
 

i 
 

 

 

 

 

 

 

Biomechanical Analysis of 
Monolithic Ceramics in 
Maxillary Lateral Incisor 
Agenesis Rehabilitation  
 

 
 

Maria João Azevedo de Oliveira Calheiros-Lobo 

 

 

 

Tese conducente ao Grau de Doutor em Ciências Biomédicas 

 

 

Gandra, janeiro de 2024  



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

Maria João Azevedo de Oliveira Calheiros-Lobo 

 

 

Tese conducente ao Grau de Doutor em Ciências Biomédicas  

Biomechanical Analysis of Monolithic Ceramics in 
Maxillary Lateral Incisor Agenesis Rehabilitation  
 

 

 

 

Trabalho realizado sob a Orientação e Coorientação  

Professora Doutora Teresa Maria da Costa Pinho  
Professor Doutor Lucas Filipe Martins da Silva 
 
 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

i 
 

 

 

DECLARAÇÃO DE INTEGRIDADE 

Eu, acima identificado, declaro ter atuado com absoluta integridade na elaboração deste 

trabalho, confirmo que em todo o trabalho conducente à sua elaboração não recorri a 

qualquer forma de falsificação de resultados ou à prática de plágio (ato pelo qual um 

indivíduo, mesmo por omissão, assume a autoria do trabalho intelectual pertencente a 

outrem, na sua totalidade ou em partes dele). Mais declaro que todas as frases que retirei 

de trabalhos anteriores pertencentes a outros autores foram referenciadas ou redigidas 

com novas palavras, tendo neste caso colocado a citação da fonte bibliográfica. 

 

 

 

DECLARATION OF INTEGRITY 

I, identified above, declare to have acted with absolute integrity in the elaboration of this 

work, and confirm that in all the work leading to its elaboration, I did not resort to any form 

of falsification of results or the practice of plagiarism (act by which an individual, even by 

omission, assumes the authorship of the intellectual work belonging to others, in its 

entirety or parts of it). I further declare that all the sentences I have taken from previous 

works belonging to other authors have been referenced or written with new words, having 

placed the citation from the bibliographic source. 

 

 

 

 

 

 



 

ii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iii 
 

 

DEDICATION 

 

To Mafalda, Joana, and Francisca, the soul of my existence. 

To João Mário, the father and hero, responsible for my mental restlessness and 

constant search for knowledge through his example, talks, incredible library, and 

mainly his fellowship (in memoriam). 

To Hilda, an example of a woman, mother, and doctor, always smiling, who inspired 

me and made me want to help others. 

To João and Nuno, brothers and companions for a lifetime. 

To Zé, acquired sister for whom I have no defects. 

To Américo, companion and friend. 

To Sandra, my right hand, always there for professional and personal issues. 

To ALL of my growing family. 

 

 

 

 



 

iv 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

v 
 

ABSTRACT 

Treatment planning for replacing a missing maxillary lateral incisor must consider 

and evaluate esthetic expectations, potential ongoing growth of the patient, and well-

coordinated interdisciplinary management. Ideally, a single-retainer resin-bonded bridge 

would be a valuable treatment modality, with highly predictable and esthetic results in 

cases of complementary rehabilitation after orthodontic treatment in cases of maxillary 

lateral incisor agenesis (MLIA) treated with space opening, especially in growing juvenile 

patients.  

Among esthetic materials, yttria-partially stabilized zirconia has better mechanical 

properties and superior resistance to fracture than other dental ceramics; however, despite 

investigations, the bonding mechanism between zirconia and veneering ceramics remains 

poorly understood, with chipping and debonding. To overcome this, strategies have been 

proposed for adhering computer-aided design/computer-aided manufacturing (CAD/CAM) 

ceramic parts to a CAD/CAM-zirconia framework without manual steps or a full-contour 

zirconia resin-bonded bridge. However, effective and durable adhesion to dental structures 

remains controversial. There are tougher and more user-friendly materials, including 

zirconia-infiltrated lithium disilicate and polymer-infiltrated ceramic networks, with easier 

clinical protocols.  

Adhesive restorations such as resin-bonded bridges (RBBs) rely on bonding systems 

and resin cement to form a micromechanical bond with the tooth, although chemical 

interactions may occur between functional monomers and some tooth components with 

potential benefits. The enamel varies in thickness, has a high modulus of elasticity, high 

compressive strength, and low tensile strength, and protects dentin against masticatory 

forces. If treated with phosphoric acid, it can be infiltrated with a resin material to produce 

a micromechanical bond. Bond strength tests to assess the adhesive strength of RBBs to 

the tooth are important because thermal, mechanical, and passive hydrolysis can occur in 

the mouth, weakening rehabilitation materials. As the base adherend to mechanical tests, 

natural teeth, in addition to ethical constraints, may induce results bias due to 

heterogeneity inherent to biological diversity. 
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Modifications to adhesive protocols and alternative designs for tooth preparation 

and resin-adhered bridges should be developed to propel new minimally invasive restorative 

treatments, and a suitable combination of surface treatment and adhesive cementation 

systems, particularly for zirconia-based resin-bonded bridges (RBBs), requires a 

standardized protocol that provides a more efficient and predictable bonding effect. 

This work aimed to find the best RBB, in terms of material and ease of use in the 

office, as a definitive or interim option, in clinical situations of MLIA treated with 

orthodontic space opening. Several combinations of CAD-CAM restorative materials and 

adhesive luting cement were assessed by shear bond strength tests, mode of failure, and 

surface energy measurements. Parallelly, an artificial base adherend was searched as an 

alternative substrate to natural teeth to be used as a standard substrate for shear bond 

strength tests in the future. 

 

 

Keywords: CAD-CAM monolithic ceramics, maxillary lateral incisor agenesis, rehabilitation, 

adhesive cementation, adherend, resin-bonded bridges 
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RESUMO 

O planeamento do tratamento para a substituição de um incisivo lateral maxilar 

ausente deve considerar e avaliar as expectativas estéticas e o potencial crescimento 

contínuo do paciente, bem como uma gestão interdisciplinar bem coordenada. Idealmente, 

uma ponte de apoio único unida com resina seria uma modalidade de tratamento valiosa, 

com resultados estéticos e previsíveis, como reabilitação complementar após o tratamento 

ortodôntico de casos de agenesia do incisivo lateral maxilar (MLIA) tratados com abertura 

de espaço, especialmente em pacientes jovens em crescimento.  

Entre os materiais estéticos, a zircónia parcialmente estabilizada com ítria tem 

melhores propriedades mecânicas e resistência à fratura, superior às outras cerâmicas 

dentárias.  No entanto, apesar das investigações, o mecanismo de ligação entre zircónia e 

cerâmicas de revestimento permanece mal compreendido, com lascamento e descolagem. 

Para superar isso, foram propostas estratégias para a adesão de peças cerâmicas de 

desenho assistido por computador/fabrico assistido por computador (CAD-CAM) aderidas 

sobre uma estrutura CAD-CAM em zircónia sem outras etapas manuais que não a colagem, 

ou peças em cerâmica monolítica. No entanto, a adesão efetiva e duradoura desta cerâmica 

às estruturas dentárias permanece controversa.  

Existem outros materiais cerâmicos tenazes e mais fáceis de usar e entre eles estão 

a cerâmica de dissilicato de lítio reforçado por zircónia e a rede cerâmica infiltrada por 

polímero, com protocolos clínicos mais fáceis. 

Restaurações adesivas, como pontes aderidas por resina (RBBs), dependem de 

sistemas adesivos e de cimento resinosos para formar uma ligação micromecânica com o 

dente, embora interações químicas possam ocorrer entre monômeros funcionais e alguns 

componentes dentários com potenciais benefícios. O esmalte natural varia em espessura, 

tem um elevado módulo elástico, elevada resistência compressiva, baixa resistência à 

tração, e protege a dentina para suportar forças mastigatórias. Se tratado com ácido 

ortofosfórico, pode ser facilmente infiltrado por material resinoso para produzir uma ligação 

micromecânica. Os testes de resistência de ligação para avaliar a resistência adesiva das 

RBBs ao dente são importantes porque a hidrólise térmica, mecânica e passiva pode ocorrer 

na boca, enfraquecendo os materiais de reabilitação. Como base aderente para testes 
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mecânicos, os dentes naturais, além de restrições éticas, podem induzir viés de resultados 

devido à heterogeneidade inerente à diversidade biológica. 

Modificações nos protocolos adesivos e projetos de desenho alternativos de 

preparação dentária e das pontes aderidas com resina devem ser desenvolvidos para 

impulsionar novos tratamentos restauradores minimamente invasivos, e  uma combinação 

adequada de tratamento de superfície e sistemas de cimentação adesiva, particularmente 

para pontes unidas à resina à base de zircónia (RBBs), requer um protocolo padronizado 

que forneça um efeito de ligação mais eficiente e previsível. 

Este trabalho teve como objetivo encontrar a melhor RBB, em termos de material e 

facilidade de uso no consultório, como opção definitiva ou provisória, em situações clínicas 

de MLIA tratadas por abertura de espaço ortodôntico. Várias combinações de materiais 

restauradores CAD-CAM e cimentos adesivos foram avaliadas por testes de resistência ao 

cisalhamento, modo de falha e medições de energia superficial. Paralelamente, procurou-se 

um base aderente artificial para ser utilizado no futuro nos testes de resistência ao 

cisalhamento, como um substrato padronizado alternativo aos dentes naturais. 

 

 

Palavras-chave: cerâmica monolítica CAD-CAM, agenesia do incisivo lateral maxilar, 

reabilitação, cimentação adesiva, aderente, pontes aderidas por resina 
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CHAPTER 1 

INTRODUCTION 
 

1 INTRODUCTION 
1.1 Setting of the problem and motivation 

Complementary esthetic rehabilitation after orthodontic treatment in clinical 

situations of maxillary lateral incisor agenesis (MLIA) may be complex and far from 

consensual.1,2  Treatment planning in an MLIA case must consider and evaluate the esthetic 

expectations and potential ongoing growth of the patient and well-coordinated 

interdisciplinary management.2,3 MLIA has esthetic and functional impacts, thus smile 

analysis with different variables of esthetic perception, coupled with tridimensional data, 

and specific planning software are needed to achieve optimal results.4,5 Treating skeletal 

malocclusion in teenagers is a difficult task due to changeable final facial growth, and the 

challenge becomes even greater in the presence of dental anomalies, which is the case of 

MLIA that frequently compromise normal function and esthetics.3,6  

 

 
Figure 1  - Graphical representation of the treatment decision dilemma in clinical situations of MLIA2 

 
MLIA is also frequently part of the incisor-premolar hypodontia,7,8 and patients with 

agenesis of second premolars have a significantly higher prevalence of microdontia of 

maxillary lateral incisors.9 In severe hypodontia cases, the most common patterns include 

the agenesis of the maxillary lateral incisor and both premolars,8,10 making the treatment 

even more challenging. In both agenesis, the primary tooth can be retained, but unlike the 

mandibular primary second molar, which can be retained with good functional conditions 
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for at least up to 25 years,3 the primary lateral incisor is often lost within a few years due to 

resorption induced by intraosseous canine mesialization.11,12 

Modern adhesive techniques with restorative materials,13 usually done in cases with 

space closure, can be necessary at an early age, with necessary long-term adaptations.5 If 

space opening is the option, a tooth implant or a resin-bonded bridge (RBBs),1 can be an 

option. Dental implants require skeletal maturity, may be contra-indicated, the patient may 

not be able to afford it, or there is still no scientific evidence for the best therapy to 

follow,2,14 what makes the RBBs an option and a minimally invasive approach.15  

Traditionally placed with tooth preparation, RBBs can be placed with minimal or no 

tooth preparation, but loss of adhesion interface can occur.16 Advances in adhesive dentistry 

and technology have expanded alternative RBBs preparation designs and materials.15 Yttria 

partially stabilized zirconia (Y-TZP) has superior mechanical properties and superior 

resistance to fracture compared to conventional dental ceramics.17 Despite investigations, 

the bonding mechanism between zirconia and the veneering ceramic is hazardous with 

chipping and debonding and remains poorly understood.18 One solution is to not use 

veneered ceramics. A CAD-CAM ceramic adhered to a CAD-CAM zirconia framework without 

manual steps or full-contour zirconia RBBs has been proposed. However, antagonist enamel 

wear is a concern and more wear-friendly materials are required. Furthermore, Y-TZP 

suffers from low-temperature aging degradation, leading to in-mouth degradation.17  

CAD-CAM materials are versatile and are emerging as the material of choice for many 

restorations. Still, proper clinical- and research-based evidence confirming their success 

and durability is needed before recommending them as the best for patient care.19,20 

Adhesive restorations rely on bonding systems to form a micromechanical bond with 

the tooth,21 although chemical interactions may occur between functional monomers and 

some tooth components with potential benefits.22 

Enamel varies in thickness, has a high elastic modulus, a high compressive strength, 

and a low tensile strength, supports dentin to withstand masticatory forces,23 and if treated 

with phosphoric acid, it can be infiltrated with a resin material to produce a 

micromechanical bond.24 

Resin cements are widely used to adhere to non-metallic restorations,23 so bond 

strength tests are essential tools to study their mechanical performance,25 as mechanical, 
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thermal, and passive hydrolysis may occur in the mouth with consequent loss of adhesive 

joint performance.26 

The cement thickness and bonding conditions influence the performance of cemented 

ceramic restorations, as demonstrated by 2-dimensional finite elements analysis and 

physical tests, with the bonding effect disappearing under a large cement layer,27 allowing 

us to believe that mechanical bonding may also play a significant role in the integration of 

anterior zirconia-based restorations, despite the controversial effect of surface treatments 

on the bonding strength of porcelain to zirconia.17 The inherent non-polar nature of 

zirconia, which results in poor bonding ability to the tooth structure and/or overlaying 

ceramics, and its inert nature with resistance to chemicals that could improve the bond 

strength, and also to silane agents because of its absence in silica compounds, makes it a 

difficult material to bond in the mouth, causing anxiety to work with, despite its tempting 

high esthetic appearance.28 

This motivated us to pursue more elastic and straightforward materials, such as dual-

network structured ceramics or glass-ceramics enriched with zirconia. Moreover, despite 

the vast amount of adhesive cement and CAD-CAM materials available, the best match to 

achieve a lasting and efficient adhesive joint is yet to be found and is controversial.20 

A suitable combination of a surface treatment and an adhesive cementation system 

requires a standardized protocol to allow a good bonding effect.20 Further advances in 

adhesive clinical dentistry and alternative tooth preparation designs must be developed to 

accommodate the new minimally invasive restorative treatments.15 

 

1.2 Objectives 

1.2.1 General objectives 

The main goal of the present study was to analyze the in vitro performance of 

monolithic ceramic materials that can be used as resin-bonded fixed dental bridges (RBBs) 

in patients with maxillary lateral incisor agenesis (MLIA)  after space opening by 

orthodontic treatment. 

1.2.2 Specific objectives 

- Determination of shear bond strength of selected monolithic ceramics adhered with 

different cement types. 

- Select the best adhesive strategy to lute the selected CAD-CAM monolithic ceramics 

with the selected adhesive cement. 
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- Comparison of the effects of different cement luting types on the fracture resistance of 

resin-bonded bridges. 

- Comparison of fracture resistance between new monolithic ceramics and yttria-

stabilized zirconia (Y-TZP). 

- Determination of fracture resistance of new monolithic ceramics compared to yttria-

stabilized zirconia (Y-TZP) when cemented to natural teeth. 

- Identify a candidate artificial material to substitute natural incisor teeth in shear bond 

tests. 

 

1.3 Research methodology 

This work was developed to identify a CAD-CAM monolithic ceramic with good 

mechanical properties and a straightforward adhesive protocol for the rehabilitation of  

MLIA cases treated with orthodontic space opening. CAD-CAM monolithic ceramics with 

different compositions, combined with adhesive cement using different adhesive strategies, 

were assessed. In parallel, a CAD-CAM hybrid ceramic was also tested as a potential support 

substrate for future standardized shear bond tests, as it theoretically has mechanical 

properties similar to those of human teeth. The work was organized by task, and the 

scheme of the work is presented in Figure 2. 

 

 

Figure 2 - Schematic representation of the workflow of the tasks performed in this work 
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Task 1: An integrative literature review focusing on pertinent aspects to produce a 

long-lasting adhesive joint to rehabilitate MLIA cases treated with space opening with CAD-

CAM monolithic ceramics. This task searched for scientific evidence to theoretically support 

this research. All types of papers were considered because this research aimed at clinical 

application. 

Task 2:  Study of the adhesive joint.  

Shear bond test (SBS), compression test, surface energy measurement, and mode of 

failure by digital optical microscopy were used. Several combinations of CAD-CAM 

monolithic ceramics adhered to different cements and substrates were assessed.  

Task 2.1 – Specimen model factoring and preliminary tests. An innovative specimen model 

was searched to find a specimen capable of simulating the adhesive joint present in the 

MLIA cases. Three models were developed for this study. 

Task 2.2 – Modulation of the adhesive interface. Several combinations of surface 

treatments and coupling agents used to produce adhesive joints between a CAD-CAM 

polymer-infiltrated ceramic network block and adhesive cements were assessed. 

Task 2.3 – Search for an industrial alternative to human teeth. An artificial substrate 

(Frasaco® tooth) was tested as a base substrate for the assessment of adhesive cement 

shear strength, surface energy measurement, and mode of failure by digital optical 

microscopy. 

Task 3: Testing a new RBB specimen model.  

Data collected in Task 2 allowed us to test a new model fabricated with dimensions 

more similar to the mesiodistal space left by an absent maxillary lateral incisor. The model 

was equated to reduce bending during the tests, and three CAD-CAM monolithic ceramics 

adhered to the best-performing adhesive cement were tested in Task 2. 

Task 4: Human teeth shear bond strength assessment.  

As an alternative industrial material intended to replace human teeth as a substrate, 

it is essential to have shear bond strength test values for human teeth as a reference.  

Task 5: Testing the simulated RBB for MLIA rehabilitation.  

RBBs produced with four different CAD-CAM materials (three fabricated by drilling 

and one by 3D additive technology) were assessed by shear bond tests using the best-

performing adhesive cement identified in Task 2. 

 



 

6 

 

1.4 Outline of the thesis 

This thesis is supported by seven papers, six of which have already been published, 

and one submitted for publication.  

Chapter 1 contains a brief description of the problem addressed, the motivation for 

this work, and its objectives. A summary of the experimental tasks and each paper is also 

provided. Chapter 2 (Task 1) presents a literature review focused on the CAD-CAM ceramic 

candidates to rehabilitate MLIA cases, as well as the mechanisms, substrates, and 

modulation agents that intervene in the adhesive joint. Chapter 3 (Tasks 2–5) clarifies the 

experimental procedures used throughout this work to assess the different combinations of 

components of this specific adhesive joint, as well as the strategy to identify a candidate 

material for future dental shear strength tests. Chapter 4 presents some global 

considerations and main conclusions about the research topics, and Chapter 5 presents 

suggestions for future work on these topics. The Appendices comprehend the publications 

developed within the scope of this thesis, which represent the research developed in detail, 

and supplementary information. 

 

 

 
Figure 3 -  Correspondence between tasks proposed and papers produced 
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1.5 Abstracts of the publications  

 

Paper 1 
 

Calheiros-Lobo MJ, Costa F, Pinho T. Infraocclusion level and root resorption of the primary 

molar in second premolar agenesis: A retrospective cross-sectional study in the Portuguese 

population. Dent Med Probl 2022, 59, 195-207, DOI:10.17219/dmp/146256 (Q2) 

 

Abstract of Paper 1: An initial extensive review of the literature focused on dental 

agenesis, including MLIA, assessed the etiology, epidemiology, diagnosis, treatment options, 

prognosis, and functional aspects of this condition. A study evaluated the lifespan of the 

primary molar as a substitute, with root quality and occlusal adaptation, in cases of 

agenesis of M2P in a low-income population to determine whether the attitude of just 

vigilance could be the best clinical option when other clinical problems are absent. The 

agenesis of the second premolar (M2P) mandibular results in the retention of the second 

primary molar (2pm), infraocclusion, a reduced alveolar height and width, supra-eruption of 

antagonists, or movement of adjacent teeth. Infraocclusion affects the survival of the 

retained 2pm to a greater extent than root resorption. A total of 12,949 orthopantomograms 

were analyzed. Sixty-one patients (25 males and 36 females aged 7–36 years) were divided 

into group 1 (first permanent molar in occlusion) and group 2 (second permanent molar in 

occlusion). Vertical positioning to the occlusal plane, root condition, and the movement of 

the adjacent teeth were evaluated. Although the study has a cross-sectional design, root 

resorption, infraocclusion, the distance between the first permanent molar and the first 

primary molar or the first permanent premolar, and the width of the 2pm were correlated 

with age. The 2pm root resorption increased with age, which was more pronounced when 

the second permanent molar was also in occlusion. The mesial movement of the adjacent 

teeth was absent in all groups. 2 pm was often occluded, but the infra-occlusion increased 

with age. Age periods of 11–15 years and 21–25 years were critical for primary tooth loss. 

