds, such as polyetheretherketone (PEEK), have emerged as new 

biomaterials in dental implantology since 1987. Abutments, healing caps, and 

frameworks for implant-supported prostheses have all begun to utilise PEEK in recent 
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years. PEEK is a biphasic semicrystalline polymer with exceptional performance. Its low 

modulus of elasticity, ranging from 3 to 4 GPa, is similar to that of human bone tissue (14 

GPa). PEEK has several desirable properties, including high mechanical strength, low 

stress shielding, colour stability, resistance to corrosion, and stability in both heat and 

chemicals. PEEK has a clinical advantage in that it is suitable for making provisional and 

healing abutments to achieve a well-formed emergence profile (Chokaree et al., 2024; 

Elsawy et al., 2022; Eschbach, 2000; He et al., 2021; Katzer et al., 2002; Luo et al., 2023; 

Najeeb et al., 2016; Skinner, 1988; Zhang et al., 2022). Studies also showed that titanium-

reinforced PEEK could be more effective in minimising the risk of crestal bone loss and 

preserving soft tissue stability than conventional titanium abutments. However, research 

has demonstrated that PEEK abutments can cause an adverse response in soft tissues that 

is on par with titanium and zirconia. Although, they have been recommended as a viable 

and aesthetically pleasing choice for both removable and fixed dental prostheses  (Enkling 

et al., 2022; Khurshid et al., 2022; Maté Sánchez de Val et al., 2016). There have been 

significant concerns regarding the presence of microbial contamination and the 

colonisation of oral biofilm on PEEK surfaces. Peri-implantitis and peri-implant 

mucositis may result from bacterial aggregation on a dental implant . Over 40% of 

implants have been influenced by peri-implantitis, while approximately 22% are afflicted 

by peri-implant mucositis (Berglundh et al., 2018; Salvi et al., 2017; Zhang et al., 2022). 

A long-term clinical trial found that PEEK and zirconia abutments had similar plaque 

accumulation. Conversely, a comprehensive review indicated that PEEK dental 

prosthesis frameworks had decreased plaque accumulation compared to metal 

frameworks. Nevertheless, laboratory experiments showed conflicting findings about the 

buildup of microorganisms on the surface of PEEK, depending on the specific bacterial 

species. Streptococcus oralis bacteria have been shown to adhere and accumulate on 

PEEK surfaces at a relatively lower rate than titanium surfaces. When compared to 
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titanium, PEEK shows considerably fewer levels of Enterococcus faecalis, along with 

greater adherence to Streptococcus mutans and Escherichia coli . According to prior 

research, attaining strong adhesion with PEEK is challenging owing to its hydrophobic 

characteristics and low surface energy (Ayyadanveettil et al., 2022; D'Ercole et al., 2020; 

Escobar et al., 2020; Gama et al., 2024; Sarfraz et al., 2022). In an effort to enhance the 

adhesion properties of PEEK, a variety of protocols have been looked into. It has been 

reported that surface modifications such as sandblasting, acid etching, and plasma 

treatment are efficacious (Stawarczyk et al., 2014; Zhou et al., 2014) . However, the 

adhesive properties of the 3D-printed PEEK material are not well understood. 
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2.5 Complications of Implant-Supported Prosthesis 

Despite the excellent success rate of dental implants, numerous issues were commonly 

encountered. In the late 1990s, there were an abundance of issues and shortcomings with 

dental implants and prostheses that were supported by implants. There are three major 

categories of dental implant complications: mechanical, biological, and aesthetic (Büyük 

et al., 2022; Chen et al., 2023; Geng et al., 2004; Goodacre et al., 1999; Koka et al., 2023; 

Menacho-Mendoza et al., 2022; Monje et al., 2023; Verma et al., 2023; Yi et al., 2018).  

A group, led by Lang, developed a consensus statement to define the following terms: 

(Lang et al., 2004)  

• The survival of an implant or prosthesis is the treatment outcome assessed during 

the review; however, its specific status is not mentioned. The success of the 

implant or prosthesis is considered when there are no issues reported at the follow-

up examination. 

• The loss of the implant or prosthesis signifies that they were no longer present 

during the follow-up examination. 

• Complications denote that chairside procedures will require additional time 

following the prosthesis's insertion. 

• A follow-up examination reveals a problem or that the implant or prosthesis is 

absent, indicating failure. 

2.5.1 Mechanical Complications 

There are three types of mechanical complications. Firstly, the complication pertains 

to implants, namely implant fractures. Furthermore, it deals with technical problems 

corresponding to connections, such as the loosening of screws in the prosthesis and 

abutment, fractures in screws, and abutments. Besides that, it's important to think about 

problems with the superstructure. These can include cracks in the metal framework, wear 
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and tear on the materials, fractures in the denture base of implant-supported and retained 

overdentures, chipping off or fractures in the facial and occlusal parts of porcelain 

veneers, failure of cement, breakdown of prosthetic materials, having to replace 

prostheses because of complications, fractures in opposing prostheses, and issues with 

mechanical retention with overdenture parts like bar or clip attachments (Goodacre et al., 

1999; Lang et al., 2004; Sailer et al., 2022) .  

Screw and abutment loosening are the most frequently encountered mechanical issues. 

These problems may arise from not-well-designed dental prostheses, excessive force 

from the muscles of mastication, and overloading force on the teeth. Overall, the 

incidence rate of prosthetic complications occurring in the first five years was reported to 

increase from 5.1% to 13%. In comparison, the incidence rate of ceramic chipping was 

more frequent than screw loosening, which was 11.6% and 4.1%, respectively. According 

to a meta-analysis undertaken by Pjetursson et al., only 61% of prosthetic implant 

restorations had no mechanical challenges that arose. In a 12-year follow-up study by 

Kourtis et al.: the overall incidence rate of prosthetic complications was reported to be 

less than 10%, or about 9.52%  (Albrektsson & Donos, 2012; Jeong et al., 2017; Jung et 

al., 2008; Jung et al., 2012; Kim et al., 2022; Kourtis et al., 2004; Pjetursson et al., 2007; 

Sadid-Zadeh et al., 2015; Sailer et al., 2012; Schwarz, 2000; Zembic et al., 2014). The 

different types of prosthetic complications, including frequency and percentages, are 

reported in Table 2.1. 

The study conducted by Kourtis et al. identified several potential factors that can 

influence the occurrence of mechanical complications. These factors include the 

mechanism of the implant-abutment connection (IAC), whether the abutments are screw- 

retained or cement-retained, the materials used for the implant abutments, the presence of 
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anti-rotational features, the materials and designs of prosthetic restorations, and 

parafunctional habits (Kourtis et al., 2017).  

There are also studies that showed that mechanical complications could possibly be 

attributed to improper implant design, excessive stresses, and inappropriate occlusion. 

Nevertheless, they can be mitigated by implementing a design that is optimised and 

reduces stress distribution. The stress concentration around the implant system, which is 

a result of continuous masticatory stresses, is substantially correlated with implant 

component breakage. Stress concentration occurs, especially when there are changes in 

the cross-sectional area or irregularities in the shape of an implant. This weakens the 

implant system's ability to withstand the masticatory load, ultimately resulting in the 

implant's biomechanical failure without proprioceptors, unlike in natural teeth. Design of 

implants and abutments, types of loads, material of restorations, surface texture, bone 

density, and implant-bone interaction are some of the biomechanical aspects that impact 

the distribution of stress around implants. Overloading can transmit stress directly from 

the implant to the bone, which could cause bone destruction (Altıparmak et al., 2023; 

Geramizadeh et al., 2017; Kayabasi et al., 2006; Li & Dong, 2017; Tiossi et al., 2012). 

As a result, the longevity of dental implants is significantly influenced by the implant's 

shape and material, as well as the optimisation of biomechanical factors to ensure that 

stress is evenly transferred from the implant to the bone. 
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Table 2.1: Incidence of Different Types of Prosthetic Complications in 405 
Patients in Four Independent Private Dental Offices with Placement of 1692 

Dental Implants From January 1991 to December 2002 

Complications Frequency Percentage 

Screw loosening 51 33.55 
Screw fracture 20 13.16 
Abutment fracture 8 5.26 
Cement dissolution-detachment 38 25.99 
Restoration chipping 31 20.39 
Bar fracture 4 2.63 
Total 152  100 

Total prosthetic complications 9.52% 
(Kourtis et al., 2004) 

2.5.2 Biological Complications 

Biologically related implant failure can be categorised into two distinct types: (1) early 

failure, occurring within the first year or before loading, when osseointegration could not 

happen, and (2) late failure, occurring after loading and successful osseointegration, 

which can lead to peri-implant diseases such as peri-implant mucositis, peri-implantitis, 

and dehiscence (Carr et al., 2019; Schwarz & Ramanauskaite, 2022) . In particular, there 

are a number of surgical complications that may result in early implant failure. These 

include bone overheating during implant placement, which can cause bone damage and 

necrosis; implant impingement on major anatomical structures such as the maxillary sinus 

membrane, nerves, a natural tooth, or another implant; alterations in neurosensory 

function; haematoma; and mandible fracture. Not only that, inadequate primary stability 

owing to low-quality bone or over-countersinking, inappropriate surgical procedures, 

medically compromised patients, implant surface contamination, and early implant 

loading are other possible factors in early implant failure (Goodacre et al., 1999; Strasding 

et al., 2023).  In addition, there are several factors responsible for the late failure of dental 

implants. Possible causes of late failure of dental implants include inflammatory reactions 
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caused by bacteria, occlusal overloading, parafunctional habits such as bruxism, a lack of 

keratinized mucosa around the implant, exposed threads from implant placement errors, 

residual titanium particles, adjacent pathology, poor plaque control, poor maintenance, 

and inadequate removal of dental cement (Koka et al., 2023; Papaspyridakos et al., 2018; 

Schwarz & Ramanauskaite, 2022) . Peri-implant mucositis and peri-implantitis are the 

primary root causes of late implant failures. Their distinguishing difference is the 

involvement of bone loss surrounding an osseointegrated implant in the latter, despite 

both referring to a specific area of tissue inflammation (Heitz-Mayfield & Salvi, 2018; 

Schwarz et al., 2018). 

Furthermore, there was a discussion about biological concerns that arise due to the 

existence of a microgap at the IAC. The microgap may arise from factors such as the 

implant and abutment's shape and materials, the various types of implant-abutment 

connection, the tightening torque value, and the marginal fit of the implant components. 

There is a hypothesis that suggests that microleakage could lead to the growth of bacteria 

in the IAC, which could contribute to peri-implant mucositis and peri-implantitis (Aloise 

et al., 2010; Broggini et al., 2003; Canullo et al., 2015; Jansen et al., 1997; Rismanchian 

et al., 2012; Weng et al., 2011). This is because bacteria moving in and out of the implant-

abutment interface creates a pumping effect while the implant is working. This causes 

swelling and tissue loss around the implant. On average, 43% of patients had peri-implant 

mucositis, whereas 22% suffered peri-implantitis (Derks & Tomasi, 2015). 
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2.6 Finite Element Analysis (FEA) 

FEA is an essential computational tool to predict the mechanical properties of 

materials with different complex geometries and shapes under different loadings. It also 

provides reliable data regarding stress distribution and strain deformation in implant 

components and around the bone tissues (Babaei et al., 2022; Hosseini-Faradonbeh & 

Katoozian, 2022; Lisiak-Myszke et al., 2020; Poiate et al., 2011) . The strain development 

in the bone is influenced by the bearing capacity of dental implants, which is in turn 

determined by the design and material of the superstructures. One approach that has been 

devised to enhance the uniform distribution of stresses around dental implants involves 

the implementation of shock-absorbing materials, such as microfilled polymers and 

acrylic, to mitigate the occlusal forces. The efficacy of finite element (FE) modelling in 

analysing the mechanical characteristics of dental implants with a variety of prosthetic 

designs has been demonstrated. Comparative studies on the shock absorption properties 

of various veneering materials revealed that the use of more rigid materials resulted in 

greater stress transmission to the fixture, accompanied by a shorter duration of force rise. 

On the other hand, materials that are more durable experience a longer rising time and 

lower stress levels (Ciftçi & Canay, 2001; Gracis et al., 1991; Skalak, 1983; Soumeire & 

Dejou, 1999; van Rossen et al., 1990) . Over the past few decades, dentistry has seen an 

upward trend in the use of FEA. It is now generally recognised as an accurate means for 

determining stress distribution and strain deformation in bone, different components of 

implants, and prostheses. FEA is cost-effective because it enables the use of sophisticated 

body structures with multiple adjustable test settings. It is also less laborious. In clinical 

settings, these data may not be readily accessible; however, they are useful for identifying 

possible challenges and devising effective solutions (Babaei et al., 2022; Hasan et al., 

2012; Jemaa et al., 2023a; Lisiak-Myszke et al., 2020; Nisar, 2018).  
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2.7 Novelty 

The transmission of occlusal force to the implant bone interface is influenced by the 

composition of the implant restorative complex, which includes elements such as the 

crown, cement layer, and abutment, as well as the direction of loading, potentially 

compromising the success of implant  (Sahoo et al., 2024; Sevimay, Usumez, et al., 2005; 

Talreja et al., 2023; Wang et al., 2002; Zieliński et al., 2024). Controlling the stress within 

the implant and its components can avoid possible mechanical and biological 

complications. The selection of an appropriate restorative material is significant due to 

the potential implications of restorative materials on the bone's structure and the 

surrounding soft tissues, according to certain research studies (AlJasser et al., 2021; Coray 

et al., 2016; Iranmanesh et al., 2014; Pjetursson, Valente, et al., 2018; Rabel et al., 2018; 

Sadid-Zadeh et al., 2015; Stimmelmayr et al., 2017). The combination of a resilient 

material in the form of resin with outstanding fracture resistance and tensile strength as 

well as desirable physical characteristics, especially strength and durability, of ceramics 

could overcome the limitations of traditional abutment rigidity and minimise the 

micromovement between the abutment and implant platform, thereby reducing biological 

and mechanical complications (Hermann et al., 2001; King et al., 2002) . 

To the best of the researchers' knowledge, there are no studies investigating the stress 

distribution of 3D printed ceramic filled hybrid materials and CAD/CAM zirconia as 

CAD/CAM custom abutments and implant-supported crowns at the various interfaces of 

implant supported prosthesis: crown, cement between crown and CAD/CAM custom 

abutment, CAD/CAM custom abutment, abutment screw, cement between CAD/CAM 

custom abutment and Ti-base abutment, Ti-base abutment and fixture as well as at the 

peri-implant bone region. Thus, this study aims to address the existing knowledge gap 

regarding the long-term stability and clinical success of a combination of 3D printed and 

CAD/CAM polycrystalline ceramic materials for dental implant restorations. 
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CHAPTER 3: MATERIALS AND METHOD 

The following tooth model, different abutment and implant-supported crown 

materials, components of implants, resin cement, mandible were simulated using the 

following computer specifications and FEA software. The materials and methods used 

were shown in Table 3.1. The dimensions in x-axis, y-axis and z-axis of components of 

implant and bone structure in CAD were shown in Table 3.2. 

3.1 Materials and Methods 

Table 3.1:Materials And Methods Used 

Materials  Methods 

Simulated mandibular first molar implant 

supported crown  

• CAD/CAM Zirconia 
• 3D printed VarseoSmile® Crown Plus 

• 3D printed VarseoSmile®TriniQ® 

 CAD 

Simulated CAD/CAM custom abutment   CAD 

Simulated cement layer (50m)  CAD 

Simulated Ti-base abutment, abutment 

screw, fixture,  

 Stereolithography format (STL) 

provided by manufacturer 
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Table 3.2: Dimension of Components of Implant and Bone Structure CAD 

 X-axis (mm) Y-axis (mm) Z-axis (mm) 

Crown 8.5 6.5 9.5 

Cement between crown & 
CAD/CAM custom abutment 

6.5 3.5 6.5 

CAD/CAM custom abutment 7.0 6.0 7.5 

Cement between CAD/CAM 
custom abutment & Ti-base 
abutment 

3.5 4.5 3.5 

Ti-base abutment 4.2 7.0 4.2 

Abutment screw 2.4 7.6 2.4 

Fixture 4.1 11.5 4.1 

Mandibular bone  23.0 17.0 22.0 

Cancellous bone 21.0 15.0 22.0 
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3.2 Computer Specification 

Computer specification for FEA simulation in this study was stated as per table below. 

(Table 3.3) 

Table 3.3: Computer Specification 

Model PC - Desktop 

Processor Intel(R) Core (TM) i3-10105F CPU @ 3.70GHz (4 cores/8 
logical processor) 

Graphics Card NVIDIA GTX 1660 

RAM 16GB DDR4 3200 MHz 

Hard Disk 2 TB SSD 

OS Windows 11 
 

3.3 Software 

Commercially available software for geometry preparation and FEA were stated as 

table below. (Table 3.4) 

Table 3.4:  FEA Software 

CAD and Geometry clean-up ANSYS Space Claim 
Finite Element Analysis ANSYS Workbench 2021 R1 
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3.4 Overview Process of FEA 

The FEA process was divided to 3 major processes. They were pre-processing, 

processing and post-processing. (Figure 3.1 & 3.2) 

 

 

 

 

 

 

Figure 3.1: The Overall Process of FEA  

  

Pre-processing

Processing & Run Analysis

Post-processing, Validation & Reporting
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Figure 3.2: The Flow for the FEA Process in Details 
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3.5 Pre-Processing: Import STL 

3.5.1 The Model 

A 3D finite element model comprising of crown, cement between crown and 

CAD/CAM custom abutment, CAD/CAM custom abutment, cement between 

CAD/CAM custom abutment and Ti-base abutment, abutment screw, Ti-base abutment, 

fixture, cortical and cancellous bone was prepared to evaluate the von Mises stresses at 

each component. All the components were imported individually from STL. These 

formats were common files used for 3D modeling, especially 3D printing, 3D scanning, 

rapid prototyping and computer-aided design and CAD/CAM. It represented the surface 

geometry of a 3D object without any representation of colour, texture or other common 

CAD model attributes. In a simpler explanation, it transformed the surface into a kind of 

mesh of triangles by approximating surfaces of the object.  

3.5.1.1 The Crown 

The crown model was designed as a mandibular first molar crown using CAD software 

and exported in STL. The CAD software used was Blenderfordental®. The crown was 

designed to provide minimal thickness of 1mm. The marginal thickness and occlusal 

thickness were 1 mm. The buccolingual width was 8.5mm, occluso-cervical height was 

6.5 mm, mesiodistal length was 9.5 mm (Yoon et al., 2018). 

3.5.1.2 The CAD/CAM Custom Abutment 

The CAD/CAM custom abutment was also known as the mesostructure of the crown, 

connecting between the crown and titanium base abutment. The CAD software, 

Blenderfordental ® was used to design the model in STL format. The abutment designed 

to provide minimal thickness and a marginal line width of 1mm.  
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3.5.1.3 The Abutment Screw  

The STL file was provided by the manufacturer, BEGO Implant Systems GmbH & 

Co. The height of the abutment screw was 7.6 mm and made of Ti-6Al-4V according to 

ASTM F-136. 

3.5.1.4 The Ti-Base Abutment 

 The STL of Ti-base abutment (Bego PS TiB GH 1.5 RSX 4.1) was provided by the 

manufacturer, BEGO Implant Systems GmbH & Co. It was recommended by 

manufacturer for the fixture of mandibular first molar with diameter 4.1mm. The 

transgingival height was selected to be 1.5mm, as it is the most commonly used height 

for abutments. 

3.5.1.5 The Fixture 

The bone level implant BEGO Semados® RSXPro measured diameter 4.1mm x height 

11.5mm was used. Its STL file was provided by the manufacturer, BEGO Implant 

Systems GmbH & Co.  

3.5.1.6 The Mandible  

A Type II bone structure that represented the section of mandibular first molar region 

(X-axis: 23mm; Y-axis:17mm; Z-axis: 22mm) with average thickness of at least 17mm 

for each axis according to the classification system by Lekholm and Zarb (Lekholm, 

1985). It consisted of 2 layers which were cortical bone of thickness 2 mm (Sevimay, 

Usumez, et al., 2005). The 3D model of the dental implant was submerged in the bone 

structure assuming 100% osseointegration. Assuming that the gingiva was negligible in 

the model. The Ti-base abutment was perfectly fit into the fixture. 
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3.5.1.7 The Cement  

3M™ RelyX™ U200 Self-Adhesive Resin Cement 50m in thickness was placed 

between the crown and abutment as well as between abutment screw and Ti-base 

abutment to simulate the real clinical scenario. The cement layer was 50m (Bagheri, 

2013; Kaleli et al., 2017; Kious et al., 2009; Wu & Wilson, 1994).  

3.5.2 The Geometry of Assembled Model 

All the components were assembled to form the model as shown in the figure after 

every component was set up.  

3.6 Pre-Processing: Geometry Checking, Simplification, Rebuilding and 

Cleaning Up 

The STL were required to be converted into the Standard for the Exchange of Product 

(STP/STEP) which was a file extension for 3D graphic file used by CAD software. It was 

used to store and transfer 3D and two-dimensional (2D) geometry models, parts and 

design data. STP provides more detailed information compared to the STL format. It  

allowed for high dimensional accuracy and smoother curves. It was also cross platform 

compatible and easier to edit. The converted file had a very large file size hence would 

impact the analysis time. Thus, the components would require to be rebuilt or simplified. 

The simplified geometry would generate high quality meshes with lesser fault. Simplified 

models were easier to apply boundary conditions and could reduce computational  costs 

without affecting the precision and accuracy.  

To rebuild or simplify, there were few considerations needed to be addressed. 

Geometry features that give minimal impact to the overall component shape and/or 

analysis would be neglected and simplified. However, geometries that gave significant 

impact would be preserved and maintained.  
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The purpose of cleaning up the geometries was to remove extra edges, points, 

redundant faces and small edges in order to optimize the mesh with fewer elements and 

improve computational efficiency in simulations. All the geometry checking, cleaning up, 

simplification and rebuilding used the Ansys SpaceClaim. 

3.6.1 Fixture 

The STL of fixture was provided by the manufacturer. The X, Y and Z dimensions 

were 4.1mm, 11.5mm and 4.1mm respectively. It required great effort to clean up and 

simplify the geometry of the implant fixture due to its complex thread shape which could 

not be easily replicated or reconstructed using Ansys SpaceClaim. Since the thread was 

the critical feature to simulate the implant bone interface, it was crucial to preserve the 

thread shapes to simulate clinical case conditions. The STL file of fixture was compared 

before and after cleaned up in Figure 3.3 (A) and 3.3(B). 

 

 

 

 

 

 

 

Figure 3.3: Comparison between STL file of Fixture and Cleaned Up Geometry. 
(A): Before Cleaned Up 
(B): After Cleaned Up 

 

A B 
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3.6.2 Crown 

The crown was designed using the software Blenderfordental® software. The X,Y and 

Z dimensions were 8.5mm, 6.5mm and 9.5mm respectively. The original crown profile 

(STL) was compared with the cleaned up geometry in the following figure (Figure 3.4, 

3.5 and 3.6) 

 

 

 

 

 

Figure 3.4: (A): The Original Crown Profile Buccal View; (B): Occlusal View 
 

 

 

 

 

 

 

 
Figure 3.5: Comparison between STL of Crown Profile & After Cleaned Up 

Geometry. 
(A): Original Crown Profile STL: Occlusal View 
(B): After Cleaned Up Geometry: Occlusal View 

A B 

A B 
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Figure 3.6: Comparison between STL of Crown Profile & After Rebuilt Geometry. 

(A): Original Crown Profile STL: Proximal View 
(B): After Rebuilt Geometry: Occlusal View 

 

3.6.3 CAD/CAM Custom Abutment 

The CAD/CAM custom abutment was rebuilt based on the dimensions measured from 

STL files obtained from the manufacturers. Its X, Y and Z dimensions were 7.0mm, 

6.0mm and 7.5mm respectively. The STL file of CAD/CAM custom abutment was 

compared before and after rebuilt in Figure 3.7(A) and 3.7(B). 

 

 

 

 

 

Figure 3.7: Comparison between Original CAD/CAM custom Abutment STL and 
After Cleaned Up Geometry. 

(A): Original Abutment Profile STL 
(B): Rebuilt Geometry 

 

A B 

A B 
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3.6.4 Abutment Screw 

The screw geometries were rebuilt using the Ansys SpaceClaim. A measurement was 

taken from the STL file obtained from the manufacturer and rebuilt based on the 

dimensions taken. The X, Y and Z dimensions were 2.4mm, 7.6mm and 2.4mm 

respectively. Screw threads were simplified as a simple cylinder at non-contact area as it 

was not deemed critical features in this study. The comparison between STL files and the 

rebuilt geometries was shown in Figure 3.8 (A) and 3.8(B). 

 

 

 

 

 

 

 

Figure 3.8: Comparison between Original Abutment Screw STL vs Cleaned and 
Rebuilt Abutment Screw. 

(A): Original Abutment Screw STL 
(B): Cleaned & Rebuilt Abutment Screw 

 

3.6.5 Ti-base Abutment 

The Ti-base abutment geometries were rebuilt using the Ansys SpaceClaim. A 

measurement had been taken from the STL file obtained from the manufacturer and 

rebuilt based on the dimensions taken. The X, Y and Z dimensions were 4.2mm, 7.0mm 

A B 
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and 4.2mm respectively. The comparison between original titanium base abutment and 

rebuilt geometries was shown in Figure 3.9 (A) and 3.9 (B). 

