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CHAPTER 1 
 
 
 

General introduction 
 

 
1.1 Introduction 
 

The first sentence of Van Dalen�s thesis on dental cements in 1933 [1] runs in Dutch: 
 
 �Het in dit proefschrift weergegeven onderzoek omvat enkele der in de 

tandheelkunde toegepaste cementen� (�The research as described in this 

thesis, comprises some of the cements applied in dentistry�). 

 
Miller [2], referred to by Van Dalen, in 1908 quotes that one of the desired cement 
properties is adhesion to the cavity wall. But in those days the word adhesion did have 
a different meaning, compared with today. This is demonstrated by Van Dalen [1]: 
�The phosphate cement is also adhesive, (�.)�. Today zincphosphate cement will 
definitely not be identified as an adhesive cement. This thesis deals with several 
aspects of adhesive dentistry and the important role of the luting cements is elucidated. 

Confronted with a gap in the dental arch due to the absence of one or more 
teeth, dentists are routinely requested to provide a solution restoring both function and 
esthetics. The latter is more urgent in the perception of our patients when missing front 
teeth are involved. Every tooth replacement, no matter whether removable or fixed, 
requires to be supported by the available tissues in the oral cavity, being teeth, the soft 
oral tissues, or the jaw bone. 

Removable partial dentures, being a metal frame prosthesis or an acrylic 
denture, are often not worn on a regular basis because of experienced discomfort [3-5]. 
Because of this discomfort fixed solutions are favored. One of the fixed options are 
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dental implants, which are gaining interest from the dental profession and our patients. 
In case of dental implants no supporting tooth structures are involved, because the 
implant, being an artificial root, is supported by the surrounding jaw bone structure. 
Although attractive from the point of not damaging the adjacent teeth, implants might 
be contra-indicated if the dentition is in a poor state, the patient is compromised by a 
medical condition, or for financial reasons. 

In case of a fixed partial denture (FPD), the abutment tooth or teeth are 
inevitably damaged to some extent. This is a relative disadvantage when an abutment 
tooth has already been restored. But in general, a minimally invasive approach is 
required to preserve as much healthy tooth tissue as possible and retain the abutment�s 
strength. When bridging a gap no more abutment teeth than strictly needed to support 
the restoration should be used, reducing both the biological and financial cost. If well-
thought out cantilevered FPDs with one abutment and one pontic come into 
consideration.  

There are essential differences between FPDs and resin-bonded fixed partial 
dentures (RBFPDs). A FPD in its most elementary shape is a solid three-unit 
restoration cast in one piece, consisting of two abutment crowns connected by a pontic 
in the middle. The abutment crowns completely enclose the abutment teeth. In 
contrast, the preparation of a RBFPD is usually situated on the lingual or palatal 
surfaces. So the outer surfaces of the abutment teeth are only partially covered by the 
restoration. Without a retentive preparation, the abutment-restoration interface, i.e. the 
luting cement layer, has to bear the burden of the mastication forces.   

A systematic review solely on cantilevered RBFPDs is not available. Therefore, 
when searching for biological and technical complications, it was decided to resort to 
systematic reviews on cantilevered FPDs. Biological complications are decay, loss of 
abutment vitality and periodontitis, while loss of retention and fracture of the abutment 
teeth account for the technical complications [6]. A slightly less healthy gingiva at 
cantilevered abutments has been reported compared to control teeth in the same mouth 
[7,8] with only 13% of the abutment teeth showing pocket depths of 3 mm or more, 
which is equivalent to the findings on conventional bridgework [7]. The cumulative 
failure rate after 10 years for cantilevered FPDs (18%) was significantly higher than 
for conventional FPDs (11%) as reported by the same group [9]. However, a specific 
cantilevered FPD related problem is identified. A terminal root canal treated abutment 
tooth is significantly more prone to failure than a vital one [10-12]. Randow and 
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Glantz [13] found that the pain tolerance for non-vital teeth was significantly higher 
than for vital teeth, so patients can apply a much higher chewing force on non-vital 
teeth before experiencing pain. When vital teeth were anesthetized, these teeth adopted 
the same pain threshold as non-vital teeth.  
 