The second primary molar remains functional in the mandibular arch for up to 25 years. A 

well-documented no-intervention attitude based on clinical and radiographic data must be 

weighed in cases without orthodontic issues or with financial constraints. 
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Keywords: root resorption, infraocclusion, second primary molar, second premolar agenesis, 
mesial movement 
 

Paper 2 
 

Calheiros-Lobo MJ, Calheiros-Lobo M, Pinho, T. Esthetic perception of different clinical 

situations of maxillary lateral incisor agenesis according to populations with dental and 

non-dental backgrounds: A systematic review and meta-analysis. Dent J 2023, 11, 105, 

DOI:10.3390/dj11040105 (Q2) 

 

Abstract of Paper 2: Treatment of unilateral or bilateral maxillary lateral incisor 

agenesis is challenging, time-consuming, expensive, and requires careful treatment 

planning, predictability, and esthetics. This review aimed to identify differences in esthetic 

perception between orthodontists, general dentists, differentiated dentists, and laypeople, 

which may interfere with treatment options. EBSCO, PubMed, ScienceDirect, Cochrane 

Library databases, and Google Scholar were searched using keyword pairing and a Boolean 

expression, “(congenitally missing OR agenesis OR hypodontia) AND (maxillary lateral 

incisors) AND (esthetic perception OR smile) AND (laypersons OR dental professional OR 

general dentist OR orthodontists).” Reviews and case studies were excluded. A total of 13 

studies were selected for qualitative analysis (adapted ROBINS-I) and 11 were selected for 

meta-analysis (p < 0.05) after being subgrouped into the groups 'Opening vs. Closure' and 

'No remodeling vs. Dental remodeling vs. Dental and gingival remodeling'. A meta-analysis 

evaluated the magnitude of the difference between groups based on differences in means 

and effect sizes (α = 0.05; 95% CI; Z-value 1.96), revealing that the esthetic perception of 

maxillary lateral incisor agenesis treatment remains controversial even among 

professionals. Gingival remodeling was not valued compared to isolated dental remodeling. 

Studies lack rigorously comparable methodologies. Discussion with the patient is pertinent 

in doubtful situations, as the best treatment option remains unclear, and overtreatment 

should be avoided. 

 

 

Keywords: maxillary lateral incisor agenesis; esthetic perception; laypersons; general dentist; 

dental professional; orthodontist 
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Paper 3 

Calheiros-Lobo MJ, Carbas R, da Silva LFM, Pinho T. Impact of in vitro findings on clinical 

protocols for the adhesion of CAD-CAM blocks: A systematic integrative review and meta-

analysis. J Prosthet Dent 2022, S0022-3913(22)00551-01. DOI:10.1016j.prosdent.2022.08 

.024 (Q1) 

 

 Abstract of Paper 3: Computer-aided design and computer-aided manufacturing (CAD-

CAM) blocks have evolved rapidly, making it difficult to establish the best clinical protocol 

for bonding a given block and whether an established protocol is appropriate for a newly 

introduced product. This integrative systematic review and meta-analysis aimed to clarify 

whether the clinician can select the most efficient adhesion protocols for CAD-CAM blocks 

by reading published in vitro studies and implementing them in daily practice. Based on the 

population, intervention, comparison, and outcome (PICO) strategy, 3 databases were 

searched for in vitro studies, randomized clinical trials, prospective or retrospective studies, 

and case reports from January 1, 2015, to July 31, 2021. A meta-analysis analyzed 28 studies 

to calculate the mean difference between the best and worst protocols for each author and 

block with a random-effects model (α=.05). From 508 relevant studies, 37 in vitro studies, 2 

clinical studies, and 1 clinical report were selected for data extraction and qualitative 

analysis. Vita Enamic, IPS e.max CAD, LAVA Ultimate, and Vita Mark II blocks were the most 

studied, and RelyX Ultimate was the most used luting cement. The meta-analysis confirmed 

the null hypothesis that the evidence-based efficacy of clinical protocols to bond CAD-CAM 

blocks remains controversial (P<.05). There are objective standards for individual in vitro 

tests, but studies lack standardization. Some tested protocols were more efficient than 

others. Randomized clinical trials and well-documented clinical situations were almost 

nonexistent, making the direct application of in vitro findings in clinical practice impossible.  

 

 

Keywords: CAD-CAM, ceramics, blocks, adhesion, bonding, protocol, cement. 
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Paper 4 

Calheiros-Lobo MJ, Vieira T, Carbas R, da Silva LFM, Pinho T. Effectiveness of self-adhesive 

resin luting cement in CAD-CAM Blocks: A systematic review and meta-analysis. Materials 

2023, 16, DOI:10.3390/ma160829961  (Q2) 

 

Abstract of Paper 4: Self-adhesive resin cements (SARCs) are used because of their 

mechanical properties, ease of use of cementation protocols, and lack of requirements for 

acid conditioning or adhesive systems. SARCs are generally dual-cured, photoactivated, and 

self-cured with a slight increase in acidic pH, allowing for self-adhesiveness and increasing 

resistance to hydrolysis. This systematic review assessed the adhesive strength of SARC 

systems luted to different substrates and computer-aided design and manufacturing 

(CAD/CAM) ceramic blocks. The PubMed/MedLine and Science Direct databases were 

searched using the Boolean formula [((dental or tooth) AND (self-adhesive) AND (luting or 

cement) AND CAD-CAM) NOT (endodontics or implants)]. Of the 199 articles obtained, 31 

were selected for the quality assessment. Lava Ultimate (resin matrix filled with 

nanoceramic) and Vita Enamic (polymer infiltrated ceramic) blocks were the most tested. 

Rely X Unicem 2 was the resin cement most tested, followed by Rely X Unicem > Ultimate > 

U200, and µTBS was the most widely used test. The meta-analysis confirmed the 

substrate-dependent adhesive strength of SARCs, with significant differences between 

them and between SARCs and conventional resin-based adhesive cement (α < 0.05). SARCs 

are promising. However, one must be aware of the differences in the adhesive strengths. An 

appropriate combination of materials must be considered to improve the durability and 

stability of restorations.  

 

 

 

Keywords: dental, tooth, self-adhesive, luting, cement, CAD-CAM, monolithic ceramics, 

blocks 
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Paper 5 

Calheiros-Lobo MJ, Calheiros-Lobo JM, Carbas R, da Silva LFM, Pinho T A Polymer-Infiltrated 

Ceramic as Base Adherent in an Experimental Specimen Model to Test the Shear Bond 

Strength of CAD-CAM Monolithic Ceramics Used in Resin-Bonded Dental Bridges. Coatings 

2023, 13, 1218. https:// doi.org/10.3390/coatings13071218 (Q2) 

 

Abstract of Paper 5: Experimental fabrication, similar to prosthetic laboratory and 

clinical procedures, best predicts future clinical performance. A hybrid ceramic adherend, 

mechanically similar to a human tooth, was tested by comparing the shear bond strength 

(SBS) and fracture mode of four restorative materials adhered with a dual-cure adhesive 

cement. Surface energy, shear bond strength (SBS), and fracture mode were assessed. Vita 

Enamic (ENA), Vita Suprinity (SUP), Vita Y-TPZ (Y-ZT), and a nanohybrid composite (RES) 

(control group) cylinders, adhered with RelyX Ultimate to ENA blocks were assembled in 

experimental specimens simulating a 3-unit resin-bonded dental bridge. The ENA adherend 

was ground or treated with 5% hydrofluoric acid for 60 seconds. Monobond Plus was used 

as the coupling agent. Mean shear stress (MPa) was calculated for each group. Forest plots 

by material elaborated after calculating the difference in means and effect size (α= 0.05; 

95% CI; Z-value = 1.96) revealed significant differences in the shear force behavior between 

materials (p < 0.01). RES (69.10 ± 24.58 MPa) > ENA (18.38 ± 8.51 MPa) > SUP (11.44 ± 4.04 

MPa) > Y-ZT (18.48 ± 12.12 MPa). Y-ZT and SUP exhibited pre-test failures. SBS was not 

related to surface energy. The failure mode in the Y-ZT group was material-dependent and 

exclusively adhesive. ENA is a potential adherend for dental materials SBS tests. In this 

experimental design, it withstood 103 MPa of adhesive stress before cohesive failure. 

 

 

 

Keywords: adhesive stress; bonding; hybrid ceramic; CAD-CAM; resin cement; resin-

bonded bridge; shear bond strength; surface energy; surface treatment; zirconia-reinforced 

lithium disilicate; yttria-stabilized tetragonal zirconia 
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Paper 6 

Calheiros-Lobo MJ, Carbas R, da Silva LFM, Pinho T. Effect of the Modulation of the 

Adhesive Interface between a CAD-CAM Hybrid Ceramic adherend and Three Luting 

Cements on Shear Bond Strength: In Vitro Study. J Adhes Dent 2023. (Q1) 

(Submitted, under review) 

 

Abstract of Paper 6: To evaluate a CAD-CAM hybrid ceramic as a potential adherend 

for shear bond tests by surface modulation and adhesion with three types of luting cement.  

Panavia SA (SA), RelyX Ultimate (RU), and Vita Adiva IA-Cem (IA) cylinders adhered 

to VITA Enamic blocks were used. Block surface treatment was cutting or 5% hydrofluoric 

acid for 60s. VITA Adiva C-Prime (CP) and Monobond Plus (MB) were alternative coupling 

agents. Surface energy assessment (block and cement), shear bond strength (SBS), ultimate 

tensile strength, and fracture analyses were conducted. SA in the self-adhesive mode 

adhered to the only cut block was the control group (SA/0). Boxplots for SBS and forest 

plots by protocol were elaborated after calculating the difference in means and effect size 

(α=.05; 95% CI; Z-value=2.83). The RU/MB group had the best SBS score (p < 0.001). RU 

(38.45 ± 2.97 MPa) and IA (17.35 ± 2.39 MPa) performed better with MB and SA (24.35 ± 

3.30 MPa) with CP. CP (24.35 ± 3.30 MPa)  > MB (19.89 ± 2.23 MPa) increased the SBS of SA 

compared to the self-adhesive mode (SA/0, 13.21 ± 4.74 MPa). RU/CP showed inconsistent 

SBS. The surface energy of the substrates had no direct influence on the SBS. The 

polymerization efficacy of IA-Cem raised doubts. RU fluorescence was helpful for excess 

removal. Except for SA/0, the tested combinations attain ed SBS values within those aimed 

for adhesion to tooth substrates. The coupling agent and cement affected the SBS under 

the test conditions. RU performed significantly better (p < 0.001) than the other cements 

with both coupling agents. MB performed better as a coupling agent, except for SA. The 

Enamic block is a potential adherend for SBS tests. 

 

Keywords: bonding, Enamic, hybrid ceramic, luting cement, shear bond strength, 

surface energy, surface treatment 
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Paper 7 

Calheiros-Lobo MJ, Lobo J, Carbas R, da Silva LFM, Pinho T. Shear bond strength of CAD-

CAM simulated single-retainer resin-bonded bridge for maxillary lateral incisor agenesis 

rehabilitation. Eur J Dent 2023 (Q1) 

 

Abstract of Paper 7: Maxillary lateral incisor agenesis, treated orthodontically by opening 

the space, requires complimentary esthetic rehabilitation. Interim resin-bonded bridges 

(RBB) until skeletal maturity is achieved to place an implant-supported crown, or as 

definitive rehabilitation in case of financial restrictions or implant contraindications, can be 

equated. Scientific evidence for the best material still needs to be confirmed. Computer-

aided design and computer-aided manufacturing (CAD-CAM) materials are promising 

versatile restorative options. Partially yttria-stabilized is an interesting, tough esthetic 

material. However, despite research, its micromechanical bonds and chemical interactions 

with substrates remain hazardous. To find a straightforward material to deliver resin-

bonded bridges for non-prep tooth replacement in MLIA, definitive or interim. Single-

retainer RBB made from CAD-CAM ceramic blocks (Vita Enamic (ENA), Suprinity (SUP), and 

Y-ZPT) and a 3D printed material (ABS) were evaluated by shear bond strength (SBS) and 

mode of failure, after adhesion with Rely X Ultimate used in a 3-step adhesive strategy. The 

mean ± standard deviation SBS values were ENA (24.24 ± 9.05 MPa) < ABS (24.01 ± 1.94 

MPa) < SUP (29.17 ± 4.78 MPa) < Y-ZPT (37.43 ± 12.20 MPa). The failure modes were 

adhesive for Y-ZPT, cohesive for SUP and ENA, and cohesive with plastic deformation for 

ABS. Conclusions: Vita Enamic, Suprinity, Y-ZPT zirconia or 3D printed ABS RBBs are options 

to rehabilitate MLIA situations. The option for each material is conditioned to an estimation 

of the time of use and the necessity of removal for orthodontic or surgical techniques. 

 

 

Keywords: adhesion,  monolithic ceramics, shear bond strength, surface energy, CAD-CAM, 

3D additive manufacturing 
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CHAPTER 2 

LITERATURE REVIEW 
2 LITERATURE REVIEW (TASK 1) 

In this chapter, the main aspects of the adhesion of CAD-CAM ceramics to the tooth 

structure and the effects of combining materials that intervene in the adhesive joint aimed 

at adhering CAD-CAM ceramics to the tooth with a long-lasting performance are addressed. 

Additional information and details can be found in the appended review papers. Papers 

1 and 2 focused on the etiology, epidemiology, diagnosis, treatment plan, prognosis, and 

functional and esthetic aspects of MLIA condition, and Papers 3 and 4 focused on CAD-CAD 

ceramics, adhesion protocols, and adhesive-luting cements. 

 

2.1 General aspects  

CAD-CAM technology (Computer-Aided Design/Computer-Aided Manufacturing 

technology), introduced for the aerospace industry, became available for the dental clinical 

practice in the late 80s and revolutionized the field of dentistry with significant 

developments in the last 30 years, regarding the reading of dental preparations, virtual 

design programs, available materials and mode of restoration production, with an 

increasingly comprehensive demand for the treatment of patients with fixed 

restorations.19,29-31 

The clinical performance of contemporary dental ceramics is based on various factors, 

ranging from the intrinsic physical properties of the materials to the fabrication process. 

Clinical protocols and the oral environment can also deteriorate fragile materials.32 

Monolithic ceramics associated with CAD-CAM technology appeared in an attempt to 

skip the technical and mechanical issues of layered fixed prosthesis, and so far, with high 

survival and low complication rates, but randomized controlled trials (RCTs) are needed to 

reassess these clinical performances, mainly comparing them with the performance of 

veneered restorations.33 The number of RCTs testing complete digital workflows in fixed 

prosthodontics is still low, and scientifically proven recommendations for routine clinical 

practice cannot be provided.20,34 Research based on high-quality clinical trials is slower than 

the industrial progress of available materials for digital workflow.20 Future research with 

well-designed RCTs, including follow-up observation, is compellingly necessary for the field 

of complete digital processing.34 
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In 1999, Kelly35 advocated that traditional fracture tests of single-unit all-ceramic 

prostheses are inappropriate because they do not create the failure mechanisms observed 

in retrieved clinical specimens since significant differences occur between the failure 

behavior created during traditional load-to-failure tests and that during the clinical failure 

of all-ceramic restorations.  

Current evidence suggests that the best predictors of future clinical performance are 

tests performed using: (1) restoration design that represents the anticipated clinical design 

as closely as possible (e.g., full anatomy, variations in the length of the interproximal wall, 

core shape, and thickness, veneer thickness); (2) fabrication procedures that closely 

anticipate laboratory and clinical procedures (e.g., sandblasting before cementation with 

typically used protocols, pressed vs. layered veneers, etc.); (3) supporting structures that will 

be used clinically (e.g., implant- vs. dentin-supported); and (4) fatigue loading in water with 

sliding contacts.36  

Modified in vitro experimental research designs, such as ours, that try to simulate 

clinical conditions, may help to understand the long-term behavior of the materials and 

prosthesis, and are supported by the evidence that so far few experimental protocols can be 

transposed directly from the laboratory to the clinic context.20 

The high innovation rate in CAD-CAM materials and technology demands good 

knowledge from practitioners for the optimal and successful use of all available options,37 

Therefore, testing adhesive protocols brought from the clinic to the laboratory and not the 

other way around may contribute to clarifying the effectiveness of adhesive procedures 

during a regular consultation as part of the rehabilitative treatment for MLIA. 

In a recent survey38 conducted in Germany with data collected from 688 participants, 

most dentists selected appropriate restorative materials according to the individual clinical 

settings presented in the survey. For the fixed 3-unit anterior partial prosthesis, the time 

since graduation was associated with the preference for a specific restorative material. In 

addition, some dentists have selected lithium disilicate ceramics for situations beyond their 

recommended indication range, which may reflect a mistake or the need for more 

information. Ceramic was the most preferred material to fabricate a 3-unit fixed partial 

prosthesis independent of the location of the abutment teeth, with veneered zirconia as the 

favored option.39 
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CAD-CAM technology can help clinicians provide high-strength and esthetic 

restorations, as accurate impression techniques, precise fabrication, and laboratory 

finishing procedures would reduce the effort of chairside alterations, thus decreasing the 

complications associated with fractured restorations. Moreover, high-translucency 

monolithic zirconia was recently developed, to be used in anterior restorations without 

fearing the opacity of conventional zirconia.40 

 

2.2 Monolithic ceramics 

Most commercially available CAD-CAM esthetic materials fall into four classes: glass-

matrix ceramics, polycrystalline ceramics, indirect composites, and hybrid ceramic.41,42 

Currently, polycrystalline ceramic zirconia is considered the best material in terms of 

mechanical behavior. However, chipping or lamination of the veneer material was recorded 

as one of the most common complications of zirconia restorations, along with some issues 

related to bonding protocols.42,43 Y-TZP (yttria-stabilized tetragonal zirconia polycrystal) is 

widely used but lacks the esthetics of glass ceramics and has been somewhat restricted to 

the posterior region.44  

Restoration designs driven by patient clinical problems, tooth preparation, type of 

cementation, material thickness, and mechanical properties are the main factors affecting 

the fracture resistance of all-ceramic restorations. To overcome this problem and attempt 

to deal with more user-friendly protocols, manufacturers have tried to develop new 

materials by incorporating strong inorganic particles, such as zirconia particles or a 

polymer-infiltrated ceramic network (PICN).45 VITA Suprinity® (VITA-Zahnfabrik, Bad 

Säckingen, Germany) and VITA Enamic® (Vita Zahnfabrik, Bad Säckingen, Germany) are 

examples of such materials.  

In an “in silico” simulation on stress distribution in occlusal veneers, a direct correlation 

between restoration thickness and concentration of tensile stresses was detected, in the 

following decreasing order for the simulated materials: HT-Z (high translucency zirconia) 

(highest stress concentration), LS2 (lithium disilicate), FC (feldspathic ceramic), ZLS (zirconia 

reinforced lithium disilicate), and PICN. Furthermore, the type of restorative material 

influenced the stress concentration in the cement layer in the following decreasing order: 

PICN > HT-Z > ZLS > LS2 > FC.46 
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Among the monolithic ceramics available, three, in particular, have characteristics that 

make them interesting for the rehabilitation of MLIA in the form of resin-bonded bridges. 

2.2.1 VITA Enamic® 

   
Figure 4 - VITA Enamic® CAD-CAM block 

VITA Enamic® (ENA) (Fig. 4) is a polymer-based hybrid ceramic (PICN) with a high 

flexural strength and a low flexural modulus compared to conventional ceramic materials. It 

shows mechanical properties between porcelains and resin-based composites, reflecting its 

microstructural components (Fig. 5).47 

 

 

 

Figure 5 - Chemical, technical, and physical data of Vita Enamic® according to the manufacturer48 
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The combination of low flexural modulus and high flexural strength of this material 

creates expectations of increased ability to withstand loading by undergoing more elastic 

deformation before failure, favoring mechanical compatibility with enamel and dentin and 

therefore more similar to human tooth behavior.49 

ENA has flexural properties close to those of human dentin; therefore, it is an 

acceptable choice for single-unit restorations in this specific aspect. In contrast, it has low 

stiffness properties, which is a concern.50 It is also known for its ability to bond to the tooth 

structure, which helps to create a strong and durable restoration. 

On the other hand, extreme conditions, such as prolonged water storage, autoclave 

treatment, and thermal cycling, significantly decrease its flexural strength, while exposure 

to hydrochloric acid or cyclic loading did not affect the properties, despite some loss of 

surface material.51 

The typical double network microstructure of the ENA results in a honeycomb 

polymer-based structure important for micromechanical bonding and adhesive interface 

performance,52 allowing for decreased crack propagation.53 

Given the susceptibility of polymeric materials to bacterial activity, the resistance to 

biodegradation of this hybrid ceramic may create some concerns that should not be present 

in an all-ceramic system.52 

 

2.2.2 VITA Suprinity PC® 

 

 
Figure 6  - VITA Suprinity® CAD-CAM block54 

 

VITA Suprinity PC® (SU) (Fig. 6) with only a few years on the market is a new 

generation of glass ceramic material enriched with ± 10 wt% zirconia and 0.1 by weight 

lanthanum oxide, resulting in a pre-crystallized zirconia-reinforced lithium silicate ceramic 

(ZLS). It is fine-grained (0.5-0.7 μm) and homogeneous in structure, which guarantees 

excellent material quality, consistently high load capacity and long-term reliability, and easy 

milling and polishing (Table 1). His high translucency, fluorescence, and opalescence allow
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esthetic results and broad indications that include anterior and posterior crowns, 

suprastructures on implant abutments, veneers, inlays, and onlays.54 

Concerning the biocompatibility and mechanical properties of ZLS, data are still 

scarce, often controversial, and limited to short-term observational periods. It is a 

promising ceramic that requires further in vitro/in vivo studies to accurately define 

mechanical and biological properties, mainly in the long-term performance of restorations 

produced with such material.55 

Table 1 - Chemical, technical, and physical data of Vita Suprinity® provided by the manufacturer54 

 

 
 

 

2.2.3 VITA Y-TPZ® 

Zirconium oxide (ZrO2) was used in 1969 for medical purposes as a novel hip head 

replacement instead of titanium or alumina prostheses.43 In dentistry, the partially 

stabilized zirconia (PSZ) class, known as first-generation zirconia, is stabilized with yttrium 

oxide and a mixture of monoclinic, tetragonal, and cubic crystals, but is currently 

discontinued.  