 

 

 

 

 

 
 
 

 
Figure 3.9: Comparison between Original Ti-base Abutment & Cleaned and 

Rebuilt Ti-base Abutment. 
(A): Original Ti-base Abutment STL 

(B): Cleaned and Rebuilt Ti-baseAbutment 
 

3.6.6 Cortical Bone and Cancellous Bone 

The original shape of both cortical and cancellous bones were maintained as per 

imported in chapter. Minimal change applies in the overall shape and geometrical features 

of the bones. They were designed using Blenderfordental® software. The X, Y and Z 

dimensions of mandibular bone were 23.0mm, 17.0mm and 22.0mm respectively whereas 

the X, Y and Z dimensions of cancellous bone were 21.0mm, 15.0mm and 22.0mm 

respectively. The STL file of cortical and cancellous bone was compared before and after 

cleaned up in Figure 3.10 (A) and 3.10 (B) 
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Figure 3.10: Comparison of Original Cortical and Cancellous Bone and Cleaned 
Bone Geometry. 

(A): Original Cortical and Cancellous Bone STL 
(B): Cleaned Geometry Cortical and Cancellous Bone STL 

 

3.7 Pre-Processing:Meshing 

After cleaning up and rebuilding, meshing or mesh generation discretized a geometry 

surface or volume into multiple smaller and simpler elements. The smaller elements 

formed a mesh which approximated the shape and behaviour of the original domain. For 

complex geometries, 3D tetrahedron mesh was applied in meshing the components in this 

analysis. Only titanium base abutment, abutment screw and abutment could be meshed 

using 3D hexahedral mesh type. The overall meshed assembly for all the components as 

shown in the following figure. (Figure 3.11) 
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Figure 3.11:Assembled Model of 3D Tetrahedron Mesh for Ansys 

 

The 3D hexahedron mesh was applied because 

• All the 3D were comparable in the following figure. (Figure 3.12) 

 

 

 

 

 

 

Figure 3.12: The Three Dimension were Comparable 
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• Complex shape of the crown and implant that made 3D hex mesh almost 

impossible. 

 

 

 

 

 

 

 

 

 

Figure 3.13: Complex and Organic Shape of the Components  

3.8 Load and Boundary Condition 

3.8.1 Load Case 1: Vertical Load 600N  

For Load case 1, a 600N of axial forces were applied to the central axis of the implant 

onto the crown (Ausiello et al., 2023; Duan & Griggs, 2015; Lin et al., 2020; Tribst et al., 

2024) .  Figure 3.14 showed the vertical load (600N) was applied and the load application 

area at each of the crown. 
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Figure 3.14: Vertical Load 600N was Applied to the Central Axis of Implant onto 
the Crown. 

 

3.8.2 Load Case 2: Oblique Load 225N 

For Load case 2, a 225N oblique forces were applied 45 to the central axis of the 

implant representing eccentric forces acting on the crown (da Costa Ward et al., 2024; 

Hariharan et al., 2024) . Figure 3.15 showed oblique load (225N) was applied and the 

load application area at each of the crown. 

 

 

 

 

 

Figure 3.15: Oblique Load 225N was Applied 45 to the Central Axis of Implant 
onto the Crown 
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3.9 Material Properties Definition 

 The mechanical properties of the different restorative materials such as VarseoSmile® 

Crown Plus, monolithic zirconia, VarseoSmile® TriniQ®, fixture, CAD/CAM zirconia 

custom abutment, abutment screw, Ti-base abutment, cortical bone, cancellous bone and 

3M™ RelyX™ U200 Self-Adhesive Resin Cement were shown in the following table. 

(Table 3.5) 

Table 3.5: Young Modulus and Poisson Ratio of Each Material 

 

  

Material Young 
Modulus (GPa) 

Poisson Ratio 
(v) References 

Cortical Bone 13.7 0.30 (Sevimay, Turhan, 
et al., 2005) 

Cancellous Bone 1.37 0.30 (Sevimay, Turhan, 
et al., 2005) 

Fixture (Titanium)  110 0.35 (Sevimay, Turhan, 
et al., 2005) 

Ti-base Abutment 110 0.35 (Sevimay, Turhan, 
et al., 2005) 

CAD/CAM Zirconia 
Custom Abutment 

210 0.30 (Sannino et al., 
2009) 

Monolithic Zirconia 210 0.30 
(Huang et al., 

2024; Juneja et al., 
2024) 

VarseoSmile® Crown Plus 4.51 0.30 (Ramos Nde et al., 
2016) 

VarseoSmile® TriniQ® 3.60 0.30 (Ramos Nde et al., 
2016) 

3M™ RelyX™ U200 Self-
Adhesive Resin Cement 

6.6 0.33 3M Manufacturer 
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3.10 Processing: Analysis 

The meshed models were transferred to FEA Software (Ansys Workbench 2021 R1) 

for stress distribution analysis. All the models were considered homogenous, isotropic 

and linearly elastic. The linear static type of analysis was carried out as it was used to 

determine the behaviour of structures or components under static loads. The analysis was 

done with the following assumption: 

• Linearity: The material behaviour was linear, meaning that the relationship 

between stress and strain was proportional. 

• Small deformations: The deformations of the structure were small and did not 

affect the geometry of the components. 

• Static loads: The loads applied to the structure were constant and did not change 

with time. 

There were total 5 groups of different combinations of crown and CAD/CAM custom 

abutment materials analysed in this study shown in the figure below. (Table 3.6) 
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Table 3.6: 5 Groups of Different Combinations of Crown and CAD/CAM 
Custom Abutment Materials 

Groups Different Combinations of Crown and CAD/CAM Custom 
Abutment Materials 

 ZR-ZR 
CAD-CAM zirconia crown cemented to  CAD-CAM zirconia 
custom abutment which was cemented to Ti-base abutment (control 
group). 

VSC-ZR 3D-printed VarseoSmile ®Crown Plus crown cemented to CAD/CAM 
zirconia custom abutment which was cemented to Ti-base abutment 

 ZR-VSC 
CAD-CAM zirconia crown cemented to 3D-printed VarseoSmile® 
Crown Plus custom abutment which was cemented to Ti-base 
abutment 

VST-ZR 3D-printed VarseoSmile® TriniQ® crown cemented to CAD/CAM 
zirconia custom abutment which was cemented to Ti-base abutment 

 ZR-VST CAD-CAM zirconia crown cemented to 3D-printed VarseoSmile® 
TriniQ® custom abutment which was cemented to Ti-base abutment 
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Group ZR-ZR                 Components 

 

 

 

CAD-CAM zirconia crown 

Resin cement RelyX U200 

CAD-CAM zirconia custom abutment 

Resin cement RelyX U200 

Abutment screw 

Ti-base abutment 

Fixture RSX PRO diameter 4.1mm x   11.5mm 

Sectional segment bone 

 

Figure 3.16: Group ZR-ZR: CAD-CAM Zirconia Crown Cemented to CAD-
CAM Zirconia Custom Abutment which was Cemented to Ti-base Abutment 

(Control Group) 
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Group VSC-ZR:             Components 

 

 

 

3D-printed VarseoSmile® Crown Plus crown 

Resin cement RelyX U200 

CAD-CAM zirconia custom abutment 

Resin cement RelyX U200 

Abutment screw 

Ti-base abutment 

Fixture RSX PRO diameter 4.1mm x   11.5mm 

Sectional segment bone 

 

Figure 3.17: Group VSC-ZR: 3D-Printed VarseoSmile® Crown Plus Crown 
Cemented to CAD-CAM Zirconia Custom Abutment which was Cemented to Ti-

base Abutment 
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Group ZR-VSC:             Components 

 

 

 

CAD CAM zirconia crown 

Resin cement RelyX U200 

3D-printed VarseoSmile® Crown Plus custom abutment 

Resin cement RelyX U200 

Abutment screw 

Ti-base abutment 

Fixture RSX PRO diameter 4.1mm x   11.5mm 

Sectional segment bone 

 

Figure 3.18: Group ZR-VSC: CAD-CAM Zirconia Crown Cemented to 3D-
Printed VarseoSmile® Crown Plus Custom Abutment which was Cemented to Ti-

base Abutment 
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Group VST-ZR:             Components 

 

 

 

3D-printed VarseoSmile ® TriniQ® crown 

Resin cement RelyX U200 

CAD-CAM zirconia custom abutment 

Resin cement RelyX U200 

Abutment screw 

Ti-base abutment 

Fixture  RSX PRO Diameter 4.1mm x   11.5mm 

Sectional segment bone 

 

Figure 3.19: Group VST-ZR: 3D-Printed VarseoSmile ® TriniQ® Crown 
Cemented to CAD-CAM Zirconia Custom Abutment which was Cemented to Ti-

base Abutment 
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Group ZR-VST:             Components 

 

 

 

CAD/CAM zirconia crown 

Resin cement RelyX U200 

3D-printed VarseoSmile ®  TriniQ®  custom abutment 

Resin cement RelyX U200 

Abutment screw 

Ti-base abutment 

Fixture RSX PRO diameter 4.1mm x   11.5mm 

Sectional segment bone 

 

Figure 3.20: Group ZR-VST: CAD-CAM Zirconia Crown Cemented to 3D-
Printed VarseoSmile ® TriniQ®  Custom Abutment which was Cemented to Ti-base 

Abutment 
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CHAPTER 4: RESULTS 

 

4.1 Load Case 1 

The result of von Mises stress value at overall the highest stress area, crown, cement 

between crown and CAD/CAM custom abutment, CAD/CAM custom abutment, 

abutment screw, cement between abutment screw and Ti-base abutment, Ti-base 

abutment, fixture, cortical bone and cancellous bone under vertical load (600N) was 

displayed in the Table 4.1 and Figure 4.1.  

The result of von Mises stress percentage difference at overall the highest stress area, 

crown, cement between crown and CAD/CAM custom abutment, CAD/CAM custom 

abutment, abutment screw, cement between abutment screw and Ti-base abutment, Ti-

base abutment, fixture, cortical bone and cancellous bone under vertical load (600N) 

compared to control group (Group ZR-ZR) was displayed in the Table 4.2. 

 

  

Univ
ers

iti 
Mala

ya



59 

Table 4.1: Result of Load Case 1: Comparison of Von Mises Stress Of Overall 
The Highest Stress Area, Crown, Cement between Crown and CAD/CAM Custom 

Abutment, CAD/CAM Custom Abutment, Abutment Screw, Cement between 
CAD/CAM Custom Abutment and Ti-base Abutment, Ti-base Abutment, Fixture, 

Cortical Bone and Cancellous Bone Among All 5 Groups of FEA Models under 
Load Case 1. 

 

Group 
Von Mises Stress (MPa) 

ZR-ZR VSC-ZR ZR-VSC VST-ZR ZR-VST 

Overall The Highest Stress 
Area 333.65 330.89 242.02 330.92 247.974 

Crown 198.2 173.92 213.9 173.66 214.39 

Cement Between Crown & 
CAD/CAM Custom 
Abutment 

36.39 192.93 28.19 214.57 28.92 

CAD/CAM Custom 
Abutment 266.47 264.92 46.66 265.63 44.62 

Abutment Screw 158.68 158.53 157.84 158.52 157.82 

Cement Between 
CAD/CAM Custom 
Abutment & Ti-base 
Abutment 

20.45 23.23 70.14 23.16 72.52 

Ti-base Abutment 333.65 330.89 242.02 330.92 247.97 

Fixture 250.95 251.47 203.8 251.49 201.3 

Cortical Bone 122.2 122.44 125.19 122.45 125.32 

Cancellous Bone 9.38 9.38 9.35 9.38 9.35 

ZR-ZR:  CAD/CAM zirconia crown- CAD/CAM zirconia custom abutment; 
VSC-ZR: 3D Printed VarseoSmile® Crown Plus crown- CAD/CAM zirconia custom abutment; 
ZR-VSC: CAD/CAM zirconia crown-3D Printed VarseoSmile® Crown Plus custom abutment; 
VST-ZR: 3D Printed VarseoSmile® TriniQ ® crown-CAD/CAM zirconia custom abutment; 
ZR-VST: CAD/CAM zirconia crown-3D Printed VarseoSmile® TriniQ® custom abutment 
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Figure 4.1: Result of Load Case 1: Comparison of Von Mises Stress of Overall The Highest Stress Area, Crown, Cement between Crown 
and CAD/CAM Custom Abutment, CAD/CAM Custom Abutment, Abutment Screw, Cement between CAD/CAM Custom Abutment and Ti-

base Abutment, Ti-base Abutment, Fixture, Cortical Bone, and Cancellous bone among all five group of FEA Models under Load Case  1
Univ

ers
iti 

Mala
ya



61 

 

Table 4.2: Comparison of the Von Mises Stress Percentage Difference Of the 
Overall The Highest Stress Area, Crown, Cement between Crown and CAD/CAM 

Custom Abutment, CAD/CAM Custom Abutment, Abutment Screw, Cement 
between CAD/CAM Custom Abutment and Ti-base Abutment, Ti-base Abutment, 
Fixture, Cortical Bone and Cancellous Bone Among All 5 Groups of FEA Models 

under Load Case 1 Compared to Control Group ZR-ZR  

Group 

Von Mises Stress Percentage Difference (%) 

ZR-ZR VSC-
ZR 

ZR-
VSC 

VST-
ZR ZR-VST 

Overall The Highest Stress 
Area Control -0.83 -37.86 -0.82 -34.55 

Crown Control -13.96 7.34 -14.13 7.55 

Cement Between Crown & 
CAD/CAM Custom Abutment Control 81.14 -29.09 83.04 -25.83 

CAD/CAM Custom Abutment Control -0.59 -471.09 -0.32 -497.20 

Abutment Screw Control -0.09 -0.53 -0.10 -0.54 

Cement Between CAD/CAM 
Custom Abutment & Ti-base 
Abutment 

Control 11.97 70.84 11.70 71.80 

Ti-base Abutment Control -0.83 -37.86 -0.82 -34.55 

Fixture Control 0.21 -23.14 0.21 -24.66 

Cortical Bone Control 0.20 2.39 0.20 2.49 

Cancellous Bone Control 0.00 -0.32 0.00 -0.32 

ZR-ZR: CAD/CAM zirconia crown-CAD/CAM zirconia custom abutment; 
VSC-ZR: 3D Printed VarseoSmile® Crown Plus crown- CAD/CAM zirconia custom abutment; 
ZR-VSC: CAD/CAM zirconia crown-3D Printed VarseoSmile® Crown Plus custom abutment; 
VST-ZR: 3D Printed VarseoSmile® TriniQ® crown- CAD/CAM zirconia custom abutment; 
ZR-VST: CAD/CAM zirconia crown-3D Printed VarseoSmile® TriniQ® custom abutment 
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4.1.1 Overall The Highest Stress Area 

Overall, the highest von Mises stress was concentrated at the Ti-base abutment among 

five groups. Group ZR-ZR showed the highest von Mises stress value which was 

333.65MPa. On the contrary, Group ZR-VSC showed the lowest von Mises stress value 

which was 242.02MPa. The von Mises stress in Group ZR-VSC showed the most 

significant decrease which was 37.86% compared to control group ZR-ZR.  

4.1.2 Crown 

At the crown level, the von Mises stress among 5 groups were nearly equivalent. 

Groups ZR-VSC and Group ZR-VST showed slightly higher stress values which were 

213.9MPa and 214.39MPa respectively. The VSC-ZR and VST-ZR groups showed 

nearly the same decline in stress value, hitting nearly to a 15% drop. 

4.1.3 Cement between Crown & CAD/CAM Custom Abutment 

Groups VSC-ZR and VST-ZR showed higher von Mises stresses, which were 192.93 

MPa and 214.57 MPa at the cement layer between the crown and CAD/CAM custom 

abutment, respectively, compared to the other groups. Group ZR-VSC showed the least 

stress, which was 28.19 MPa and Group ZR-VST showed the second least stress, which 

was 28.92MPa. There were around 81% to 83% increases in the von Mises stress values 

of Groups VSC-ZR and VST-ZR. In this cement layer, the von Mises stress values in 

Groups ZR-VST and ZR-VSC showed a drop of about 30%. 

4.1.4 CAD/CAM Custom Abutment 

Among the several groups, Group ZR-VST showed the lowest von Mises stress level 

at the CAD/CAM custom abutment, measuring 44.62MPa and Group ZR-VSC showed 

the second least stress which was 46.66MPa. On the other hand, Group ZR-ZR showed 

the highest stress value, reaching 266.47 MPa. Group ZR-VSC and Group ZR-VST had 

a significant decrease in von Mises stress at the CAD/CAM custom abutment, with a 
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reduction of five times which was equivalent to the range of 471.09% to 497.20% 

compared to other groups. 

4.1.5 Abutment Screw 

The von Mises stress at the abutment screw remains consistent  in the range of 

157.82MPa to 158.68MPa, irrespective of the various combinations of specific abutment 

and crown materials. The von Mises stress percentage difference in all five groups was 

insignificant which was in a range of 0.09% to 0.54%.  

4.1.6 Cement between CAD/CAM Custom Abutment and Ti-base Abutment 

Groups ZR-VSC and ZR-VST showed a greater von Mises stress value in the cement 

layer, ranging from 70MPa to 73MPa, in comparison to the other groups. In general, the 

four groups showed increased level of von Mises stress in the range of 11.70% to 71.80%  

compared to the control group ZR-ZR. 

4.1.7 Ti-base Abutment 

Group ZR-VSC and ZR-VST had the lowest von Mises stress levels at the Ti-base 

abutment, measuring 242.02 MPa and 247.97 MPa, respectively. In contrast, Group ZR-

ZR showed the greatest stress level, measuring 333.65 MPa. Both the ZR-VSC and ZR-

VST groups showed around a 40% reduction in stress value compared to the control group 

ZR-ZR.  

4.1.8 Fixture 

Groups ZR-VSC and ZR-VST showed lower von Mises stress than other groups, at 

203.8 MPa and 201.3 MPa, respectively. However, the reduction in stress was moderate 

in these two groups in accordance to the control group, at roughly 25%. 
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4.1.9 Cortical Bone and Cancellous Bone 

Similarly, in all the models, the von Mises stress in cortical and cancellous bones were 

comparable among the groups regardless of load application and that was in a range of 

122.2 MPa to 125.32 MPa for cortical bone and 9.35 MPa to 9.38 MPa for cancellous 

bone. Overall, the cortical bone in all groups showed a minimal increase in stress which 

was 0.20% to 2.39%. In cancellous bone, Groups ZR-VSC and ZR-VST showed a 

decreased stress of 0.32%. 

4.2 Load Case 2 

The result of von Mises stress value at overall the highest stress area, crown, cement 

between crown and CAD/CAM custom abutment, CAD/CAM custom abutment, 

abutment screw, cement between CAD/CAM custom abutment and Ti-base abutment, Ti-

base abutment, fixture, cortical bone and cancellous bone under oblique load (225N) was 

displayed in the Table 4.3 and Figure 4.2. 

The result of von Mises stress percentage difference at overall the highest stress area, 

crown, cement between crown and CAD/CAM custom abutment, CAD/CAM custom 

abutment, abutment screw, cement between CAD/CAM custom abutment and Ti-base 

abutment, Ti-base abutment, fixture, cortical bone and cancellous bone under oblique 

load (225N) compared to control group (Group ZR-ZR) was displayed in the Table 4.4. 
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Table 4.3: Result of Load Case 2: Comparison of Von Mises Stress Of Overall The 
Highest Stress Area, Crown, Cement between Crown and CAD/CAM Custom 
Abutment, CAD/CAM Custom Abutment, Abutment Screw, Cement between 
CAD/CAM Custom Abutment and Ti-base Abutment, Ti-base Abutment, Fixture, 
Cortical Bone and Cancellous Bone Among All 5 Groups of FEA Models under Load 
Case 2 

Group 
Von Mises Stress (MPa) 

ZR-ZR VSC-ZR ZR-VSC VST-ZR ZR-VST 

Overall The Highest 
Stress Area 580.34 580.01 492.66 580.02 488.53 

Crown 109.02 101.6 112.71 101.58 112.72 

Cement between 
Crown & CAD/CAM 
Custom Abutment 

15.9 71.39 29.2 76.03 29.63 

CAD/CAM Custom 
Abutment 422.52 423.37 45.34 423.47 41.95 

Abutment Screw 225.17 225.09 222.65 225.09 222.53 

Cement between 
CAD/CAM Custom 
Abutment & Ti-base 
Abutment 

19.52 19.81 54.72 19.83 57.76 

Ti-base Abutment 580.34 580.01 492.66 580.02 488.53 

Fixture 431.36 461.32 404.31 461.32 401.05 

Cortical Bone 196.95 196.99 203.45 196.99 203.78 

Cancellous Bone 4.74 4.74 4.72 4.74 4.72 

ZR-ZR: CAD/CAM zirconia crown- CAD/CAM zirconia custom abutment; 
VSC-ZR: 3D Printed VarseoSmile® Crown Plus crown-CAD/CAM zirconia custom abutment; 
ZR-VSC: CAD/CAM zirconia crown- 3D Printed VarseoSmile® Crown Plus custom abutment; 
VST-ZR: 3D Printed VarseoSmile® TriniQ® crown-CAD/CAM zirconia custom abutment; 
ZR-VST: CAD/CAM zirconia crown- 3D Printed VarseoSmile® TriniQ®custom abutment  
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Figure 4.2: Result of Load Case 2: Comparison of Von Mises Stress Of Overall The Highest Stress Area ,Crown, Cement between Crown 
and CAD/CAM Custom Abutment, CAD/CAM Custom Abutment, Abutment Screw, Cement between CAD/CAM Custom Abutment and Ti-

base Abutment, Ti-base Abutment, Fixture, Cortical Bone and Cancellous Bone Among All 5 Groups of FEA Models  in Load Case 2
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Table 4.4: Comparison of the Von Mises Stress Percentage Difference Of the 
Overall The Highest Stress Area, Crown, Cement between Crown and CAD/CAM 

Custom Abutment, CAD/CAM Custom Abutment, Abutment Screw, Cement 
between CAD/CAM Custom Abutment and Ti-base Abutment, Ti-base Abutment,  
Fixture, Cortical Bone and Cancellous Bone Among All 5 Groups of FEA Models 

under Load Case 2 Compared to Control Group ZR-ZR 

  

  

Group 
Von Mises Stress Percentage Difference (%) 

ZR-ZR VSC-ZR ZR-VSC VST-ZR ZR-VST 

Overall The Highest 
Stress Area Control -0.06 -17.80 -0.06 -18.79 

Crown Control -7.30 3.27 -7.32 3.28 

Cement between 
Crown & CAD/CAM 
Custom Abutment 

Control 77.73 45.55 79.09 46.34 

CAD/CAM Custom 
Abutment Control 0.20 -831.89 0.22 -907.20 

Abutment Screw Control -0.04 -1.13 -0.04 -1.19 

Cement between 
CAD/CAM Custom 
Abutment & Ti-base 
Abutment 

Control 1.46 64.33 1.56 66.20 

Ti-base Abutment Control -0.06 -17.80 -0.06 -18.79 

Fixture Control 6.49 -6.69 6.49 -7.56 

Cortical Bone Control 0.02 3.19 0.02 3.35 

Cancellous Bone Control 0.00 -0.42 0.00 -0.42 

ZR-ZR: CAD/CAM zirconia crown-CAD/CAM zirconia custom abutment; 
VSC-ZR: 3D Printed VarseoSmile® Crown Plus crown-CAD/CAM zirconia custom abutment; 
ZR-VSC: CAD/CAM zirconia crown-3D Printed VarseoSmile® Crown Plus custom abutment; 
VST-ZR: 3D Printed VarseoSmile® TriniQ® crown-CAD/CAM zirconia custom abutment; 
ZR-VST: CAD/CAM zirconia crown-3D Printed VarseoSmile® TriniQ® custom abutment 
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4.2.1 Overall The Highest Stress Area 

Similarly, the Ti-base abutment was the most stressed location in all five groups, with 

values ranging from 500MPa to 600MPa. Group ZR-ZR showed the greatest stress among 

all five groups, at 580.34MPa. The least stress was observed at Group ZR-VST which 

was 488.53MPa. Groups ZR-VSC and ZR-VST showed approximately 20% less stress 

than the control group ZR-ZR. 

4.2.2 Crown 

All five groups showed comparable von Mises stress at the crown, ranging from 

101.58MPa to 112.72MPa. The percentage difference in von Mises stress compared to 

the control group ZR-ZR was minimal. However, the stress slightly increased in the range 

of 3.27% to 3.28% in Groups ZR-VSC and ZR-VST, and vice versa in Groups VSC-ZR 

and VST-ZR which showed a decrease over 7.3%. 

4.2.3 Cement between Crown and CAD/CAM Custom Abutment 

The highest von Mises stress was observed in Group VST-ZR (76.03MPa), but the 

least in Group ZR-ZR (15.9MPa). All groups showed a 50–80% increase in von Mises 

stress compared to Group ZR–ZR.  