1.2 Restorative materials used 
 
Two-unit RBFPDs can be produced of various materials, which all have to meet the 
requirements concerning strength, biocompatibility, esthetics if applicable, and the 
ability to bond to the tooth structure. Various materials like precious and non-precious 
alloys, fiber-reinforced composites, and different types of porcelain and ceramics are 
used to produce these restorations. The advantage of the non-precious alloys is that 
they provide a chemical bonding with resin luting cements through superficial oxides. 
On the other hand precious alloys are often preferred to avoid material related health 
problems, like immunologic or toxic reactions [14]. The luting surface of precious 
alloys needs to be pretreated in order to adhere chemically to resin luting cements. 
Beside the metal based restorations, cantilevered RBFPDs can be made out of fiber-
reinforced composites and all-ceramic materials. 

Cobalt-chromium alloys are widely used as a non-precious metal base for 
adhesive bridgework. Non-precious alloys of a different composition, like NiCrBe and 
NiCr, are also available [15-17]. The use of Ni and Be containing alloys are contra-
indicated for health hazard reasons [17]. Of the many CoCr alloys available the Co 
content is approx. 65 wt-% and the Cr content is approx. 30 wt-% [18], combined with 
low percentages of Mn, Si and Mo. There are several surface pretreatment techniques 
available for CoCr alloys to enhance bonding, like chemical and electrolytic etching, 
tin plating, sandblasting, and silane coating. CoCr alloys after solidification form a 
solid solution with a grain crystal structure. Etching, both chemically and 
electrolytically, causes pitcorrosion within the grain resulting in a regular, honeycomb 
appearance, which provides micromechanical retention for the resin luting cement. Tin 
plating conditions the luting surface by providing a rough surface of tin oxides, able to 
bond micromechanically as well as chemically to resin-based luting cements. 
Sandblasting and silane coating are described in more detail in Section 1.4. Regardless 
of the alloy used and its pretreatment, literature provides an abundance of evidence on 
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the necessity of a retentive preparation, because long-term clinical success can not be 
provided by the luting cement alone [19-23].  

Fiber-reinforcement is known in dentistry for manufacturing FPDs [24-26], 
splints and orthodontic retainers [27], and reinforcement of denture bases [28-30]. 
Commercially available fiber products are polyethylene fibers (woven, braided, 
unidirectional), Kevlar fibers (unidirectional) and glass fibers (woven, braided, 
unidirectional). The majority of the articles describing these materials are case reports 
or in vitro studies. Four longitudinal studies [31-34] reported failure rates between 5% 
and 40% over periods up to 4 years, but none of these studies did compare different 
brands of fiber-reinforced composites. A recent systematic review [24] hypothesizes 
that there is not sufficient clinical evidence to prove that fiber-reinforced composites 
(FRCs) do fulfill the requirements for longevity, esthetics and cost reduction. It was 
concluded that FRCs definitely have potential, but sound scientific evidence is lacking.  

The mechanical properties of a FRC are influenced by volume, orientation and 
location of the fibers, and the quality of the chemical bond between the components 
[35,36]. Failure reasons and mechanisms have been investigated in vitro [34,37,38]. 
Some authors indicate that the fiber-composite ratio is decisive regarding success or 
failure. Higher fiber volumes lead to an increased longevity [34,38], but no optimal 
ratio is known so far. Also subject to investigation is how to arrange the fibers with 
relation to the restoration�s geometry [39]. Stresses from chewing forces should be 
distributed as even as possible throughout the restoration and the tooth restoration 
interface. But how this relates to the fiber arrangement is still not known. Another 
puzzling problem is delamination, being an adhesive debonding at the fiber-composite 
interface [37,38,40]. Polymerization of composites leads to shrinkage and contraction 
stress [41]. In case of FRCs this occurs at different levels: (i) at the fiber-matrix 
interface and (ii) at the matrix-composite interface. Shrinkage strain along continous 
unidirectional glass fibers has been reported [39,42] to be low due to their orientation, 
while most shrinkage took place at the transverse direction. Kolbeck et al [42] studied 
in vitro polyethylene-FRC (PFRC) vs glass-FRC (GFRC) and concluded that GFRC 
performed slightly better than PFRC. This was explained by the non-existence of a 
chemical compound between polyethylene and resin composite. Takahashi et al [43] 
found that flaws and porosities in the composite matrix and at the fiber-matrix 
interface of three different FRCs are leading to weakening of the structure [43-45]. 
The porosities do allow another phenomenon to occur: water sorption. Water sorption 
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is occurring through diffusion, allowing water to ingress into voids and between the 
polymer chains, leading to weakening and slight expansion of the material [38,46].  