Vita YZ HT (YZ) (Fig. 8) is a conventional zirconia stabilized by 3 mol% yttria (3Y-

TZP) with 85–90% of the tetragonal phase (TP), which has been used in the last 15 years. 
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 Figure 7 – Example of one of the VITA Y-TPZ® CAD-CAM blocks 56 

 

YZ has a high flexural strength (1200–1500 MPa) and an opaque white appearance 

as the main characteristics (Table 2). For the most part, this variant is composed of 

tetragonal crystals of a few hundred nanometers, but to keep the material stable at room 

temperature, approximately 3 mol% of yttrium oxide is added to the composition, which is 

why it is sometimes called 3Y zirconia.57 Due to opacity, manual or industrial dyeing coupled 

with a veneering technique is mandatory for esthetic issues. Their physical and mechanical 

characteristics are references for new generations. The recent translucent zirconia (third 

generation 5Y-TPZ contains more yttria (≥ 5 mol%), reduced grain size, and around 50% of 

the final cubic phase.57 This crystallographic isotropic cubic phase decreases light scattering 

at the grain boundaries, making the material more translucent.44,58 

Table 2 - Chemical, technical, and physical data of VITA YZ HT® provided by the manufacturer56 
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These alterations reduce the strength of the material, as the cubic phase does not 

undergo stress-induced transformation, but still exhibits superior mechanical behavior 

compared to lithium disilicate glass-ceramic,59 and reduced opacity compared to 3Y-TZP, 

making it more suitable and predictable for monolithic restorations (Fig. 10).44,60  

Due to reduced stress-induced toughening because of reduced strength and 

toughness, the most translucent 5Y-TPZ materials are limited to single-unit crowns and 

short-span fixed dental prostheses (RBBs) in the anterior zone. In clinical situations 

requiring stronger restorations (multiunit posterior restoration or rehabilitation of bruxism 

patients), conventional 3Y-TZP materials can be used with strength advantages over lithium 

disilicate,61,62 but with just a translucency of around 70%.63 Still, monolithic zirconia types 

with a higher yttria content and a higher cubic/tetragonal ratio are inferior to the unique 

translucency of glass-ceramics and not comparable to enamel in translucency.64 

5Y-TPZ does not have measurable material wear and opposing enamel wear similar 

to that of lithium disilicate glass-ceramic,58,61 and close to the recognized gold standards, 

type III gold alloy, and natural enamel.65,66 Compared to other ceramic materials, monolithic 

zirconia causes minimal wear of antagonists if properly polished, so this hard 

polycrystalline material can be used safely to replace natural enamel.67  

 
Figure 8 - Graphical representation of the variation of strength and translucency by yttria content in zirconia 
ceramics 

 

Furthermore, several of the clinical properties of 5Y-TPZ must be evaluated to 

determine whether this material will perform similarly to previous iterations of dental 

zirconia in terms of bonding ability if conditioned by the use of airborne particles and 

primers or adhesives containing 10-methacryloxydecyl dihydrogen phosphate (MDP), as 

variations may occur.20,68 
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A higher yttria content, while improving zirconia esthetically, sacrifices mechanical 

performance, so a decrease in the thickness of ZrO2 to less than 1.5 mm may be 

contraindicated, particularly in areas of high bearing stress, as it has lower mechanical 

properties than 3-mol% of Y-TZP, making it more susceptible to breakage.60,64,69 Thickness, 

composition, microstructure, and cementing agent are crucial in the tetragonal phase of 

monolithic zirconia.62,63 

Significant variations exist between studies in terms of methodology, sample size, 

and commercial products used so that no other safe conclusion can be drawn apart from 

promising results.67 This conclusion agrees with recent systematic reviews that investigated 

the survival and complication rates of zirconia-ceramic and metal-ceramic single crowns,70 

the survival and complication rates of fixed dental prostheses of zirconia-ceramic and 

metal-ceramic multiple-unit fixed dental prostheses,71 and the adhesive protocols 

themselves, this last with meta-analysis.20  

Altering sintering parameters alters the grain size, wear behavior, and translucency 

of zirconia, and clinical studies that investigate the influence of changing sintering 

parameters or methods on the clinical performance of monolithic zirconia restorations are 

lacking.72 

Different yttria contents and differences in the aging behavior of newer generations 

of zirconia recommend cautious clinicians in extrapolating results from research in 

longevity focusing on older material,37 although the few existing RCT studies reveal 

promising results.73 

The high translucency of new generations of zirconia may be contraindicated, 

particularly in the case of underlying colored tooth stumps, as it reduces the masking 

potential of the restoration.63 Therefore, it is essential to select and use the correct material 

according to the range of indications,74,75 and precise knowledge about the chemical 

modifications of zirconia in the new generations is still missing.63 

 

2.3 Adhesive joints 

Adhesion or cohesion includes an adherend, an adhesive, and an intervening 

interface. Bonding with adhesives involves attaching two or more dissimilar materials that 

do not have a natural affinity for each other without changing their characteristics. This 

runs with or without the help of a coupling material.21,76  
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Adhesion mechanisms can be classified into two main categories: mechanical and 

chemical. Mechanical adhesion or retention implies surface modification for surface 

roughness with the formation of macro- or microrugosities and relies on mechanical 

interlocking. Chemical adhesion involves modification of the surface chemistry, with 

chemical activation by a liquid with bonding affinity to both surfaces.76-78  

 

2.3.1 Adhesive challenges 

Retention of restorative materials, particularly RBBs, depends on the quality of the 

adhesive joint, which determines the quality of the bond at different interfaces. Not only is 

the interface between cement and dental tissue important, but the connection between 

cement and the surface of the restorative material also plays a crucial role.79,80 The process 

involves adhesion and cohesion, 78,81 one between the substrates, and the other within each 

substrate (Fig. 9). 

 

 

 
Figure 9 – Illustration of possible adhesive joints, different bonding strategies, and different materials 
between tooth substrates and ceramics 

 

CAD-CAM restorative materials require a multistep bonding procedure, and the 

specific bonding strategy for each material is determined based on its composition.20,41 

Today, it is expected that a resin cement should be biocompatible with enamel and 

dentin, should adhere effectively to most prosthodontic restorative materials, but also be 

resistant to functional, hydrothermal, and mechanical stress, and therefore resistant to 
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failure.82 It is accepted that adhesive luting reinforces the mechanical properties of CAD-

CAM ceramics except for zirconia polycrystals, which is, by itself, a resistant material.83 

 

2.3.2 Main factors influencing the bonding to ceramics 

 Surface energy and surface treatment 
Surface energy is a term that defines the surface of a given substrate from high to 

low. It quantifies the disruption of intermolecular bonds that occurs when a surface is 

created, which is necessarily different in the bulk of the material. The adhesion is 

determined by the force of molecular attraction between different materials, and the 

strength of the attraction depends on the surface energy of the substrate. A high surface 

energy indicates a strong molecular attraction; therefore, it is easier to bond, whereas a low 

surface energy indicates weaker attractive forces, making it harder to bond (Figs. 10 and 11). 

Cutting a solid material into pieces disrupts its chemical bonds and increases its surface 

area, thus increasing its surface energy.76,84 

 

 
Figure 10 - Schematic representation of the contact angle and wettability results 

 

Characterization of the interface before adhesion, during function, and after failure 

is helpful for investigations and remains a great challenge.76 The surface treatment of each 

CAD-CAM material and the luting resin used influences the adhesion bond strength, so for 

https://en.wikipedia.org/wiki/Intermolecular_bond
https://en.wikipedia.org/wiki/Surface
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each pair of materials, a specific adhesive cementation protocol must be used to obtain the 

highest bond strength.20,85  

  
Figure 11 - Scheme of the interfacial tensions for a drop of liquid on a solid surface (A) and the surface 

tension of common liquids (B) (Adapted from von Fraunhofer – 2012).81  

 

Chemical conditioning of the substrate surface (acid etching) 
Mechanical interlocking is a mechanism by which an adhesive flows into 

morphological irregularities on the surface of a substrate before curing. It is commonly used 

to adhere dental materials and is considered the most effective means of creating solid 

joints.76 To achieve this type of substrate, surface irregularities must be created on the 

surface. 

Acid-sensitive CAD-CAM ceramics (for example, ENA and SU) undergo ceramic 

dissolution that increases with increasing concentration and duration of hydrofluoric acid 

(HF), both on the surface and in the depth of the material, with a higher strength bond to 

resin cement.86,87 

Leucite-reinforced ceramics, hybrid ceramics, and lithium disilicate glass ceramics 

can be etched with 5-10% HF for 20-120 s without negative effects on the bond strength. 

Lithium disilicate can be etched from 30 s to 60 s with different concentrations of HF, but a 

60 s etching time with 9.5% HF acid is suggested.86-88  

The bond strength of a resin-luting cement to ceramics varies with pretreatment 

methods, with hydrofluoric acid followed by silanization being the common method with 

high values with feldspathic and lithium disilicate ceramics.87,89 

It has been suggested that surface treatment with a self-etch ceramic primer 

promotes adhesion similar to that of HF when preparing the surface of lithium-disilicate 

ceramic, polymer-infiltrated ceramic, leucite-reinforced feldspathic ceramic, and lithium-

disilicate glass ceramic for adhesion.90 Furthermore, in these cases, the additional 

application of adhesive after surface treatments did not improve the bond strength,90 

allowing suppression of one clinical step. This opinion is still questioned, and some authors 
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suggest that in vitro studies involving long-term clinically relevant artificial aging, and more 

clinical studies are required before this type of protocol can be considered an alternative to 

conventional surface treatment of glass-ceramic materials.87,91 The etching efficacy of a 

self-etching ceramic primer is material dependent,89 and is not dependent on the 

association with hydrofluoric acid or silane for chemical interaction or bonding stability.92 

The crystalline nature of zirconia, with a dense crystal network and a small amount 

of glass matrix, makes it an acid-resistant material. Application of a 9.5% or 5% HF 

concentration induces no morphologic changes in its structure and does not increase 

surface roughness.93 Even a 40% HF concentration, only produces nanoindentations that 

are probably insufficient to improve the strength of the adhesive joint.93 For all this, 

combined mechanical and chemical treatment is essential to achieve efficient adhesion to 

zirconia.94 

 

Mechanical conditioning of the substrate surface (sandblasting) 
Airborne particle abrasion with aluminum oxide and tribochemical silica coating 

(Cojet® system, 3M ESPE, Minneapolis, MN, USA) is the pretreatment with more evidence in 

the literature to pretreat acid-resistant CAD-CAM blocks during physicochemical 

conditioning, modifying the block surface to increase adhesion.94 

Airborne particle abrasion coupled with a zirconia primer is an accepted but not yet 

standardized protocol20 that improves the shear strength of zirconia bonds to the enamel. It 

has been considered a clinically applicable surface treatment method to achieve resistance 

to degradation and durable bonding over time.95,96 

In a research study,97 it was found that specimens air-abraded with 50 µm Al2O3 

powders exhibited higher µTBS values than those treated with 27 µm Al2O3 or 30 µm CoJet 

after silanization with MDP-silane and cemented with a dual-cure adhesive cement. 

A meta-analysis98 showed that Al2O3 particles between 30 µm and 110 µm and 

pressures between 0.20 and 0.40 MPa are commonly applied and that if used within these 

limits, airborne particle abrasion increases the flexural strength without causing damage to 

the material by introducing surface flaws.99 Furthermore, 110 µm sand for 3Y-TZP, 90 µm 

sand for 4Y-TPZ and 25 µm sand for 5Y-TPZ has been suggested.100  

Concerning air abrasion, the total time, distance, and angle of the procedure also 

matter, and 10 s/cm2, 10 mm, and 90o, respectively, should be used.100  
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It is important to note that different chemical compositions of zirconia result in 

different topographic changes, with larger particles inducing more compressive residual 

stress related to the monoclinic tetragonal phase transformation for 3Y-TZP, while only 25 

µm sized sand induces residual stress due to the low potential for cubic grain phase 

transformation in 5Y-TPZ,98,101 that is, larger sand particles can weaken 5Y-TPZ. 

The biaxial flexural strength of 4Y-TPZ and 5Y-TPZ increases with Al2O3 

sandblasting contrarily to highly translucent zirconia of 6Y-TPZ, a rise directly correlated 

with the composition of the ZrO2 phase and microstructure of the zirconia grades. The 

balance between subsurface microcracks and building up surface compressive stress 

determines the influence of Al2O3-sandblasting on the biaxial flexural strength.102 Alumina-

blasting pressure of 0.20 MPa has been suggested as the most effective for reliable and 

durable bonding performance of translucent zirconia in conditions of long-term water 

storage (150 days).103 As an alternative to conventional alumina-blasting, the silica coating 

(Cojet® system ) can be used as surface treatment for zirconia to improve the shear bond 

strength of an MDP (methactryloyloxydecyl dihydrogen phosphate)-containing resin cement 

by promoting both surface roughness, coupling micromechanical retention and chemical 

bond,104 throws ionic and hydrogen bonding between 10-MDP and zirconia.105 

 

Chemical Modulation by Silan Coupling Agents 
Silane coupling agents are compounds containing functional groups that bond with 

both organic and inorganic materials, act as intermediaries that bond organic materials to 

inorganic materials, and act as primers for silica-based ceramics. 

Chemically, silanes are synthetic organic silicon compounds that are divided into 

functional and nonfunctional types. Functional silanes have reactive functional groups at both 

molecular ends that can react with two chemically dissimilar surfaces (Figs. 12-14). 

 

 
Figure 12 - General formula for a silane coupling agent 

 

The accepted chemical bonding to zirconia depends on the bonding with the 

phosphate monomer [10-methactryloyloxydecyl dihydrogen phosphate] (MDP), which forms 
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various types of chemical bond with zirconia surfaces and, by end-end resin, bonds to resin 

cement providing significant bond strength values under specific conditions.105-107 MDP 

molecule with a long linear alkyl chain and phosphoric acid ester group, interacts 

chemically with the hydroxyapatite in the tooth intensively and stably.108 

 
Figure 13 - Linear representation and three-dimensional model of MDP 

 
 

 

Figure 14 - Silane hydrolysis mechanism during adhesion mechanism of resin bonding to silica-coated 
substrates (adapted from Matinlinna et al)109 

 
Over time, the oral environment promotes bond degradation between 

substrates109,110 by hydrolytic cleavage of the siloxane bond in the interfacial siloxane layer. 

The incorporation of a cross-linked silane into a system with a functional silane improves 

the bonding and hydrolytic stability of interfacial siloxane links between the resin 

composite and zirconia.111 Cross-linked silanes promote the interconnection of functional 

silanes with the formation of an extensive three-dimensional network that requires more 

energy to be disrupted. As the siloxane cross-linking density increases the diffusion of 

water molecules into the network decreases, improving the hydrolytic stability of resin 

bonding.110 

 

Luting cement  
Over the past decade, the prevalence of and demand for all-ceramic restorations 

have increased to meet the esthetic demands of patients. Resin cement has become more 
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prevalent in the cementation of tooth-colored restorations. Given that true universal 

cement is not yet available, it is the responsibility of the clinician to assess the preparation 

of the tooth and the characteristics of indirect restoration to make the best selection of 

cement.78,112,113 Except in the case of zirconia polycrystals, adhesive luting reinforces the 

mechanical properties of dental ceramics used as restorative materials.83 

 

Polymerization and curing units 
Despite the very low thickness of the adhesive interface, such as for direct 

restorations, light cure factors such as the type of light irradiance, irradiation time, 

intensity, mode, distance to the material surface, light cure unit conditions and the 

compatibility between light wavelength and photoinitiator compounds affect the 

polymerization of the organic matrix of resin composites and facilitate the release of 

bisphenol-A (BPA).114,115 The amount of light transmitted through resin matrix composites is 

influenced by the size, content, microstructure, and shape of the inorganic filler particles. 

The decrease in the degree of conversion negatively affects the physical and mechanical 

properties of resin-matrix composites.114 Optimal light cure parameters result in low release 

of monomers and minimal toxicity to the dentin-pulp complex, mucosa, or periodontal 

tissues.115,116 This aspect is pertinent because the release of these monomers must be added 

to those released from restoration itself whenever a resin-based CAD/CAM material is 

used, except Vita Enamic (ENA),117 probably due to its particular structure. 

Mechanical properties are most affected by the type of material, whereas 

differences in curing conditions seem less influential.118  

To overcome the distance between the light curing unit and the interface to be 

cured, a dual-cure resin cement can be suggested for cementation, especially for 

restorations with thicknesses of 1.5 mm and above.119 Even so, dual-cure cement should be 

optimally light-cured to maximize mechanical properties.118  

 

Operatory Field Isolation  
Despite some controversy,120 rubber dam operatory field isolation, should be routine 

during bonding,121,122 an attitude that requires a change in the paradigm of indirect 

cementation.123,124 Rubber dam isolation has a significant effect on bond strengths to 

enamel, independent of the adhesive system.122 
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2.4 Bonding to different adherends (substrates) 

2.4.1 Bonding to Enamel and Dentin 

The 3-step system (etch-and-rinse adhesive system) is considered the most 

effective given its lower risk of hydrolytic degradation at the interface level. It is still the 

gold standard for cementing indirect restorations.125 However, it is a highly sensitive 

technique, mainly in terms of humidity control during the procedure.92,125 

Despite the favorable reduction in clinical time, self-etched adhesive systems are 

more prone to degradation at the interface level, because of their behavior as permeable 

membranes.92,125 

Recently, universal adhesives with easier adhesive protocols have been introduced 

by the industry. Research results show that enamel bond strength improves with an initial 

selective enamel etching with phosphoric acid, but this effect was not evident for dentin 

using mild universal adhesives with the etch-and-rinse strategy.126 Due to the presence of 

acidic and phosphoric monomers in the formulation, separate conditioning of dentin 

surfaces with primers is not recommended, and self-adhesive resin cements are equally 

effective alternatives to conventional resin cement.127 

Regarding the etch-and-rinse adhesive and self-etch adhesive systems, some 

modifications to the manufacturer’s instructions can improve overall bond strength.78,128 The 

application of a hydrophobic resin layer, extended application time, application assisted by 

an electric current, double layer application, agitation technique, and active application of 

the adhesive are some of these modifications.92,128 The in vitro evidence suggests that 

alternative techniques or additional strategies to the application of adhesive systems can 

improve their bond strength to dentin.128 

Owing to ethical restrictions regarding the use of extracted human teeth for 

research purposes, bovine teeth can be used. Bovine enamel shows similar hardness, higher 

fracture toughness, and higher crack repair capability than human enamel, but the chemical 

composition of both types of enamel is similar, making bovine enamel a suitable alternative 

to human enamel for in vitro testing of dental biomaterials from mechanical and chemical 

perspectives.87,129  These findings suggest that the factors that interfere with the quality of 

adhesion to bovine teeth are similar to those of human teeth; therefore, the same adhesion 

protocols should be valid. 
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2.4.2 Bonding to hybrid ceramic 

The hybrid ceramic material is based on a polymer-infiltrated ceramic network 

material that consists of a dominant ceramic network reinforced by an acrylic polymer 

network resin, with both networks fully penetrating one another.41 Following recent 

recommendations of the International Academy of Adhesive Dentistry, available in vitro 

studies found that hydrofluoric acid (HF) etching in combination with silane to be a superior 

pretreatment with no further treatment before luting.130,131 However, the best protocol is far 

from well established, and the combination of sandblasting with a universal multipurpose 

primer can be used for successful bonding.20,78 

 

2.4.3 Bonding to glass-matrix ceramics 

The gold standard procedure for adhesive cementation of glass matrix ceramics 

involves HF etching and silanization,41 but more recently the procedure with a self-etching 

ceramic primer was described with similar efficacy and simpler protocol.20,90,91,132 

Nevertheless, this last procedure seems to be more material dependent in terms of etching 

efficacy and bonding performance, still raising some controversy,89,133 and it was argued that 

universal adhesive systems that do not contain a silane should be avoided for bonding 

lithium disilicate ceramic restorations due to their inferior bond strength.134 

Different concentrations of HF have been proposed based on ceramic composition, 

and several etching durations can be recommended, with a tendency to use higher 

concentrations (10%) for a shorter time (< 30 seconds).86,88,90 The glass components are 

selectively dissolved HF, resulting in micro irregularities of the surface and an increase in 

micromechanical retention.41,135 IPS® Empress CAD (Ivoclar Vivadent), IPS® e.max CAD 

(Ivoclar-Vivadent), Celtra® Duo (Dentsply), VITABLOCS® Mark II ( VITA-Zahnfabrik), 

ParadigmTM C Ceramic Blocks (3M ESPE), VITA SUPRINITY® PC (VITA-Zahnfabrik), are some 

of that kind of material commercially available. 