4.2.4 CAD/CAM Custom Abutment 

Groups ZR-VSC and ZR-VST showed significantly lower von Mises stress levels in 

the CAD/CAM custom abutment compared to other groups, which were 45.34MPa and 

41.95MPa, respectively. There was a decline in stress of 831.89% in Group ZR-VSC and 

907.2% in Group ZR-VST compared to Group ZR-ZR as a control group. 
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4.2.5 Abutment Screw 

In general, all five groups displayed a similar pattern of von Mises stress at the 

abutment screw, with an average of 225MPa. Compared to the control group ZR-ZR, 

there was a minimal decrease in stress percentage difference from 0.04% to 1.19%.  

4.2.6 Cement between CAD/CAM Custom Abutment and Ti-base Abutment 

Groups ZR-VSC (54.72MPa) and ZR-VST (57.76 MPa) showed the highest von Mises 

stress value at the cement interface between CAD/CAM custom abutment and Ti-base 

abutment. There was a huge increase in stress from 64.33% to 66.20% in Groups ZR-

VSC and ZR-VST compared to the control group ZR-ZR. 

4.2.7 Ti-base Abutment 

The Ti-base abutment had the highest stress concentration area of all the implant and 

bone components. Groups ZR-VSC and ZR-VST showed lower stress at 492.66MPa and 

488.53MPa, respectively which was lower by almost 100MPa around 20% compared to 

other three groups. Groups ZR-VSC and ZR-VST showed more decrease in stress in the 

range of 17.80% to 18.79% at the Ti-base abutment. 

4.2.8 Fixture 

Comparatively, the fixture of Group ZR-VST showed the lowest von Mises stress of 

401.05MPa. Group ZR-VSC demonstrated similarly low stress of 404.31MPa. Both 

groups exhibited a decrease of six to eight percents compared to the control group ZR-

ZR unlike Groups VSC-ZR and VST-ZR showed a similarly increase 6.49% in stress. 

4.2.9 Cortical Bone and Cancellous Bone 

The overall stress concentration in the cortical bone which was in the range of 

196.95MPa to 203.78MPa was higher than that in the cancellous bone which was in the 

range of 4.72MPa to 4.74MPa. It showed a minimal increase in stress in the range of 
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0.02% to 3.35% in cortical bone among all groups. However, there was nearly no 

percentage difference between all five groups in cancellous bone except groups ZR-VSC 

and ZR-VST, which showed a minimal decrease in stress of 0.42% compared to the 

control group ZR-ZR. 
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4.2.10 Comparison of Stress Distribution at Different Level of Components of Implant and Bone Structure under 2 Load Cases.  

4.2.10.1 Overall The Highest Stress Concentration For the Whole Structure  

Red label indicates the highest stress concentration area. 

 Table 4.5: Overall the Highest Stress Concentration for the Whole Structure under Load Case 1 

 

 

Group ZR-ZR VSC-ZR ZR-VSC VST-ZR ZR-VST 

Load Case 1 

     

Von Mises 
Stress (MPa) 333.65  330.89  242.02  330.92  247.97  
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Table 4.6: Overall the Highest Stress Concentration for the Whole Structure under Load Case 2 

Group  ZR-ZR VSC-ZR ZR-VSC VST-ZR ZR-VST 

Load Case 2 

     

Von Mises 
Stress (MPa) 580.34 580.01 492.66 580.02 488.53 
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In Load Case 1, the neck region of implant-abutment connection contained the 

majority of stress concentration. Most stress was concentrated at the middle region of 

implant-abutment connection in Load Case 2. Overall, Group ZR-VSC and Group ZR-

VST showed the least von Mises stress value which were 242.02MPa and 247.974MPa 

under vertical load respectively; 492.66MPa and 488.53MPa under oblique load 

correspondingly, especially at the abutment level. 
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4.2.10.2 Crown 

Table 4.7: Stress Distribution at the Crown under the Two Load Cases 

   Group ZR-ZR VSC-ZR ZR-VSC VST-ZR ZR-VST 

Load Case 1 

 

  

  

Von Mises 
Stress (MPa) 198.20  173.92  213.9  173.66  214.39  

Load Case 2 

  

   

Von Mises 
Stress (MPa) 109.02 101.6 112.71 101.58 112.72 
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 The majority of stress concentration was located at the occlusal areas of crown in 

Load Case 1 and 2. 
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4.2.10.3 Cement Between the Crown & CAD/CAM Custom Abutment under 2 Load Cases 

 Table 4.8: Stress Distribution between Cement Between the Crown & CAD/CAM Custom Abutment under 2 Load Cases

Group  ZR-ZR VSC-ZR ZR-VSC VST-ZR ZR-VST 

Load Case 1 

     

Von Mises 
Stress (MPa) 36.39  192.93  28.19  214.57  28.92  

Load Case 2 

  

 

  

Von Mises 
Stress (MPa) 15.90 71.39 29.20 76.03 29.63 Univ
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 Under Load Case 1 and 2, Group ZR-VSC and ZR-VST demonstrated the stress 

concentration at the cement layer of neck region of CAD/CAM custom abutment whereby 

Group ZR-ZR, VSC-ZR and Group VST-ZR at the cement layer of top region of 

CAD/CAM custom abutment.
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4.2.10.4 CAD/CAM Custom Abutment  

Table 4.9: Stress Distribution at the CAD/CAM Custom Abutment under the Two Load Cases   

Group ZR-ZR VSC-ZR ZR-VSC VST-ZR ZR-VST 

Load Case 1 

     

Von Mises 
Stress (MPa) 266.47  264.92 46.66  265.63  44.62  

Load Case 2 

 

   

 

Von Mises 
Stress (MPa) 422.52 423.37 45.34 423.47 41.95 Univ

ers
iti 

Mala
ya



79 

In Load Case 1, all groups showed the stress concentration area of the CAD/CAM 

custom abutment at the internal connection between CAD/CAM custom abutment and 

Ti-base abutment except Group ZR-VSC at the body of abutment; Group ZR-VST at the 

collar area at gingival level. In Load Case 2, all five groups showed the stress 

concentration area at the internal connection CAD/CAM custom abutment and Ti-base 

abutment. 
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4.2.10.5 Abutment Screw 

Table 4.10: Stress Distribution at the Abutment Screw under 2 Load Cases

Group  ZR-ZR VSC-ZR ZR-VSC VST-ZR ZR-VST 

Load Case 1 

  

  

 

Von Mises 
Stress (MPa) 158.68  158.53  157.84  158.52  157.82  

Load Case 2 

   

 

 

Von Mises 
Stress (MPa) 225.17 225.09 222.65 225.09 222.53 

Univ
ers

iti 
Mala

ya



81 

The stress concentration at the abutment screw among five groups in Load Case 1 and 

2 was situated at the first thread of abutment screw.  
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4.2.10.6 Cement between the CAD/CAM Custom Abutment and Ti-base Abutment                              

Table 4.11: Stress Distribution of Cement between the CAD/CAM Custom Abutment and Ti-base Abutment under 2 Load Cases 

Group  ZR-ZR VSC-ZR ZR-VSC VST-ZR ZR-VST 

Load Case 1 

    

 

Von Mises 
Stress (MPa) 

20.45  23.23  70.14  23.16  72.52  

Load Case 2 

 

   

 

Von Mises 
Stress (MPa) 

19.52 19.81 54.72 19.83 57.76 
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The stress concentration area of all groups under Load Case 1 was the cement layer of 

the of top region of T-base abutment. Under Load Case 2, Group ZR-ZR, VSC-ZR, VST-

ZR showed stress concentration area at the cement layer of neck region of Ti-base 

abutment. Group ZR-VSC and VST-ZR showed the stress concentration area at the top 

region of Ti-base abutment. 
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4.2.10.7 Ti-base Abutment 

Table 4.12: Stress Distribution of Ti-base Abutment under 2 Load Cases

  Group ZR-ZR VSC-ZR ZR-VSC VST-ZR ZR-VST 

Load Case 1 

     

Von Mises 
 Stress (MPa) 333.65  330.89  242.02  330.92  247.97  

Load Case 2 

 

 

 

 

 

Von Mises 
 Stress (MPa) 580.34 580.01 492.66 580.02 488.53 
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In Load Case 1, Groups ZR-ZR, VSC-ZR and VST-ZR showed the stress 

concentration area at the cervical area of Ti-base abutment, whereas Group ZR-VSC and 

ZR-VST showed the stress concentration area at the body above the cervical area of Ti-

base abutment. In Load Case 2, all groups showed the stress concentration area at the 

cervical area of Ti-base abutment.  
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4.2.10.8 Fixture 

Table 4.13: Stress Distribution of Fixture in 2 Load Cases 

Group  ZR-ZR VSC-ZR ZR-VSC VST-ZR ZR-VST 

Load Case 1 

     

Von Mises 
Stress 
(MPa) 

250.95  251.47  203.8  251.49  201.3  

Load Case 2 

 

  

  

Von Mises 
Stress 
(MPa) 

431.36 461.32 404.31 461.32 401.05 
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In Load Case 1 and 2, all groups showed the stress concentration area at the neck of 

fixture (platform).
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4.2.10.9 Cortical Bone 

Table 4.14: Stress Distribution of Cortical Bone in 2 Load Cases  

Group  ZR-ZR VSC-ZR ZR-VSC VST-ZR ZR-VST 

Load Case 1 

   
 

 

Von Mises 
Stress 
(MPa) 

122.2  122.44  125.19  122.45  125.32  

Load Case 2 

   

  

Von Mises 
Stress 
(MPa) 

196.95 196.99 203.45 196.99 203.78 
Univ

ers
iti 

Mala
ya



89 

 

In Load Case 1 and 2, all groups showed the stress concentration area at the bone-

implant connection at the neck region.  
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4.2.10.10  Cancellous Bone 

Table 4.15: Stress Distribution of Cancellous Bone in 2 Load Cases

Group  ZR-ZR VSC-ZR ZR-VSC VST-ZR ZR-VST 

Load Case 1 

     

Von Mises 
Stress 
(MPa) 

9.38  9.38  9.35  9.38  9.35  

Load Case 2 

     

Von Mises 
Stress 
(MPa) 

4.74 4.74 4.72 4.74 4.72 
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For the cancellous bone, the stress concentration area was at the connection between 

fixture and cancellous bone, generally comparable among all five groups in Load Cases 

1 & 2. 
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CHAPTER 5: DISCUSSION 

5.1 Methodology  

This study was aimed to evaluate the stress distribution in different components of 

implant and peri-implant bone by comparing 3D printed ceramic filled hybrid materials 

and CAD/CAM zirconia as CAD/CAM custom abutment for permanent implant-

supported crown   using a finite element study model. 

FEA was chosen for this study because it effectively simulates and predicts the 

physical behaviour of structures and materials under mechanical forces, including 

biological systems. As a numerical method, FEA analyses stress and deformations in 

structures. It is widely used in implantology to assess stress patterns in implant 

components and peri-implant bone structures, as evidenced by numerous previous 

studies. Comparatively, it is non-invasive, more cost- and time-saving than in vivo and 

in vitro studies by altering multiple test parameters in complex body geometries and  it 

can provide more data and predict the problem before the in vitro studies (Baggi et al., 

2008; Baggi et al., 2013; Baggi et al., 2014; Hasan et al., 2012; Jemaa et al., 2023b; 

Lisiak-Myszke et al., 2020; Moris et al., 2017).  

Static loading was chosen as the load application in this study as it is the most 

commonly used in the previous FEA. Static loading remains a crucial component of 

materials testing. It offers a controlled and simplified environment to understand more 

fundamental material properties, and this understanding is vital when interpreting the 

more complex results obtained under dynamic loading conditions. Besides, static loading 

was applied from the maxilla to the mandible, assuming no mandibular movement and 

maintaining a constant intensity over time  (Cantó-Navés et al., 2021; Geng et al., 2001; 

I et al., 2016).  This study was aimed to analyse the stress distribution in each component 

of implant and surrounding bone structure. A static and constant loading could predict 
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pattern of stress distribution in each level. In this study load case 1, vertical load was 

applied along the long axis of implant onto the occlusal surface of implant-supported 

crown representing mandibular first molar (Alemayehu & Jeng, 2021; Amaral et al., 

2018; Huang & Wang, 2019).  

A vertical load of 600 N was applied in this study, in accordance with previous 

researches. This load simulated the occlusal forces exerted by a food bolus on the central 

fossa of an implant crown and was applied axially along the implant axis (Ausiello et al., 

2019; Ausiello et al., 2022; Ausiello et al., 2023; Dal Piva et al., 2018; Gomes de 

Carvalho et al., 2021; Lin et al., 2020; Tribst et al., 2024). The 600 N force represented 

the maximum bite force recorded for a mandibular first molar and was consistent with 

the typical range of biting forces, which can vary from 20 to 1000 N in osseointegrated 

implants (Duan & Griggs, 2015; Elsyad & Khairallah, 2017; Hojjatie & Anusavice, 1990; 

Müller et al., 2012). 

For load case 2, an oblique load of 225 N was applied at an angle of 45° to the implant 

crown axis. This oblique load represented approximately 37-40% of the maximum 

masticatory load. This orientation was chosen to simulate lateral forces encountered 

during mastication in a clinical setting (Gibbs et al., 1981; Liu et al., 2011; Lundgren & 

Laurell, 1986; Yoon et al., 2018). 

3D printed ceramic filled hybrid materials including VarseoSmile® Crown Plus and 

VarseoSmile ®TriniQ® were chosen as implant supported crown and abutment material 

in this study. Compared to zirconia,  resin-based restorative materials may help to reduce 

the stress on both the implant component and the peri-implant bone according to the 

previous studies (Skalak, 1983). VarseoSmile® Crown Plus, introduced in February 2020, 

is a novel material designed for additive manufacturing of permanent tooth-colored 

restorations. It is approved for single-tooth restorations such as full crowns, inlays, 
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onlays, and veneers, and is the first 3D-printable material approved for definitive dental 

restorations. This material is a ceramic-infiltrated hybrid composite, consisting of a 

methacrylic ester matrix with ceramic fillers, and is classified as a “resin matrix ceramic”.  

Similarly, VarseoSmile®TriniQ® is addition to the innovative 3D printing materials 

following establishment of VarseoSmile® Crown Plus. It has demonstrated enhanced 

material stability and maximum flexibility, making it suitable for both permanent bridge 

restorations and extensive temporaries and has meet the diverse requirements of modern 

dental treatments. Given its properties, there is considerable interest in studying how 

VarseoSmile®TriniQ® and other novel 3D-printed resin-based materials influence stress 

distribution in permanent implant-supported restorations. Hence, further research is 

required to study and analyse the mechanical properties of these new materials before 

they are commonly practised (Graf et al., 2022).  

 A  mandibular first molar implant-supported crown was designed with the minimum 

wall thicknesses of 1 mm following the instructions by manufacturer,. The crown was 

designed was 8.5mm buccolingual width,  6.5mm occlusocervical height and 9.5mm 

mesiodistal length. The thickness of resin cement layer  was set at 50 m, following 

International Organization for Standardization (ISO) 4049:2019 (Bagheri, 2013; Mehl et 

al., 2013; Suksuphan et al., 2024). 

5.2 Stress Distribution 

5.2.1 Crown 

Among the five groups regardless the load application, zirconia crown showed higher 

von Mises stress value than VarseoSmile® Crown Plus and VarseoSmile ®TriniQ® crown 

in which zirconia crown showed stress higher than 190MPa compared to VarseoSmile® 

Crown Plus and VarseoSmile ®TriniQ® crowns which showed 173.92MPa and 173.66MPa 

respectively, under Load Case 1. The similar pattern of stress value was noted in Load 
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Case 2 in which zirconia crown showed stress higher than 109MPa compared to 

VarseoSmile® Crown Plus and VarseoSmile ®TriniQ® crown which showed 101.6MPa and 

101.58MPa respectively. The possible reason of lower stress value of the novel 3D printed 

ceramic filled hybrid materials showed in this study could be its ability to withstand 

impact force via dampening effect and dissipate elastic energy to surrounding structures 

by allowing viscoelastic deformation. On the other hand, zirconia, with its higher modulus 

of elasticity, tends to allocate elastic energy without significant damping effects, thus 

transferring the elastic energy to the immediate vicinity. Further research is needed to 

support this observation. The crystallinity of crown materials also plays a significant role 

in stress distribution, with higher crystallinity leading to increased stress concentration 

within the material (Soares et al., 2021). This finding aligned with the results observed 

by Sevimay and Usumez, who compared various combinations of zirconia and 3D printed 

ceramic filled hybrid materials. Their investigation revealed that different restorative 

materials for crowns and abutments notably affected both the magnitude and distribution 

of stresses in the superstructure and the implant (Sevimay, Usumez, et al., 2005). This 

variation was likely attributable to differences in the modulus of elasticity between 

zirconia and 3D printed ceramic filled hybrid materials. Specifically, a higher modulus 

of elasticity tends to concentrate greater stress within the material. These results 

corroborated the results of studies that evaluated implant-supported crowns of different 

materials and which verified that crown with a high modulus of elasticity hinders 

masticatory load dissipation. This study result also aligned with Tribst’s study compared 

zirconia, lithium disilicate and hybrid ceramic in nine different combinations, a crown 

with higher modulus of elasticity combined with hybrid abutment with lower modulus of 

elasticity reduced the tensile stress concentration in the restoration cervical region (J. 

Tribst et al., 2019). 
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5.2.2 Cement  

Cement layer between crown and CAD/CAM custom abutment in Group ZR-VSC and 

ZR-VST showed less von Mises stress which were 28.19MPa and 28.92MPa respectively, 

under Load Case 1; 29.2MPa and 29.63MPa respectively in Load Case 2. The abutment 

was made up of 3D printed ceramic filled hybrid materials which has lower modulus of 

elasticity and its ability to dissipate the energy to the surrounding structure. Sannino et al. 

found that the stress gradient between a crown and a customized abutment, as well as 

between an abutment and a titanium base abutment, increased when the materials had 

different moduli of elasticity. This effect was less pronounced when both materials had 

similar moduli (Sannino et al., 2010). Stress distribution became non-homogeneous when 

materials with different elastic moduli were combined. In rigid systems where both the 

crown and the titanium abutment had a high modulus of elasticity as in Groups ZR-ZR, 

VSC-ZR, and VST-ZR, the cementing line was less likely to deform, leading to reduced 

stress generation in this area (J. P. M. Tribst et al., 2019). Conversely, when the abutment 

had a low modulus of elasticity and the titanium base abutment had a high modulus of 

elasticity as in Groups ZR-VSC and ZR-VST, the stress concentration in the resin cement 

layer increased which is less than compressive strength of cement that is more than 

200MPa 

5.2.3 CAD/CAM Custom Abutment and Abutment Screw 

For the CAD/CAM custom abutment, Groups ZR-VSC and ZR-VST showed the least 

von Mises stress value which were 46.66 MPa and 44.62 MPa respectively, in Load Case 

1 and 45.34MPa and 41.95MPa respectively in Load Case 2. In our study, whenever the 

abutment material was 3D printed ceramic filled hybrid materials, it showed drastic 

decrease of von Mises stress from sixfold to tenfold. The possible reason was 3D printed 

ceramic filled hybrid materials had lower modulus of elasticity and more resilient. It 

absorbed the energy and distributed force evenly. And as it had higher flexural strength 
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hence it could resist the deformation under load (A. Alshamrani et al., 2023; Gad & 

Fouda, 2023). The stress distribution pattern in abutment screw among five groups were 

comparable regardless the different crown and abutment materials as well as load 

application. This could be because stress was typically concentrated at the implant neck, 

abutment margin, transgingival area, as well as on the flat area and first thread of the 

abutment screw. The results of this study were consistent with previous findings, which 

showed that overall stress concentration across the implant, including the prosthetic 

components, fixture, and surrounding bone structure, was reduced in Groups ZR-VSC 

and ZR-VST. Notably, there was a significant decrease in stress at the abutment level 

under both vertical and oblique loads (Alvarez-Arenal et al., 2013; Cağlar et al., 2006).  

Polymer CAD/CAM resin materials and composites demonstrated higher damping 

values compared to metals and ceramics, with composites exhibiting significantly greater 

damping capabilities than polymers. Materials with lower filler percentages and higher 

resin/polymer content showed a more pronounced viscoelastic damping effect. In this 

study, it was also observed that abutment materials with a lower modulus of elasticity 

reduced stress concentration in the Ti-base abutment (Niem et al., 2022). In this study, 

the findings also showed the abutment material with lower modulus of elasticity reduced 

stress concentration in the Ti-base abutment. 

The critical stress concentration region above the first thread of abutment screw was 

similar to the literature. This origin of stress concentration for the abutment screw 

couldn’t be modified by different combination of zirconia and 3D printed ceramic filled 

hybrid materials, possibly leading to torque loss or fracture of the abutment screw 

(Coppedê et al., 2009). 
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5.2.4 Ti-base Abutment 

The Group ZR-VSC and ZR-VST showed greater decrease in concentration of von 

Mises stress at Ti-base abutment regardless load application in which Group ZR-VSC 

showed 242.02MPa and 492.66MPa under Load Case 1 and 2 respectively. Group ZR-

VST showed 247.97MPa and 488.53MPa under Load Case 1 and 2 respectively. This 

could be explained that the stress well distributed at the abutment made up of 3D printed 

ceramic filled hybrid materials which dissipated the energy without causing deformation. 

Ti-base abutment showed the most stress concentration area among other components, it 

could be correlated to its high modulus of elasticity. As the connecting part between the 

fixture and implant superstructure, they must ensure uniform stress distribution to 

minimise technical complications (Al-Thobity, 2021). This observation was consistent 

with previous studies that emphasised stress concentration in the cervical area of the 

titanium base abutment, affecting the prosthetic connection (Balik et al., 2012; da Silva 

et al., 2014). This study demonstrated that Ti-base abutments exhibited the highest stress 

levels among the components, highlighting their critical role in receiving and transmitting 

occlusal forces to the implant, abutment screw, and peri-implant bone. This finding 

aligned with the results of a previous study by Canullo et al. (Canullo et al., 2020) 

5.2.5 Fixture 

Group ZR-VSC and ZR-VST showed decrease in von Mises stress in fixture in Load 

Case 1 and 2 (Group ZR-VSC: 203.8MPa; 404.31MPa) (Group ZR-VST: 201.3MPa; 

401.05MPa). This was possible due to incorporation of 3D printed ceramic filled hybrid 

materials with lower modulus of elasticity hence reduced stress concentration in the 

fixture. Previous research exhibited high stress concentration observed at the first thread 

of the implant fixture (Udomsawat et al., 2019).  
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5.2.6 Cortical Bone and Cancellous Bone 

  The result of von Mises stress value in cortical bone in Load Case 1 (122.2MPa to 

125.32 MPa) and  in  Load Case 2 (196.95MPa to 203.78MPa) as well as cancellous bone 

under Load Case 1 (9.35MPa to 9.38MPa) and  under Load Case 2 (4.72MPa to 4.74MPa) 

indicated that the combination of different restorative and abutment materials with 

varying moduli of elasticity did not significantly affect stress distribution to the peri -

implant bone structure as it is still less than the compressive strength of cortical bone 

which is 100MPa to 130MPa and it was minimal increase of 3MPa range. This was 

attributed to the similar biomechanical behaviour of these materials. 

Our findings aligned with the study by El-Anwar et al. , which demonstrated that 

changes in abutment manufacturing materials did not alter stress and deformation 

distributions. Although variations in abutment materials had no significant effect on the 

cortical and spongy bone stress, it was recommended to use softer abutment materials to 

absorb more energy and reduce stress transferred to the crown, implant, and surrounding 

bone (El-Anwar, 2013). 

Additionally, our results were consistent with previous research by Gökçimen et al, 

which also found that variations in crown materials did not impact stress concentration 

in the peri-implant bone (Gökçimen et al., 2024).  

5.2.7 Overall  

Overall, the von Mises stress observed at the CAD/CAM custom abutment (44.62MPa 

to 266.47MPa), fixture (201.3MPa to 251.49MPa) and cortical bone (122.2MPa to 

125.32MPa) for all five groups in this study showed higher value in Load Case 1 

compared to Load Case 2 in which CAD/CAM custom abutment from 41.95MPa to 

423.47MPa , fixture from 401.05MPa to 461.32MPa, cortical bone from 196.95MPa to 

203.78MPa. Oblique load did not only exert compressive stress, but also tensile stress 
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and shear force on the implant and bone structure. This result was in agreement with 

previous studies showing the stress of the whole implant and peri-implant bone in oblique 

load was higher than axial load, about two to ten times (de Souza Rendohl & Brandt, 

2020; Rezende et al., 2015). In addition, it was also in agreement with the study 

conducted by Takahashi et al. to assess the impact of different types of loading on the 

stress levels of implant-supported partial dentures. It was found that oblique loads 

resulted in increased stress on both the prosthesis and the surrounding bone structure 

(Takahashi et al., 2015). De Faria Almeida et al. conducted a study to assess the impact 

of various implant-abutment connections on bone stress when subjected to axial and 

oblique pressures. The previous study also agreed with this finding, indicating oblique 

loads considerably increased stress in all components of the implants as well as the bone 

structure (Chang et al., 2013; de Faria Almeida et al., 2014).  