Despite the possibility of more conventional cementation with glass-ionomer 

cement, in particular those that incorporate nanotechnology, adhesive cementation favors 

the compressive strength of zirconia-reinforced lithium silicate ceramic.113,136 
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2.4.4 Bonding to zirconia 

The achievement of a reliable bond between zirconium oxide material and resin 

cement is an old and still challenging problem, even with time-consuming protocols or 

protocols that require complicated and technique-sensitive procedures.137-140 The bond is 

essentially micromechanical despite a possible chemical bond when an MDP-based luting 

cement or adhesive system is applied.105,107 

The adhesion of the luting cement to zirconia, as with other materials, is 

significantly influenced, among other factors, by the surface conditioning method and 

cement type, and the physicochemical conditioning of zirconia and the use of MDP-based 

resin cement is expected to increase adhesion.107 

Solutions containing MDP, associated or not with an MDP-containing universal 

adhesive for bonding to air-abraded zirconia provide stable adhesion after thermocycling.141 

Universal adhesives generate higher bond strengths compared to conventional zirconia 

primers.92,113,142 

A mixture of these two concepts was presented,103 as a combination of 10-MDP 

containing primers or resin cement and alumina abrasion at 0.20 MPa to provide durable 

and reliable bonding to Y-TPZ zirconia ceramic. Interestingly, those authors103 found that 

when the alumina blasting pressure was lower, higher, or not present, no durable bonding 

to zirconia ceramic was achieved regardless of using 10-MDP containing adhesives, which 

reinforces that, in addition to selecting an appropriate cement system, optimal bonding to 

zirconia requires optimization of the sandblasting pressure,103 raising doubts about the 

transposition of laboratory findings into clinical context because the equipment available in 

clinics is rarely similar to that used in the laboratory.20 

Others state that if conventional composite resin cement contains phosphate 

monomers such as MDP, it is not necessary to pretreat zirconia with a phosphate-

containing adhesive system.37 It has also been proposed that the deposition of crystalline 

hydroxyapatite nanoparticles on the surface of zirconia ceramic improves the quality and 

values of bond strength when luting with a self-etching dual-cure fluoride-releasing 

cement with MDP for universal use.28 

To bond zirconia, it was suggested to use airborne particle abrasion with 50 µm 

alumina (Al2O3) at 0.1 to 0.25 MPa in combination with a phosphate monomer-containing 

adhesive resin until further studies become available,121 what is slightly different from 
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another proposed protocol with alumina particles from 30 to 50 µm, at a pressure between 

0.05 and 0.25 MPa with a duration of at least 20 s.107 In fact, the better protocol is far from 

being well established and sometimes is unknown or misused by clinicians and prosthetic 

technicians, due to a lack of knowledge update or slowness in technological updating.20 

Another concern is the zirconia yttria content, as pre-cementation procedures can 

affect the load at fracture and cement retention of dental zirconia, so some authors 

proposed that air-abrasion should be used for zirconia with moderate yttria content (< 4 

mol%/3Y), but acid etching with heated potassium bifluoride (KHF2) for enhancing 

retention on zirconia with higher yttria content (> 5 mol%/5Y).143 However, they described 

the acid etching with heated KHF2 as a complicated process, so air abrasion with Al2O3 

remains the better option, keeping in mind that pre-cementation procedures need to be 

adjusted for the different dental zirconia materials to optimize both strength and 

retention.143 

 

2.5 Adhesive systems and adhesive cements  

Dental adhesive systems are complex chemical mixtures influenced by the presence 

and quantity of any component. The type and ratio of monomers, solvents, and initiators 

present in the mixture affect the physicochemical properties and bonding efficiency to 

tooth substrates, conditioning their proper clinical application in each clinical case.144 

Various adhesive systems are available to bond resin cements to restorative materials and 

tooth tissues. These systems can be broadly classified into three categories: etch-and-rinse, 

self-etch, and universal.145 Regardless of the strategy used, the removal of residual water 

from the tooth surface is fundamental to avoid hydrolytic degradation and loss of bond 

strength over time.110 

Long-term clinical data on resin bonding of partial-coverage high-strength ceramic 

or monolithic zirconia restorations are still missing.146  However, high-strength ceramic 

resin-bonded bridges (RBBs) are expected to have high long-term clinical success rates, 

particularly when designed as cantilevers with only one retainer, as is the case for MLIA 

treatment. 

However, a study that evaluated RBBs with different metal framework designs 

concluded that a fixed-fixed framework (3-unit bridge) showed the highest tensile bond 

strength and that cantilever single-abutment RBB had the least bond strength, encouraging 



 

35 

careful case selection and meticulous treatment planning to achieve long-term survival of 

the prosthesis.147 

 In an attempt to connect laboratory results to clinical performance, some authors 

reviewed the literature and concluded that with correctly designed buccal and lingual 

coverage retainers and minimal if any veneering porcelain, zirconia-based posterior inlay-

retained RBBs appear to have a high clinical survival rate; however, the role of bonding 

efficacy in this survival rate remains unknown.121 Furthermore, the 3-unit anterior 

cantilevered zirconia RBB appears to have a high clinical survival rate. Although these 

prostheses can debond, a catastrophic fracture of the entire prosthesis seems unlikely, so 

they may be rebonded.121 Nevertheless, we must be conscientious of the psychological 

negative effect that a debond can have on the self-esteem of a patient already 

psychologically traumatized by an MLIA, even if it occurs for a short period.2,3 

When selecting an appropriate adhesive system, the clinician must be aware of the 

choices available on the market and the coexistent lack standardized classification.20  

The use of zinc phosphate and glass ionomer cement for full metal and metal-

porcelain restorations has long been accepted. Nowadays, with the most popular 

restorations based on composite and ceramic materials, the three most used cement types 

are glass ionomer cement, resin cement, and a combination of both, resin-modified glass 

ionomer cement.113,145  

 

2.5.1 Compatibility with luting cements 

The possibility of eliminating the rinsing step makes the combination of a self-

etching bonding system with a luting cement attractive, but before use a compatibility 

assessment should be done.92,148 Different adhesives cannot be arbitrarily combined because 

they might be incompatible.149 The two-step self-etch adhesive system seems to be more 

reliable than the one-step self-etch adhesive system.148,149 The incompatibility between the 

self-etch adhesive system and the self-curing resin composite cement is related to oxygen 

inhibition and amine neutralization through acidic monomer, but also with the individual 

components of adhesives, the degree of water removal from the adhesive, air drying,148,149 

and the effectiveness of cross-linking between adhesive polymers.110 They also frequently 

form a discontinuous, irregular, and shallow hybrid layer associated with low wettability, 

viscosity of the system, and low infiltration into dental tissues.125 
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Self-etching adhesive systems concerning performance and clinical indications are 

material dependent, a relevant detail noticed since they were introduced to be used as 

auto-cured and dual-cured composites to bond indirect restoration and core build-up 

restorations on damaged teeth.125 

A light-cured filled matrix-resin composite coupled with an adhesive system can 

also be used to bond porcelain or resin composite veneers, instead of a resin luting cement, 

because composite material can provide sufficient bonding strength to the tooth structure 

while also being able to closely match the color of the veneer material.113,150 

However, when bonding all-ceramic restorations to teeth with short clinical crowns, 

it is generally recommended to use an adhesive luting cement rather than a composite 

material,  because adhesive luting cements allow for superior bonding strength and are 

better able to withstand the stresses of biting and chewing.79,82 Furthermore, when using 

self-etch systems for bonding, it is important to note that the acidic monomers present in 

these systems can affect the polymerization of dual-cured and self-cured resins, leading to 

weaker bonds and potential failure of the restoration.83,145,151 

It must be mentioned that immediate dentin sealing (IDS) should be used whenever 

possible, 20 and that single-visit indirect restorations should be preferred to multi-visit 

ones.78  

Conscious selection of the cement used to retain each type of restoration/material 

is necessary to reduce potential complications and ensure predictable successful 

treatment.152  

The clinician must follow the manufacturer's recommendations before using 

multiple different systems, although the recommended protocol can sometimes not be the 

best performing for that specific material, but randomized clinical trials still lack.78 The 

recent trend of using self-adhesive luting resins may change the clinical vulnerability of 

using incompatible systems.20  

 

2.5.2 Luting agent selection  

Valid selection of the luting agent is crucial for the longevity and success of indirect 

restorations. This is a challenging decision due to the increasing number of restorative 

materials, adhesive systems, and luting agents.20,113 This calls for the need to identify the 

best properties of a luting agent for indirect restoration bonded by dental resins, but also 
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the clinician's awareness of variation in dental tissue and individual bonding technique 

strategies.153 

A luting cement must provide a durable bond between the restoration and the 

tooth, and simultaneously wet the tooth and restoration surface, and exhibit adequate film 

thickness and viscosity.92,154  

Biocompatibility, good mechanical, esthetic properties, easy handling, low solubility, 

anticaries activity, adequate radiopacity, and cost-effectiveness are also expected 

characteristics.155  

Each type of cement has unique characteristics, advantages, and disadvantages. The 

selection of an appropriate cementation mode is affected by the characteristics of the 

restoration, the clinical covariables, and the properties of the used material.146 

If esthetics is not an issue, for zirconia polycrystals a resin-modified glass-ionomer 

approach is possible because this type of material has the unique properties of self-

adhesion to the tooth tissue.113,145  

The advantages of resin cements in general, apart from their ability to adhere to 

cementation, are their excellent physical properties.113,145 

Compared to water-based cements, they generally exhibit high flexural strength, 

diametral tensile strength, modulus of elasticity, fracture toughness, and hardness.46,125,156  

Furthermore, they show high compressive strength values, high fatigue resistance, 

are virtually insoluble in the oral environment, and have improved marginal wear resistance 

compared to resin-modified glass ionomer cement.157  

The ability to adhere to restorations has significant advantages, when the tooth 

preparation obtained for an indirect restoration does not provide the desired 

macromechanical retention.158-160  

 

Etch-and-rinse resin cements (3-step adhesive strategy) 
Resin luting cements have chemical components similar to those of the resin-matrix 

composite filling materials. Lower viscosity makes them easier to apply in thin layers and 

increases wettability, allowing easy flow into microscopic irregularities of the restorative 

material and tooth structure, improving their bonding strength.145,151  

Etch-and-rinse systems involve the use of an acid etchant (35-40% phosphoric 

acid) to prepare the tooth surface, followed by the application of a bonding agent.92 
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Bonding to enamel occurs through the interlocking of the resin with the hydroxyapatite 

crystals and rods of the etched enamel, as described same decades ago by Buonocore.24  

At the dentin level, the etchant dissolves the smear layer produced during tooth 

instrumentation, creating a rough surface that enhances the bonding of the resin cement to 

the tooth. The gaps created by the etchant are then filled with the bonding agent forming a 

micromechanical bond with the tooth structure, in the form of a hybrid layer or resin-dentin 

interdiffusion zone.92 

 

Self-adhesive resin cements 
Self-adhesive cement (SARC) adheres to tooth substrates, without the need for 

pretreatment, based on acid-functionalized methacrylate or related monomers incorporated 

in these cements for direct bonding to tooth tissue through a polyacid matrix structure.92 

The lack of a separate adhesive system improves clinical acceptance and 

straightforwardness. Although marketed as resin cement, these products are hybrid 

materials that combine the etching and bonding steps into a single application, features of 

self-etching adhesives and resin composites.113  

However, laboratory tests frequently found that SARCs used isolated have worst 

performance compared to the same self-adhesive cement plus etching, therefore 

recommending the traditional adhesive protocol (acid etching and application of the 

adhesive system followed by the cement), especially in cases with a short residual crown or 

functionally challenging clinical situations.78,91,113,121,145 However, conditioning with 37% 

phosphoric acid for 15 s increases the adhesion of the self-adhesive resin cement to the 

dentin, regardless of the use of the dental adhesive system.78,161 

The polymerization reaction of a SARC is based on the cross-linking of monomers 

with functional groups of phosphoric acid, which bind to calcium in hydroxylapatite to form 

an attachment between the methacrylate network and the tooth, with pH neutralization.162  

When adhering to dentin, the bond strength values seem to be between those 

achieved with a traditional adhesive protocol (3-step adhesive strategy) and a glass 

ionomer cement, which is in line with the expected values based on its chemical 

formulation.92,113,144 The bond strength to enamel is more challenging with these materials 

and should be more explored.78  
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Universal adhesives and resin cements 
Universal adhesive systems offer the flexibility to use either the etch-and-rinse or 

self-etch technique or selective enamel etching, depending on the clinical situation. 

Therefore, they are known as 'universal' or 'multi-mode' adhesives.163 Meanwhile, 

'universal' also means to be used with a variety of restorative materials, associated with 

silanes for ceramics and indirect composites, or with adhesive primers for metal alloys and 

zirconia oxide. In addition, they are recommended for a multitude of clinical situations 

(direct restorations, indirect restorations, resin coatings, core buildups, zirconia priming, 

and tooth desensitization).164 A similar philosophy is transposed to universal cements. 

A disadvantage of conventional non-self-adhesive resin cement is its high technique 

sensitivity, including the need for well-controlled clinical circumstances regarding 

isolation,80,126,128,145 since most adhesive systems are adversely affected by humidity.92 Their 

technique sensitivity is illustrated in studies reporting significant differences in bond 

strength  

between operators performing the same bonding procedure.165,166 This may widen the gap 

between their performance under ideal conditions in the laboratory and in everyday 

practice.  

 

Bisphenol A (BPA)-free luting cements  
Most dental materials contain BPA derivatives, such as bisphenol A-glycidyl 

methacrylate (Bis-GMA) and bisphenol A diglycidyl methacrylate ethoxylated (Bis-EMA), 

and luting cements are no exception. Considered an endocrine disruptor, BPA is long-term 

released from restorative composites and resin-modified glass ionomers in dependence on 

the organic matrix content and the polymerization procedure.115,167 

Although the BPA released from these materials is substantially lower than current 

limits, even at low concentrations below 0.02 ppm, BPA toxicity should not be excluded and 

contribute to daily exposure.168 On the other hand, no exposure should be dismissed as safe, 

because the effects of BPA on human health have not been fully clarified to date, especially 

the potential harm of long-term exposure.115,167 

Low-viscosity resin-matrix composites, which is the case for luting cements, have 

higher proportions of organic matrix compared to traditional resin-matrix composites.115 

Due to human health and environmental issues, some dental manufacturers have 

developed BPA-free luting cements, which may be a safer option for patients concerned 
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about the potential health effects of BPA. However, it is important to note that there is still 

much research that needs to be conducted in this area to fully understand the potential 

risks associated with BPA in dental materials.  

ACTIVA BioACTIVE Cement (Pulpdent, Watertown, MA, USA) is based on silica glass 

particles and an ionic-based resin matrix with calcium, phosphate, and fluoride ions 

contains no bisphenol A, bis-GMA, or BPA derivatives accessible on the market. The 

manufacturer proposed it as a dynamic material that reacts with changes in pH in the 

mouth. It stimulates mineral apatite crystal formation at the material-tooth interface, 

acting like a smart material, as it continuously releases and recharges its ionic components 

and actively participates in ionic exchange with saliva and tooth structure.169 It is self-

adhesive, moisture-tolerant, and indicated for indirect applications. 

Despite the marketing literature, some studies have put in doubt those properties, 

as it was found that, for being efficient, at least similarly to other luting cements containing 

bisphenol A, it should be applied to dentin with a bonding agent.157 Still, research data are 

contradictory, as other authors found a similar performance compared to a total-etch 

(etch-and-rinse) adhesive.160 

 

2.5.3 Adhesion of the Restoration  

High-quality adhesion between artificial materials and natural teeth has been a 

pertinent and always present subject since Buonocore24 in 1955 brought to light the 

necessity to alter the surface of substrates before adhesion.  

Many luting agents are available on the market. Still, nowadays, for single-retainer 

RBB, scientific evidence supports the use of resin cements, which ideally will achieve 

biomechanical and biochemical bond simultaneously to the restoration and the almost 

unprepared tooth, filling the gap between the two joint components.151,170,171 

Recently, dual-cured, self-etching, and self-adhesive resin cements that do not 

require bonding agents have been introduced. Furthermore, resin cements are chemically 

bonded to resin composite restorative materials and silanated porcelain.154,156,172 

Concerning microleakage, it is plausible to assume that luting agents with stronger 

bonds to tooth structure, will also allow less microleakage and less histopathological 

changes, which has been verified in vitro and in vivo studies.159,160,173 



 

41 

Resin-glass ionomer hybrid cements (glass-ionomer cements to which water-

soluble polymers or polymerizable resins are added) are described as being as retentive as 

resin cement and as more retentive than glass-ionomer cement. However, there are some 

contradictory results160 due to the differences in the cements used for comparison in the 

different studies. 

Based on the literature, self-conditioning cements show values for dentin bonding 

significantly lower than those for conventional resin cement.78,174 

Surface contamination has a negative effect on adhesion and is not yet solid 

evidence to support a universal adhesion protocol.94 

Dental adhesive systems are chemically complex, and the improvement of their 

physicochemical properties and bonding efficiency to tooth substrates is directly influenced  

by the type and ratio of monomers, solvents, and initiators they contain. In this manner, it is 

important to know the components and their interactions, which is important for the design 

of new materials, but also to properly adequate their clinical application in each scenario.144 

 

2.5.4 Work and setting time 

The ideal working time varies with the specificity of the clinical situation and the 

level of experience of the clinician. More complex restorations or when multiple restorations 

are placed simultaneously may benefit from a longer working time, allowing the clinician 

more time to work with the material before it sets. However, a longer working time can 

increase the risk of contamination or improper placement of the restoration.155 

A faster setting time can improve patient comfort and reduce chair time, but also 

shortens the time for careful handling during placement to ensure proper restoration 

positioning.112 Setting time can be influenced by several factors, including cement type, 

mixing technique, and ambient temperature and humidity.46 

For conventional luting cements, some strategies, such as using a chilled slab or 

mixing over a wide area to dissipate the heat of the exothermic reaction, can be performed 

to lengthen the working time but should be done carefully not to weaken the mechanical 

properties.175 

Whenever a resin cement is a choice, it can be chemically cured, dual-cured, or only 

light-cured, whenever the restoration lack of translucency is not an issue.176 Light-cured resins 

have the advantages of increased working time, facility to remove excess, and reduced 



 

42 

finishing time.145 Dual-cured have the advantage of accelerated conversion at the surface 

and deep setting over time.113,114 

 

2.5.5 Mechanical properties  

The cement used for permanent high-strength bases requires good compressive and 

tensile forces. Cements are brittle materials with good compressive strength but are usually 

worst performers relative to tensile strength. Zinc phosphate, conventional glass ionomers, 

and resin-reinforced glass ionomers have long been on the market, but there is no doubt that 

resin cements have higher mechanical performance even in stressful conditions such as 

pulling  

out of zirconia endodontic posts, due to a chemical bonding with a hybrid layer formation 

with resin tags, compared to just physical frictional retention.113,177 

 
Table 3 - Basic properties of the dental luting agents referred (adapted from Heboyan et al. (2023)145 

 
Compressive Strength 

(MPa) 
Tensile Strength 

(MPa) 

Elastic Modulus 
(GPa) 

(Dentine = 13.7) 
(Enamel = 84 – 130) 

Zinc phosphate 48 – 133 0.65 – 4.5 19.8 

Conventional glass-ionomer cement (GIC) 93 – 226 2.36 – 5.3 11.2 

Resin-modified glass-Ionomer cement (RMGIC) 85 – 126 2.53 – 24 6.8 

Resin cement 52 – 224 5.07 – 41 11.8 – 16.5 

 
 

2.5.6 In-mouth solubility and Biocompatibility 

Theoretically, luting cement should maintain its chemical properties in the presence 

of oral fluids throughout the restoration life. Still, most of the cements used in dentistry will 

disintegrate in the oral environment over time.112,178 Variations in solubility between the 

different luting agents are a reality, but this could eventually be overcome by a good fit of 

the restorations.150,179  

Additionally, an ideal luting agent should not be harmful to dental tissues. 

Sensitivity after crown cementations is probably due to microleakage rather than pulpal 

inflammation resulting from the insult caused by the luting agent. Sealing and protection of 

the dentine-pulp complex should be done before or during cementation, preventing tubular 

contamination and thus preventing posterior sensitivity.150 Moreover, immediate dentin 

sealing (IDS) improves bond strength.78,180 
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Water-based cements suffer acidic erosion in experimental environments, while 

resin-based cements tend to suffer hygroscopic expansion caused by water sorption, 

instead of chemical erosion.181 However, in experimental conditions similar to intraoral 

conditions, considerably less aggressive, the erosion behavior of glass ionomer cement was 

similar to the resin-based cements, contrary to previous laboratory results.182 

Newer self-etched adhesive systems reduce the time spent in clinical practice, but 

their behavior as permeable membranes at the interface level makes them prone to more 

degradation125 and to water aging in comparison with conventional resin cement183 as the 

3-step system seems the most effective due to its lower risk of hydrolytic degradation at 

the interface level, but requires strict humidity control as they are highly technique 

sensitive.125 

The biocompatibility of resin cements and associated adhesive systems is related to 

their degree of conversion, and complaints of sensitivity may be due to incomplete 

polymerization.116 Reduced cell viability of human cells occurs in contact with resin cement, 

with significant differences depending on the type of cell and cement material, with greater 

sensitivity for mesenchymal cells, especially osteoblastic cell lines, and less sensitivity to 

epithelial and endothelial cells. This suggests that despite the properties and adequate 

handling of resin cements, their widespread use should be cautious, with an emphasis on 

the pertinence for complete removal of all cement residues, and correct polymerization.116,184 

The degree of cure is an important variable,118 with dual-cured cements showing less 

cytotoxicity than self-cured cements.184 

To minimize the risk of allergic reactions to resin cements, dentists may perform 

allergy tests before using these materials,185 because the risk of adverse reactions is 

believed to be higher for dentists than for patients. Allergies to resin cements have been 

reported, but are quite rare, but may occur as a result of an immune reaction to one or 

more components in the cement. Some of the common symptoms of an allergic reaction to 

resin cement include redness, itching,185 and swelling of the gums or other tissues of the 

mouth, as well as difficulty breathing, hives, and anaphylaxis in rare cases. If a patient 

complains about an allergic reaction to resin cements, in such a case, the cement should be 

changed to a conventional glass ionomer cement.185 
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2.5.7 Thin thickness (low viscosity) 

Ideally, the luting cement material should have a low initial viscosity to easily flow 

and allow proper seating of the restoration.145 The luting space should be kept to a 

minimum to improve the fit of the restoration, exposing the minimum luting material to 

oral fluids and minimizing any polymerization contraction stress.170 An effective luting agent 

should be able to flow to a film thickness of 30 μm or less.154,186 The mean viscosity of a 

luting cement (composite- and resin-based cements) can vary widely depending on the 

type of material and its intended use (full or partial crowns, inlays or onlays, or veneer 

cementation). Typically, high-viscosity luting cements have a viscosity between 50 and 100 

Pa*s, while low-viscosity luting cements can have a viscosity as low as 10 Pa*s. However, 

for each luting cement, the viscosity varies with temperature and humidity, as well as with 

the application method (for example, sonication).187 In a retrospective clinical study for 

inlays, onlays, and overlays on posterior teeth, a higher survival rate was found if a high-

viscosity material (composite-based cement) instead of a low-viscosity material (resin-

based cements) was used.188 This technique could also be chosen for veneer cementation, 

because mean values of marginal adaptation of 295 and 315 µm, and 202 µm and 195.5 µm 

of internal adaptation values, respectively, were found for heat-pressed and CAD-CAM 

veneers, with some marginal discoloration after 2 years of clinical service, in cases of 

veneers cemented with a resin-based luting cement.189 

 

2.5.8 Radiopacity 

Radiopacity is a desirable property of an ideal luting agent that enables clinicians to 

identify the luting cement, teeth, and restoration. Dental cements must have greater opacity 

than dentine to detect gaps, secondary caries, overfilling, or underfilling. A luting agent 

should be chosen as radiopaque as possible145,155 because it is impossible to detect excess 

luting agent radiographically if the material is radiolucent. 

 

2.5.9 Anticariogenic Properties 

Fluoride is released from certain dental materials, although at different rates and 

for different durations, depending on the material evaluated.113,190 Many luting agents have 

been described as having anti-cariogenic properties, and several of them have been 

marketed under this pretext. 
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The fluoride content of a material is not a guarantee of its anti-cariogenic 

properties, as sufficient concentrations of fluoride must be released over time.145 The 

material itself should not suffer from any significant degradation.150 Glass ionomer cements 

have been reported to have long-term fluoride release.191,192 However, even if fluoride is 

released, it is essential to know the amount of fluoride released from the margins of a well-

fitting restoration and whether this amount of fluoride has any significant impact. 

Recently, a study revealed that an alkasite-based resin composite has a better 

recharge potential than a giomer (glass-ionomer cement matrix containing resin 

components) and conventional glass-ionomer cements, after topically applied NaF gel, but 

also that the conventional composite evaluated showed no recharge ability.192 Furthermore, 

the chemical composition of the overcoating adhesive system influences the fluoride 

recharge and re-release capacity of each material.192 

Ion-releasing cement could inhibit demineralization of the surrounding root dentin 

more than a reference self-adhesive resin cement, although at a lower level than a 

reference resin-modified glass ionomer cement. They may be indicated for patients at risk 

of secondary caries around the crown margins.193 

 

2.5.10 Ease of manipulation 

An essential attribute of any dental material is its ease of use and manipulation. 

Among conventional luting agents, zinc phosphate appears to be the least technique 

sensitive and if the specific protocol is followed, long-term success will be achieved.172,175 

Resin cements are extremely technique-sensitive, especially those with a 3-step 

adhesive strategy, due to their inherent polymerization shrinkage and sensitivity to 

moisture.112,122,145 Resin-modified glass ionomer cements are less technique-sensitive than 

resin cements and, in auto-mix cartridges, are a highly efficient way of delivering cast 

restorations.112  This delivery mode is also the best choice when using resin luting cements. 

 

2.5.11 Esthetics 

The translucency of all-ceramic restorations, especially anterior restorations, makes 

the esthetic characteristics of the adhesive cement critical.172,175 

Esthetic appearance of luting materials is necessary in all non-metallic restorations, 

particularly when the margins are visible. In such regions, resin-based color-matched luting 
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materials are superior to any other type because of their translucency and excellent color 

matching to dentin and enamel. Ionomer-based luting materials may also have a good color 

match, but their translucency is somewhat inferior to that of resin-based luting materials.170 

Therefore, color stability over time should be considered. The amine accelerator 

necessary for dual polymerization can cause the color of the luting agent to change with 

time.145,194 Therefore, many practitioners prefer light-cured resin cements for the luting of 

porcelain veneers and other esthetic restorations because it is believed to be more color 

stable.145 Light-cured resin cements should also be preferred for the long-term color stability 

of full ceramic restorations.194 However, it has been suggested that the color stability of resin 

cements could be improved.195 

For translucent restorations made of third- or fourth-generation zirconia, it is 

recommended not to use an opaque luting material in the visible area for esthetic reasons.  
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CHAPTER 3 

LABORATORY TESTING OF POTENTIAL MATERIALS FOR RESIN 
BONDED BRIDGES IN THE TREATMENT OF MLIA 

 
 

3 LABORATORY TESTING 

3.1 General aspects 

This chapter is presented in a mixed format with descriptive sections and resumed 

original articles. 

The adhesive protocols used were based on the manufacturer’s instructions and 

scientific evidence whenever no experimental conditions were tested. Laboratory 

procedures were carried out according to evidence-based daily clinical practice, except if 

the materials required handling in the prosthetic laboratory. In this case, the materials were 

processed as real RBB ready for use in the mouth. The Stata v17.0 software program (Stata 

v17.0; StataCorp, Lakeway, TX, USA) was used to perform data analysis whenever applicable. 

 

3.2 Tests for the mechanical characterization of the bonding interface 

Several tests are available to characterize the bonding strength of different adhesives 

or surface preparation methods used to bond monolithic ceramics, depending on the 

specific application and bonding material used.  

The most commonly used methods for evaluating dental materials are (a) the tensile 

test, which involves applying a force perpendicular to the bonded interface, causing the 

bonded parts to shear apart; (b) the shear test, which involves applying a force parallel to 

the surface or the bond line of the material, causing the materials to slide against each 

other until they shear or deform; (c) the flexural test, which involves the application of a 

bending force to the bond, and the maximum stress at the bond interface measurement; (d) 

the peel test, which involves applying a force parallel to the bonded interface until one of 

the bonded parts peels away from the other; (d) the microindentation test, in which a small 

indentation is made in the bonded area using a microindentation tester; and (e) 

microscopic examination,  
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which determines the nature of the failure (adhesive, cohesive, or mixed) of the fractured 

surfaces, and allows the inference of the strength of the bond. 

In tensile or shear tests, the force is applied at a constant rate until the adhesive joint fails 

and the maximum force required to break the joint is recorded. The strength of the bond is 

calculated by dividing the maximum force by the original cross-sectional area of the bond 

area, and the resultant value is expressed in units of stress, such as pounds per square inch 

(psi) or megapascals (MPa). This value can be used to compare the strength of different 

adhesives or bonding methods.  

Both tests are useful in providing information on the strength of the adhesive bond 

and how it will perform under different loading conditions, helping to select materials or 

adhesives for bonding applications that require a high degree of strength and durability, as 

is the case with RBB in the rehabilitation of MLIA. 

TBS and SBS are popular tests for 7 to 28-mm2 bonded areas.196 Instead, 

micromechanical tests can be used to evaluate the mechanical properties of small-scale 

material interfaces, typically with dimensions in the range of micrometers or millimeters, 

but require a specialized testing machine equipped with a small load cell, grips, and an 

optical microscope to visualize the deformation of the specimen during testing. In dentistry, 

it is often used to study the bonding interface between dentin and restorative materials. 

 
Figure 15 - Schematic illustration of the bond strength tests utilized in the included studies (A: SBS, B: μSBS, 
C: TBS, D: μTBS). Red arrows represent the direction of applied forces. According to Awad et al91 under 
copyright permission from Elsevier. 

 
Concerning the mechanical characterization of bonding protocols for CAD-CAM 

monolithic ceramics, recently a systematic review and meta-analysis revealed that the type 

of test performed had no direct influence on the specific comparative results of the 

adhesive strength assessment for each specific ceramic.20 
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3.3 Main materials used in laboratory testing 

Different types of monolithic CAD-CAD ceramics, VITA YZ® [Y-ZPT], VITA SUPRINITY®[SU], 

VITA ENAMIC®[ENA], from Vita Zahnfabrik, Germany, and three different types of luting 

cements, Panavia SA Universal Cement® [SA] (Kuraray Europe GmbH, Germany), Rely X 

Ultimate®[RU], and VITA ADIVA IA-Cem® Ultra opaque [IA] (Vita Zahnfabrik, Germany), were 

used in this study. Other materials used were Monobond Plus® (MB) (Ivoclar Vivadent AG, 

Liechtenstein), universal silane;  VITA ADIVA C-Prime (CP) (VITA Zahnfabrik, Germany), 

ceramic primer; VITA ADIVA Ceramic Etch (HF5) (VITA Zahnfabrik, Germany), ceramic etcher;  

Scotchbond Universal Etchant (PA) (3M ESPE, USA), acid tooth conditioner.  

Table 4 lists the main materials and their compositions according to the 

manufacturer used in Task 2 (study of the adhesive joint), Task 3 (testing a new model of 

RBB specimen model), Task 4 (natural teeth shear bond strength assessment), and Task 5 

(testing a simulated RBB for MLIA rehabilitation).  

Table 4 - General description of the materials used in this study, their compositions, and manufacturers. 
Material Name Code Composition Manufacturer 

CAD-CAM 
Ceramics 

VITA 
Enamic 

ENA 
86% feldspar ceramics: SiO2 58–63%, Al2O3 20–23%, 

Na2O9–11%, K2O4–6% by weight, 14% polymer by 
weight: TEGDMA, UDMA 

VITA Zahnfabrik, Bad 
Säckingen, Germany 

VITA Suprinity SU Zirconium oxide 8–12, silicon dioxide 56–64%, lithium 
oxide 15–21%, various > 10% by weight 

VITA Zahnfabrik, Bad 
Säckingen, Germany 

VITA 
3Y-ZPT 3Y-ZPT Zirconia reinforced with 3% Yitria 

VITA Zahnfabrik, Bad 
Säckingen, Germany 

VITA 
5Y-ZPT 

5Y-ZPT Zirconia reinforced with 5% Yitria VITA Zahnfabrik, Bad 
Säckingen, Germany 

Renin-matrix 
restorative 
composite 

PROCLINIC 
EXPERT Nano 

Hybrid 
composite 

RES 22.5% weight, multifunctional methacrylic ester; 77.5% 
weight, inorganic filler (40 nm – 1.5 microns 

SDI Limited, Burnston, AUS 

Artificial 
teeth 

FRASACO 
Tooth FRA Melamine-based composition 

Frasaco GmbH, Tettnang, 
Germany 

Resin  
composite 

cement 

Panavia 
SA 

 Universal 
cement 

SA 

Paste A: MDP, Bis-GMA, TEGDMA, HEMA, silanated 
barium glass filler, silanated colloidal silica, dl-
camphorquinone, peroxide, catalysts, pigments 

Paste B: HEMA, silane, silanated barium glass filler, 
aluminum oxide filler, sodium fluoride (<1%), dl-

camphorquinone, accelerators, pigments 

Kuraray Europe GmbH, 
Hattersheim, Germany 

VITA ADIVA 
IA-Cem 

Ultra opaque 
IA 

Mixture of resin based on Bis-GMA, catalyst, stabilizer, 
pigments 

VITA Zahnfabrik, Bad 
Säckingen, Germany 

RelyX 
Ultimate 

RU 
MDP phosphate monomer, dimethacrylate resins, HEMA, 
Vitrebond™ copolymer filler, ethanol, water, initiators, 

silane 

3 M ESPE, Seefeld, 
Germany 

Etching 
agent 

VITA ADIVA 
Cera 
Etch 

HF5 Hydrofluoric acid 5% VITA Zahnfabrik, Bad 
Säckingen, Germany 

Scotchbond 
Universal 
Etchant 

PA Phosphoric acid 35% 3M ESPE, Minneapolis, MN, 
USA 

Ceramic 
Primer 

VITA ADIVA 
C-Prime 

CP Solution of methacrylsilanes in ethanol VITA Zahnfabrik, Bad 
Säckingen, Germany 

Monobond Plus MB 
50–100% ethanol, disulfit methacrylate, ≤2.5% 

phosphoric acid dimethacrylate, ≤2.5% 3-
trimethoxysilylpropyl methacrylate 

Ivoclar Vivadent AG, 
Schaan, Liechtenstein 

Bis-GMA, bisphenol A glycidyl methacrylate; HEMA, 2-hydroxyethyl methacrylate; MDP, 10-methacryloyloxydecyl dihydrogen phosphate; TEGDMA, triethylene 
glycol dimethacrylate; UDMA, urethane dimethacrylate 
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Specific materials and equipment are detailed in the specific task and in the papers. 

3.4 Study of the adhesive joint (Task 2) 

3.4.1 Factoring of specimen models and preliminary tests (Task 2.1) (Paper 5) 

These initial tests aimed to produce an innovative specimen that could simulate, as 

much as possible, a partial prosthesis (RBB) adhered with an adhesive cement to 

rehabilitate a missing lateral incisor in a clinical situation of MLIA.  

Despite the fact that there are many different tests in the literature on dental 

materials that can potentially be used in the rehabilitation of an MLIA situation, few have 

tested situations designed for the area of the upper lateral incisors. Existing ones were 

carried out mainly with fixed full-coverage prosthesis crowns, with non-CAD-CAM 

restorative materials, or with conventional cements. 

The preliminary tests were designed to calibrate the procedures and identify 

constraints. It is worth mentioning that the specimen finally tested in this task was the 

third attempt at specimen modeling. The first failed due to lack of stability (two Frasaco 

teeth each inserted into a cast metal support, followed by adhesion of the test cylinder) 

(Fig. 16 A), and the second due to the unsuccessful standardization of the inclusion of 

Frasaco teeth in the acrylic resin support, with the buccal surface parallel to each other, to 

adhere to each side of the cylinder (no intention to abrade the surface of the artificial tooth 

until the faces were parallel to each other, but to use the surface of the tooth only with the 

surface treatment of the experimental protocols) (Fig. 16 B). The data acquired with these 

models were used to make the next model tested in the preliminary tests (Fig. 16 C). 

  

Figure 16 - Specimen models of the first (A) and second (B), and final attempt. 
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With the third attempt, a prototype of easy replication, stable, and with standardized 

base adherend was achieved. 

Virtual design and 3D printing were used to produce a stabilizer base to reinforce 

stability. The VITA Enamic block was chosen as the base adherend because of its unique 

mechanical properties similar to those of the natural tooth. Additionally, the surface 

treatment recommended for its surface despite being done with another type of acid 

conditioner is very similar to that recommended for a human tooth. The resilience and 

toughness of the specimen were intended to simulate those types of characteristics at the 

level of the periodontal ligament and bone. 

Figure 17 shows the experimental protocol. Detailed steps of the experimental 

protocol are accessible in Paper 5. 

 
Figure 17 - Experimental protocol for shear bond test 

 
 

This paper also contains the results of the first in-line study to find a reliable 

substitute for natural teeth, human or bovine, to overcome ethical restraints and inherent 

biological variability in future research. 

Task 2.1 evaluated the possibility that an experimental specimen model that used a 

standardized artificial material as a base adherend could be used for the shear bond 

strength tests of restorative materials. Simultaneously, because the behavior of this 

material (ENA) for this purpose was unknown, CAD-CAM ceramics with different expected 

performances in shear bond strength testing were simultaneously evaluated.  

Among the CAD-CAM ceramics evaluated as restorative materials, ENA was the 

easiest to handle. The SUP was very brittle, either in the pre-sintered or sintered state. Y-

ZPT had accessible milling procedures, but it was almost impossible to manage the 

separation of the cylinders after the block had been sintered, having destroyed several  
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diamond burs. In future studies, we highly recommend separating the cylinders before 

sintering. The resin-matrix composite (RES) was easy to handle, but the possibility of 

including air bubbles in the cylinder upon production was a concern. The SUP (n=1) and Y-

ZT groups had pre-test failures (n=2). Table 5 shows the shear strength by mean and 

standard deviation, Figure 18 the behavior of the samples under load, and in Figure 19 the 

box plots the shear strength, with and without preload failures, of the assessed materials. 

Detailed results are accessible in Paper 5. 

 
Table 5 - Shear strength by mean and standard deviation in Newtons and MPa 

 
 
 

a 
Figure 18 - Graphic representation of specimen behavior under load of the control (RES), ENA, SUP, and Y-ZT 
groups 

 
 

 
 
 

Groups  Failure load Shear Strength  
n Mean (N) SD (N) Mean (MPa) SD (MPa) 

Rely X 
Ultimate 

Resin-matrix Composite 5 843.07 299.82 69.10 24.58 

 VITA Enamic 6 224.27 103.82 18.38 8.51 
 VITA Suprinity 5 139.56 48.99 11.44 4.02 
 VITA Y-ZT 5 225.40 147.88 18.48 12.12 



 

53 

 
Figure 19 - Box plot of shear strength by restorative material, without preload failures (A) and with preload 
failures (B) 

 

The SUP and Y-ZT groups were inconsistent before and during loading. The 

adhesion strength depends on the material. Surprisingly, the RES group performed the best, 

reaching mean values more than four times higher than the second best, the ENA group. 

Based on the parameters depicted in Figure 20, all samples from the Y-ZT group had 

failed adhesion as a unique mode of failure. In the RES group, the unique failure mode was 

cohesive, either on the cylinder or on the base, and sometimes simultaneously.  

 

 

Figure 20 - Comprehensive scheme of the mode of failure 

 
Crossing data obtained from the failure mechanism and surface energy of the 

different materials evaluated, no correlation was found, indicating that the intrinsic 

chemical composition of the restorative material and its interaction with the coupling agent 

were the main factors affecting the mechanical behavior. As can be seen in Figure 21, the 

three treatments modified the surface of the ENA; the SUP was markedly altered by 

conditioning  
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with HF 5% for 60 s and only slightly by sandblasting with AL2O3 50µ, and Y-ZT was not 

affected by HF 5%. These findings confirmed the data found in the literature. 

 

 

Figure 21 - Radar graph with mechanical performance comparison in relation to the highest surface energy 
measured by type of CAD-CAM monolithic ceramic 
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Figure 22 - Microscopy observation (50x and 100x ampliation) of the CAD-CAM ceramics after different 
surface treatments [as provided by the manufacturer, grinded by coarse disk, 5% hydrofluoric acid for 60 s 
(HF 5%), aluminum oxide blasting (Al2O3 50µm) 

Crossing of microscopy and surface energy data shows that HF 5% is a suitable 

treatment to prepare the surface of SUP for adhesion if we only consider the microscopic 

interlocking between the restorative material and the adhesive cement. Other materials are 

dependent on chemical reactions. 
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Within the experimental conditions of this study, no relationship was found between 

SBS and the surface energy of the substrates, the failure mode was material dependent, and 

differences in behavior concerning shear forces were identified between CAD-CAM 

ceramics. The mode of failure with Y-ZT was always adhesive, highlighting uncertainties 

about the efficiency of the adhesive joint of this material in the absence of 

macromechanical retention. The VITA Enamic block resists a shear load of up to 100 MPa 

(RES sample 5 test) in a design consisting of a cylinder with a double interface connection, 

so it appears as a potential base adherend for SBS tests.  

Another innovation of task 2.1 is the testing of a polymer-infiltrated CAD-CAM 

ceramic as a potential substitute for natural teeth in shear strength tests. Being an 

industrially manufactured material, the predictability of mechanical behavior is expected. In 

addition, because of the mixed chemical composition (polymer and ceramic), a behavior 

similar to that of a natural tooth as a base adherend is also aimed at testing different CAD-

CAM monolithic ceramics. Another peculiarity of this study is that, except for the test 

equipment, it was carried out with equipment within the reach of a dentist in most 

countries. Therefore, the clinical protocols were evaluated in parallel. The experimental 

methodology followed strict control and was reported pedagogically throughout the paper.  

Relevance: The findings of this study are the first step toward a reliable substitute 

for natural teeth to overcome ethical restrictions and inherent biological variability in future 

research. The results suggest that a polymer-infiltrated CAD-CAM ceramic (ENA) is a 

potential base adherend for shear bond strength tests of restorative materials, although 

further research is necessary to confirm its efficacy as an alternative to natural teeth. 

Furthermore, the findings of this research will allow future studies to compare the 

mechanical behavior of restorative materials with the same base adherend, which is not 

possible with natural teeth due to their inherent biological variability. It was possible to 

identify the major differences between the CAD-CAM materials under the possible load 

forces in a three-unit RBB. 