Sevimay et al. and Vieira et al. discussed the positive effect of the modulus of 

elasticity of a material on the stress distribution in the abutment and crown, but it has no 

effect on the amount or distribution of stress in the bone tissue  (Sevimay, Usumez, et al., 

2005; Vieira et al., 2023). It was consistent with this result.  

3D printed ceramic filed hybrid material was used in our study as it was resin material 

with incorporation of nano ceramic particles by referring to a study conducted by Duan 

et al to compare the  stress distribution in lithium disilicate ceramic and resin nanoceramic 

CAD/CAM crowns under vertical loading. It was reported that resin nanoceramic crowns 

showed lower stress values. (Duan & Griggs, 2015), which was accordance with the 

result in this study. 

The findings of the previous study by Ercal et al. corroborated the findings of this 

study, indicating that stress was predominantly concentrated in the cortical bone 
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surrounding the neck region of the implant, rather than in the apical region (Ercal et al., 

2021) . 

 

5.3 Limitations 

The static force alone couldn’t simulate real oral environment. It must be combined 

with the dynamic force which was related to chewing, swallowing and eccentric occlusion 

in masticatory system producing more critical effect. The masticatory occlusal load 

applied to the crown surface should be cyclic, repeatable, and dynamic with time(Liu et 

al., 2019). 

The present study was a theoretical analysis to evaluate the biomechanical behavior of 

materials. However, there were inherent limitations that should be clarified by further 

data prior to definitive clinical recommendations. The absence of variables such as pH 

changes, biofilm and temperature were some of the major limitations. The finite element 

method could identify regions under stress and regions of possible failures according to 

the geometry and mechanical behavior of dental materials. However, fatigue lifetimes (S-

N curves) should be determined for restorative materials, to provide a more complete in 

vitro evaluation. This was a pilot study and 3D printed resin need to be subjected to further 

research incorporating intraoral simulative parameters to validate as aviable technology 

for the fabrication of ceramic restorations in clinical dentistry. The assumption of the 

materials homogeneously linear, static and isotropic and 100% osseointegration did not 

simulate the real clinical scenario. There was absence of cyclic loading (Giovani et al., 

2009) and thermocycling effect.  
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CHAPTER 6: CONCLUSION 

Within the limitations of current study, combination of implant-supported crown and 

CAD/CAM custom abutment of different moduli of elasticity such as CAD/CAM 

zirconia and 3D printed ceramic filled hybrid materials have positive influence on the 

stress distribution at the crown, cement between crown and CAD/CAM custom abutment, 

CAD/CAM custom abutment, abutment screw, cement between CAD/CAM custom 

abutment and Ti-base abutment, Ti-base abutment and fixture. 

However, the change in implant-supported crown and CAD/CAM custom abutment 

showed no effect on the stress distribution in peri-implant bone structure. 

3D printed ceramic filled hybrid materials offer significant advantages in reducing 

stress concentration mainly in CAD/CAM custom abutment followed by Ti-base 

abutment and fixture. Hence, it could be a viable alternative material for abutment 

material in order to reduce stress concentration at other components of implant to 

minimise mechanical complications. 

  

Univ
ers

iti 
Mala

ya



103 

REFERENCES 

Abdullah, A. O., Pollington, S., & Liu, Y. (2018). Comparison between direct chairside 
and digitally fabricated temporary crowns. Dental Material Journal, 37(6), 957-
963. https://doi.org/10.4012/dmj.2017-315  

Abrahamsson, I., Berglundh, T., Glantz, P. O., & Lindhe, J. (1998). The mucosal 
attachment at different abutments. An experimental study in dogs. Journal of 
Clinical Periodontology, 25(9), 721-727. https://doi.org/10.1111/j.1600-
051x.1998.tb02513.x  

Adolfi, D., Tribst, J. P. M., Adolfi, M., Dal Piva, A. M. O., Saavedra, G., & Bottino, M. 
A. (2020). Lithium Disilicate Crown, Zirconia Hybrid Abutment and Platform 
Switching to Improve the Esthetics in Anterior Region: A Case Report. Clinical 
Cosmetic and Investigational Dentistry, 12, 31-40. 
https://doi.org/10.2147/ccide.S234980  

Aglietta, M., Siciliano, V. I., Zwahlen, M., Brägger, U., Pjetursson, B. E., Lang, N. P., & 
Salvi, G. E. (2009). A systematic review of the survival and complication rates of 
implant supported fixed dental prostheses with cantilever extensions after an 
observation period of at least 5 years. Clinical Oral Implants Research, 20(5), 
441-451. https://doi.org/10.1111/j.1600-0501.2009.01706.x  

Ahlholm, P., Lappalainen, R., Lappalainen, J., Tarvonen, P. L., & Sipilä, K. (2019). 
Challenges of the Direct Filling Technique, Adoption of CAD/CAM Techniques, 
and Attitudes Toward 3D Printing for Restorative Treatments Among Finnish 
Dentists. International Journal of Prosthodontics, 32(5), 402-410. 
https://doi.org/10.11607/ijp.6343  

Al-Shamiri, H. M., Alaizari, N. A., Al-Maweri, S. A., & Tarakji, B. (2015). Development 
of pyogenic granuloma and hemangioma after placement of dental implants: A 
review of literature. Journal of International Society of Preventive & Community 
Dentistry, 5(2), 77-80. https://doi.org/10.4103/2231-0762.155725  

Al-Thobity, A. (2021). Titanium Base Abutments in Implant Prosthodontics: A Literature 
Review. European Journal of Dentistry, 16(1), 49-55. https://doi.org/10.1055/s-
0041-1735423  

Albrektsson, T., & Donos, N. (2012). Implant survival and complications. The Third 
EAO consensus conference 2012. Clinical Oral Implants Research, 23 Suppl 6, 
63-65. https://doi.org/10.1111/j.1600-0501.2012.02557.x  

Alemayehu, D. B., & Jeng, Y. R. (2021). Three-Dimensional Finite Element Investigation 
into Effects of Implant Thread Design and Loading Rate on Stress Distribution in 
Dental Implants and Anisotropic Bone. Materials (Basel, Switzerland), 14(22). 
https://doi.org/10.3390/ma14226974  

Alharbi, N., Osman, R., & Wismeijer, D. (2016). Effects of build direction on the 
mechanical properties of 3D-printed complete coverage interim dental 
restorations. The Journal of  Prosthetic Dentistry, 115(6), 760-767. 
https://doi.org/10.1016/j.prosdent.2015.12.002  

Univ
ers

iti 
Mala

ya

https://doi.org/10.4012/dmj.2017-315
https://doi.org/10.1111/j.1600-051x.1998.tb02513.x
https://doi.org/10.1111/j.1600-051x.1998.tb02513.x
https://doi.org/10.2147/ccide.S234980
https://doi.org/10.1111/j.1600-0501.2009.01706.x
https://doi.org/10.11607/ijp.6343
https://doi.org/10.4103/2231-0762.155725
https://doi.org/10.1055/s-0041-1735423
https://doi.org/10.1055/s-0041-1735423
https://doi.org/10.1111/j.1600-0501.2012.02557.x
https://doi.org/10.3390/ma14226974
https://doi.org/10.1016/j.prosdent.2015.12.002


104 

AlHelal, A., Kattadiyil, M. T., AlBader, B., & Clark, J. L. (2017). A Protocol for Screw-
Retrievable, Cement-Retained, Implant-Supported Fixed Partial Dentures. The 
International Journal of Prosthodontics, 30(6), 577–580. 
https://doi.org/10.11607/ijp.5321  

AlJasser, R. N., AlSarhan, M. A., Alotaibi, D. H., AlOraini, S., Ansari, A. S., Habib, S. 
R., & Zafar, M. S. (2021). Analysis of Prosthetic Factors Affecting Peri-Implant 
Health: An in vivo Retrospective Study. Journal Of Multidisciplinary Healthcare, 
14, 1183-1191. https://doi.org/10.2147/jmdh.S312926  

Aloise, J. P., Curcio, R., Laporta, M. Z., Rossi, L., da Silva, A. M., & Rapoport, A. (2010). 
Microbial leakage through the implant-abutment interface of Morse taper 
implants in vitro. Clinical Oral Implants Research, 21(3), 328-335. 
https://doi.org/10.1111/j.1600-0501.2009.01837.x  

Alqutaibi, A. Y. (2019). Ceramic and Metal-Ceramic Restorations for Implant-Supported 
Prostheses Showed Similar Complications and Failure Rate. Molecules (Basel, 
Switzerland), 19(2), 200-202. https://doi.org/10.1016/j.jebdp.2019.05.007  

Alqutaibi, A. Y., Alnazzawi, A. A., Algabri, R., Aboalrejal, A. N., & AbdElaziz, M. H. 
(2021). Clinical performance of single implant-supported ceramic and metal-
ceramic crowns: A systematic review and meta-analysis of randomized clinical 
trials. The Journal Of Prosthetic Dentistry, 126(3), 369-376. 
https://doi.org/10.1016/j.prosdent.2020.06.011  

Alsahhaf, A., Spies, B. C., Vach, K., & Kohal, R. J. (2017). Fracture resistance of 
zirconia-based implant abutments after artificial long-term aging. Journal Of The 
Mechanical Behavior Of Biomedical Materials, 66, 224-232. 
https://doi.org/10.1016/j.jmbbm.2016.11.018  

Alshamrani, A., Alhotan, A., Kelly, E., & Ellakwa, A. (2023). Mechanical and 
Biocompatibility Properties of 3D-Printed Dental Resin Reinforced with Glass 
Silica and Zirconia Nanoparticles: In Vitro Study. Polymers (Basel), 15(11). 
https://doi.org/10.3390/polym15112523  

Alshamrani, A., Alhotan, A., Owais, A., & Ellakwa, A. (2023). The Clinical Potential of 
3D-Printed Crowns Reinforced with Zirconia and Glass Silica Microfillers. 
Journal of Functional Biomaterials, 14(5), 267. 
https://doi.org/10.3390/jfb14050267 

Altıparmak, N., Polat, S., & Onat, S. (2023). Finite element analysis of the biomechanical 
effects of titanium and Cfr-peek additively manufactured subperiosteal jaw 
implant (AMSJI) on maxilla. Journal Of Stomatology, Oral And Maxillofacial 
Surgery, 124(1s), 101290. https://doi.org/10.1016/j.jormas.2022.09.011  

Alvarez-Arenal, A., Segura-Mori, L., Gonzalez-Gonzalez, I., & Gago, A. (2013). Stress 
distribution in the abutment and retention screw of a single implant supporting a 
prosthesis with platform switching. The International Journal Of Oral & 
Maxillofacial Implants, 28(3), e112-121. https://doi.org/10.11607/jomi.2813  

Amaral, C. F., Gomes, R. S., Rodrigues Garcia, R. C. M., & Del Bel Cury, A. A. (2018). 
Stress distribution of single-implant-retained overdenture reinforced with a 

Univ
ers

iti 
Mala

ya

https://doi.org/10.11607/ijp.5321
https://doi.org/10.2147/jmdh.S312926
https://doi.org/10.1111/j.1600-0501.2009.01837.x
https://doi.org/10.1016/j.jebdp.2019.05.007
https://doi.org/10.1016/j.prosdent.2020.06.011
https://doi.org/10.1016/j.jmbbm.2016.11.018
https://doi.org/10.3390/polym15112523
https://doi.org/10.3390/jfb14050267
https://doi.org/10.1016/j.jormas.2022.09.011
https://doi.org/10.11607/jomi.2813


105 

framework: A finite element analysis study. The Journal Of Prosthetic Dentistry, 
119(5), 791-796. https://doi.org/10.1016/j.prosdent.2017.07.016  

Andersson, B., Glauser, R., Maglione, M., & Taylor, A. (2003). Ceramic implant 
abutments for short-span FPDs: a prospective 5-year multicenter study. The 
International Journal Of Prosthodontics, 16(6), 640-646.  

Andersson, B., Odman, P., Lindvall, A. M., & Brånemark, P. I. (1998). Cemented single 
crowns on osseointegrated implants after 5 years: results from a prospective study 
on CeraOne. The International Journal Of Prosthodontics, 11(3), 212-218.  

Andersson, B., Odman, P., Lindvall, A. M., & Lithner, B. (1995). Single-tooth 
restorations supported by osseointegrated implants: results and experiences from 
a prospective study after 2 to 3 years. The International Journal Of Oral & 
Maxillofacial Implants, 10(6), 702-711.  

Andersson, B., Taylor, A., Lang, B. R., Scheller, H., Schärer, P., Sorensen, J. A., & 
Tarnow, D. (2001). Alumina ceramic implant abutments used for single-tooth 
replacement: a prospective 1- to 3-year multicenter study. The International 
Journal Of Prosthodontics, 14(5), 432-438.  

Apicella, D., Veltri, M., Balleri, P., Apicella, A., & Ferrari, M. (2011). Influence of 
abutment material on the fracture strength and failure modes of abutment-fixture 
assemblies when loaded in a bio-faithful simulation. Clinical Oral Implants 
Research, 22(2), 182-188. https://doi.org/10.1111/j.1600-0501.2010.01979.x  

Ashurko, I., Trofimov, A., Tarasenko, S., & Mekhtieva, S. (2020). Full-Mouth Screw-
Retained Implant-Supported Rehabilitation with Multiunit Abutments Using 
Virtual Guided Surgery and Digital Prosthetics Protocol. Case Reports In 
Dentistry, 2020, 3585169. https://doi.org/10.1155/2020/3585169  

Att, W., Kurun, S., Gerds, T., & Strub, J. R. (2006). Fracture resistance of single-tooth 
implant-supported all-ceramic restorations: an in vitro study. The Journal Of 
Prosthetic Dentistry, 95(2),111-116. 
https://doi.org/10.1016/j.prosdent.2005.12.003  

Ausiello, P., Ciaramella, S., Di Rienzo, A., Lanzotti, A., Ventre, M., & Watts, D. C. 
(2019). Adhesive class I restorations in sound molar teeth incorporating combined 
resin-composite and glass ionomer materials: CAD-FE modeling and analysis. 
Dental Materials : Official Publication Of The Academy Of Dental Materials, 
35(10), 1514-1522. https://doi.org/10.1016/j.dental.2019.07.017  

Ausiello, P., Dal Piva, A. M. d. O., di Lauro, A. E., Garcia-Godoy, F., Testarelli, L., & 
Tribst, J. P. M. (2022). Mechanical Behavior of Alkasite Posterior Restorations in 
Comparison to Polymeric Materials: A 3D-FEA Study. Polymers, 14(8), 1502. 
https://www.mdpi.com/2073-4360/14/8/1502  

Ausiello, P., Di Lauro, A. E., Tribst, J. P. M., & Watts, D. C. (2023). Stress distribution 
in resin-based CAD-CAM implant-supported crowns. Dental Materials : Official 
Publication Of The Academy Of Dental Materials, 39(1), 114-122. 
https://doi.org/https://doi.org/10.1016/j.dental.2022.12.001  

Univ
ers

iti 
Mala

ya

https://doi.org/10.1016/j.prosdent.2017.07.016
https://doi.org/10.1111/j.1600-0501.2010.01979.x
https://doi.org/10.1155/2020/3585169
https://doi.org/10.1016/j.prosdent.2005.12.003
https://doi.org/10.1016/j.dental.2019.07.017
https://www.mdpi.com/2073-4360/14/8/1502
https://doi.org/https:/doi.org/10.1016/j.dental.2022.12.001


106 

Ayyadanveettil, P., Thavakkara, V., Latha, N., Pavanan, M., Saraswathy, A., & 
Kuruniyan, M. S. (2022). Randomized clinical trial of zirconia and 
polyetheretherketone implant abutments for single-tooth implant restorations: 
A 5-year evaluation. The Journal Of Prosthetic Dentistry, 128(6), 1275-1281. 
https://doi.org/10.1016/j.prosdent.2021.02.037  

Babaei, B., Shouha, P., Birman, V., Farrar, P., Prentice, L., & Prusty, G. (2022). The 
effect of dental restoration geometry and material properties on biomechanical 
behaviour of a treated molar tooth: A 3D finite element analysis. Journal Of The 
Mechanical Behavior Of Biomedical Materials, 125, 104892. 
https://doi.org/10.1016/j.jmbbm.2021.104892  

Baggi, L., Cappelloni, I., Di Girolamo, M., Maceri, F., & Vairo, G. (2008). The influence 
of implant diameter and length on stress distribution of osseointegrated implants 
related to crestal bone geometry: a three-dimensional finite element analysis. The 
Journal Of Prosthetic Dentistry, 100(6), 422-431. https://doi.org/10.1016/s0022-
3913(08)60259-0  

Baggi, L., Di Girolamo, M., Vairo, G., & Sannino, G. (2013). Comparative evaluation of 
osseointegrated dental implants based on platform-switching concept: influence 
of diameter, length, thread shape, and in-bone positioning depth on stress-based 
performance. Computational And Mathematical Methods In Medicine, 2013, 
250929. https://doi.org/10.1155/2013/250929  

Baggi, L., Girolamo, M., Vairo, G., & Sannino, G. (2014). Comparative Evaluation of 
Osseointegrated Dental Implants Based on Platform-Switching Concept: 
Influence of Diameter, Length, Thread Shape, and In-Bone Positioning Depth on 
Stress-Based Performance. Computational And Mathematical Methods In 
Medicine 2014, 467358. https://doi.org/10.1155/2014/467358  

Bagheri, R. (2013). Film thickness and flow properties of resin-based cements at different 
temperatures. Journal Of Dentistry (Shiraz, Iran), 14(2), 57-63.  

Balik, A., Karatas, M. O., & Keskin, H. (2012). Effects of different abutment connection 
designs on the stress distribution around five different implants: a 3-dimensional 
finite element analysis. The Journal Of Oral Implantology, 38 Spec No, 491-496. 
https://doi.org/10.1563/aaid-joi-d-10-00127  

Belser, U. C., Schmid, B., Higginbottom, F., & Buser, D. (2004). Outcome analysis of 
implant restorations located in the anterior maxilla: a review of the recent 
literature. The International Journal Of Oral & Maxillofacial Implants 19 Suppl, 
30-42.  

Berglundh, T., Armitage, G., Araujo, M. G., Avila-Ortiz, G., Blanco, J., Camargo, P. M., 
Chen, S., Cochran, D., Derks, J., Figuero, E., Hämmerle, C. H. F., Heitz-Mayfield, 
L. J. A., Huynh-Ba, G., Iacono, V., Koo, K. T., Lambert, F., McCauley, L., 
Quirynen, M., Renvert, S.,Zitzmann, N. (2018). Peri-implant diseases and 
conditions: Consensus report of workgroup 4 of the 2017 World Workshop on the 
Classification of Periodontal and Peri-Implant Diseases and Conditions. Journal 
Of Periodontology, 45 Suppl 20, S286-s291. https://doi.org/10.1111/jcpe.12957  

Univ
ers

iti 
Mala

ya

https://doi.org/10.1016/j.prosdent.2021.02.037
https://doi.org/10.1016/j.jmbbm.2021.104892
https://doi.org/10.1016/s0022-3913(08)60259-0
https://doi.org/10.1016/s0022-3913(08)60259-0
https://doi.org/10.1155/2013/250929
https://doi.org/10.1155/2014/467358
https://doi.org/10.1563/aaid-joi-d-10-00127
https://doi.org/10.1111/jcpe.12957


107 

Beuer, F., Schweiger, J., & Edelhoff, D. (2008). Digital dentistry: an overview of recent 
developments for CAD/CAM generated restorations. British Dental Journal, 
204(9), 505-511. https://doi.org/10.1038/sj.bdj.2008.350  

Binon, P. P. (1995). Evaluation of machining accuracy and consistency of selected 
implants, standard abutments, and laboratory analogs. The International Journal 
Of Prosthodontics, 8(2), 162-178.  

Binon, P. P. (2000). Implants and components: entering the new millennium. The 
International Journal Of Oral & Maxillofacial Implants, 15(1), 76-94.  

Binon, P. P., Binon, P. P., Sutter, F., Brunski, J. B., Beaty, K. J., Gulbransen, H. J., & 
Weiner, R. (1994). The role of screws in implant systems.  

Brånemark, P. I. (1983). Osseointegration and its experimental background. The Journal 
Of Prosthetic Dentistry, 50(3), 399-410. https://doi.org/10.1016/s0022-
3913(83)80101-2  

Brodbeck, U. (2003). The ZiReal Post: A new ceramic implant abutment. Journal Of 
Esthetic And Restorative Dentistry : Official Publication Of The American 
Academy Of Esthetic Dentistry, 15(1), 10-23; discussion 24. 
https://doi.org/10.1111/j.1708-8240.2003.tb00278.x  

Broggini, N., McManus, L. M., Hermann, J. S., Medina, R. U., Oates, T. W., Schenk, R. 
K., Buser, D., Mellonig, J. T., & Cochran, D. L. (2003). Persistent acute 
inflammation at the implant-abutment interface. Journal Of Dental Research, 
82(3), 232-237. https://doi.org/10.1177/154405910308200316  

Buser, D., Mericske-Stern, R., Bernard, J. P., Behneke, A., Behneke, N., Hirt, H. P., 
Belser, U. C., & Lang, N. P. (1997). Long-term evaluation of non-submerged ITI 
implants. Part 1: 8-year life table analysis of a prospective multi-center study with 
2359 implants. Clinical Oral Implants Research, 8(3), 161-172. 
https://doi.org/10.1034/j.1600-0501.1997.080302.x  

Buser, D., Schenk, R. K., Steinemann, S., Fiorellini, J. P., Fox, C. H., & Stich, H. (1991). 
Influence of surface characteristics on bone integration of titanium implants. A 
histomorphometric study in miniature pigs. Journal Of Biomedical Materials 
Research, 25(7), 889-902. https://doi.org/10.1002/jbm.820250708  

Büyük, F., Savran, E., & Karpat, F. (2022). Review on finite element analysis of dental 
implants. Journal of Dental Implant Research, 41. 
https://doi.org/10.54527/jdir.2022.41.3.50  

Cağlar, A., Aydin, C., Ozen, J., Yilmaz, C., & Korkmaz, T. (2006). Effects of mesiodistal 
inclination of implants on stress distribution in implant-supported fixed 
prostheses. The International Journal Of Oral & Maxillofacial Implants, 21(1), 
36-44.  

Çakmak, G., Cuellar, A. R., Donmez, M. B., Abou-Ayash, S., Lu, W.-E., Schimmel, M., 
& Yilmaz, B. (2024). Effect of printing layer thickness on the trueness of 3-unit 
interim fixed partial dentures. The Journal of Prosthetic Dentistry, 131(4), 718-
725. https://doi.org/https://doi.org/10.1016/j.prosdent.2022.04.015  

Univ
ers

iti 
Mala

ya

https://doi.org/10.1038/sj.bdj.2008.350
https://doi.org/10.1016/s0022-3913(83)80101-2
https://doi.org/10.1016/s0022-3913(83)80101-2
https://doi.org/10.1111/j.1708-8240.2003.tb00278.x
https://doi.org/10.1177/154405910308200316
https://doi.org/10.1034/j.1600-0501.1997.080302.x
https://doi.org/10.1002/jbm.820250708
https://doi.org/10.54527/jdir.2022.41.3.50
https://doi.org/https:/doi.org/10.1016/j.prosdent.2022.04.015


108 

Çakmak, G., Rusa, A. M., Donmez, M. B., Akay, C., Kahveci, Ç., Schimmel, M., & 
Yilmaz, B. (2022). Trueness of crowns fabricated by using additively and 
subtractively manufactured resin-based CAD-CAM materials. The Journal of 
Prosthetic Dentistry. 
https://doi.org/https://doi.org/10.1016/j.prosdent.2022.10.012  

Callejas, J. A., Gil, J., Brizuela, A., Pérez, R. A., & Bosch, B. M. (2022). Effect of the 
Size of Titanium Particles Released from Dental Implants on Immunological 
Response. International Journal Of Molecular Sciences, 23(13). 
https://doi.org/10.3390/ijms23137333  

Camposilvan, E., Leone, R., Gremillard, L., Sorrentino, R., Zarone, F., Ferrari, M., & 
Chevalier, J. (2018). Aging resistance, mechanical properties and translucency of 
different yttria-stabilized zirconia ceramics for monolithic dental crown 
applications. Dental Materials : Official Publication Of The Academy Of Dental 
Materials, 34(6), 879-890. https://doi.org/10.1016/j.dental.2018.03.006  

Cantó-Navés, O., Marimon, X., Ferrer, M., & Cabratosa-Termes, J. (2021). Comparison 
between experimental digital image processing and numerical methods for stress 
analysis in dental implants with different restorative materials. Journal Of The 
Mechanical Behavior Of Biomedical Materials, 113, 104092. 
https://doi.org/10.1016/j.jmbbm.2020.104092  

Canullo, L., Penarrocha-Oltra, D., Soldini, C., Mazzocco, F., Penarrocha, M., & Covani, 
U. (2015). Microbiological assessment of the implant-abutment interface in 
different connections: cross-sectional study after 5 years of functional loading. 
Clinical Oral Implants Research, 26(4), 426-434. 
https://doi.org/10.1111/clr.12383  

Canullo, L., Pesce, P., Patini, R., Antonacci, D., & Tommasato, G. (2020). What Are the 
Effects of Different Abutment Morphologies on Peri-implant Hard and Soft 
Tissue Behavior? A Systematic Review and Meta-Analysis. The International 
Journal Of Prosthodontics, 33(3), 297-306. https://doi.org/10.11607/ijp.6577  

Carossa, M., Alovisi, M., Crupi, A., Ambrogio, G., & Pera, F. (2022). Full-Arch 
Rehabilitation Using Trans-Mucosal Tissue-Level Implants with and without 
Implant-Abutment Units: A Case Report. Dentistry Journal (Basel), 10(7). 
https://doi.org/10.3390/dj10070116  

Carr, A. B., Sinha, N., Lohse, C. M., Muller, O. M., & Salinas, T. J. (2019). Association 
Between Early Implant Failure and Prosthodontic Characteristics. Journal Of 
Prosthodontics : Official Journal Of The American College Of Prosthodontists, 
28(1), 30-35. https://doi.org/10.1111/jopr.13003  

Chang, H.-S., Chen, Y.-C., Hsieh, Y.-D., & Hsu, M.-L. (2013). Stress distribution of two 
commercial dental implant systems: A three-dimensional finite element analysis. 
Journal of Dental Sciences, 8, 261–271. https://doi.org/10.1016/j.jds.2012.04.006  

Chee, W., Felton, D. A., Johnson, P. F., & Sullivan, D. Y. (1999). Cemented versus 
screw-retained implant prostheses: which is better? The International Journal Of 
Oral & Maxillofacial Implants, 14(1), 137-141.  