 

3.4.2 Modulation of the adhesive interface (Task 2.2) (Paper 6) 

 
This task was developed to evaluate the effect of coupling agents and surface 

treatment on the shear bond strength of three luting cements adhered to a CAD-CAM 
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ceramic mechanically similar to the human tooth. Detailed steps of the experimental 

protocol are accessible in Paper 6. 

Three adhesive cements with different adhesive strategies [Panavia SA (SA), RelyX 

Ultimate (RU), and Vita Adiva IA-Cem (IA)] were used to adhere as cylinders to VITA Enamic 

blocks. Block surface treatment was grinding with no further treatment or 5% hydrofluoric 

acid for 60s. VITA Adiva C-Prime (CP) and Monobond Plus (MB) were the alternative 

coupling agents. Figure 23 shows some steps of specimen production. The surface energy 

assessment (block and cement), shear bond strength (SBS), the ultimate tensile strength of 

each block, and the fracture analyses were performed. SA in the self-adhesive mode 

adhered to only grinded block was the control group (SA/0). The data was properly 

analyzed and details can be examined in Paper 6. 

 

Figure 23 - Surface treatment with 5% HF and coupling agents. (A) After grinding,  (B) conditioning with 5% 
hydrofluoric acid,  (C) air-dried block surfaces after washing with water spray for 60 seconds and (D) 
application of the coupling agent according to the group. One group was left unconditioned and without 
coupling agent (control group) 

 Figure 24 describes and shows details of the mechanical tests. 
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Figure 24 - Components designed for testing (1: ceramic block; 2: cement cylinder; 3: stationary base; 4: block 
stabilizer; 5: load cell and piston); (B) block stabilized on base and specimen positioned for SBS; (C) piston 
positioned over the cylinder, 1 mm away from the block 

 
The RU/MB group had the best SBS (p<.001). RU (349.12 ± 26.94N) and IA (157.50 ± 

21.7N) performed better with MB and SA (221.05 ± 29.99N) with CP. CP (221.05 ± 29.99N)  > 

MB (180.59 ± 20.27N) increased SA SBS compared to self-adhesive mode (SA/0, 119.97 ± 

43.05N). The RU/CP association showed inconsistent SBS. No direct influence on SBS was 

found to be related to the surface energy of the substrates. The polymerization efficacy of 

IA-Cem raised doubts. The fluorescence of RU was helpful for excess removal. 

All combinations tested, except SA / 0, achieved shear bond strength values within 

those aimed at adhesion to tooth substrates. The coupling agent and cement affected the 

SBS under the test conditions. RU performed better than the other cements with both 

coupling agents (MB and CP). Except for SA, the MB performed better as a coupling agent. 

The VITA Enamic hybrid ceramic block is a potential support for shear tests with luting 

cement.  

Based on the results obtained, the shear bond strength of the adhesive interface 

between the luting cements and the VITA Enamic block was positively influenced by the use 

of a coupling agent, either MB or CP, and a specific surface treatment. This suggests that 

the surface energy of the VITA Enamic block, the hybrid ceramic used in this study, is not 

enough by itself to promote the adhesion of dual-cured self-adhesive luting cements. This 

study also demonstrated that the VITA Enamic block is an appropriate substrate for 

laboratory testing of the shear bond strength of adhesive interfaces between luting 

cements and tooth-like materials. 
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CLINICAL RELEVANCE: From this study, we can translate into the clinical context 

that silanes improve the performance of luting cements but are not a substitute for proper 

clinical techniques and treatment of the tooth and the restoration surface. The 

manufacturer’s instructions do not always produce the best mechanical performance of a 

material but should be followed until further information from randomized clinical trials is 

provided. 

 

3.4.3 Search for an industrial alternative to human teeth (Task 2.3) 

In this task, the shear bond strength of an artificial adherend, FRASACO teeth, was 

evaluated to find a possible anatomical substitute of a human or bovine tooth for shear 

bond testing. These teeth are produced industrially from melamine, making them a 

standardized substrate. The possibility of having a cheap and almost over-the-counter 

material is an attractive idea, and if feasible, would allow the surpassing of several ethical 

and biological problems. 

 Frasaco teeth (n=30) were embedded in acrylic resin and cut with a circular 

diamond saw to produce a flat standard surface. The cutting was done to remove a 

maximum of 2 mm from the buccal tooth surface. After cleaning with air and water spray, 

the cubes with the teeth were randomly distributed, followed by assignment in 5 groups 

(n=6) according to the experimental adhesive protocol to be performed (Table 6). All 

surface treatments for the experiment followed the procedures already described in the 

previous tasks. 

Table 6 - Experimental groups by adhesive protocol (adhesive cement, surface treatment, and coupling agent) 

CEMENT 
SURFACE 

TREATMENT 
COUPLING 

AGENT 

Panavia SA (SA_00) Grinded None 

Panavia SA (SA_AL_0) Aluminum oxide None 

Panavia SA (SA_HF5_0) Hydrofluoric acid None 

Panavia SA (SA_HF5_MB) Hydrofluoric acid Monobond 

Rely X Ultimate (RU_HF5_MB) Hydrofluoric acid Monobond 

 

As no literature referred to surface treatment or adhesive protocols performed with 

FRASACO teeth was found, preliminary tests were performed.  

The group was left intact, that is, only grinded. The other 4 were treated with 5% 

hydrofluoric acid (5% HF), 60 s; 9,6% hydrofluoric acid (9.6% HF), 60 s; aluminum oxide 

50µm, 0.25 MPa, 10mm, 10 s (AL) and 35% phosphoric acid (35% PA), 60 s. In Figure 25, 

some details are shown. 
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Figure 25 - Different surface treatment of the FRASACO tooth cuted surface. (A, 9,6% hydrofluoric acid, 60 s ); 
(B) 5% hydrofluoric acid, 60 s; (C, D) after washing with undoubtful pigmentation; (E, F) 35% phosphoric acid 
to the previous etched surface; (G, H) no visible effect of 35% phosphoric acid effect; (I) 35% phosphoric acid, 
30 s, as a surface conditioner; (J) after washing with no recognizable effect.  

 

The cylinders were cemented with a protocol similar to that used in Task 2.2, which 

is detailed in Paper 6. In Figure 26 we can see some steps of this execution. 

 
Figure 26 - Fabrication and assembly of samples. (A) teeth positioned in the silicon mold; (B) acrylic resin 
poured in the mold and waiting full polymerization; (C) cement cylinders waiting to self-cure in the silicon 
mold, after 5 s photoinitiation; (D) silicon mold removed; (E) violet light incidence revealing the fluorescence of 
the Rely X Ultimate cement (RU) 
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Figure 27 shows details of the surface energy measurement and of the shear bond 

test.  

 
Figure 27 - Surface energy measurement (A) and shear bond test details 

 
 

 
 
Figure 28 - Schematic representation of the shear strength test. (A) stationary base, (B) acrylic resin block 
with incorporated Frasaco tooth, (C) block stabilizer, (D) load cell and piston positioned 1mm away from the 
tooth, and (E) cement cylinder 

  

Surface energy measurements after surface treatment were grinding, 51.41 mJ/m2; 

sandblasting, 56 mJ/m2; 35% PA 58.81 mJ/m2; 5% HF, 68.55 mJ/m2; 9.6% HF, 67.73 

mJ/m2. The results of the shear bond tests are shown in Table 7 and are graphically 

represented in the box plots in Figure 29. 

 
Table 7 – Shear strength by mean and standard deviation in Newtons and MPa 

CEMENT 
SHEAR STRENGTH SHEAR STRENGTH 

Mean (N) SD (N) Mean (MPa) SD (MPa) 

Panavia SA (SA_00) 26.66 9.12 4.24 1.45 

Panavia SA (SA_AL_0) 58.36 9.95 9.29 1.58 

Panavia SA (SA_HF5_0) 35.73 24.30 5.69 3.87 

Panavia SA (SA_HF5_MB) 28.59 12.61 4.55 2.01 

Rely X Ultimate (RU_HF5_MB) 65.33 15.23 10.40 2.42 
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Figure 29 - Shear bond strength of FRASACO tooth adhered to different adhesive cement cylinders 

 
 

 
Figure 30 – Microscopic observation of the adhesive joint interface surfaces (50x ampliation) displayed by 
the cementation protocol showing the characteristic mode of fracture for each protocol (left, FRASACO tooth) 
(right, cement cylinder) 

 

 The adhesive strength was affected by the surface treatment and the use of 

Monobond Plus as the coupling agent. For the Panavia SA cement in self-curing mode, the  
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best surface treatment of the adherend FRASACO tooth was aluminum oxide blasting. No 

difference existed between no additional treatment or coupling agent application and the 

adhesion to only grinded tooth. 

 Relative to the fracture mode (Fig. 30), all adhesive protocols except SA_HF5_0 

were associated with adhesive failure in almost all interfaces, with peripheric cohesive 

failure of  

the cement. In the case of SA_HF5_0, the mode of failure was mixed (adhesive and 

cohesive). No cohesive failure occurred in the FRASACO teeth. 

 

Relevance: Despite the low values obtained with this experimental setting, it was 

possible to segregate adhesive protocols by surface treatment and coupling agent, 

demonstrating a marked dependence of the adhesive cement on the procedure, a fact that 

should alert clinicians to the need to know the materials available in-depth and not to 

associate components with each other without foundation. Similar protocols or products 

may lead to very different adhesive efficiencies. 

 
 

3.5 Testing a new RBB specimen model (Task 3) 

 
A new experimental model was used to test new experimental conditions, 

incorporating data from previous tasks. This task aimed to validate the model, but also to 

evaluate the comparative shear bond strength of the Panavia SA self-etch adhesive cement 

and that of a universal adhesive, the Scotchbond Universal, for eventual transposition of the 

experimental protocols to task 5. The best-performing combination obtained in previous 

tasks, Rely X Ultimate (adhesive cement) coupled with Monobond Plus (coupling agent) in 

the ENA setting, was used as the positive performance reference and Panavia SA (adhesive 

cement) in the self-etch mode without the coupling agent associated in the ENA setting 

was the negative performance reference for the assessment. This model was conceived to 

reduce bending and to allow for a distance between the bases more similar to the distance 

of an absent tooth due to MLIA. The main materials used are shown in Table 8, and in 

Figure 31 a graphical representation of the mechanical test is shown. 
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Table 8 – Main materials used to test a new RBB specimen model 
Material Name Code Composition Manufacturer 

CAD-CAM 
Monolithic 
ceramics 

VITA 
Enamic 

ENA 
86% feldspar ceramic: SiO2 58–63%, Al2O3 20–

23%, Na2O9–11%, K2O4–6% by weight, 14% polymer 
by weight: TEGDMA, UDMA 

VITA Zahnfabrik, Bad 
Säckingen, Germany 

VITA Suprinity SUP Zirconium oxide 8–12, silicon dioxide 56–64%, 
lithium oxide 15–21%, various > 10% by weight 

VITA Zahnfabrik, Bad 
Säckingen, Germany 

VITA 
5Y-TPZ 
Color 

Y-ZPT Zirconia reinforced with 5% Yitria 
VITA Zahnfabrik, Bad 
Säckingen, Germany 

Resin-matrix  
composite cement 

RelyX 
Ultimate 

RU 
MDP phosphate monomer, dimethacrylate resins, 

HEMA, Vitrebond™ copolymer filler, ethanol, water, 
initiators, silane 

3M Oral Care, St. Paul, MN, 
USA 

Etching agent Porcelain Etch 
Gel 

PEG Hydrofluoric acid 9.6% Pulpdent, Watertown, MA, 
USA 

Ceramic primer Monobond 
Plus 

MB 
50–100% ethanol, disulfit methacrylate, ≤2.5% 

phosphoric acid dimethacrylate, ≤2.5% 3-
trimethoxysilylpropyl methacrylate 

Ivoclar Vivadent AG, 
Schaan, Liechtenstein 

Adhesive system 
Scotchbond  

Universal 
adhesive 

SBU 

MDP, Bis-GMA, phosphate monomer, dimethacrylate 
resins, HEMA, methacrylate-modified polyalkenoic 

acid copolymer, filler, ethanol, water, initiators, 
silane-treated silica 

3M Oral Care, St. Paul, MN, 
USA 

Bis-GMA, bisphenol A glycidyl methacrylate; HEMA, 2-hydroxyethyl methacrylate; MDP, 10-methacryloyloxydecyl dihydrogen phosphate; TEGDMA, 
triethylene glycol dimethacrylate; UDMA, urethane dimethacrylate 

 
 

 
Figure 31 – Graphical representation of the experimental protocol of shear bond test 

 

The experimental groups are shown in Table 9. The components of the specimen 

were prepared following the same procedures described in Papers 5 and 6 for each type of 

material, and some details are shown in Figures 32 to 35.  

 

Table 9 - Experimental groups by type of material, surface treatment, and coupling agent used 

CEMENT 
CAD-CAM 

Bar 

SURFACE 
TREATMENT 

Base 

SURFACE 
TREATMENT 

Bar 
COUPLING AGENT 

Panavia SA (SA_00_ENA) ENAMIC Grinding 5% HF 60 s None 

Panavia SA (SA_00_YZ) ZIRCONIA Grinding Al2O3 blasting None 

Rely X Ultimate (RU_MB_ENA) ENAMIC 5% HF 60 s 5% HF 60 s Monobond Plus 

Rely X Ultimate (RU_MB_SU) SUPRINITY 5% HF 60 s 5% HF 20 s Monobond Plus 

Rely X Ultimate (RU_MB_YZ) ZIRCONIA 5% HF 60 s Al2O3 blasting Monobond Plus 

Rely X Ultimate (RU_SBU_ENA) ENAMIC 5% HF 60 s 5% HF 60 s Scotchbond Universal 

Rely X Ultimate (RU_SBU_SU) SUPRINITY 5% HF 60 s 5% HF 20 s Scotchbond Universal 

Rely X Ultimate (RU_SBU_YZ) ZIRCONIA 5% HF 60 s Al2O3 blasting Scotchbond Universal 
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Figure 32 - Specificities of bar manufacturing. (A) Enamic bars immediately after cutting with a circular 
diamond saw, without need for further processing; (B) Suprinity before (left) and after crystallization in the 
furnace; and (C) Y-ZPT bar immediately after cutting (left) and after furnace sinterization, with evident size 
reduction, implying an initial 1.24% oversize. 

 
The assembly of the specimen components was standardized using adhesive tape 

to prevent the leakage of the adhesive beyond the desired area, and also by the use of a 

polyurethane foam bar to support the settlement of the bar during polymerization.  

 
Figure 33 – Preparation of the bases for the specimens. (A) Randomization; (B) Surface treatment with 5% 
hydrofluoric acid, 60 s; (C) after washed with oil-free air-water spray for 30 s; (D) during the drying of the 
coupling agent, 60 s, and after another randomization 

 

 
Figure 34 – Vita Enamic bars during surface treatment. (A) with the lateral sides protected by adhesive tape 
to restrain the treated area; (B) 5% hydrofluoric acid, 60 s; (C) after washed with oil-free air-water spray for 
30 s; (D) during drying of the coupling agent, 60 s 

 

 
Figure 35 - Procedures for assembling specimens. (A) three Enamic bars and one Suprinity bar (s) waiting 
assemblage; (B) bases positioned for assembling with the interposition of the polyurethane foam bar; (C) 
detail of the polymerization step (20 s on each side, total 80 s), highlighting the translucency of the base 
material. 

 
The assembled specimens and a detail of a specimen positioned for the shear bond 

test are shown in Figure 36.  
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Figure 36 - Specimens prepared for the shear bond test, according to the adhesive cement, surface treatment 
of the base and bar and coupling agent used, together with a detail of the loading procedure 

 
 

 
Figure 37 - Graphic representation of specimen behavior under load. The SA_E_OO group was the negative 
and the RU_E_MB group was the positive reference 

 
 

 
Figure 38 - Box plot of load to fracture (N) and adhesive strength (MPa) by CAD-CAM ceramics and adhesive 
protocol (RU_E_MB, positive reference; SA_E_00, negative reference) 



 

67 

Table 10 - Mean ± standard deviation of load to fracture (N) and adhesive strength (MPA) by group 
CAD-CAM MATERIAL ADHESIVE CEMENT COUPLING AGENT SAMPLE LOAD STRENGTH 

VITA ENAMIC  

Panavia SA None 

1 256.9 5.4 
2 1131.3 23.6 
3 1120.9 23.4 
4 1046.4 21.8 
5 1099.8 22.9 

  MEAN 931.0 19.4 
  MEDIAN 1099.8 22.9 
  SD 378.3 7.9 

Rely X Ultimate Monobond Plus 

1 860.6 17.9 
2 1513.5 31.5 
3 1696.7 35.3 
4 1695.8 35.3 
5 1657.4 34.5 

  MEAN 1484.8 30.9 
  MEDIAN 1657.4 34.5 
  SD 356.9 7.4 

Rely X Ultimate 
Scotchbond 

Universal 
Adhesive 

1 594.4 12.4 
2 571.0 11.9 
3 547.6 11.4 
4 728.0 15.2 
5 535.4 11.2 

  MEAN 595.3 12.4 
  MEDIAN 571.0 11.9 
  SD 77.5 1.6 

VITA Y-ZPT  

Panavia SA None 

1 1156.1 24.1 
2 573.5 11.9 
3 612.3 12.8 
4 410.2 8.5 
5 1209.0 25.2 

  MEAN 792.2 16.5 
  MEDIAN 612.3 12.8 
  SD 364.8 7.6 

Rely X Ultimate Monobond Plus 

1 996.8 20.8 
2 586.0 12.2 
3 781.4 16.3 
4 670.3 14.0 
5 335.0 7.0 

  MEAN 673.9 14.0 
  MEDIAN 670.3 14.0 
  SD 244.1 5.1 

Rely X Ultimate 
Scotchbond 

Universal 
Adhesive 

1 883.5 18.4 
2 1061.4 22.1 
3 564.0 11.7 
4 1229.0 25.6 
5 602.6 12.6 

  MEAN 868.1 18.1 
  MEDIAN 883.5 18.4 
  SD 287.6 6.0 

VITA SUPRINITY 

Rely X Ultimate Monobond Plus 

1 404.9 8.4 
2 298.0 6.2 
3 1207.6 25.2 
4 381.1 7.9 
5 431.4 9.0 

 
MEAN 544.6 10.3 

MEDIAN 404.9 8.4 
SD 374.0 7.8 

Rely X Ultimate 
Scotchbond 

Universal 
Adhesive 

1 117.2 2.4 
2 1738.3 36.2 
3 718.2 15.0 
4 1647.2 34.3 
5 1673.6 34.9 

 
MEAN 1178.9 24.6  

MEDIAN 1647.2 34.3 

SD 727.4 15.2 

 

 
From the observation of Figures 37 and 33, and Table 10, we can say that the results 

validated the model, as it allowed us to detect marked differences in the mechanical 

behavior of the adhesive joint according to the material, the coupling agent, and the 

adhesive cement used. Furthermore, the supported load reached interesting values for 

clinical application. To calculate the adhesive strength, an adhesive interface of Abase = 4.8× 

5x 2= 48 mm2, was considered. 
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Figure 39 - Representative mode of failure according to group (E, Enamic; S, Suprinity; RU, Rely X Ultimate; SA, 
Panavia; MB, Monobond Plus, SBU, Scotchbond Universal adhesive; 00, only grinding as surface treatment. 

 

As shown in Figure 39, the failure mode was adhesive for Y-ZPT, and cohesive in 

the bar for ENA and SU. Suprinity, despite being an interesting material in terms of esthetic, 

finishing, and polishing results, is a difficult material to work with, as it is very brittle during 

the cut. This fact also conditioned, in our opinion, the mechanical results because, 

whenever subjected to load, the test bar failed due to catastrophic fracture (cohesive failure 

of the bar and not adhesive failure of the joint) probably due to fine irregularities caused by 

the cutting step. 

To better understand the tested materials, the compression strain of the CAD-CAM 

ceramics was assessed. In Figure 40 the main differences are evident. The Y-ZPT test was 

aborted around 1225 MPa of compressive stress under a load of 75.000 N, and the mean ± 

standard deviation values for Vita Enamic and Vita Suprinity were, respectively, 294.40 ± 

66.2 and 522.40 ± 274.00 MPa.  

Suprinity specimens showed significant variation in the strength and stiffness and 

this could be related to the difficult handling. This fact is probably due to some irregularity 

of the borders and on the top, conducting a compression test more concentrated in a 

portion of the top area, which could influence individual performance. The mechanical 

behavior of Enamic specimens show similar stiffness and similar strength was more 

constant than the Suprinity specimens. Due to simplicity in handling was possible to obtain 

specimens with the same geometry showing similar mechanical compressive behavior, 

three specimens show a progressive failure mechanism due to moderate plasticity. Due to 
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the high stiffness of Y-ZPT, was not possible to break the specimens. The strength reached 

(> 1225 MPa) was enough to deform plastically the steel used to test the specimens. In 

Figure 41 the toughness of Y-ZPT can be proven by observation of the imprint on the high-

strength steel support done by the specimen during the test. 

 
 
 
 
 
Figure 40 - Graphical representation of the compressive strain of the CAD-CAM ceramics used in this task. 

 
 

 
Figure 41 - Pressure mark on the tempered steel support made by the Y-ZPT cube during the compression 
strain test 

 

 

Figure 42 - Forest plots comparing the effect size after calculation of the difference in means of the shear bond strength 
between adhesive protocols, by protocol and by coupling agent 

 

 Concerning the adhesive protocol, the comparison of groups (Fig. 42 A) revealed 

that, except for the RU_S_SBU group, none of the others reached values similar to the 

positive reference. On the other hand, the adhesive combination chosen for negative 
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reference did not behave less than the other groups and was even superior to the 

combination RU_E_SBU. When it comes to the coupling agent, the Monobond Plus (MB) 

proved to be the most effective for Vita Enamic and the Scotchbond Universal for Suprinity.  