Univ
ers

iti 
Mala

ya

https://doi.org/https:/doi.org/10.1016/j.prosdent.2022.10.012
https://doi.org/10.3390/ijms23137333
https://doi.org/10.1016/j.dental.2018.03.006
https://doi.org/10.1016/j.jmbbm.2020.104092
https://doi.org/10.1111/clr.12383
https://doi.org/10.11607/ijp.6577
https://doi.org/10.3390/dj10070116
https://doi.org/10.1111/jopr.13003
https://doi.org/10.1016/j.jds.2012.04.006


109 

Chee, W., & Jivraj, S. (2006). Screw versus cemented implant supported restorations. 
British Dental Journal, 201(8), 501-507. https://doi.org/10.1038/sj.bdj.4814157  

Chen, L., Cui, Y.-W., & Zhang, L. (2020). Recent Development in Beta Titanium Alloys 
for Biomedical Applications. Metals, 10, 1139. 
https://doi.org/10.3390/met10091139  

Chen, S. T., Buser, D., Sculean, A., & Belser, U. C. (2023). Complications and treatment 
errors in implant positioning in the aesthetic zone: Diagnosis and possible 
solutions. Periodontology 2000, 92(1), 220-234. 
https://doi.org/10.1111/prd.12474  

Chevalier, J. (2006). What future for zirconia as a biomaterial? Biomaterials, 27(4), 535-
543. https://doi.org/10.1016/j.biomaterials.2005.07.034  

Chokaree, P., Poovarodom, P., Chaijareenont, P., & Rungsiyakull, P. (2024). Effect of 
Customized and Prefabricated Healing Abutments on Peri-Implant Soft Tissue 
and Bone in Immediate Implant Sites: A Randomized Controlled Trial. Journal 
of clinical medicine, 13(3). https://doi.org/10.3390/jcm13030886  

Chun, H. J., Yeo, I. S., Lee, J. H., Kim, S. K., Heo, S. J., Koak, J. Y., Han, J. S., & Lee, 
S. J. (2015). Fracture strength study of internally connected zirconia abutments 
reinforced with titanium inserts. The International Journal Of Oral & 
Maxillofacial Implants, 30(2), 346-350. https://doi.org/10.11607/jomi.3768  

Ciftçi, Y., & Canay, S. (2001). Stress distribution on the metal framework of the implant-
supported fixed prosthesis using different veneering materials. The International 
Journal Of Prosthodontics, 14(5), 406-411.  

Conejo, J., Kobayashi, T., Anadioti, E., & Blatz, M. B. (2017). Performance of 
CAD/CAM monolithic ceramic Implant-supported restorations bonded to 
titanium inserts: A systematic review [Review]. European Journal Of Oral 
Implantology, 10, 139-146. https://www.scopus.com/inward/record.uri?eid=2-
s2.0-85029744423&partnerID=40&md5=45641ae1743f3f195dd3ccdcae63d2e4  

Coppedê, A. R., Bersani, E., de Mattos Mda, G., Rodrigues, R. C., Sartori, I. A., & 
Ribeiro, R. F. (2009). Fracture resistance of the implant-abutment connection in 
implants with internal hex and internal conical connections under oblique 
compressive loading: an in vitro study. The International Journal Of 
Prosthodontics, 22(3), 283-286.  

Coray, R., Zeltner, M., & Özcan, M. (2016). Fracture strength of implant abutments after 
fatigue testing: A systematic review and a meta-analysis. Journal Of The 
Mechanical Behavior Of Biomedical Materials, 62, 333-346. 
https://doi.org/10.1016/j.jmbbm.2016.05.011  

Cortada, M., Giner, L., Costa, S., Gil, F. J., Rodríguez, D., & Planell, J. A. (2000). 
Galvanic corrosion behavior of titanium implants coupled to dental alloys. 
Journal Of Materials Science. Materials In Medicine, 11(5), 287-293. 
https://doi.org/10.1023/a:1008905229522  

Univ
ers

iti 
Mala

ya

https://doi.org/10.1038/sj.bdj.4814157
https://doi.org/10.3390/met10091139
https://doi.org/10.1111/prd.12474
https://doi.org/10.1016/j.biomaterials.2005.07.034
https://doi.org/10.3390/jcm13030886
https://doi.org/10.11607/jomi.3768
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85029744423&partnerID=40&md5=45641ae1743f3f195dd3ccdcae63d2e4
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85029744423&partnerID=40&md5=45641ae1743f3f195dd3ccdcae63d2e4
https://doi.org/10.1016/j.jmbbm.2016.05.011
https://doi.org/10.1023/a:1008905229522


110 

Cruz, N., Gil, F. J., Punset Fuste, M., Manero, J., Tondela, j., Verdeguer, P., Aparicio, C., 
& Rupérez, E. (2022). Relevant Aspects of Piranha Passivation in Ti6Al4V Alloy 
Dental Meshes. Coatings, 12, 154. https://doi.org/10.3390/coatings12020154  

D'Ercole, S., Cellini, L., Pilato, S., Di Lodovico, S., Iezzi, G., Piattelli, A., & Petrini, M. 
(2020). Material characterization and Streptococcus oralis adhesion on 
Polyetheretherketone (PEEK) and titanium surfaces used in implantology. 
Journal Of Materials Science. Materials In Medicine, 31(10), 84. 
https://doi.org/10.1007/s10856-020-06408-3  

da Costa Ward, P. A., Ward, F., Alves, M., Moreira da Silva, C. R., Moreira, L. P., & 
Santos, C. D. (2024). Numerical analysis of the mechanical behavior of ceramic 
dental implants based on Ce-TZP/Al(2)O(3) composite. Journal Of The 
Mechanical Behavior Of Biomedical Materials, 150, 106335. 
https://doi.org/10.1016/j.jmbbm.2023.106335  

da Silva, L. H., Ribeiro, S., Borges, A. L., Cesar, P. F., & Tango, R. N. (2014). FEA and 
microstructure characterization of a one-piece Y-TZP abutment. Dental Materials 
: Official Publication Of The Academy Of Dental Materials, 30(11), e283-288. 
https://doi.org/10.1016/j.dental.2014.05.016  

Dal Piva, A. M. O., Tribst, J. P. M., Borges, A. L. S., Souza, R., & Bottino, M. A. (2018). 
CAD-FEA modeling and analysis of different full crown monolithic restorations. 
Dental Materials : Official Publication Of The Academy Of Dental Materials, 
34(9), 1342-1350. https://doi.org/10.1016/j.dental.2018.06.024  

De Angelis, P., Passarelli, P. C., Gasparini, G., Boniello, R., D'Amato, G., & De Angelis, 
S. (2020). Monolithic CAD-CAM lithium disilicate versus monolithic CAD-
CAM zirconia for single implant-supported posterior crowns using a digital 
workflow: A 3-year cross-sectional retrospective study. The Journal Of Prosthetic 
Dentistry, 123(2), 252-256. https://doi.org/10.1016/j.prosdent.2018.11.016  

de Faria Almeida, D. A., Pellizzer, E. P., Verri, F. R., Santiago, J. F., Jr., & de Carvalho, 
P. S. (2014). Influence of tapered and external hexagon connections on bone 
stresses around tilted dental implants: three-dimensional finite element method 
with statistical analysis. Journal Of Periodontology, 85(2), 261-269. 
https://doi.org/10.1902/jop.2013.120713  

de Souza Rendohl, E., & Brandt, W. C. (2020). Stress distribution with extra-short 
implants in an angled frictional system: A finite element analysis study. The 
Journal Of Prosthetic Dentistry, 124(6), 728.e721-728.e729. 
https://doi.org/10.1016/j.prosdent.2020.04.022  

Derks, J., & Tomasi, C. (2015). Peri-implant health and disease. A systematic review of 
current epidemiology. Journal Of Clinical Periodontology,  42 Suppl 16, S158-
171. https://doi.org/10.1111/jcpe.12334  

Donmez, M. B., & Okutan, Y. (2022). Marginal gap and fracture resistance of implant-
supported 3D-printed definitive composite crowns: An in vitro study [Article]. 
Journal Of Dentistry, 124, Article 104216. 
https://doi.org/10.1016/j.jdent.2022.104216  

Univ
ers

iti 
Mala

ya

https://doi.org/10.3390/coatings12020154
https://doi.org/10.1007/s10856-020-06408-3
https://doi.org/10.1016/j.jmbbm.2023.106335
https://doi.org/10.1016/j.dental.2014.05.016
https://doi.org/10.1016/j.dental.2018.06.024
https://doi.org/10.1016/j.prosdent.2018.11.016
https://doi.org/10.1902/jop.2013.120713
https://doi.org/10.1016/j.prosdent.2020.04.022
https://doi.org/10.1111/jcpe.12334
https://doi.org/10.1016/j.jdent.2022.104216


111 

Duan, Y., & Griggs, J. A. (2015). Effect of elasticity on stress distribution in CAD/CAM 
dental crowns: Glass ceramic vs. polymer-matrix composite. Journal Of 
Dentistry, 43(6), 742-749. https://doi.org/10.1016/j.jdent.2015.01.008  

Edelhoff, D., Erdelt, K. J., Stawarczyk, B., & Liebermann, A. (2023). Pressable lithium 
disilicate ceramic versus CAD/CAM resin composite restorations in patients with 
moderate to severe tooth wear: Clinical observations up to 13 years. Journal Of 
Esthetic And Restorative Dentistry : Official Publication Of The American 
Academy Of Esthetic Dentistry, 35(1), 116-128. 
https://doi.org/10.1111/jerd.12947  

Edelhoff, D., Schweiger, J., Prandtner, O., Stimmelmayr, M., & Güth, J. F. (2019). Metal-
free implant-supported single-tooth restorations. Part I: Abutments and cemented 
crowns. Quintessence international (Berlin, Germany : 1985), 50(3), 176-184. 
https://doi.org/10.3290/j.qi.a41906  

El-Anwar, M. (2013). Effect of different abutment materials of implant on stress 
distribution using three-dimensional finite element analysis. Medical Research 
Journal (ISSN 2090-6242), 12, 115-123. 
https://doi.org/10.1097/01.MJX.0000437958.81125.99  

El-Damanhoury, H. M., Haj-Ali, R. N., & Platt, J. A. (2015). Fracture resistance and 
microleakage of endocrowns utilizing three CAD-CAM blocks. Operative 
Dentistry, 40(2), 201-210. https://doi.org/10.2341/13-143-l  

Elsawy, M. A., ME, E. L., Ahmed, W. M., El-Daker, M. A., & Hegazy, S. A. (2022). 
Polyetheretherketone subperiosteal implant retaining a maxillary fixed prosthesis: 
A case series. The Journal Of Prosthetic Dentistry. 
https://doi.org/10.1016/j.prosdent.2022.08.027  

Elsayed, A., Wille, S., Al-Akhali, M., & Kern, M. (2017). Comparison of fracture strength 
and failure mode of different ceramic implant abutments. The Journal Of 
Prosthetic Dentistry, 117(4), 499-506. 
https://doi.org/10.1016/j.prosdent.2016.06.018  

Elsayed, A., Wille, S., Al-Akhali, M., & Kern, M. (2018). Effect of fatigue loading on 
the fracture strength and failure mode of lithium disilicate and zirconia implant 
abutments.  Clinical Oral Implants Research, 29(1), 20-27. 
https://doi.org/10.1111/clr.13034  

Elsyad, M. A., & Khairallah, A. S. (2017). Chewing efficiency and maximum bite force 
with different attachment systems of implant overdentures: a crossover 
study.  Clinical Oral Implants Research, 28(6), 677-682. 
https://doi.org/10.1111/clr.12861  

English, C. E. (1992). Externally hexed implants, abutments, and transfer devices: a 
comprehensive overview. Implant Dentistry, 1(4), 273-282. 
https://doi.org/10.1097/00008505-199200140-00009  

Enkling, N., Marder, M., Bayer, S., Götz, W., Stoilov, M., & Kraus, D. (2022). Soft tissue 
response to different abutment materials: A controlled and randomized human 

Univ
ers

iti 
Mala

ya

https://doi.org/10.1016/j.jdent.2015.01.008
https://doi.org/10.1111/jerd.12947
https://doi.org/10.3290/j.qi.a41906
https://doi.org/10.1097/01.MJX.0000437958.81125.99
https://doi.org/10.2341/13-143-l
https://doi.org/10.1016/j.prosdent.2022.08.027
https://doi.org/10.1016/j.prosdent.2016.06.018
https://doi.org/10.1111/clr.13034
https://doi.org/10.1111/clr.12861
https://doi.org/10.1097/00008505-199200140-00009


112 

study using an experimental model.  Clinical Oral Implants Research, 33(6), 667-
679. https://doi.org/10.1111/clr.13932  

Ercal, P., Taysi, A. E., Ayvalioglu, D. C., Eren, M. M., & Sismanoglu, S. (2021). Impact 
of peri-implant bone resorption, prosthetic materials, and crown to implant ratio 
on the stress distribution of short implants: a finite element analysis. Medical & 
Biological Engineering & Computing, 59(4), 813-824. 
https://doi.org/10.1007/s11517-021-02342-w  

Eschbach, L. (2000). Nonresorbable polymers in bone surgery. Injury, 31 Supplementary 
4, 22-27. https://doi.org/10.1016/s0020-1383(00)80019-4  

Escobar, M., Henriques, B., Fredel, M., Silva, F., Özcan, M., & Souza, J. (2020). 
Adhesion of PEEK to resin-matrix composites used in dentistry: a short review 
on surface modification and bond strength. Journal of Adhesion Science and 
Technology, 34, 1241-1252. https://doi.org/10.1080/01694243.2019.1706797  

Fabbri, G., Fradeani, M., Dellificorelli, G., De Lorenzi, M., Zarone, F., & Sorrentino, R. 
(2017). Clinical Evaluation of the Influence of Connection Type and Restoration 
Height on the Reliability of Zirconia Abutments: A Retrospective Study on 965 
Abutments with a Mean 6-Year Follow-Up. The International Journal Of 
Periodontics & Restorative Dentistry, 37(1), 19-31. 
https://doi.org/10.11607/prd.2974  

Filser F, L. H., Schaerer P, Gauckler L. ( 1997). All-ceramic dental bridges by direct 
ceramic machining (DCM). Materials and Medicine ETH Zürich 1997:165–189., 
165–189.  

Furrer, S., Scherer Hofmeier, K., Grize, L., & Bircher, A. J. (2018). Metal 
hypersensitivity in patients with orthopaedic implant complications-A 
retrospective clinical study. Contact Dermatitis, 79(2), 91-98. 
https://doi.org/10.1111/cod.13032  

Gad, M. M., & Fouda, S. M. (2023). Factors affecting flexural strength of 3D-printed 
resins: A systematic review. Journal Of Prosthodontics : Official Journal Of The 
American College Of Prosthodontists, 32(S1), 96-110. 
https://doi.org/10.1111/jopr.13640  

Gama, L. T., Bezerra, A. P., Schimmel, M., Rodrigues Garcia, R. C. M., de Luca Canto, 
G., & Gonçalves, T. (2024). Clinical performance of polymer frameworks in 
dental prostheses: A systematic review. The Journal Of Prosthetic Dentistry, 
131(4), 579-590. https://doi.org/10.1016/j.prosdent.2022.03.002  

Geng, J. P., Tan, K. B., & Liu, G. R. (2001). Application of finite element analysis in 
implant dentistry: a review of the literature. The Journal Of Prosthetic Dentistry, 
85(6), 585-598. https://doi.org/10.1067/mpr.2001.115251  

Geng, J. P., Xu, D. W., Tan, K. B., & Liu, G. R. (2004). Finite element analysis of an 
osseointegrated stepped screw dental implant. The Journal Of Oral Implantology, 
30(4), 223-233. https://doi.org/10.1563/0654.1  

Univ
ers

iti 
Mala

ya

https://doi.org/10.1111/clr.13932
https://doi.org/10.1007/s11517-021-02342-w
https://doi.org/10.1016/s0020-1383(00)80019-4
https://doi.org/10.1080/01694243.2019.1706797
https://doi.org/10.11607/prd.2974
https://doi.org/10.1111/cod.13032
https://doi.org/10.1111/jopr.13640
https://doi.org/10.1016/j.prosdent.2022.03.002
https://doi.org/10.1067/mpr.2001.115251
https://doi.org/10.1563/0654.1


113 

Geramizadeh, M., Katoozian, H., Amid, R., & Kadkhodazadeh, M. (2017). Finite 
Element Analysis of Dental Implants with and without Microthreads under Static 
and Dynamic Loading.  Journal Of Long-Term Effects Of Medical Implants, 
27(1), 25-35. https://doi.org/10.1615/JLongTermEffMedImplants.2017020007  

Gibbs, C. H., Mahan, P. E., Lundeen, H. C., Brehnan, K., Walsh, E. K., & Holbrook, W. 
B. (1981). Occlusal forces during chewing and swallowing as measured by sound 
transmission. The Journal Of Prosthetic Dentistry, 46(4), 443-449. 
https://doi.org/10.1016/0022-3913(81)90455-8  

Giovani, A. R., Vansan, L. P., de Sousa Neto, M. D., & Paulino, S. M. (2009). In vitro 
fracture resistance of glass-fiber and cast metal posts with different lengths. The 
Journal Of Prosthetic Dentistry, 101(3), 183-188. https://doi.org/10.1016/s0022-
3913(09)60025-1  

Goiato, M. C., dos Santos, D. M., Santiago, J. F., Jr., Moreno, A., & Pellizzer, E. P. 
(2014). Longevity of dental implants in type IV bone: a systematic review. 
International Journal Of Oral And Maxillofacial Surgery, 43(9), 1108-1116. 
https://doi.org/10.1016/j.ijom.2014.02.016  

Goiato, M. C., Pellizzer, E. P., da Silva, E. V., Bonatto Lda, R., & dos Santos, D. M. 
(2015). Is the internal connection more efficient than external connection in 
mechanical, biological, and esthetical point of views? A systematic review. Oral 
And Maxillofacial Surgery, 19(3), 229-242. https://doi.org/10.1007/s10006-015-
0494-5  

Gökçe, A., Findik, F., Yılmaz, E., & Kabataş, F. (2020). Production and Characterization 
of a Bone-Like Porous Ti/Ti-Hydroxyapatite Functionally Graded Material. 
Journal Of Materials Engineering And Performance, 29, 6455. 
https://doi.org/10.1007/s11665-020-05165-2  

Gökçimen, G., Durkan, R., Deste Gökay, G., & Oyar, P. (2024). The effect of different 
abutment and restorative crown materials on stress distribution in single-unit 
implant-supported restorations: A 3D finite element stress analysis. Journal Of 
Prosthodontics : Official Journal Of The American College Of Prosthodontists, 
33(5), 497-505. https://doi.org/10.1111/jopr.13732  

Gomes de Carvalho, A. B., de Andrade, G. S., Mendes Tribst, J. P., Grassi, E. D. A., 
Ausiello, P., Saavedra, G., Bressane, A., Marques de Melo, R., & Borges, A. L. 
S. (2021). Mechanical Behavior of Different Restorative Materials and Onlay 
Preparation Designs in Endodontically Treated Molars. Materials (Basel), 14(8). 
https://doi.org/10.3390/ma14081923  

Goodacre, C. J., Kan, J. Y., & Rungcharassaeng, K. (1999). Clinical complications of 
osseointegrated implants. The Journal Of Prosthetic Dentistry, 81(5), 537-552. 
https://doi.org/10.1016/s0022-3913(99)70208-8  

Gracis, S. E., Nicholls, J. I., Chalupnik, J. D., & Yuodelis, R. A. (1991). Shock-absorbing 
behavior of five restorative materials used on implants. The International Journal 
Of Prosthodontics, 4(3), 282-291.  

Univ
ers

iti 
Mala

ya

https://doi.org/10.1615/JLongTermEffMedImplants.2017020007
https://doi.org/10.1016/0022-3913(81)90455-8
https://doi.org/10.1016/s0022-3913(09)60025-1
https://doi.org/10.1016/s0022-3913(09)60025-1
https://doi.org/10.1016/j.ijom.2014.02.016
https://doi.org/10.1007/s10006-015-0494-5
https://doi.org/10.1007/s10006-015-0494-5
https://doi.org/10.1007/s11665-020-05165-2
https://doi.org/10.1111/jopr.13732
https://doi.org/10.3390/ma14081923
https://doi.org/10.1016/s0022-3913(99)70208-8


114 

Graf, T., Erdelt, K. J., Güth, J. F., Edelhoff, D., Schubert, O., & Schweiger, J. (2022). 
Influence of Pre-Treatment and Artificial Aging on the Retention of 3D-Printed 
Permanent Composite Crowns [Article]. Biomedicines, 10(9), Article 2186. 
https://doi.org/10.3390/biomedicines10092186  

Grzebieluch, W., Kowalewski, P., Grygier, D., Rutkowska-Gorczyca, M., Kozakiewicz, 
M., & Jurczyszyn, K. (2021). Printable and Machinable Dental Restorative 
Composites for CAD/CAM Application-Comparison of Mechanical Properties, 
Fractographic, Texture and Fractal Dimension Analysis. Materials (Basel), 
14(17). https://doi.org/10.3390/ma14174919  

H, L. (1996). Strength and toughness of dental ceramics. In: Mörmann WH (ed). 
CAD/CIM in Aesthetic Dentistry. Chicago: Quintessence, 229-239.  

Hamza, T. A., & Sherif, R. M. (2019). Fracture Resistance of Monolithic Glass-Ceramics 
Versus Bilayered Zirconia-Based Restorations. Journal Of Prosthodontics : 
Official Journal Of The American College Of Prosthodontists, 28(1), e259-e264. 
https://doi.org/10.1111/jopr.12684  

Haraldson, T., Carlsson, G. E., & Ingervall, B. (1979). Functional state, bite force and 
postural muscle activity in patients with osseointegrated oral implant bridges. 
Acta Odontologica Scandinavica, 37(4), 195-206. 
https://doi.org/10.3109/00016357909027582  

Hariharan, A., Krithika, A., Thanya, K., Thamarai, C., Parameswari, D., & Dhevishri, S. 
(2024). Stress Distribution on Short Implants with Varying Crown Heights - An 
In vitro Study. Journal Of Pharmacy & Bioallied Sciences, 16(Suppl 2), S1498-
s1504. https://doi.org/10.4103/jpbs.jpbs_1111_23  

Hasan, I., Röger, B., Heinemann, F., Keilig, L., & Bourauel, C. (2012). Influence of 
abutment design on the success of immediately loaded dental implants: 
experimental and numerical studies. Medical Engineering & Physics, 34(7), 817-
825. https://doi.org/10.1016/j.medengphy.2011.09.023  

Hashimoto, M., Akagawa, Y., Nikai, H., & Tsuru, H. (1988). Single-crystal sapphire 
endosseous dental implant loaded with functional stress--clinical and histological 
evaluation of peri-implant tissues. Journal Of Oral Rehabilitation, 15(1), 65-76. 
https://doi.org/10.1111/j.1365-2842.1988.tb00147.x  

He, M., Huang, Y., Xu, H., Feng, G., Liu, L., Li, Y., Sun, D., & Zhang, L. (2021). 
Modification of polyetheretherketone implants: From enhancing bone integration 
to enabling multi-modal therapeutics. Acta Biomaterialia, 129, 18-32. 
https://doi.org/10.1016/j.actbio.2021.05.009  

Heitz-Mayfield, L. J. A., & Salvi, G. E. (2018). Peri-implant mucositis. Journal Of 
Periodontology, 89 Supplementary 1, S257-s266. https://doi.org/10.1002/jper.16-
0488  

Heo, Y. K., & Lim, Y. J. (2015). A Newly Designed Screw- and Cement-Retained 
Prosthesis and Its Abutments. The International Journal Of Prosthodontics, 28(6), 
612-614. https://doi.org/10.11607/ijp.4236  

Univ
ers

iti 
Mala

ya

https://doi.org/10.3390/biomedicines10092186
https://doi.org/10.3390/ma14174919
https://doi.org/10.1111/jopr.12684
https://doi.org/10.3109/00016357909027582
https://doi.org/10.4103/jpbs.jpbs_1111_23
https://doi.org/10.1016/j.medengphy.2011.09.023
https://doi.org/10.1111/j.1365-2842.1988.tb00147.x
https://doi.org/10.1016/j.actbio.2021.05.009
https://doi.org/10.1002/jper.16-0488
https://doi.org/10.1002/jper.16-0488
https://doi.org/10.11607/ijp.4236


115 

Hermann, J. S., Schoolfield, J. D., Schenk, R. K., Buser, D., & Cochran, D. L. (2001). 
Influence of the size of the microgap on crestal bone changes around titanium 
implants. A histometric evaluation of unloaded non-submerged implants in the 
canine mandible. Journal Of Periodontology, 72(10), 1372-1383. 
https://doi.org/10.1902/jop.2001.72.10.1372  

Herrero-Climent, M., Lázaro, P., Vicente Rios, J., Lluch, S., Marqués, M., Guillem-Martí, 
J., & Gil, F. J. (2013). Influence of acid-etching after grit-blasted on 
osseointegration of titanium dental implants: in vitro and in vivo studies. Journal 
Of Materials Science. Materials In Medicine, 24(8), 2047-2055. 
https://doi.org/10.1007/s10856-013-4935-0  

Hoang, L. N., Thompson, G. A., Cho, S. H., Berzins, D. W., & Ahn, K. W. (2015). Die 
spacer thickness reproduction for central incisor crown fabrication with combined 
computer-aided design and 3D printing technology: an in vitro study. The Journal 
Of Prosthetic Dentistry, 113(5), 398-404. 
https://doi.org/10.1016/j.prosdent.2014.11.004  

Hojjatie, B., & Anusavice, K. J. (1990). Three-dimensional finite element analysis of 
glass-ceramic dental crowns. Journal Of Biomechanics, 23(11), 1157-1166. 
https://doi.org/10.1016/0021-9290(90)90008-q  

Hosseini-Faradonbeh, S. A., & Katoozian, H. R. (2022). Biomechanical evaluations of 
the long-term stability of dental implant using finite element modeling method: a 
systematic review. The Journal Of Advanced Prosthodontics, 14(3), 182-202. 
https://doi.org/10.4047/jap.2022.14.3.182  

Hu, M. L., Lin, H., Zhang, Y. D., & Han, J. M. (2020). Comparison of technical, 
biological, and esthetic parameters of ceramic and metal-ceramic implant-
supported fixed dental prostheses: A systematic review and meta-analysis. The 
Journal Of Prosthetic Dentistry, 124(1), 26-35.e22. 
https://doi.org/10.1016/j.prosdent.2019.07.008  

Huang, H. (2003). Machining characteristics and surface integrity of yttria stabilized 
tetragonal zirconia in high speed deep grinding. Materials Science and 
Engineering: A, 345(1), 155-163. https://doi.org/https://doi.org/10.1016/S0921-
5093(02)00466-5  

Huang, M., Wang, B., Zhang, K., Yan, X., Chen, Z., & Zhang, X. (2024). Comparative 
analysis of stress distribution in residual roots with different canal morphologies: 
evaluating CAD/CAM glass fiber and other post-core materials. Bmc Oral Health, 
24(1), 337. https://doi.org/10.1186/s12903-024-04109-9  

Huang, Y., & Wang, J. (2019). Mechanism of and factors associated with the loosening 
of the implant abutment screw: A review. Journal Of Esthetic And Restorative 
Dentistry : Official Publication Of The American Academy Of Esthetic Dentistry, 
31(4), 338-345. https://doi.org/10.1111/jerd.12494  

I, Z., Khajeh-pour-shehni, S., A, S., Az, H., & Jafari, K. (2016). Assessing the Effect of 
Dental Implants Thread Design on Distribution of Stress in Impact Loadings 
Using Three Dimensional Finite Element Method. Journal of Dental 
Biomaterials, 3, 233-240.  

Univ
ers

iti 
Mala

ya

https://doi.org/10.1902/jop.2001.72.10.1372
https://doi.org/10.1007/s10856-013-4935-0
https://doi.org/10.1016/j.prosdent.2014.11.004
https://doi.org/10.1016/0021-9290(90)90008-q
https://doi.org/10.4047/jap.2022.14.3.182
https://doi.org/10.1016/j.prosdent.2019.07.008
https://doi.org/https:/doi.org/10.1016/S0921-5093(02)00466-5
https://doi.org/https:/doi.org/10.1016/S0921-5093(02)00466-5
https://doi.org/10.1186/s12903-024-04109-9
https://doi.org/10.1111/jerd.12494


116 

Iranmanesh, P., Abedian, A., Nasri, N., Ghasemi, E., & Khazaei, S. (2014). Stress 
analysis of different prosthesis materials in implant-supported fixed dental 
prosthesis using 3D finite element method. Dental Hypotheses, 5, 109-114. 
https://doi.org/10.4103/2155-8213.136757  

Jansen, V. K., Conrads, G., & Richter, E. J. (1997). Microbial leakage and marginal fit of 
the implant-abutment interface. The International Journal Of Oral & 
Maxillofacial Implants, 12(4), 527-540.  

Jemaa, H., Eisenburger, M., & Greuling, A. (2023a). Automated Remodelling of 
Connectors in Fixed Partial Dentures. Dentistry Journal, 11(11), 252.  

Jemaa, H., Eisenburger, M., & Greuling, A. (2023b). Automated Remodelling of 
Connectors in Fixed Partial Dentures. Dentistry Journal, 11(11).  

Jeong, C.-G., Kim, S.-K., Lee, J.-H., Kim, J.-W., & Yeo, I.-S. L. (2017). Clinically 
available preload prediction based on a mechanical analysis. Archive of Applied 
Mechanics, 87(12), 2003-2009. https://doi.org/10.1007/s00419-017-1307-0  

Joda, T., Huber, S., Bürki, A., Zysset, P., & Brägger, U. (2015). Influence of Abutment 
Design on Stiffness, Strength, and Failure of Implant-Supported Monolithic Resin 
Nano Ceramic (RNC) Crowns. Clinical Implant Dentistry And Related Research, 
17(6), 1200-1207. https://doi.org/10.1111/cid.12215  

Juneja, S., Miranda, G., Eram, A., Shetty, N., K N, C., & Keni, L. G. (2024). Investigating 
the Influence of All-Ceramic Prosthetic Materials on Implants and Their Effect 
on the Surrounding Bone: A Finite Element Analysis. Prosthesis, 6(1), 74-88. 
https://www.mdpi.com/2673-1592/6/1/6  

Jung, R. E., Pjetursson, B. E., Glauser, R., Zembic, A., Zwahlen, M., & Lang, N. P. 
(2008). A systematic review of the 5-year survival and complication rates of 
implant-supported single crowns. Clinical Oral Implants Research, 19(2), 119-
130. https://doi.org/10.1111/j.1600-0501.2007.01453.x  

Jung, R. E., Sailer, I., Hämmerle, C. H., Attin, T., & Schmidlin, P. (2007). In vitro color 
changes of soft tissues caused by restorative materials. The International Journal 
Of Periodontics & Restorative Dentistry, 27(3), 251-257.  

Jung, R. E., Zembic, A., Pjetursson, B. E., Zwahlen, M., & Thoma, D. S. (2012). 
Systematic review of the survival rate and the incidence of biological, technical, 
and aesthetic complications of single crowns on implants reported in longitudinal 
studies with a mean follow-up of 5 years. Clinical Oral Implants Research, 23 
Supplementary 6, 2-21. https://doi.org/10.1111/j.1600-0501.2012.02547.x  

Kaleli, N., Saraç, D., Kulunk, S., & Öztürk, Ö. (2017). Effect of different restorative 
crown and customized abutment materials on stress distribution in single implants 
and peripheral bone: A three-dimensional finite element analysis study. The 
Journal of Prosthetic Dentistry, 119. 
https://doi.org/10.1016/j.prosdent.2017.03.008  

Univ
ers

iti 
Mala

ya

https://doi.org/10.4103/2155-8213.136757
https://doi.org/10.1007/s00419-017-1307-0
https://doi.org/10.1111/cid.12215
https://www.mdpi.com/2673-1592/6/1/6
https://doi.org/10.1111/j.1600-0501.2007.01453.x
https://doi.org/10.1111/j.1600-0501.2012.02547.x
https://doi.org/10.1016/j.prosdent.2017.03.008


117 

Kallus, T., & Bessing, C. (1994). Loose gold screws frequently occur in full-arch fixed 
prostheses supported by osseointegrated implants after 5 years. The International 
Journal Of Oral & Maxillofacial Implants, 9(2), 169-178.  

Kalpana D, N. J. S., Naila Perween, Iti Badola. (2020). Implant abutments: A review. 
International Journal of Applied Dental Sciences, 6(2), 310-314.  

Katzer, A., Marquardt, H., Westendorf, J., Wening, J. V., & von Foerster, G. (2002). 
Polyetheretherketone--cytotoxicity and mutagenicity in vitro. Biomaterials, 
23(8), 1749-1759. https://doi.org/10.1016/s0142-9612(01)00300-3  

Kayabasi, O., Yuzbasioglu, E., & Erzincanlı, F. (2006). Static, dynamic and fatigue 
behaviors of dental implant using finite element method. Advances in Engineering 
Software, 37, 649-658. https://doi.org/10.1016/j.advengsoft.2006.02.004  

Keller, W., Brägger, U., & Mombelli, A. (1998). Peri-implant microflora of implants with 
cemented and screw retained suprastructures. Clinical Oral Implants Research, 
9(4), 209-217. https://doi.org/10.1034/j.1600-0501.1998.090401.x  

Kern, M., & Wegner, S. M. (1998). Bonding to zirconia ceramic: adhesion methods and 
their durability. Dental Materials : Official Publication Of The Academy Of 
Dental Materials, 14(1), 64-71. https://doi.org/10.1016/s0109-5641(98)00011-6  

Kessler, A., Reymus, M., Hickel, R., & Kunzelmann, K. H. (2019). Three-body wear of 
3D printed temporary materials. Dental Materials : Official Publication Of The 
Academy Of Dental Materials, 35(12), 1805-1812. 
https://doi.org/10.1016/j.dental.2019.10.005  

Khurshid, Z., Nedumgottil, B. M., Ali, R. M. M., Bencharit, S., & Najeeb, S. (2022). 
Insufficient Evidence to Ascertain the Long-Term Survival of PEEK Dental 
Prostheses: A Systematic Review of Clinical Studies. Polymers (Basel), 14(12). 
https://doi.org/10.3390/polym14122441  

Kim, J. C., Lee, M., & Yeo, I.-S. L. (2022). Three interfaces of the dental implant system 
and their clinical effects on hard and soft tissues [10.1039/D1MH01621K]. 
Materials Horizons, 9(5), 1387-1411. https://doi.org/10.1039/D1MH01621K  

Kim, T. I., Han, J. H., Lee, I. S., Lee, K. H., Shin, M. C., & Choi, B. B. (1997). New 
titanium alloys for biomaterials: a study of mechanical and corrosion properties 
and cytotoxicity. Bio-medical Materials And Engineering, 7(4), 253-263.  

King, G. N., Hermann, J. S., Schoolfield, J. D., Buser, D., & Cochran, D. L. (2002). 
Influence of the size of the microgap on crestal bone levels in non-submerged 
dental implants: a radiographic study in the canine mandible. Journal of 
Periodontology, 73(10), 1111-1117. https://doi.org/10.1902/jop.2002.73.10.1111  

Kious, A. R., Roberts, H. W., & Brackett, W. W. (2009). Film thicknesses of recently 
introduced luting cements. The Journal Of Prosthetic Dentistry, 101(3), 189-192. 
https://doi.org/10.1016/s0022-3913(09)60026-3  

Kohal, R. J., Weng, D., Bächle, M., & Strub, J. R. (2004). Loaded custom-made zirconia 
and titanium implants show similar osseointegration: an animal experiment. 

Univ
ers

iti 
Mala

ya

https://doi.org/10.1016/s0142-9612(01)00300-3
https://doi.org/10.1016/j.advengsoft.2006.02.004
https://doi.org/10.1034/j.1600-0501.1998.090401.x
https://doi.org/10.1016/s0109-5641(98)00011-6
https://doi.org/10.1016/j.dental.2019.10.005
https://doi.org/10.3390/polym14122441
https://doi.org/10.1039/D1MH01621K
https://doi.org/10.1902/jop.2002.73.10.1111
https://doi.org/10.1016/s0022-3913(09)60026-3


118 

Journal Of Periodontology, 75(9), 1262-1268. 
https://doi.org/10.1902/jop.2004.75.9.1262  

Koka, S., Bensoussan, J., & Curtis, D. (2023). Influence of clinician gender, age, and 
geographic work location on the relative rankings of risk factors for biological 
complications with dental implant therapy. The Journal Of Prosthetic Dentistry, 
129(4), 582-588. https://doi.org/10.1016/j.prosdent.2021.06.027  

Komine, F., Honda, J., Kusaba, K., Kubochi, K., Takata, H., & Fujisawa, M. (2020). 
Clinical outcomes of single crown restorations fabricated with resin-based 
CAD/CAM materials. Journal Of Oral Science, 62(4), 353-355. 
https://doi.org/10.2334/josnusd.20-0195  

Kourtis, S., Damanaki, M., Kaitatzidou, S., Kaitatzidou, A., & Roussou, V. (2017). 
Loosening of the fixing screw in single implant crowns: predisposing factors, 
prevention and treatment options. Journal Of Esthetic And Restorative Dentistry 
: Official Publication Of The American Academy Of Esthetic Dentistry , 29(4), 
233-246. https://doi.org/10.1111/jerd.12303  

Kourtis, S. G., Sotiriadou, S., Voliotis, S., & Challas, A. (2004). Private practice results 
of dental implants. Part I: survival and evaluation of risk factors--Part II: surgical 
and prosthetic complications. Implant Dentistry, 13(4), 373-385. 
https://doi.org/10.1097/01.id.0000148564.88384.de  

Kunzelmann, K. H., Jelen, B., Mehl, A., & Hickel, R. (2001). Wear evaluation of MZ100 
compared to ceramic CAD/CAM materials. International Journal Of 
Computerized Dentistry, 4(3), 171-184.  

Lang, N. P., Berglundh, T., Heitz-Mayfield, L. J., Pjetursson, B. E., Salvi, G. E., & Sanz, 
M. (2004). Consensus statements and recommended clinical procedures regarding 
implant survival and complications. The International Journal Of Oral & 
Maxillofacial Implants, 19 Supplementary, 150-154.  

Lee, A., Okayasu, K., & Wang, H. L. (2010). Screw- versus cement-retained implant 
restorations: current concepts. Implant Dentistry, 19(1), 8-15. 
https://doi.org/10.1097/ID.0b013e3181bb9033  

Lekholm, U., Zarb, GA., Albrektsson, T. (1985). Patient selection and preparation. 

Tissue integrated prostheses. Chicago: Quintessence Publishing Co. Inc. , 199-209.  

Lemos, C. A. A., Verri, F. R., de Luna Gomes, J. M., Santiago Junior, J. F., Miyashita, 
E., Mendonça, G., & Pellizzer, E. P. (2022). Survival and prosthetic complications 
of monolithic ceramic implant-supported single crowns and fixed partial dentures: 
A systematic review with meta-analysis. The Journal of Prosthetic Dentistry. 
https://doi.org/https://doi.org/10.1016/j.prosdent.2022.11.013  

Levin, L., Pathael, S., Dolev, E., & Schwartz-Arad, D. (2005). Aesthetic versus surgical 
success of single dental implants: 1- to 9-year follow-up. Practical Procedures & 
Aesthetic Dentistry , 17(8), 533-538; quiz 540, 566.  

Univ
ers

iti 
Mala

ya

https://doi.org/10.1902/jop.2004.75.9.1262
https://doi.org/10.1016/j.prosdent.2021.06.027
https://doi.org/10.2334/josnusd.20-0195
https://doi.org/10.1111/jerd.12303
https://doi.org/10.1097/01.id.0000148564.88384.de
https://doi.org/10.1097/ID.0b013e3181bb9033
https://doi.org/https:/doi.org/10.1016/j.prosdent.2022.11.013


119 

Li, X., & Dong, F. (2017). Three-dimensional finite element stress analysis of uneven-
threaded ti dental implant. 10, 307-315.  

Lin, J.-D., & Duh, J.-G. (2003). Fracture Toughness and Hardness of Ceria- and Yttria-
Doped Tetragonal Zirconia Ceramics. Materials Chemistry and Physics, 78, 253–
261. https://doi.org/10.1016/S0254-0584(02)00327-9  

Lin, J., Lin, Z., & Zheng, Z. (2020). Effect of different restorative crown design and 
materials on stress distribution in endodontically treated molars: a finite element 
analysis study. Bmc Oral Health, 20(1), 226. https://doi.org/10.1186/s12903-020-
01214-3  

Lin, W. S., Harris, B. T., Zandinejad, A., Martin, W. C., & Morton, D. (2014). Use of 
prefabricated titanium abutments and customized anatomic lithium disilicate 
structures for cement-retained implant restorations in the esthetic zone. The 
Journal Of Prosthetic Dentistry, 111(3), 181-185. 
https://doi.org/10.1016/j.prosdent.2013.07.013  

Lisiak-Myszke, M., Marciniak, D., Bieliński, M., Sobczak, H., Garbacewicz, Ł., & 
Drogoszewska, B. (2020). Application of Finite Element Analysis in Oral and 
Maxillofacial Surgery-A Literature Review. Materials (Basel), 13(14). 
https://doi.org/10.3390/ma13143063  

Liu, B., Lu, C., Wu, Y., Zhang, X., Arola, D., & Zhang, D. (2011). The effects of adhesive 
type and thickness on stress distribution in molars restored with all -ceramic 
crowns. Journal Of Prosthodontics : Official Journal Of The American College 
Of Prosthodontists, 20(1), 35-44. https://doi.org/10.1111/j.1532-
849X.2010.00650.x  

Liu, X., Pang, F., Li, Y., Jia, H., Cui, X., Yue, Y., Yang, X., & Yang, Q. (2019). Effects 
of Different Positions and Angles of Implants in Maxillary Edentulous Jaw on 
Surrounding Bone Stress under Dynamic Loading: A Three-Dimensional Finite 
Element Analysis. Computational And Mathematical Methods In Medicine, 2019, 
8074096. https://doi.org/10.1155/2019/8074096  

Londhe, S. M., Gowda, E. M., Mandlik, V. B., & Shashidhar, M. P. (2020). Factors 
associated with abutment screw loosening in single implant supported crowns: A 
cross-sectional study. Medical Journal, Armed Forces India, 76(1), 37-40. 
https://doi.org/10.1016/j.mjafi.2018.06.011  

Lundgren, D., & Laurell, L. (1986). Occlusal force pattern during chewing and biting in 
dentitions restored with fixed bridges of cross-arch extension. II. Unilateral 
posterior two-unit cantilevers. Journal Of Oral Rehabilitation, 13(2), 191-203. 
https://doi.org/10.1111/j.1365-2842.1986.tb00651.x  

Luo, C., Liu, Y., Peng, B., Chen, M., Liu, Z., Li, Z., Kuang, H., Gong, B., Li, Z., & Sun, 
H. (2023). PEEK for Oral Applications: Recent Advances in Mechanical and 
Adhesive Properties. Polymers, 15(2).  

Lv, X., Pu, Y., Zhang, X., Jiang, X., Zhang, X., Shi, J., & Lai, H. (2023). One-piece versus 
two-piece zirconia abutment supported single implant crown in the esthetic 
region: 3-Year results from a split-mouth randomized controlled clinical trial. 

Univ
ers

iti 
Mala

ya

https://doi.org/10.1016/S0254-0584(02)00327-9
https://doi.org/10.1186/s12903-020-01214-3
https://doi.org/10.1186/s12903-020-01214-3
https://doi.org/10.1016/j.prosdent.2013.07.013
https://doi.org/10.3390/ma13143063
https://doi.org/10.1111/j.1532-849X.2010.00650.x
https://doi.org/10.1111/j.1532-849X.2010.00650.x
https://doi.org/10.1155/2019/8074096
https://doi.org/10.1016/j.mjafi.2018.06.011
https://doi.org/10.1111/j.1365-2842.1986.tb00651.x


120 

Clinical Oral Implants Research, 34(12), 1330-1341. 
https://doi.org/10.1111/clr.14173  

Magne, P., Paranhos, M. P., Burnett, L. H., Jr., Magne, M., & Belser, U. C. (2011). 
Fatigue resistance and failure mode of novel-design anterior single-tooth implant 
restorations: influence of material selection for type III veneers bonded to zirconia 
abutments. Clinical Oral Implants Research, 22(2), 195-200. 
https://doi.org/10.1111/j.1600-0501.2010.02012.x  

Magne, P., Perakis, N., Belser, U. C., & Krejci, I. (2002). Stress distribution of inlay-
anchored adhesive fixed partial dentures: a finite element analysis of the influence 
of restorative materials and abutment preparation design. The Journal Of 
Prosthetic Dentistry, 87(5), 516-527. https://doi.org/10.1067/mpr.2002.124367  

Maló, P., Rangert, B., & Nobre, M. (2003). "All-on-Four" immediate-function concept 
with Brånemark System implants for completely edentulous mandibles: a 
retrospective clinical study. Clinical Oral Implants Research, 5 Suppl 1, 2-9. 
https://doi.org/10.1111/j.1708-8208.2003.tb00010.x  

Malpartida-Carrillo, V., Tinedo-Lopez, P. L., Ortiz-Culca, F., Guerrero, M. E., & Amaya-
Pajares, S. P. (2020). Techniques for retrievability and for registering screw 
access holes in cement-retained implant-supported prostheses: A scoping review 
of the literature. The Journal Of Prosthetic Dentistry, 123(3), 427-433. 
https://doi.org/10.1016/j.prosdent.2019.03.011  

Marin, E., & Lanzutti, A. (2024). Biomedical Applications of Titanium Alloys: A 
Comprehensive Review. Materials, 17(1).  

Maté Sánchez de Val, J. E., Gómez-Moreno, G., Pérez-Albacete Martínez, C., Ramírez-
Fernández, M. P., Granero-Marín, J. M., Gehrke, S. A., & Calvo-Guirado, J. L. 
(2016). Peri-implant tissue behavior around non-titanium material: Experimental 
study in dogs. Annals Of Anatomy = Anatomischer Anzeiger : Official Organ Of 
The Anatomische Gesellschaft, 206, 104-109. 
https://doi.org/10.1016/j.aanat.2016.03.005  

McGlumphy EA, W. J., Elfers CL, Ingber A, Prestipino V. ( 1992). New ceramic core 
implant abutment: A comparison study [abstract 74]. Journal of Dental Research 
1992, 71, 115.  

Mehl, C., Harder, S., Steiner, M., Vollrath, O., & Kern, M. (2013). Influence of Cement 
Film Thickness on the Retention of Implant‐Retained Crowns. Journal Of 
Prosthodontics : Official Journal Of The American College Of Prosthodontists, 
22. https://doi.org/10.1111/jopr.12058  

Menacho-Mendoza, E., Cedamanos-Cuenca, R., & Díaz-Suyo, A. (2022). Stress analysis 
and factor of safety in three dental implant systems by finite element analysis. The 
Saudi Dental Journal, 34(7), 579-584. 
https://doi.org/10.1016/j.sdentj.2022.08.006  

Merz, B. R., Hunenbart, S., & Belser, U. C. (2000). Mechanics of the implant-abutment 
connection: an 8-degree taper compared to a butt joint connection. The 
International Journal Of Oral & Maxillofacial Implants, 15(4), 519-526.  