Concerning PANAVIA SA cement, its adhesive performance was very similar to that 

of Rely X Ultimate (RU) for zirconia. It should be noted that this cement was used in self-

etch mode, that is, without surface treatment or coupling agent.  

From the observation of Figure 42 A, only the difference between positive and 

negative references is significant (α=0.05; p<0.05), and the effect of the material (Enamic 

or Y-ZPT) on the shear strength of the same adhesive protocol (α=0.05; p<0.05). 

 In conclusion, the new experimental model allowed a comparative evaluation of the 

shear bond strength of the self-etching adhesive cement Panavia SA and that of a 3-step 

dual-cured adhesive cement, Rely X Ultimate, for eventual transposition of the experimental 

protocols to task 5. The results validated the proposed model and revealed marked 

differences in the mechanical behavior of the adhesive joint according to the material, the 

coupling agent, and the adhesive cement used. Furthermore, the supported load was 

interesting for clinical application. The Monobond Plus was the more effective coupling 

agent for Enamic and the Scotchbond Universal for Suprinity. The PANAVIA SA was similar 

to the Rely X Ultimate for zirconia. 

 

Clinical Relevance: The RU had better performance associated with MB to adhere to 

Enamic and with SBU to adhere to Suprinity. To adhere to zirconia, any of the options is 

feasible. The less tough material (Vita Enamic) was the one that performed better. The Vita 

Suprinity revealed brittleness and Vita Y-ZPT adhesive weakness.  

 
 

3.6 Evaluation of the shear strength of natural teeth and comparison with artificial 

adherends (Task 4)  
 

The tests developed in the previous tasks may make more sense compared to similar 

mechanical tests in natural teeth. For this, we used extracted human teeth (central incisors, 

n=20), voluntarily donated by the patients after having succinctly explained the purpose of 

the study to them. No request was made to the Ethics Committee because these teeth, if 

not used in this study, would have been discarded in biological waste, and under no 

condition was the extraction of the teeth conditioned by the interest of the research. The 
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collected teeth were cleaned and immediately kept at a temperature between 2-8°C, after 

immersion in an appropriate conservation medium (Hank's balanced salt solution, Merck 

KGaA, Darmstadt, Germany). No teeth stored for more than 6 months were used. Table 11 

presents the main materials for this task. 

 
 
Table 11 - Materials used in the study 

 

  

Since this task aimed to compare the shear strength of adhesive cements adhered 

to the natural tooth with the shear strength of these same adhesives adhered to artificial 

substrates (Vita Enamic block and Frasaco Teeth) to complement the results obtained with 

the natural tooth, some values obtained in tasks 2.2 and 2.3 were used. Since selected Vita 

Adiva IA-CEM cement (VITA Zahnfabrik, Bad Säckingen, Germany) is not advisable in the 

anterior sector of the maxilla due to opacity,37 it was not tested in this task. 

Details of surface treatment, polymerization, and cylinder build-up are shown in 

Figures 43 to 45, and standardization with those from tasks 2.2 and 2.3 was guaranteed. 

The settings for the shear bond test were similar to those reported in Paper 6, but 

specific details can be observed in Table 12 and Figure 46. 

Material Name Code Composition Manufacturer Batch No. 

CAD-CAM 
Ceramics 

VITA  
Enamic 

ENA 

86% feldspar ceramic: SiO2 58–63%, Al2O3 20–23%, 

Na2O9–11%, K2O4–6% by weight, 14% polymer by 
weight: TEGDMA, UDMA 

VITA Zahnfabrik, Bad 
Säckingen, Germany 

74770 

Artificial teeth FRASACO FRA Melamine-based composition 
Frasaco GmbH, 

Tettnang, Germany 
A3 E 110 

Natural teeth N/A NT Natural enamel and dentin n/a n/a 

Resin Composite 

Cement 

Panavia  

SA 
Cement 

Universal 

SA 

Paste A: MDP, Bis-GMA, TEGDMA, HEMA, silanated 

barium glass filler, silanated colloidal silica, dl-

camphorquinone, peroxide, catalysts, pigments  
Paste B: HEMA, silane, silanated barium glass filler, 

aluminum oxide filler, sodium fluoride (<1%), dl-

camphorquinone, accelerators, pigments 

Kuraray Europe GmbH, 
Hattersheim, Germany 

4N0174 
Exp. 2025-

02-28 

RelyX  

Ultimate 
RU 

MDP phosphate monomer, dimethacrylate resins, 

HEMA, Vitrebond™ copolymer filler, ethanol, water, 

initiators, silane 

3M, St. Paul, MN, USA 

9592748 

Exp. 2024-

06-12 

Etching agent 

VITA ADIVA 

Cera  

Etch 

HF Hydrofluoric acid 5% 
VITA Zahnfabrik, Bad 

Säckingen, Germany 

94450 

Exp. 2024-

09-30 

Scotchbond 

Universal 

Etchant 

PA Phosphoric acid 35% 
3M ESPE, Minneapolis, 

MN, USA 

9513787 

Exp. 2024-

11-16 

Ceramic primer 

and 
Adhesive system 

Monobond 

Plus 
MB 

50–100% ethanol, disulfit methacrylate, ≤2.5% 
phosphoric acid dimethacrylate, ≤2.5% 3-

trimethoxysilylpropyl methacrylate 

Ivoclar Vivadent AG, 

Schaan, Liechtenstein 

Z01XT0 
Exp. 2023-

03-24 

Scotchbond  
Universal 

adhesive 
SB-U 

MDP, Bis-GMA, phosphate monomer, dimethacrylate 
resins, HEMA, methacrylate-modified polyalkenoic 

acid copolymer, filler, ethanol, water, initiators, silane-

treated silica 

3M Oral Care, St. Paul, 

MN, USA 

Scotchbond  
Universal 

adhesive 

Information on the composition of the materials was obtained from the manufacturers’ websites and SDS documents. Bis-GMA, Bisphenol A-
diglycidylmethacrylate; HEMA, 2-hydroxymethacrylate; MDP, 10-methacryloyloxydecyl dihydrogen phosphate; TEGDMA, triethyleneglycol 
dimethacrylate; UDMA, diurethane dimethacrylate.  
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Figure 43 - Steps of the fabrication of five specimens of the group RU_PA_MB (A) teeth embedded in acrylic 
resin, ready for surface treatment; (B) conditioning with of phosphoric acid 30s; (C) cement cylinder building, 
with the help of calibrated silicon mold; silicon mold removal; (D) specimens after identification 

 
Figure 44 - Photopolymerization step showing incident light through the buccal surface of the tooth during the initial 20s 

of a total of 60 s (additional 20 s from mesial and 20 s from distal).  

 
Figure 45 - Removal of excess cement, to limit the area of the interface joint to the area of the cylinder 

 
Table 12 - Luting cements, subgroups, surface treatments, and coupling agents used in this study 

Group Substrate Cement Surface Treatment Coupling Agent 
SA_00 ENAMIC Panavia SA Grinding None 

SA_HF5_MB ENAMIC Panavia SA 5% Hydrofluoric acid Monobond Plus 
RU_HF5_MB ENAMIC Rely X Ultimate 5% Hydrofluoric acid Monobond Plus 

SA_00 FRASACO Panavia SA Grinding None 
SA_AL_0 FRASACO Panavia SA Al2O3 blasting None 
SA_HF5_0 FRASACO Panavia SA 5% Hydrofluoric acid None 

SA_HF5_MB FRASACO Panavia SA 5% Hydrofluoric acid Monobond Plus 
RU_HF5_MB FRASACO Rely X Ultimate 5% Hydrofluoric acid Monobond Plus 
SA_PA_MB NATURAL TOOTH Panavia SA 35% Phosphoric acid Monobond Plus 
RU_PA_MB NATURAL TOOTH Rely X Ultimate 35% Phosphoric acid Monobond Plus 
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Figure 46 - Schematic representation of the mechanical test and two details of the testing. (A) stationary base; (B) 
specimen with the natural tooth embedded in acrylic resin; (C) fixing device; (D) loading cell and piston; (E) cement 
cylinder adhered to the tooth 

 
All base surfaces (teeth) were initially ground. The adherend Enamic adhered to a 

cylinder made of Panavia SA with no coupling agent was the control group. For the other 

groups, the surface treatment was only grinding, 5% hydrofluoric acid, or Al2O3 blasting 

according to the material and adhesive protocol, as can be seen in Table 13, along with the 

coupling agent used. Table 13 compiles the mean and standard deviation of the results used 

for comparison, which are graphically represented in Figure 47 for a more intuitive 

understanding. 

 

Table 13 - Mean ± standard deviation (SD) by cementing protocol, in Newtons (N) and megapascals (MPa) 
CEMENT SUBSTRATE 

SHEAR STRENGTH 
Mean ± SD (N) Mean± SD (MPa) 

Panavia SA (SA_00) ENAMIC 119.97 ± 43.05 19.09 ± 6.85 
Panavia SA (SA_HF5_MB) ENAMIC 180.59 ± 20.27 28.74 ± 3.23 

Rely X Ultimate (RU_HF5_MB) ENAMIC 349.12 ± 26.94 55.56 ± 4.29 
Panavia SA (SA_00) FRASACO 26.66 ± 9.12 4.24 ± 1.45 

Panavia SA (SA_0_AL) FRASACO 58.36 ± 9.95 9.29 ± 1.58 
Panavia SA (SA_HF5_0) FRASACO 35.73 ± 24.30 5.69 ± 3.87 

Panavia SA (SA_HF5_MB) FRASACO 28.59 ± 12.61 4.55 ± 2.01 
Rely X Ultimate (RU_HF5_MB) FRASACO 65.33 ± 15.23 10.40 ± 2.42 

Panavia SA (SA_PA_MB) TOOTH 88.5 ± 40.6 14.09  ± 6.46 
Rely X Ultimate (RU_PA_MB) TOOTH 115.19  ± 31.98 18.33  ± 5.09 

 
 

 
Figure 47 - Shear bond strength of different adhesive protocols according to different adherent bases 
(Enamic, FRASACO tooth, and natural tooth). AL, aluminum oxide; ENA, Enamic; FRA, Frasaco tooth; G, 
grinding; HF, hydrofluoric acid; PA, phosphoric acid; T, natural tooth 
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In Figures 48 to 50 the effect of the surface treatment on each material (Enamic, 
Frasaco tooth, or natural enamel) is shown under a 50x ampliation. Table 14 shows the 
results of the surface energy measurement performed according to the methodology 
described in Paper 6. 
 

 
Figure 48 - Enamic block under different surface treatments (50x ampliation - capital letters; 100x 
ampliation- small letters). (A, a) surface as provided by the manufacturer; (B, b) surface grinded by coarse 
diamond bur (C, c); surface after 50µm aluminum oxide blasting (D, d), and surface after 5% hydrofluoric acid 
for 60 s. 

 
Figure 49 – Frasaco tooth just grinded and after different surface treatments (50x ampliation) 

 

 
Figure 50 - Different surface treatments of natural enamel (50x ampliation). Surface treatment by grinding 
with a coarse diamond bur (A), aluminum oxide blasting (B), and 35% phosphoric acid for 30 s 

 
Table 14 - Block surface energy, determined by measurement of contact angle 

 
 
 
 
 
 

 
SURFACE ENERGY (mJ/m2) 

Grinding Sandblasting 35% PA 5% HF 9.6% HF 
VITA Enamic 37.2 46.9 n/a 37.2 n/a 

FRASACO 51.41 56 58.81 68.55 67.73 
TOOTH 56.82 60.98 63.73 n/a n/a 
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The comparative evaluation of the surface energy revealed that of all substrates, the 

one with the worst surface energy characteristics was Vita Enamic. Relatively, the 

differences observed between the FRASACO tooth and the natural tooth were not 

significant. However, when we cross these data with mechanical results, we are forced to 

admit that surface energy was not a preponderant factor in the final result, because Enamic 

as adherend was the one that obtained the best performance. It is then legitimate to say 

that chemical phenomena contributed to this mechanical performance of the hybrid 

ceramic Vita Enamic. 

Following off-record direct information from the manufacturer, the FRASACO tooth 

is based on melamine, which theoretically exhibits limited reactivity because of its stable 

chemical structure. It is sensitive to strong acids and may undergo hydrolysis reaction with 

breaks in the triazine ring, and substitution of one or more amino groups in melamine with 

alkyl groups. 

Alkylated melamine compounds may possess different properties or functionalities 

compared to those of melamine itself, depending on the nature of the alkyl groups 

introduced. Again, chemical issues must be involved to justify differences in the results of 

shear bond strength with different adhesive cement but with the same surface treatment 

and coupling agent (SA_HF5_MB, 4.55 ± 2.01 MPa; RU_HF5_MB, 10.40 ± 2.42 MPa). 

 

Relevance: Any of the artificial substrates can be considered reliable substitutes for 

shear strength tests under experimental conditions similar to those used. 

 
 

3.7 Testing a simulated RBB for MLIA rehabilitation (Task 5) (Paper 7) 

 
This task was developed to test the bond strength of RBBs produced from four CAD-

CAM materials (3 monolithic ceramics and a 3D-printed polymer) adhered to an artificial 

tooth, simulating a real clinical case. Detailed steps of the experimental protocol are 

accessible in Paper 7.  

 The artificial maxilla was assessed as in the case of a real mouth. The intraoral 

scanner captured the images (Fig. 51) to be processed with the appropriate software used 

in dental laboratory procedures. 
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Figure 51 - Images acquired by intraoral scanner. (A) reference data from both maxillaries in front view, (B) 
occlusion data, (C) reference maxilla in occlusal view, (D) maxilla simulating a lateral incisor agenesis, (E) the 
same in detail,  (F) view from palatal; (G) maxilla simulating a lateral incisor agenesis in occlusal view  

 

 

 
Figure 52 - Details of the RBBs design 

 

 
A single-retainer resin-bonded bridge (Fig. 52), was designed under manufacturing 

protocols the same as for a real clinical situation of MLIA rehabilitation. The materials and 

cementing protocols are detailed in Table 15. 

 
 Table 15 - Materials used for adherend surface treatment and adhesion 

CEMENT SUBSTRATE 
SURFACE TREATMENT 

(Frasaco Tooth) 
SURFACE TREATMENT 

(RBB) 
ADHESIVE SYSTEM 

Rely X Ultimate 

ABS 5% Hydrofluoric acid Heliobond 

Scotchbond Universal 
 

ENAMIC 5% Hydrofluoric acid 9.6% Hydrofluoric acid 60 s 

SUPRINITY 5% Hydrofluoric acid 9.6% Hydrofluoric acid 20 s 
Y-ZPT 5% Hydrofluoric acid Al2O3 sandblasting 
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Figure 53 (A and B) shows the sintered Y-ZPT RBBs before and after surface 

treatment with 50 µm aluminum oxide set at 0.25 MPa, for 10 s, 1 mm, with erratic 

movements. Figures 54 to 56 show more information about the procedures. 

 

 
Figure 53 - Adhesion surface of RBB Y-ZPT (A) before and (B) after surface treatment with Al2O3 sandblasting 
with loss of the slight glossy surface generated by milling 

 
 

 
Figure 54 - ABS spool with filament, (A) and (B) RBBs immediately after fusion printing, ready for manual 
finishing. 

 

 
Figure 55 - Example of ENA, SUP, and ABS RBBs ready for the SBS test. 

 

 
Figure 56 – Graphical representation and photographs of the shear bonding test (A) Components designed 
for testing (1, block stabilizer; 2, adherend base incorporated in acrylic resin block; 3, load cell and piston; 4, 
stationary base; 5, RBB to be tested); (B) block stabilized on stationary base and RBB tooth positioned for SBS; 
(C) piston positioned, over the cylinder, 2 mm away from the incisal border. 

 



 

78 

 
Figure 57 - Behavior of samples under load, from control group (Y-ZPT), Suprinity, Enamic, and ABS groups 

 
Although it was known, based on the results of the previous tasks, that the shear 

strength of the FRASACO teeth would not be very high, their resistance was sufficient to 

evidence the different behavior of the RBBs, since exclusive adhesive failure was verified 

only for RBBs manufactured with zirconia, a material with high toughness. On the other 

hand, these teeth have a standardized composition and anatomy, allowing to eliminate the 

bias originated by biological factors or different macroanatomies of the incisor lingual face, 

which 

could happen if natural teeth have been used, with only slight asperization intended, as in a 

minimally invasive approach. 

  
Figure 58 - Box plots of the RBB shear strength by material type in absolute load to fracture (N) and relative 
load to fracture (MPa) 
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The SBS test (Figs. 57 and 58) showed that Y-ZPT RBBs had the highest bond 

strength of all tested materials. The compared mean ± standard deviation SBS values found 

were ENA (24.24 ± 9.05 MPa) < ABS (24.01 ± 1.94 MPa) < SUP (29.17 ± 4.78 MPa) < Y-ZPT 

(37.43 ± 12.20 MPa). The failure modes were mainly adhesive for Y-ZPT, cohesive for SUP 

and ENA, and cohesive with plastic deformation for ABS. Failure modes can be observed in 

Figures 59 and 60. 

 
Figure 59 - RBBs after testing. (A) Enamic, (B) Y-ZPT, (C) Suprinity, (D)  ABS groups, with different mechanical 
behavior after shear load 

 

 
Figure 60 - Details of fractured RBBs and the most frequent mode of failure by material type. (A) ENA, 
adhesive on the interproximal surface and cohesive in the retainer; (B) Y-ZPT, adhesive with RBB integrity; (C) 
SUP, cohesive in Frasaco tooth and retainer; (D) ABS, adhesive on the interproximal, cohesive with plastic 
deformation in RBB 

 
A study focusing on the maximum bite force (MBF) (maximum occlusal force that a 

person can create during biting), refers to that it is around 80 N (20% higher in bruxists) in 

individuals aged from 22-48 years old.197 It varies with malocclusion, sex (higher in males), 

and age (increase until young adult age), decreasing significantly with vertical and 
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transverse craniofacial and dental discrepancies, and with old age.198,199 Patients with 

normal sagittal occlusion are expected to have more molar bite force than patients with 

different malocclusions, with a magnitude 2 to 3 times greater in the molar region 

compared to the anterior region.200 Data from a recent systematic analysis showed that 

MBF ranged from 246.22–489.35 N and 5.69–16.1 kg in children and adolescents.201 If we 

directly convert those values to MPa assuming an area of 1 mm2, respective values of 246-

489 MPa and 56-158202 would be obtained. From a study202 that used the T-scan to 

measure the occlusal contact area in MBF, a mean value of 155mm2 was obtained for 

healthy young adults, a value that allows conversion to 0.3-3 MPa by mm2 of contact area.  

When focusing on patients treated for MLIA with space opening, reflection must be 

made because whenever a hypo-divergence is present, higher occlusal loads than the 

average patient are expected.203 Meanwhile, at the end of orthodontic treatment, an 

equilibrated occlusal function is mandatory, distributing occlusal forces, thus reducing the 

adhesive stress of RBBs in the anterior maxilla.  

The results obtained can be extrapolated to clinical situations, as they suggest that 

monolithic Y-ZPT CAD-CAM RBBs are the most suitable for MLIA rehabilitations, which is 

consistent with the literature. However, more research is needed for newer zirconias with 

higher Yitria content because they have approximately half of the toughness according to 

the manufacturer. However, for practical clinical reasons, if the option is a short-term 

interim rehabilitation (orthodontic appliance removal or adaptation, periodontal remodeling 

or maturation, a short period between the end of orthodontic treatment and implant-

supported crown placement, or even during the time of osseointegration of the implant), 

any of the other options will be feasible. However, the option of a printed ABS RBB turns 

out to be the most interesting, as it can be executed in a short time, at a very low cost, at 

the chairside, and only needs a hydrophobic resin as surface treatment. 

 

Clinical relevance: Resin-bonded bridges of Vita Y-ZPT, Enamic Suprinity, and 3D 

printed ABS are capable of supporting the physiological occlusal loads of the anterior 

maxilla, the first as a definitive, and the others as interim options to rehabilitate MLIA in 

clinical situations. The option for each will be conditioned by the prevision of the time of 

use and the necessity to be removed for orthodontic device adaptations or surgical 

techniques. 
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CHAPTER 4 

GLOBAL CONSIDERATIONS  
 

4 GLOBAL CONSIDERATIONS 

4.1 Assessing the problem 

 
MLIA is a complex clinical situation with major therapeutic challenges. It often has a 

genetic origin, presenting familial aggregation, but can arise as a new genetic mutation.204 

If we think its diagnosis is made at an age of great craniofacial growth, it is easy to infer 

that in cases with the indication for orthodontic treatment with opening of the space for 

the missing tooth, we will sometimes have a time window of more than a decade between 

diagnosis and definitive rehabilitative treatment with an implant.205 Thus, whenever the 

clinician diagnoses a case of MLIA, a conflict arises between treating soon after diagnosis 

or delaying treatment until a stabilized growth phase is achieved. In dental agenesis, the 

second premolars and lateral incisors are the most frequently missing teeth (incisor-

premolar hypodontia).7,8,11 Additionally, patients with agenesis of second premolars have a 

significantly higher prevalence of microdontia of maxillary lateral incisors.9 Severe 

hypodontia cases often include agenesis of the maxillary lateral incisor and both 

premolars.8,10 Some of those subjects were extensively evaluated in the Introduction section 

of Paper 1. 