Univ
ers

iti 
Mala

ya

https://doi.org/10.1111/clr.14173
https://doi.org/10.1111/j.1600-0501.2010.02012.x
https://doi.org/10.1067/mpr.2002.124367
https://doi.org/10.1111/j.1708-8208.2003.tb00010.x
https://doi.org/10.1016/j.prosdent.2019.03.011
https://doi.org/10.1016/j.aanat.2016.03.005
https://doi.org/10.1111/jopr.12058
https://doi.org/10.1016/j.sdentj.2022.08.006


121 

Mohan, P., Yuan, B., Patterson, T., Desai, V., & Sohn, Y. (2007). Degradation of Yttria-
Stabilized Zirconia Thermal Barrier Coatings by Vanadium Pentoxide, 
Phosphorous Pentoxide, and Sodium Sulfate. Journal Of The American Ceramic 
Society, 90, 3601-3607. https://doi.org/10.1111/j.1551-2916.2007.01941.x  

Moldovan, M., Dudea, D., Cuc, S., Sarosi, C., Prodan, D., Petean, I., Furtos, G., Ionescu, 
A., & Ilie, N. (2023). Chemical and Structural Assessment of New Dental 
Composites with Graphene Exposed to Staining Agents. Journal Of Functional 
Biomaterials, 14(3), 163. https://www.mdpi.com/2079-4983/14/3/163  

Monje, A., Roccuzzo, A., Buser, D., & Wang, H. L. (2023). Influence of buccal bone wall 
thickness on the peri-implant hard and soft tissue dimensional changes: A 
systematic review. Clinical Oral Implants Research, 34(3), 157-176. 
https://doi.org/10.1111/clr.14029  

Moris, I. C. M., Moscardini, C. A., Moura, L. K. B., Silva-Sousa, Y. T. C., & Gomes, E. 
A. (2017). Evaluation of Stress Distribution in Endodontically Weakened Teeth 
Restored with Different Crown Materials: 3D-FEA Analysis. Brazilian Dental 
Journal, 28(6), 715-719. https://doi.org/10.1590/0103-6440201701829  

Mühlemann, S., Truninger, T. C., Stawarczyk, B., Hämmerle, C. H., & Sailer, I. (2014). 
Bending moments of zirconia and titanium implant abutments supporting all -
ceramic crowns after aging. Clinical Oral Implants Research, 25(1), 74-81. 
https://doi.org/10.1111/clr.12192  

Muley, N., Prithviraj, D., & Gupta, V. (2012). Evolution of External and Internal Implant 
to Abutment Connection. International Journal of Oral Implantology & Clinical 
Research, 3, 122-129. https://doi.org/10.5005/JP-Journals-10012-1079  

Müller, F., Hernandez, M., Grütter, L., Aracil-Kessler, L., Weingart, D., & Schimmel, M. 
(2012). Masseter muscle thickness, chewing efficiency and bite force in 
edentulous patients with fixed and removable implant-supported prostheses: a 
cross-sectional multicenter study. Clinical Oral Implants Research, 23(2), 144-
150. https://doi.org/10.1111/j.1600-0501.2011.02213.x  

Müller, K., & Valentine-Thon, E. (2006). Hypersensitivity to titanium: clinical and 
laboratory evidence. Neuro Endocrinology Letters, 27 Supplementary 1, 31-35.  

Najeeb, S., Zafar, M. S., Khurshid, Z., & Siddiqui, F. (2016). Applications of 
polyetheretherketone (PEEK) in oral implantology and prosthodontics. Journal of 
Prosthodontic Research, 60(1), 12-19. 
https://doi.org/https://doi.org/10.1016/j.jpor.2015.10.001  

Naveau, A., Rignon-Bret, C., & Wulfman, C. (2019). Zirconia abutments in the anterior 
region: A systematic review of mechanical and esthetic outcomes. International 
Journal Of Implant Dentistry, 121(5), 775-781.e771. 
https://doi.org/10.1016/j.prosdent.2018.08.005  

Nicula, R., Lüthen, F., Stir, M., Nebe, B., & Burkel, E. (2007). Spark plasma sintering 
synthesis of porous nanocrystalline titanium alloys for biomedical applications. 
Biomolecular Engineering, 24(5), 564-567. 
https://doi.org/10.1016/j.bioeng.2007.08.008  

Univ
ers

iti 
Mala

ya

https://doi.org/10.1111/j.1551-2916.2007.01941.x
https://www.mdpi.com/2079-4983/14/3/163
https://doi.org/10.1111/clr.14029
https://doi.org/10.1590/0103-6440201701829
https://doi.org/10.1111/clr.12192
https://doi.org/10.5005/JP-Journals-10012-1079
https://doi.org/10.1111/j.1600-0501.2011.02213.x
https://doi.org/https:/doi.org/10.1016/j.jpor.2015.10.001
https://doi.org/10.1016/j.prosdent.2018.08.005
https://doi.org/10.1016/j.bioeng.2007.08.008


122 

Niem, T., Gonschorek, S., & Wöstmann, B. (2022). Investigation of the Damping 
Capabilities of Different Resin-Based CAD/CAM Restorative Materials. 
Polymers, 14(3), 493. https://www.mdpi.com/2073-4360/14/3/493  

Niespodziana, K., Jurczyk, K., & Jurczyk, M. (2008). The synthesis of titanium alloys for 
biomedical applications. Advanced Study Center Co. Ltd. Rev.Adv.Mater.Sci, 18, 
236-240.  

Niinomi, M., & Nakai, M. (2011). Titanium-Based Biomaterials for Preventing Stress 
Shielding between Implant Devices and Bone. International Journal Of 
Biomaterials, 2011, 836587. https://doi.org/10.1155/2011/836587  

Nisar, S. (2018). A step by step guide to finite element analysis in dental implantology.  

Niznick, G. A. (1982). The Core-Vent implant system. The Journal Of Oral 
Implantology, 10(3), 379-418.  

Niznick, G. A. (1991). The implant abutment connection: the key to prosthetic success. 
Compendium, 12 12, 932, 934-938.  

Norton, M. R. (1997). An in vitro evaluation of the strength of an internal conical interface 
compared to a butt joint interface in implant design. Clinical Oral Implants 
Research, 8 4, 290-298.  

Norton, M. R. (1999). Assessment of cold welding properties of the internal conical 
interface of two commercially available implant systems. The Journal Of 
Prosthetic Dentistry, 81(2), 159-166. https://doi.org/10.1016/s0022-
3913(99)70243-x  

Nouh, I., Kern, M., Sabet, A. E., Aboelfadl, A. K., Hamdy, A. M., & Chaar, M. S. (2019a). 
Mechanical behavior of posterior all-ceramic hybrid-abutment-crowns versus 
hybrid-abutments with separate crowns-A laboratory study. Clinical Oral 
Implants Research, 30(1), 90-98. https://doi.org/10.1111/clr.13395  

Nouh, I., Kern, M., Sabet, A. E., Aboelfadl, A. K., Hamdy, A. M., & Chaar, M. S. 
(2019b). Mechanical behavior of posterior all-ceramic hybrid-abutment-crowns 
versus hybrid-abutments with separate crowns—A laboratory study [Article]. 
Clinical Oral Implants Research, 30(1), 90-98. https://doi.org/10.1111/clr.13395  

Özcan, M., & Bernasconi, M. (2015). Adhesion to zirconia used for dental restorations: 
a systematic review and meta-analysis. The Journal Of Adhesive Dentistry, 17(1), 
7-26. https://doi.org/10.3290/j.jad.a33525  

Papaspyridakos, P., Barizan Bordin, T., Kim, Y. J., DeFuria, C., Pagni, S. E., 
Chochlidakis, K., Rolim Teixeira, E., & Weber, H. P. (2018). Implant survival 
rates and biologic complications with implant-supported fixed complete dental 
prostheses: A retrospective study with up to 12-year follow-up. Clinical Oral 
Implants Research, 29(8), 881-893. https://doi.org/10.1111/clr.13340  

Papavasiliou, G., Tripodakis, A. P., Kamposiora, P., Strub, J. R., & Bayne, S. C. (1996). 
Finite element analysis of ceramic abutment-restoration combinations for 

Univ
ers

iti 
Mala

ya

https://www.mdpi.com/2073-4360/14/3/493
https://doi.org/10.1155/2011/836587
https://doi.org/10.1016/s0022-3913(99)70243-x
https://doi.org/10.1016/s0022-3913(99)70243-x
https://doi.org/10.1111/clr.13395
https://doi.org/10.1111/clr.13395
https://doi.org/10.3290/j.jad.a33525
https://doi.org/10.1111/clr.13340


123 

osseointegrated implants. The International Journal Of Prosthodontics, 9(3), 254-
260.  

Paphangkorakit, J., & Osborn, J. W. (1997). The effect of pressure on a maximum incisal 
bite force in man. Archives Of Oral Biology, 42(1), 11-17. 
https://doi.org/10.1016/s0003-9969(96)00106-9  

Park, S. E., Da Silva, J. D., Weber, H. P., & Ishikawa-Nagai, S. (2007). Optical 
phenomenon of peri-implant soft tissue. Part I. Spectrophotometric assessment of 
natural tooth gingiva and peri-implant mucosa. Clinical Oral Implants Research, 
18(5), 569-574. https://doi.org/10.1111/j.1600-0501.2007.01391.x  

Peixoto, H. E., Bordin, D., Del Bel Cury, A. A., da Silva, W. J., & Faot, F. (2016). The 
role of prosthetic abutment material on the stress distribution in a maxillary single 
implant-supported fixed prosthesis. Materials For Biological Applications, 65, 
90-96. https://doi.org/10.1016/j.msec.2016.04.004  

Piconi, C., & Maccauro, G. (1999). Zirconia as a ceramic biomaterial. Biomaterials, 
20(1), 1-25. https://doi.org/10.1016/s0142-9612(98)00010-6  

Pitta, J., Fehmer, V., Sailer, I., & Hicklin, S. P. (2018). Monolithic zirconia multiple-unit 
implant reconstructions on titanium bonding bases. International Journal Of 
Computerized Dentistry, 21(2), 163-171.  

Pjetursson, B., Brägger, U., Lang, N., & Zwahlen, M. (2007). Comparison of survival and 
complication rates of tooth-supported fixed dental prostheses (FDPs) and implant-
supported FDPs and single crowns (SCs). Clinical Oral Implants Research, 18 
Suppl 3, 97-113. https://doi.org/10.1111/j.1600-0501.2007.01439.x  

Pjetursson, B. E., Asgeirsson, A. G., Zwahlen, M., & Sailer, I. (2014). Improvements in 
implant dentistry over the last decade: comparison of survival and complication 
rates in older and newer publications. The International Journal Of Oral & 
Maxillofacial Implants, 29 Supplementary, 308-324. 
https://doi.org/10.11607/jomi.2014suppl.g5.2  

Pjetursson, B. E., Sailer, I., Latyshev, A., Rabel, K., Kohal, R. J., & Karasan, D. (2021). 
A systematic review and meta-analysis evaluating the survival, the failure, and 
the complication rates of veneered and monolithic all-ceramic implant-supported 
single crowns. Clinical Oral Implants Research, 32 Suppl 21(Suppl 21), 254-288. 
https://doi.org/10.1111/clr.13863  

Pjetursson, B. E., Valente, N. A., Strasding, M., Zwahlen, M., Liu, S., & Sailer, I. (2018). 
A systematic review of the survival and complication rates of zirconia-ceramic 
and metal-ceramic single crowns. Clinical Oral Implants Research, 29 Suppl 16, 
199-214. https://doi.org/10.1111/clr.13306  

Pjetursson, B. E., Zarauz, C., Strasding, M., Sailer, I., Zwahlen, M., & Zembic, A. (2018). 
A systematic review of the influence of the implant-abutment connection on the 
clinical outcomes of ceramic and metal implant abutments supporting fixed 
implant reconstructions. Clinical Oral Implants Research, 29 Suppl 18, 160-183. 
https://doi.org/10.1111/clr.13362  

Univ
ers

iti 
Mala

ya

https://doi.org/10.1016/s0003-9969(96)00106-9
https://doi.org/10.1111/j.1600-0501.2007.01391.x
https://doi.org/10.1016/j.msec.2016.04.004
https://doi.org/10.1016/s0142-9612(98)00010-6
https://doi.org/10.1111/j.1600-0501.2007.01439.x
https://doi.org/10.11607/jomi.2014suppl.g5.2
https://doi.org/10.1111/clr.13863
https://doi.org/10.1111/clr.13306
https://doi.org/10.1111/clr.13362


124 

Poiate, I. A., Vasconcellos, A. B., Mori, M., & Poiate, E., Jr. (2011). 2D and 3D finite 
element analysis of central incisor generated by computerized tomography. 
Computer Methods And Programs In Biomedicine, 104(2), 292-299. 
https://doi.org/10.1016/j.cmpb.2011.03.017  

Poli, P. P., de Miranda, F. V., Polo, T. O. B., Santiago Júnior, J. F., Lima Neto, T. J., 
Rios, B. R., Assunção, W. G., Ervolino, E., Maiorana, C., & Faverani, L. P. 
(2021). Titanium Allergy Caused by Dental Implants: A Systematic Literature 
Review and Case Report. Materials (Basel), 14(18). 
https://doi.org/10.3390/ma14185239  

Prestipino, V., & Ingber, A. (1993a). Esthetic high-strength implant abutments. Part I. 
Computer Methods And Programs In Biomedicine, 5(1), 29-36. 
https://doi.org/10.1111/j.1708-8240.1993.tb00741.x  

Prestipino, V., & Ingber, A. (1993b). Esthetic high-strength implant abutments. Part II. 
Journal Of Esthetic Dentistry, 5(2), 63-68. https://doi.org/10.1111/j.1708-
8240.1993.tb00750.x  

Prestipino, V., & Ingber, A. (1996). All-ceramic implant abutments: esthetic indications. 
Journal Of Esthetic Dentistry, 8(6), 255-262. https://doi.org/10.1111/j.1708-
8240.1996.tb00876.x  

Proussaefs, P., & AlHelal, A. (2018). The combination prosthesis: A digitally designed 
retrievable cement- and screw-retained implant-supported prosthesis. The Journal 
of Prosthetic Dentistry, 119(4), 535-539. 
https://doi.org/https://doi.org/10.1016/j.prosdent.2017.05.019  

Pumnil, S., Rungsiyakull, P., Rungsiyakull, C., & Elsaka, S. (2022). Effect of Different 
Customized Abutment Types on Stress Distribution in Implant-Supported Single 
Crown: A 3D Finite Element Analysis. Journal Of Prosthodontics : Official 
Journal Of The American College Of Prosthodontists, 31(5), e2-e11. 
https://doi.org/10.1111/jopr.13530  

Quirynen, M., & van Steenberghe, D. (1993). Bacterial colonization of the internal part 
of two-stage implants. An in vivo study. Clinical Oral Implants Research, 4(3), 
158-161. https://doi.org/10.1034/j.1600-0501.1993.040307.x  

Rabel, K., Spies, B. C., Pieralli, S., Vach, K., & Kohal, R. J. (2018). The clinical 
performance of all-ceramic implant-supported single crowns: A systematic review 
and meta-analysis. Clinical Oral Implants Research, 29 Suppl 18, 196-223. 
https://doi.org/10.1111/clr.13337  

Rammelsberg, P., Lorenzo Bermejo, J., Kappel, S., Meyer, A., & Zenthöfer, A. (2020). 
Long-term performance of implant-supported metal-ceramic and all-ceramic 
single crowns. Journal Of Prosthodontic Research, 64(3), 332-339. 
https://doi.org/10.1016/j.jpor.2019.09.006  

Ramos Nde, C., Campos, T. M., Paz, I. S., Machado, J. P., Bottino, M. A., Cesar, P. F., 
& Melo, R. M. (2016). Microstructure characterization and SCG of newly 
engineered dental ceramics. Dental Materials : Official Publication Of The 

Univ
ers

iti 
Mala

ya

https://doi.org/10.1016/j.cmpb.2011.03.017
https://doi.org/10.3390/ma14185239
https://doi.org/10.1111/j.1708-8240.1993.tb00741.x
https://doi.org/10.1111/j.1708-8240.1993.tb00750.x
https://doi.org/10.1111/j.1708-8240.1993.tb00750.x
https://doi.org/10.1111/j.1708-8240.1996.tb00876.x
https://doi.org/10.1111/j.1708-8240.1996.tb00876.x
https://doi.org/https:/doi.org/10.1016/j.prosdent.2017.05.019
https://doi.org/10.1111/jopr.13530
https://doi.org/10.1034/j.1600-0501.1993.040307.x
https://doi.org/10.1111/clr.13337
https://doi.org/10.1016/j.jpor.2019.09.006


125 

Academy Of Dental Materials, 32(7), 870-878. 
https://doi.org/10.1016/j.dental.2016.03.018  

Reich, S. (2015). Tooth-colored CAD/CAM monolithic restorations. International 
Journal Of Computerized Dentistry, 18(2), 131-146.  

Revilla-León, M., Meyers, M. J., Zandinejad, A., & Özcan, M. (2019). A review on 
chemical composition, mechanical properties, and manufacturing work flow of 
additively manufactured current polymers for interim dental restorations. Journal 
Of Esthetic And Restorative Dentistry : Official Publication Of The American 
Academy Of Esthetic Dentistry, 31(1), 51-57. https://doi.org/10.1111/jerd.12438  

Rezende, C. E., Chase-Diaz, M., Costa, M., Albarracín, M., Paschoeto, G., Souza, C., 
Rubo, J. H., & Borges, A. (2015). Stress Distribution in Single Dental Implant 
System: Three-Dimensional Finite Element Analysis Based on an In Vitro 
Experimental Model. The Journal Of Craniofacial Surgery, 26. 
https://doi.org/10.1097/SCS.0000000000001977  

Rismanchian, M., Hatami, M., Badrian, H., Khalighinejad, N., & Goroohi, H. (2012). 
Evaluation of microgap size and microbial leakage in the connection area of 4 
abutments with Straumann (ITI) implant. The Journal Of Oral Implantology, 
38(6), 677-685. https://doi.org/10.1563/aaid-joi-d-11-00167  

Roberts, E. E., Bailey, C. W., Ashcraft-Olmscheid, D. L., & Vandewalle, K. S. (2018). 
Fracture Resistance of Titanium-Based Lithium Disilicate and Zirconia Implant 
Restorations. Journal Of Prosthodontics : Official Journal Of The American 
College Of Prosthodontist, 27(7), 644-650. https://doi.org/10.1111/jopr.12765  

Rodriguez, L. C., Saba, J. N., Chung, K. H., Wadhwani, C., & Rodrigues, D. C. (2017). 
In vitro effects of dental cements on hard and soft tissues associated with dental 
implants. The Journal Of Prosthetic Dentistry, 118(1), 31-35. 
https://doi.org/10.1016/j.prosdent.2016.10.002  

Roehling, S., Astasov-Frauenhoffer, M., Hauser-Gerspach, I., Braissant, O., Woelfler, H., 
Waltimo, T., Kniha, H., & Gahlert, M. (2017). In Vitro Biofilm Formation on 
Titanium and Zirconia Implant Surfaces. Journal Of Periodontology, 88(3), 298-
307. https://doi.org/10.1902/jop.2016.160245  

Rosentritt, M., Hahnel, S., Engelhardt, F., Behr, M., & Preis, V. (2017). In vitro 
performance and fracture resistance of CAD/CAM-fabricated implant supported 
molar crowns [Article]. Clinical Oral Investigations, 21(4), 1213-1219. 
https://doi.org/10.1007/s00784-016-1898-9  

Rosentritt, M., Schneider-Feyrer, S., Behr, M., & Preis, V. (2018). In Vitro Shock 
Absorption Tests on Implant-Supported Crowns: Influence of Crown Materials 
and Luting Agents. The International Journal Of Oral & Maxillofacial Implants, 
33(1), 116–122. https://doi.org/10.11607/jomi.5463  

Sadid-Zadeh, R., Kutkut, A., & Kim, H. (2015). Prosthetic failure in implant dentistry. 
Dental Clinics Of North America, 59(1), 195-214. 
https://doi.org/10.1016/j.cden.2014.08.008  

Univ
ers

iti 
Mala

ya

https://doi.org/10.1016/j.dental.2016.03.018
https://doi.org/10.1111/jerd.12438
https://doi.org/10.1097/SCS.0000000000001977
https://doi.org/10.1563/aaid-joi-d-11-00167
https://doi.org/10.1111/jopr.12765
https://doi.org/10.1016/j.prosdent.2016.10.002
https://doi.org/10.1902/jop.2016.160245
https://doi.org/10.1007/s00784-016-1898-9
https://doi.org/10.11607/jomi.5463
https://doi.org/10.1016/j.cden.2014.08.008


126 

Sahoo, N. R., Sahany, S. K., Pandey, V., Das, A. C., Choudhury, P., Panda, S., & Sahoo, 
R. (2024). Finite Element Analysis of the Influence of Implant Tilting and the 
Direction of Loading on the Displacement and Micromotion of Immediately 
Loaded Implants. Journal Of Pharmacy & Bioallied Sciences, 16(Supplementary 
1), S924-s926. https://doi.org/10.4103/jpbs.jpbs_1103_23  

Sailer, I., Asgeirsson, A. G., Thoma, D. S., Fehmer, V., Aspelund, T., Özcan, M., & 
Pjetursson, B. E. (2018). Fracture strength of zirconia implant abutments on 
narrow diameter implants with internal and external implant abutment 
connections: A study on the titanium resin base concept. Clinical Oral Implants 
Research, 29(4), 411-423. https://doi.org/10.1111/clr.13139  

Sailer, I., Karasan, D., Todorovic, A., Ligoutsikou, M., & Pjetursson, B. E. (2022). 
Prosthetic failures in dental implant therapy. Periodontology 2000, 88(1), 130-
144. https://doi.org/10.1111/prd.12416  

Sailer, I., Mühlemann, S., Zwahlen, M., Hammerle, C., & Schneider, D. (2012). 
Cemented and screw-retained implant reconstructions: A systematic review of the 
survival and complication rates. Clinical Oral Implants Research, 23 
Supplementary 6, 163-201. https://doi.org/10.1111/j.1600-0501.2012.02538.x  

Sailer, I., Philipp, A., Zembic, A., Pjetursson, B. E., Hämmerle, C. H., & Zwahlen, M. 
(2009). A systematic review of the performance of ceramic and metal implant 
abutments supporting fixed implant reconstructions. Clinical Oral Implants 
Research, 20 Supplementary 4, 4-31. https://doi.org/10.1111/j.1600-
0501.2009.01787.x  

Sailer, I., Sailer, T., Stawarczyk, B., Jung, R. E., & Hämmerle, C. H. (2009). In vitro 
study of the influence of the type of connection on the fracture load of zirconia 
abutments with internal and external implant-abutment connections. The 
International Journal Of Oral & Maxillofacial Implants, 24(5), 850-858.  

Salvi, G. E., & Brägger, U. (2009). Mechanical and technical risks in implant therapy. 
The International journal of oral & maxillofacial implants, 24 Supplementary, 69-
85.  

Salvi, G. E., Cosgarea, R., & Sculean, A. (2017). Prevalence and Mechanisms of Peri -
implant Diseases. Journal Of Dental Research, 96(1), 31-37. 
https://doi.org/10.1177/0022034516667484  

Sannino, G., Gloria, F., Ottria, L., & Barlattani, A. (2009). Influence of finish line in the 
distribution of stress trough an all ceramic implant-supported crown.: A 3D Finite 
Element Analysis. Oral & Implantology, 2(2), 14-27.  

Sannino, G., Marra, G., Feo, L., Vairo, G., & Barlattani, A. (2010). 3D finite element non 
linear analysis on the stress state at bone-implant interface in dental 
osteointegrated implants. Oral & Implantology, 3(3), 26-37.  

Sarfraz, S., Mäntynen, P.-H., Laurila, M., Rossi, S., Leikola, J., Kaakinen, M., Suojanen, 
J., & Reunanen, J. (2022). Comparison of Titanium and PEEK Medical Plastic 
Implant Materials for Their Bacterial Biofilm Formation Properties. Polymers, 
14(18).  

Univ
ers

iti 
Mala

ya

https://doi.org/10.4103/jpbs.jpbs_1103_23
https://doi.org/10.1111/clr.13139
https://doi.org/10.1111/prd.12416
https://doi.org/10.1111/j.1600-0501.2012.02538.x
https://doi.org/10.1111/j.1600-0501.2009.01787.x
https://doi.org/10.1111/j.1600-0501.2009.01787.x
https://doi.org/10.1177/0022034516667484


127 

Scarano, A., Piattelli, M., Caputi, S., Favero, G. A., & Piattelli, A. (2004). Bacterial 
adhesion on commercially pure titanium and zirconium oxide disks: an in vivo 
human study.  Journal Of Periodontology, 75(2), 292-296. 
https://doi.org/10.1902/jop.2004.75.2.292  

Schmitt, C. M., Nogueira-Filho, G., Tenenbaum, H. C., Lai, J. Y., Brito, C., Döring, H., 
& Nonhoff, J. (2014). Performance of conical abutment (Morse Taper) connection 
implants: a systematic review. Journal Of Biomedical Materials Research A, 
102(2), 552-574. https://doi.org/10.1002/jbm.a.34709  

Schwarz, F., Derks, J., Monje, A., & Wang, H. L. (2018). Peri-implantitis. Journal Of 
Periodontology, 89 Supplementary 1, S267-s290. https://doi.org/10.1002/jper.16-
0350  

Schwarz, F., & Ramanauskaite, A. (2022). It is all about peri-implant tissue 
health.  Periodontology 2000, 88(1), 9-12. https://doi.org/10.1111/prd.12407  

Schwarz, M. S. (2000). Mechanical complications of dental implants. Clinical Oral 
Implants Research, 11 Supplementary 1, 156-158. https://doi.org/10.1034/j.1600-
0501.2000.011s1156.x  

Selz, C. F., Vuck, A., & Guess, P. C. (2016). Full-mouth rehabilitation with monolithic 
CAD/CAM-fabricated hybrid and all-ceramic materials: A case report and 3-year 
follow up. Quintessence International (Berlin, Germany : 1985), 47(2), 115-121. 
https://doi.org/10.3290/j.qi.a34808  

Sevilla, P., Sandino, C., Arciniegas, M., Martínez-Gomis, J., Peraire, M., & Gil, F. J. 
(2009). Evaluating mechanical properties and degradation of YTZP dental 
implants. Journal Of Materials Science And Engineeering, 30, 14. 
https://doi.org/10.1016/j.msec.2009.08.002  

Sevimay, M., Turhan, F., Kiliçarslan, M. A., & Eskitascioglu, G. (2005). Three-
dimensional finite element analysis of the effect of different bone quality on stress 
distribution in an implant-supported crown. The Journal Of Prosthetic Dentistry, 
93(3), 227-234. https://doi.org/10.1016/j.prosdent.2004.12.019  

Sevimay, M., Usumez, A., & Eskitascioglu, G. (2005). The influence of various occlusal 
materials on stresses transferred to implant-supported prostheses and supporting 
bone: A three-dimensional finite-element study [Article]. Journal of Biomedical 
Materials Research Part B-Applied Biomaterials, 73B(1), 140-147. 
https://doi.org/10.1002/jbm.b.30191  

Shadid, R., & Sadaqa, N. (2012). A comparison between screw- and cement-retained 
implant prostheses. A literature review. The Journal Of Oral Implantology, 38(3), 
298-307. https://doi.org/10.1563/aaid-joi-d-10-00146  

Shah, R., Aras, M., & Chitre, V. (2014). Implant Abutment Selection: A Literature 
Review. International Journal of Oral Implantology & Clinical Research, 5, 43-
49. https://doi.org/10.5005/JP-Journals-10012-1114  

Shembish, F. A., Tong, H., Kaizer, M., Janal, M. N., Thompson, V. P., Opdam, N. J., & 
Zhang, Y. (2016). Fatigue resistance of CAD/CAM resin composite molar 

Univ
ers

iti 
Mala

ya

https://doi.org/10.1902/jop.2004.75.2.292
https://doi.org/10.1002/jbm.a.34709
https://doi.org/10.1002/jper.16-0350
https://doi.org/10.1002/jper.16-0350
https://doi.org/10.1111/prd.12407
https://doi.org/10.1034/j.1600-0501.2000.011s1156.x
https://doi.org/10.1034/j.1600-0501.2000.011s1156.x
https://doi.org/10.3290/j.qi.a34808
https://doi.org/10.1016/j.msec.2009.08.002
https://doi.org/10.1016/j.prosdent.2004.12.019
https://doi.org/10.1002/jbm.b.30191
https://doi.org/10.1563/aaid-joi-d-10-00146
https://doi.org/10.5005/JP-Journals-10012-1114


128 

crowns. Dental Materials : Official Publication Of The Academy Of Dental 
Materials, 32(4), 499-509. https://doi.org/10.1016/j.dental.2015.12.005  

Sicilia, A., Cuesta, S., Coma, G., Arregui, I., Guisasola, C., Ruiz, E., & Maestro, A. 
(2008). Titanium allergy in dental implant patients: a clinical study on 1500 
consecutive patients. Clinical Oral Implants Research, 19(8), 823-835. 
https://doi.org/10.1111/j.1600-0501.2008.01544.x  

Singh, D., Singh, S., Sahu, J., Srivastava, S., & Singh, M. R. (2016). Ceramic 
nanoparticles: Recompense, cellular uptake and toxicity concerns. Artificial Cells, 
Nanomedicine, And Biotechnology, 44(1), 401-409. 
https://doi.org/10.3109/21691401.2014.955106  

Skalak, R. (1983). Biomechanical considerations in osseointegrated prostheses. The 
Journal Of Prosthetic Dentistry, 49(6), 843-848. https://doi.org/10.1016/0022-
3913(83)90361-x  

Skinner, H. B. (1988). Composite technology for total hip arthroplasty. Clinical 
Orthopaedics And Related Research (235), 224-236.  

Soares, P. M., Cadore-Rodrigues, A. C., Souto Borges, A. L., Valandro, L. F., Pereira, G. 
K. R., & Rippe, M. P. (2021). Load-bearing capacity under fatigue and FEA 
analysis of simplified ceramic restorations supported by Peek or zirconia 
polycrystals as foundation substrate for implant purposes [Article]. Journal of the 
Mechanical Behavior of Biomedical Materials, 123, Article 104760. 
https://doi.org/10.1016/j.jmbbm.2021.104760  

Soumeire, J., & Dejou, J. (1999). Shock absorbability of various restorative materials 
used on implants. Journal Of Oral Rehabilitation, 26(5), 394-401. 
https://doi.org/10.1046/j.1365-2842.1999.00377.x  

Spitznagel, F. A., Balmer, M., Wiedemeier, D. B., Jung, R. E., & Gierthmuehlen, P. C. 
(2022). Clinical outcomes of all-ceramic single crowns and fixed dental 
prostheses supported by ceramic implants: A systematic review and meta-
analyses. Clinical Oral Implants Research, 33(1), 1-20. 
https://doi.org/10.1111/clr.13871  

Stawarczyk, B., Jordan, P., Schmidlin, P. R., Roos, M., Eichberger, M., Gernet, W., & 
Keul, C. (2014). PEEK surface treatment effects on tensile bond strength to 
veneering resins. The Journal Of Prosthetic Dentistry, 112(5), 1278-1288. 
https://doi.org/10.1016/j.prosdent.2014.05.014  

Stimmelmayr, M., Edelhoff, D., Güth, J. F., Erdelt, K., Happe, A., & Beuer, F. (2012). 
Wear at the titanium-titanium and the titanium-zirconia implant-abutment 
interface: a comparative in vitro study. Dental Materials : Official Publication Of 
The Academy Of Dental Materials, 28(12), 1215-1220. 
https://doi.org/10.1016/j.dental.2012.08.008  

Stimmelmayr, M., Heiß, P., Erdelt, K., Schweiger, J., & Beuer, F. (2017). Fracture 
resistance of different implant abutments supporting  all-ceramic single crowns 
after aging. International Journal Of Computerized Dentistry, 20(1), 53-64.  

Univ
ers

iti 
Mala

ya

https://doi.org/10.1016/j.dental.2015.12.005
https://doi.org/10.1111/j.1600-0501.2008.01544.x
https://doi.org/10.3109/21691401.2014.955106
https://doi.org/10.1016/0022-3913(83)90361-x
https://doi.org/10.1016/0022-3913(83)90361-x
https://doi.org/10.1016/j.jmbbm.2021.104760
https://doi.org/10.1046/j.1365-2842.1999.00377.x
https://doi.org/10.1111/clr.13871
https://doi.org/10.1016/j.prosdent.2014.05.014
https://doi.org/10.1016/j.dental.2012.08.008


129 

Stimmelmayr, M., Sagerer, S., Erdelt, K., & Beuer, F. (2013). In vitro fatigue and fracture 
strength testing of one-piece zirconia implant abutments and zirconia implant 
abutments connected to titanium cores. The International Journal Of Oral & 
Maxillofacial Implants, 28(2), 488-493. https://doi.org/10.11607/jomi.2772  

Stoeva, D., Filtchev, D., Nikolova, N., Pavlova, Z., Slavkov, S., & Iliev, G. (2022). 
Clinical Evaluation of Implant Suprastructures Depending on the Biomechanical 
Characteristics of the Materials Used. Applied Sciences, 12(17).  

Strasding, M., Hicklin, S. P., Todorovic, A., Fehmer, V., Mojon, P., & Sailer, I. (2023). 
A multicenter randomized controlled clinical pilot study of buccally micro-
veneered lithium-disilicate and zirconia crowns supported by titanium base 
abutments: 1-year outcomes. Clinical Oral Implants Research, 34(1), 56-65. 
https://doi.org/10.1111/clr.14018  

Strub, J. R., & Gerds, T. (2003). Fracture strength and failure mode of five different 
single-tooth implant-abutment combinations. The International Journal Of 
Prosthodontics, 16(2), 167-171.  

Strub, J. R., Rekow, E. D., & Witkowski, S. (2006). Computer-aided design and 
fabrication of dental restorations: current systems and future possibilities. Journal 
Of The American Dental Association, 137(9), 1289-1296. 
https://doi.org/10.14219/jada.archive.2006.0389  

Studart, A. R., Filser, F., Kocher, P., & Gauckler, L. J. (2007). Fatigue of zirconia under 
cyclic loading in water and its implications for the design of dental bridges. Dental 
Materials : Official Publication Of The Academy Of Dental Materials, 23(1), 106-
114. https://doi.org/10.1016/j.dental.2005.12.008  

Suksuphan, P., Krajangta, N., Didron, P. P., Wasanapiarnpong, T., & Rakmanee, T. 
(2024). Marginal adaptation and fracture resistance of milled and 3D-printed 
CAD/CAM hybrid dental crown materials with various occlusal thicknesses. 
Journal Of Prosthodontic Research, 68(2), 326-335. 
https://doi.org/10.2186/jpr.JPR_D_23_00089  

Sulaiman, T. A. (2020). Materials in digital dentistry-A review. Journal Of Esthetic And 
Restorative Dentistry : Official Publication Of The American Academy Of 
Esthetic Dentistry, 32(2), 171-181. https://doi.org/10.1111/jerd.12566  

Tahayeri, A., Morgan, M., Fugolin, A. P., Bompolaki, D., Athirasala, A., Pfeifer, C. S., 
Ferracane, J. L., & Bertassoni, L. E. (2018). 3D printed versus conventionally 
cured provisional crown and bridge dental materials. Dental Materials : Official 
Publication Of The Academy Of Dental Materials, 34(2), 192-200. 
https://doi.org/10.1016/j.dental.2017.10.003  

Takahashi, J. M., Dayrell, A. C., Consani, R. L., de Arruda Nóbilo, M. A., Henriques, G. 
E., & Mesquita, M. F. (2015). Stress evaluation of implant-abutment connections 
under different loading conditions: a 3D finite element study. The Journal Of Oral 
Implantology, 41(2), 133-137. https://doi.org/10.1563/aaid-joi-d-11-00205  

Talreja, K. S., Rodrigues, S. J., Pai, U. Y., Shetty, T., Saldanha, S., Mahesh, M., Hegde, 
P., Shenoy, S. B., Naik, N., Mukherjee, S., Sales, A., Kamath, V., & Bajantri, P. 

Univ
ers

iti 
Mala

ya

https://doi.org/10.11607/jomi.2772
https://doi.org/10.1111/clr.14018
https://doi.org/10.14219/jada.archive.2006.0389
https://doi.org/10.1016/j.dental.2005.12.008
https://doi.org/10.2186/jpr.JPR_D_23_00089
https://doi.org/10.1111/jerd.12566
https://doi.org/10.1016/j.dental.2017.10.003
https://doi.org/10.1563/aaid-joi-d-11-00205


130 

(2023). A Nonlinear Three-Dimensional Finite Element Analysis of Stress 
Distribution and Microstrain Evaluation in Short Dental Implants with Three 
Different Implant-Abutment Connections in Single and Splinted Conditions in the 
Posterior Mandible. International Journal Of Dentistry, 2023, 8851098. 
https://doi.org/10.1155/2023/8851098  

Tiossi, R., Lin, L., Conrad, H. J., Rodrigues, R. C., Heo, Y. C., de Mattos Mda, G., Fok, 
A. S., & Ribeiro, R. F. (2012). Digital image correlation analysis on the influence 
of crown material in implant-supported prostheses on bone strain distribution. 
Journal Of Prosthodontic Research, 56(1), 25-31. 
https://doi.org/10.1016/j.jpor.2011.05.003  

Torabinejad, M., Anderson, P., Bader, J., Brown, L. J., Chen, L. H., Goodacre, C. J., 
Kattadiyil, M. T., Kutsenko, D., Lozada, J., Patel, R., Petersen, F., Puterman, I., 
& White, S. N. (2007). Outcomes of root canal treatment and restoration, implant-
supported single crowns, fixed partial dentures, and extraction without 
replacement: a systematic review. The Journal Of Prosthetic Dentistry, 98(4), 
285-311. https://doi.org/10.1016/s0022-3913(07)60102-4  

Totou, D., Naka, O., Mehta, S. B., & Banerji, S. (2021). Esthetic, mechanical, and 
biological outcomes of various implant abutments for single-tooth replacement in 
the anterior region: a systematic review of the literature. International Journal Of 
Implant Dentistry, 7(1), 85. https://doi.org/10.1186/s40729-021-00370-7  

Tribst, J., Dal Piva, A., Özcan, M., Borges, A., & Bottino, M. (2019). Influence of 
Ceramic Materials on Biomechanical Behavior of Implant Supported Fixed 
Prosthesis with Hybrid Abutment. The European Journal Of Prosthodontics And 
Restorative Dentistry, 27, 76-82. https://doi.org/10.1922/EJPRD_01829Tribst07  

Tribst, J. P. M., Dal Piva, A. M. O., Borges, A. L. S., & Bottino, M. A. (2019). Different 
combinations of CAD/CAM materials on the biomechanical behavior of a two-
piece prosthetic solution.  International Journal Of Computerized Dentistry, 
22(2), 171-176.  

Tribst, J. P. M., de Jager, N., Dal Piva, A. M. O., Kleverlaan, C. J., & Feilzer, A. (2024). 
Effect of crown retention systems and loading direction on the stress magnitude 
of posterior implant-supported restorations: A 3D-FEA. Heliyon, 10(6), e28129. 
https://doi.org/https://doi.org/10.1016/j.heliyon.2024.e28129  

Tripodakis, A. P., Strub, J. R., Kappert, H. F., & Witkowski, S. (1995). Strength and mode 
of failure of single implant all-ceramic abutment restorations under static load. 
The International Journal Of Prosthodontics, 8(3), 265-272.  

Truninger, T. C., Stawarczyk, B., Leutert, C. R., Sailer, T. R., Hämmerle, C. H., & Sailer, 
I. (2012). Bending moments of zirconia and titanium abutments with internal and 
external implant-abutment connections after aging and chewing simulation. 
Clinical Oral Implants Research, 23(1), 12-18. https://doi.org/10.1111/j.1600-
0501.2010.02141.x  

Udomsawat, C., Rungsiyakull, P., Rungsiyakull, C., & Khongkhunthian, P. (2019). 
Comparative study of stress characteristics in surrounding bone during insertion 
of dental implants of three different thread designs: A three-dimensional dynamic 

Univ
ers

iti 
Mala

ya

https://doi.org/10.1155/2023/8851098
https://doi.org/10.1016/j.jpor.2011.05.003
https://doi.org/10.1016/s0022-3913(07)60102-4
https://doi.org/10.1186/s40729-021-00370-7
https://doi.org/10.1922/EJPRD_01829Tribst07
https://doi.org/https:/doi.org/10.1016/j.heliyon.2024.e28129
https://doi.org/10.1111/j.1600-0501.2010.02141.x
https://doi.org/10.1111/j.1600-0501.2010.02141.x


131 

finite element study. Clinical And Experimental Dental Research, 5(1), 26-37. 
https://doi.org/10.1002/cre2.152  

Uporabo, B. (2017). A Review of the Surface Modifications of Titanium Alloys for 
Biomedical Applications Materials Technology, 51, 181-193. 
https://doi.org/10.17222/mit.2015.348  

Valenti, C., Isabella Federici, M., Masciotti, F., Marinucci, L., Xhimitiku, I., Cianetti, S., 
& Pagano, S. (2022). Mechanical properties of 3D-printed prosthetic materials 
compared with milled and conventional processing: A systematic review and 
meta-analysis of in vitro studies. The Journal Of Prosthetic Dentistry. 
https://doi.org/10.1016/j.prosdent.2022.06.008  

van Noort, R. (2012). The future of dental devices is digital. Dental Materials : Official 
Publication Of The Academy Of Dental Materials, 28(1), 3-12. 
https://doi.org/10.1016/j.dental.2011.10.014  

van Rossen, I. P., Braak, L. H., de Putter, C., & de Groot, K. (1990). Stress-absorbing 
elements in dental implants. The Journal Of Prosthetic Dentistry, 64(2), 198-205. 
https://doi.org/10.1016/0022-3913(90)90179-g  

Vanoorbeek, S., Vandamme, K., Lijnen, I., & Naert, I. (2010). Computer-aided 
designed/computer-assisted manufactured composite resin versus ceramic single-
tooth restorations: a 3-year clinical study. The International Journal Of 
Prosthodontics, 23(3), 223-230.  

Variola, F., Zalzal, S. F., Leduc, A., Barbeau, J., & Nanci, A. (2014). Oxidative 
nanopatterning of titanium generates mesoporous surfaces with antimicrobial 
properties. International Journal Of Nanomedicine, 9, 2319-2325. 
https://doi.org/10.2147/ijn.S61333  

Variola, F. L., A.; Nanci, A.; Rosei, F. (2009). Influence of Treatment Conditions on the 
Chemical Oxidative Activity of H2SO4/H2O2 Mixtures for Modulating the 
Topography of Titanium. Advanced Engineering Materials., 11, 11, B227–B234. 
https://doi.org/ https://doi.org/10.1002/adem.200900122  

Velasco-Ortega, E., Alfonso-Rodríguez, C. A., Monsalve-Guil, L., España-López, A., 
Jiménez-Guerra, A., Garzón, I., Alaminos, M., & Gil, F. J. (2016). Relevant 
aspects in the surface properties in titanium dental implants for the cellular 
viability. Materials Science & Engineering. C, Materials For Biological 
Applications, 64, 1-10. https://doi.org/10.1016/j.msec.2016.03.049  

Verma, A., Singh, S. V., Arya, D., Shivakumar, S., & Chand, P. (2023). Mechanical 
failures of dental implants and supported prostheses: A systematic review. 
Journal Of Oral Biology And Craniofacial Research, 13(2), 306-314. 
https://doi.org/10.1016/j.jobcr.2023.02.009  

Vetromilla, B. M., Brondani, L. P., Pereira-Cenci, T., & Bergoli, C. D. (2019). Influence 
of different implant-abutment connection designs on the mechanical and 
biological behavior of single-tooth implants in the maxillary esthetic zone: A 
systematic review. The Journal Of Prosthetic Dentistry, 121(3), 398-403.e393. 
https://doi.org/10.1016/j.prosdent.2018.05.007  

Univ
ers

iti 
Mala

ya

https://doi.org/10.1002/cre2.152
https://doi.org/10.17222/mit.2015.348
https://doi.org/10.1016/j.prosdent.2022.06.008
https://doi.org/10.1016/j.dental.2011.10.014
https://doi.org/10.1016/0022-3913(90)90179-g
https://doi.org/10.2147/ijn.S61333
https://doi.org/
https://doi.org/10.1002/adem.200900122
https://doi.org/10.1016/j.msec.2016.03.049
https://doi.org/10.1016/j.jobcr.2023.02.009
https://doi.org/10.1016/j.prosdent.2018.05.007


132 

Vieira, F. R., Bitencourt, S. B., Rosa, C., Vieira, A. B., Santos, D. M. D., & Goiato, M. 
C. (2023). Influence of Different Restoring Materials on Stress Distribution in 
Prosthesis on Implants: A Review of Finite Element Studies. European Journal 
Of Dentistry, 17(1), 1-6. https://doi.org/10.1055/s-0042-1747955  

Vigolo, P., Fonzi, F., Majzoub, Z., & Cordioli, G. (2006). An in vitro evaluation of 
titanium, zirconia, and alumina procera abutments with hexagonal 
connection.  The International Journal Of Oral & Maxillofacial Implants, 21(4), 
575-580.  

W, R. (1989). Medical Applications of Ceramics. London: Academic Press.  

Wang, T. M., Leu, L. J., Wang, J., & Lin, L. D. (2002). Effects of prosthesis materials 
and prosthesis splinting on peri-implant bone stress around implants in poor-
quality bone: a numeric analysis. The International Journal Of Oral & 
Maxillofacial Implants, 17(2), 231-237.  

Wegner, S. M., & Kern, M. (2000). Long-term resin bond strength to zirconia ceramic. 
The Journal Of Adhesive Dentistry, 2(2), 139-147.  

Weng, D., Nagata, M. J., Bosco, A. F., & de Melo, L. G. (2011). Influence of microgap 
location and configuration on radiographic bone loss around submerged implants: 
an experimental study in dogs. The International Journal Of Oral & Maxillofacial 
Implants, 26(5), 941-946.  

Wenz, H. J., Bartsch, J., Wolfart, S., & Kern, M. (2008). Osseointegration and clinical 
success of zirconia dental implants: a systematic review. The International 
Journal Of Prosthodontics, 21(1), 27-36.  

Wu, J. C., & Wilson, P. R. (1994). Optimal cement space for resin luting cements. The 
International Journal Of Prosthodontics, 7(3), 209-215.  

Yi, Y., Koak, J. Y., Kim, S. K., Lee, S. J., & Heo, S. J. (2018). Comparison of implant 
component fractures in external and internal type: A 12-year retrospective study. 
The Journal Of Advanced Prosthodontics, 10(2), 155-162. 
https://doi.org/10.4047/jap.2018.10.2.155  

Yildirim, M., Fischer, H., Marx, R., & Edelhoff, D. (2003). In vivo fracture resistance of 
implant-supported all-ceramic restorations. The Journal Of Prosthetic Dentistry, 
90(4), 325-331. https://doi.org/10.1016/s0022-3913(03)00514-6  

Yilmaz, B., Salaita, L. G., Seidt, J. D., McGlumphy, E. A., & Clelland, N. L. (2015). 
Load to failure of different zirconia abutments for an internal hexagon implant. 
The Journal Of Prosthetic Dentistry, 114(3), 373-377. 
https://doi.org/10.1016/j.prosdent.2015.03.015  

Yılmaz, E., Gökçe, A., Findik, F., & Gulsoy, H. (2017). Assessment of Ti–16Nb–xZr 
alloys produced via PIM for implant applications. Journal of Thermal Analysis 
and Calorimetry, 134. https://doi.org/10.1007/s10973-017-6808-0  

Yoon, H., Oh, H., Lee, D.-Y., & Shin, J.-H. (2018). 3-D finite element analysis of the 
effects of post location and loading location on stress distribution in root canals 

Univ
ers

iti 
Mala

ya

https://doi.org/10.1055/s-0042-1747955
https://doi.org/10.4047/jap.2018.10.2.155
https://doi.org/10.1016/s0022-3913(03)00514-6
https://doi.org/10.1016/j.prosdent.2015.03.015
https://doi.org/10.1007/s10973-017-6808-0


133 

of the mandibular 1 molar. Journal of Applied Oral Science, 26. 
https://doi.org/10.1590/1678-7757-2016-0406  

Zembic, A., Kim, S., Zwahlen, M., & Kelly, J. R. (2014). Systematic review of the 
survival rate and incidence of biologic, technical, and esthetic complications of 
single implant abutments supporting fixed prostheses. The International Journal 
Of Oral & Maxillofacial Implants, 29 Supplementary, 99-116. 
https://doi.org/10.11607/jomi.2014suppl.g2.2  

Zeng, L., Zhang, Y., Liu, Z., & Wei, B. (2015). Effects of repeated firing on the marginal 
accuracy of Co-Cr copings fabricated by selective laser melting. The Journal Of 
Prosthetic Dentistry, 113(2), 135-139. 
https://doi.org/10.1016/j.prosdent.2014.09.004  

Zhang, S., Long, J., Chen, L., Zhang, J., Fan, Y., Shi, J., & Huang, Y. (2022). Treatment 
methods toward improving the anti-infection ability of poly(etheretherketone) 
implants for medical applications. Colloids Surf B Biointerfaces, 218, 112769. 
https://doi.org/10.1016/j.colsurfb.2022.112769  

Zhang, S., Miyanaji, H., Yang, L., Amir, A., Zandinejad, A., Dilip, J. j. s., & Stucker, B. 
(2014). An Experimental Study of Ceramic Dental Porcelain Materials Using A 
3D Print (3DP) Process.  

Zhang, Y., Lee, J. J., Srikanth, R., & Lawn, B. R. (2013). Edge chipping and flexural 
resistance of monolithic ceramics. Dental Materials : Official Publication Of The 
Academy Of Dental Materials, 29(12), 1201-1208. 
https://doi.org/10.1016/j.dental.2013.09.004  

Zhou, L., Qian, Y., Zhu, Y., Liu, H., Gan, K., & Guo, J. (2014). The effect of different 
surface treatments on the bond strength of PEEK composite materials. Dental 
Materials : Official Publication Of The Academy Of Dental Materials , 30(8), 
e209-215. https://doi.org/10.1016/j.dental.2014.03.011  

Zieliński, R., Lipa, S., Piechaczek, M., Sowiński, J., Kołkowska, A., & Simka, W. (2024). 
Finite Element Analysis and Fatigue Test of INTEGRA Dental Implant System. 
Materials, 17, 1213. https://doi.org/10.3390/ma17051213  

Zimmermann, M., Ender, A., Attin, T., & Mehl, A. (2020). Fracture load of three-unit 
full-contour fixed dental prostheses fabricated with subtractive and additive 
CAD/CAM technology. Clinical Oral Investigations, 24(2), 1035-1042. 
https://doi.org/10.1007/s00784-019-03000-0  

 

Univ
ers

iti 
Mala

ya

https://doi.org/10.1590/1678-7757-2016-0406
https://doi.org/10.11607/jomi.2014suppl.g2.2
https://doi.org/10.1016/j.prosdent.2014.09.004
https://doi.org/10.1016/j.colsurfb.2022.112769
https://doi.org/10.1016/j.dental.2013.09.004
https://doi.org/10.1016/j.dental.2014.03.011
https://doi.org/10.3390/ma17051213
https://doi.org/10.1007/s00784-019-03000-0