Another question that arises after performing the treatment with the opening of the 

space is how to maintain the obtained space for an extended period. The esthetic, 

functional, osseous, and periodontal aspects condition the choice, aiming for rehabilitation 

that looks like a natural tooth. Paper 2 analyzed research papers that addressed esthetic 

aspects related to the options to close or to open the MLIA space, according to observers 

with training in dentistry or laypeople. 

Ideally, resin-adhered bridges, preferably with a single wing or retainer, would be the 

treatment of choice. However, this option depends on the strength of the restorative 

materials and the adhesive protocol to be chosen for each potential material. CAD-CAM 

monolithic zirconias are the toughest materials among today's CAD-CAM monolithic 

ceramics but also the ones presenting greater uncertainties of predictable adhesion to 

dental structures and with more complex adhesive protocols. In Papers 3 and 4, systematic 

reviews and meta-analyses of the data on the different available CAD-CAM materials and 
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their potential for use in the rehabilitation of MLIA and contemporary luting cements were 

performed. The knowledge acquired in the preparation of those four papers was 

complemented by an extensive specific literature review for these in the areas of CAD-CAM 

monolithic ceramics, fundamental concepts of adhesion, and, in particular, all the 

parameters involved in the adhesion of restorative materials to dental structures, 

information that is resumed in Chapter 2. 

 

4.2 Searching for a solution 

 
With some ideas in mind, this work was carried out with the concern of developing an 

experimental part well-grounded in theoretical concepts. Behind this, there was always a 

motivation to find a solution with immediate clinical application in situations of MLIA 

treated by space opening.  

Evidence suggests that to best predict the future clinical performance of a 

rehabilitation device, its design should match as closely as possible the anticipated clinical 

design in terms of full anatomy, variations in interproximal wall length, core shape and 

thickness, and veneer thickness. Furthermore, its fabrication procedures should be similar 

to the usual laboratory and clinical procedures and the supporting structures that will be 

used clinically should be anticipated. Fatigue loading in water with sliding contacts is also 

pertinent.36  

That said, laboratory studies only make sense if they are hypothetically used in the 

clinical context. After reviewing the accessible literature on the materials evaluated in this 

work in papers 3 and 4, we concluded that existing research focuses mainly on adhered 

restorations as a whole, on the cement-tooth interface, or the cement–restoration 

interface. To overcome this fact, we propose to study step by step all the components 

involved in rehabilitating an MLIA clinical situation with a resin-bonded bridge 

manufactured with the selected CAD-CAM materials because the bond strength depends on 

which CAD-CAM block is evaluated, on the surface treatment and on which adhesive 

cement is used, parameters scrutinized in Papers 3 and 4.  

During the preliminary tests reported in Paper 5, it was possible to identify several 

constraints regarding the assembly of the specimens. It was especially difficult to achieve 

parallelism between the bases and the cylinders during cementation. Perhaps this was the 

reason for the pretest failures found in the Y-ZPT and Suprinity groups. Standardization of 



 

83 

procedures was an evolutive process but was crucial to reduce the bias of results for 

technical errors to the minimum possible. It was also satisfactory to confirm that 

experimental protocols based on everyday clinical procedures, performed with equipment 

available in an average dental office, produced similar results to those performed with 

expensive laboratory equipment frequently reported in the literature, which, in turn, do not 

match dental cabinet equipment.  

To pursue the main goal of the present study, which was to analyze the in vitro 

performance of some monolithic ceramic materials that could be used to fabricate resin-

bonded fixed dental bridges (RBB) to rehabilitate specific patients with agenesis of the 

maxillary lateral incisor (MLIA), we built a progressive strategy from the basic to the more 

complex search for an adequate solution, not only mechanically speaking but also easy to 

handle, and if possible easily affordable. The candidate RRBs for this final solution were 

evaluated in the last experimental task (5), which is the result of the knowledge acquired 

during this work, and the details are fully accessible in Paper 7. 

The specific objectives of this work were achieved and are described in detail in the 

experimental articles. The study reported in Paper 5 evaluated the shear strength of the 

different monolithic ceramics. It was already intended at this stage to be able to combine 

different adhesive cements with different ceramics. However, the initial difficulties in 

building an effective experimental model led us to be humbler and develop partial goals. 

Despite that, by crossing the results from microscopy and surface energy data, we 

confirmed HF 5% as a suitable treatment to prepare the surface of Vita Suprinity and the 

dependence of Vita ENAMIC and Vita Y-ZPT zirconia on chemical reactions. The mean ± 

standard deviation for the shear bond strength was resin-matrix composite (69.10 ± 24.58 

MPa) > Vita Y-ZT zirconia (18.48 ± 12.12 MPa) > VITA Enamic (18.38 ± 8.51 MPa) > VITA 

Suprinity (11.44 ± 4.04 MPa), confirming that other factors in addition to toughness must be 

addressed when trying to find a better solution to rehabilitate a case of MLIA with an RBB. 

An aspect to be evaluated in the future is the superior performance of the manually made 

cylinders of the resin-matrix composite. This group was the first to be assembled, but the 

storage conditions and timing of testing were kept equal for all groups. As the cement used 

in this task was photopolymerized and not used in self-cured mode, chemical issues 

originating from immediate strong bonds between those two resin-matrix-based materials 

are probably responsible for the high performance. The innovation of Task 2.1, reflected in 
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Paper 5, was the testing of a polymer-infiltrated CAD-CAM ceramic as a potential substitute 

for natural teeth in shear strength tests. Its mixed chemical composition (polymer and 

ceramic) allows for a behavior similar to that of a natural tooth, which makes it a potential 

adherend for shear bond tests. The experimental methodology followed strict control and 

was reported pedagogically throughout the paper. 

 To select the best adhesive strategy to lute the selected CAD-CAM monolithic 

ceramics, a specific task was developed. To obtain maximal standardization, the option was 

to use the hybrid ceramic Vita Enamic as the base adherend, based on the results from the 

previous task. Paper 6 describes in detail the study, but from the data obtained, the 

association of Rely X Ultimate (RU) cement with Monobond Plus (MB) coupling agent was 

the most efficient in terms of shear bond strength (p<.001) (55.56 ± 4.29 MPa). Vita Adiva 

IA-CEM (25.07 ± 3.45 MPa) performed better with MB and Panavia SA (35.18 ± 4.77 MPa) 

with Vita Adiva Ceramic Primer (CP). CP (35.18 ± 4.77 MPa)  > MB (28.74 ± 3.23 MPa) 

increased the strength of the Panavia SA shear bond (SBS) compared to the self-adhesive 

mode (19.09 ± 6.85), suggesting the use of a coupling agent, which is somehow a paradox. 

The presence of no direct influence on the SBS by the surface energy of the substrates was 

also of notice. Furthermore, we found the fluorescence of RU to be helpful in excess 

removal, and that the polymerization efficacy of Vita Adiva IA-CEM raised doubts, a finding 

that should be evaluated in the future. Except for SA/0, all combinations tested achieved 

SBS values within those aimed at adhesion to tooth substrates. As RU performed better 

than the other cements with both coupling agents, it was selected as a positive reference 

for the next tasks. 

Aware of the difficulty in standardizing procedures and achieving predictable 

adherend bases,  we set out to better study two artificial substrates as base adherends 

(Vita Enamic and FRASACO teeth) and to compare their adhesive performance with that of 

natural teeth. For this, two tasks were developed, one performed with Frasaco teeth using a 

protocol similar to the studies done in task 2.1 but without including the discarded Vita 

Adiva IA-CEM, and another where the shear strength of the cements adhered to the natural 

tooth was assessed. Finally, a comparison was made between the three adherends results). 

From the results obtained, we can say that any of these materials may be interesting as an 

adherend base to be used in future studies. However, there are significant differences 

between them, especially when we compare the performance of Vita Enamic with that of 
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FRASACO teeth or even with those results obtained with natural teeth. In the latter case, 

results bias caused by the fact that the teeth were not fresh must be considered. Despite 

the tasks being completed, the articles are still in draft (Papers 8 and 10). 

As we acquired knowledge and grounded the experimental part of this work, we 

questioned some of our options. In Task 4 we developed a new experimental model with 

modified load settings and space between the support bases, to get as close as possible to 

a situation of rehabilitation of an MLIA by opening the space. In this task, we also 

determine the compressive strength of the materials tested as a way to validate concepts, 

because not always the manufacturer's information matches what we find or determine 

with our equipment. This task is completed and its description and results are in an 

advanced stage of drafting (Paper 9). The results of this task are of clinical relevance as 

they validate a new model and provide results that can be used in future modeling of 

adhesive protocols for prosthetic RBBs made with CAD-CAM materials. For future studies, it 

would be interesting to evaluate the effect of the different adhesive protocols on the 

mechanical performance of other materials, namely emerging 3D printed materials. 

Furthermore, the evaluation of the shear bond strength of the ceramic-adhesive-ceramic 

assembly under different stress conditions should be considered. 

For task 5 a model of adhesive prosthesis with only one retainer (single-retainer 

RBB) was designed and manufactured in 4 different materials. According to the literature 

and as proposed from the beginning, the zirconia RBB was considered the reference. This 

type of material is known for its mechanical resistance, but also for the difficulty of 

effective adhesion to the tooth, which has motivated an incessant search for the best 

adhesive protocol, particularly for surface treatment. Recently, some aspects have been 

elucidated. However, the ideal treatment has not yet been achieved. For this fact knowing 

the clinical success of fixed prostheses with 3 elements made in zirconia, we decided to 

design a bridge with a single retainer to adhere to the palatine face of the central incisor, 

adjacent to the site of agenesis, without any dental preparation but just with very 

superficial grinding (no preparation) of the dental surface.  

When one speaks of the longevity of a rehabilitative treatment, one implicitly thinks 

of definitive rehabilitation. However, when treating patients with MLIA, the rehabilitative 

treatment is often intended to be temporary, and above all, adaptable over time. This is the 

case for example of an orthodontic with space opening, in which the success of the same is 
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reflected by the progressive opening of diastema with the canine tooth. In these specific 

cases, it will be unthinkable to use an RBB made of zirconia because it is too hard to be 

removed repeatedly without damaging the supporting tooth and has a complex adhesive 

technique that hinders the addition of resinous matrix-based materials. Thus, the 

possibility of performing RBBs with materials of easier handling, more frequent 

replacement at low cost, or easier removal of the supporting tooth led us to look for other 

alternatives, especially focused on the management of orthodontic treatments using 

aligners. 

Besides, literature revealed that continuous facial skeletal growth and teeth 

eruption are very evident in the second and third decades, and can last even to the fourth 

and fifth decades of life, making it very reasonable to delay the placement of an anterior 

maxillary implant in the adolescent patient, and first consider a long-term transitional 

restoration.206 

Vita Enamic was selected for ease of manufacturing and the results obtained in all 

previous tests of shear bond strength. Vita Suprinity presented itself as a potential material 

for its mechanical, esthetic, and finishing strength, although from the beginning there were 

some doubts as to its superiority in terms of mechanical strength in this experimental 

model. Medical ABS has recently emerged as a somewhat innovative material ready for 

complete digital workflow procedures, easy manufacturing, and low cost. To our knowledge, 

there has been no research on this material for this purpose. Detailed information on this 

task is accessible in Paper 7.  

The concept of minimally invasive preparation (non-prep restoration) implicitly 

presupposes the restriction of the same to the enamel. For this reason, in our studies, the 

analysis of hydrothermal stress was not considered, as the bond to enamel is quite stable 

over time.82 It is possible that our findings are not directly transposable when tooth 

preparation involves dentin, because it has a surface microarchitecture, a tubular structure, 

and intrinsic moisture not comparable to that of enamel.82  

 

4.3 Final remarks 

As a final unifying message of all this work, it could be said that if something has 

been done, much remains to be done, because the transposition into clinical situations of 

the results obtained in laboratory studies is not an easy task. There are ethical constraints, 
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allied to time, which make this transposition a work of giants since the huge interindividual 

variability of MLIA cases and the fast technological evolution related to rehabilitative 

materials and their adhesive agents make clinical works turn out to be mostly retrospective 

or else short duration. 

When we review the literature, very rarely do randomized clinical trials appear with 

an observational time of more than 36 months, which contrasts with the accepted time of 

10 years as the one that defines the success of treatment in clinical terms. Another field 

where still little has been done concerning the materials assessed in this work is the 

fractographic analysis usually reduced to classification as cohesive, adhesive, or mixed. It 

would be interesting to perform an effective analysis identifying the origin of the fracture 

(initiation of the crack), the direction and pattern of propagation of the crack, and the 

energy of the fracture (brittle or ductile; single event or fatigue) and the phases included 

along the fracture plane to better understand the adhesive joints of dental materials. 
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CHAPTER 5 

CONCLUSIONS 
 
 

5 CONCLUSIONS 

This work is a combination of tasks and therefore, the conclusions will be divided into four 

main sections focused on CAD-CAM materials, adhesive cements and protocols, base 

adherends for shear bond tests, and RBBs for MLIA rehabilitation. 

 

5.1 Mechanical behavior of CAD-CAM materials 

The Vita ENAMIC hybrid ceramic as a restorative material was predictable and easy to 

handle, with a compressive strain of 294±66 MPa, and a shear bond strength when bonded 

to a resin matrix cement from 19.09±6.85 MPa (Panavia SA/no coupling agent) to 55.6 

±4.29 MPa (Rely X Ultimate/Monobond Plus). 

The Vita SUPRINITY zirconia reinforced glass ceramic was brittle in both the pre-

sintered and sintered states, difficult to handle, and had the most inconstant performance. 

It has a compressive strain of 522±274 MPa. 

Vita Y-ZT was confirmed as the toughest material but was seldom the best 

performing because of adhesive failures. The mode of failure with Vita Y-ZT zirconia was 

always adhesive, highlighting uncertainties about the efficiency of the adhesive joint of this 

material in the absence of macromechanical retention. It has a compressive strain > 1225 

MPa. 

When used as RBB simulators adhered to a hybrid ceramic base, their mean best 

adhesive strength was as (1) cylinders (lateral load), Vita ENAMIC 18.38±8.51 MPa, Vita 

SUPRINITY 11.44±4.02 MPa, and Vita Y-ZT18.48±12.12 MPa, and as (2) bars (vertical load), 

Vita ENAMIC 30.9±7.40 MPa, Vita SUPRINITY 24.6±15.2 MPa, and Vita Y-ZT 18.10±6.0 MPa. 

 
5.2 Adhesive cements and protocols  

The best-performing adhesive cement was the dual-cure Rely X Ultimate in a 3-step 

adhesive strategy. Associated with Monobond Plus it reached 55.56±4.29 MPa adhered to 

hybrid ceramic, 10.40±2.42 MPa to FRASACO tooth, and 18.33±5.09 MPa to natural tooth 

Panavia SA in self-etch mode (SA/0, 19.09 ± 6.85 MPa) performed worse than if 

associated with Monobond Plus (SA/MB, 28.74 ± 3.23 MPa) or the Vita Adiva Ceramic 



 

90 

primer (SA/CP, 35.18 ± 4.77 MPa). Although the values attained suggest that it could be 

used in clinical situations that are not defying in terms of occlusal function, or short or not 

retentive dental structure. 

The Vita Adiva IA-Cem associated with the manufacturer's recommended primer, the 

Vita Adiva Ceramic primer reached an adhesive strength of 22.68 ± 5.81 MPa, which was 

lower than that of the universal Monobond Plus 25.07 ± 3.45 MPa, although the difference 

is not significant. 

The efficacy of IA-Cem polymerization raised doubts, because even with an extended 

initial photoactivation time (60 s), being a dual cure cement, the portions remained 

unpolymerized after 12 h in self-cure mode. 

The fluorescence of RU was helpful for excess removal. 

No relation was found between shear bond strength and the surface energy of the 

substrates, the failure mode was material dependent, and differences in behavior 

concerning shear forces were easily identified between CAD-CAM ceramics.  

 

5.3 Potential base adherends for shear bond tests  

The VITA Enamic block resists a shear load of up to 100 MPa in a design consisting of 

a cylinder with a double interface connection, so it appears as a potential base adherend for 

SBS tests. 

Frasaco teeth adhered to cement cylinders had a maximum adhesive strength of 

10.40 ± 2.42 MPa (Rely X Ultimate/5 % hydrofluoric acid/Monobond Plus) but the relative 

mechanical behavior for each adhesive protocol was similar to those with hybrid ceramic 

and natural teeth as adherends. 

Unlike hybrid ceramic, for the FRASACO tooth, the aluminum oxide blasting (Al2O3, 

50µm, 0.20 MPa, 10s) was the best surface treatment to work with Panavia SA in the self-

curing mode (9.29 ± 1.58MPa), rather than just grinding (4.24 ± 1.45MPa), or 5% 

hydrofluoric acid (5.69 ± 3.87MPa). 

Vita Enamic hybrid ceramic, by its mechanical properties, and the FRASACO tooth, by 

its advantageous anatomy despite its lower mechanical properties, are substrates to be 

considered at least for preliminary shear bond strength tests, because they allow 

overcoming ethical restrictions and biases for using biological substrates. For a specific 
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adhesive protocol, the shear bond strength of natural teeth was around double that of 

Frasaco teeth but was half compared to hybrid ceramic. 

 
 
5.4 Potential RBBs for MLIA rehabilitation 

The adhesive strength of the RBBs was dependent on the type of material.  

The SBS results indicated that the Y-ZPT RBBs had the highest bond strength among the 

tested materials (ENA, 24.24 ± 9.05 MPa < ABS, 24.01 ± 1.94 MPa < SUP, 29.17 ± 4.78 MPa < Y-ZPT, 

37.43 ± 12.20 MPa). The failure modes were mainly adhesive for Y-ZPT, cohesive for SUP and ENA, 

and cohesive with plastic deformation for ABS. If the material were ENA or SUP, the fracture led to 

the complete loss of the pontic which would imply the manufacture of a new restoration. In the 

case of Y-ZPT the loss of adhesion without structural change would allow a new adhesive 

procedure. 

 The plastic deformation Medical ABS probably would allow the patient to have an 

appointment with his dentist before the loss of the pontic. For definitive rehabilitation, the 

toughness and the possibility of fabricating very thin retainers make the Y-ZPT the first option to be 

considered. If the option is a short-term interim rehabilitation any of the other options will be 

feasible. As an easy changeable option, the printed ABS RBB turns out to be the most interesting, as 

it can be executed in a short time, at a very low cost, at the chairside, and only needs a hydrophobic 

resin as surface treatment.  

More research is necessary to evaluate the newer, less tough zirconias with higher yttria 

content. 
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CHAPTER 6 

FUTURE PERSPECTIVES 
 

6 FUTURE PERSPECTIVES 
- In vivo evaluation of the performance of the resin-bonded bridgework used to 

substitute a missing lateral incisor, after orthodontic space opening, according to 

anatomic, esthetic, and functional parameters, over time. 

- Clinical evaluation of marginal adaptation of monolithic ceramic RBBs with connector 

design and width variation. 

- Development of an efficient virtual prototyping method to compare different 

preparation designs of ceramic resin-bonded bridgework. 

- Examination of the effect of connector design and width on occlusal fracture resistance 

of monolithic ceramic RBBs. 

 

6.1 In vivo resin-bonded bridges evaluation 

MLIA patients, treated by space opening, split into two groups, after clinical 

characterization, in implant [IM] or RBBs [RB] group, considering defined independent 

variables and conditioning factors. 

Exclusion criteria: history of anterior dental trauma, extensively restored abutment 

teeth. 

Photographic protocol, intraoral scanning, radiographic protocol, digital smile 

simulation, and periodontal status, will be made. 

 

RB group rehabilitation, based on clinical criteria, with the assumed appropriate RBB. 

An experienced dentist, an expert in adhesive techniques, will perform a meticulous 

bonding of the selected RBB, after verification of the CAD-CAM bridge fit. 

Adherend substrate preparation and adhesion according to the findings of this work 

will be delivered to the patients. Global occlusion and canine and anterior guidance will be 

checked. At 0-, 12- and 24-months, intraoral scanning and photographic protocol will be 

taken, at clinical follow-up appointments. 
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. 

Obtained clinical parameters will allow a patient database for further studies. 

Ethical approval and informed consent will be mandatory steps of this research. 

 

6.2 Adhesive joint static tests modeling 

The costs and risks involved in in vivo studies favor numeric models and in vitro 

simulation approaches are raising interest among scientists.207 The biomedical industry has 

long benefited from virtual prototyping using finite element analysis (FEA) to improve 

products. In addition, applying FEA allows the calculation of the stress and strain within the 

tooth structure and biomaterials.208  Until now, only a few FEA studies have assessed tooth 

preparation designs using models of all-ceramic RBBs with these new materials. 

The objective is to model the RBBs static results obtained in tasks 2-5. Modeling will 

be done by a finite element analysis using a damage mechanics approach, in the finite 

element ABAQUS®. A triangular law will be assumed for the cohesive zone model shape. 

Cohesive elements will be used for all the types of ceramics, used in this study, allowing the 

numerical prediction of the failure path obtained experimentally. The cohesive properties of 

the materials will be those determined by the present work standard fracture tests. The 

numerical load-displacement curves of the static tests will be compared with the 

experimental results for validation of the damage properties.  

Similar adhesive joint mechanical characterization as in task 5, with an angular (45º) 

loading force instead, applied centrically 2 mm under the incisal border of the lateral incisor 

is also aimed. 
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