All-ceramic crowns and FPDs for anterior and posterior applications are 
advancing in dentistry. Based on material composition they are to be divided into four 
groups: (i) aluminous porcelains, (ii) glass-ceramics, (iii) feldspathic porcelains and 
(iv) one-phase ceramics [47]. Groups (i) and (ii) are used as core materials, for esthetic 
reasons veneered with feldspathic porcelain. These groups exhibit flexural strengths of 
around 150 MPa, making them suitable for both crowns and FPDs. Group (iii), 
feldspathic porcelains, have a flexural strength of around 80 MPa, which is not strong 
enough to be used as a core material. Group (iv) consists of high strength yttrium 
stabilized zirconium oxide (zirconia) with a high flexural strength of 601 � 1000 MPa, 
to be veneered with a feldspathic porcelain for esthetic reasons [47]. Wassermann et al 
[48] conducted a systematic review, confined to RBFPDs made of all-ceramics within 
the VITA In-Ceram Classic system. They found two studies comparing the clinical 
long-term survival of single-retainer cantilevered and two-retainer non-cantilevered 
designs made of glass-infiltrated alumina ceramic, of which the single retainer type 
[49] is relevant for consideration here. The 5-year survival rate in the single-retainer 
group was 92.3% vs 73.9% in the two-retainer group. Interestingly, in the two-retainer 
group within 15 months after insertion four restorations fractured in one of the 
connectors. These restorations were left in situ as one-retainer RBFPDs and survived 
up to 12 years. Connector fracture has also been reported by Koutayas [50] after in 
vitro tests with all-ceramic fixed-fixed RBFPDs in a dual-axis chewing simulator.  
Pospiech et al [51] presented a modified retentive fixed-fixed design with two 
proximal grooves and an enlarged connector, which showed good clinical results. Kern 
and Gläser were encouraged by the results of unilaterally fractured all-ceramic fixed-
fixed RBFPDs, which were turned into cantilevers [52] and subsequently survived for 
up to five years. Interestingly, the resin bond between the teeth and the alumina 
ceramic always remained stable. The differential movements of the abutment teeth of 
fixed-fixed RBFPDs, causing interfacial stresses, have been identified as the causal 
factor concerning debonding with metal based fixed-fixed RBFPDs [19,53-55]. The 
same mechanism seems to be the failure inducing factor with all-ceramic RBFPDs, not 
causing retainer debonding, but connector fracture. With cantilevered RBFPDs this 
problem does not exist [49,56]. 



Chapter 1 

14 

Zirconia has gained a reputation of durability in industrial areas and also in 
medicine as hip replacements. High flexural strength, excellent esthetics and 
biocompatibility and the emergence of CAD/CAM facilities in the dental laboratories 
have provided dentistry with a promising material [57]. 
 
1.3 Adhesion, cohesion and enamel bond 
 
Adhesion and cohesion in general 
In adhesive dentistry (micro)mechanical and chemical adhesion are relevant. Adhesion 
of a (micro)mechanical nature occurs when two materials are (micro)mechanically 
interlocked. Chemical adhesion takes place when atoms of two materials exchange 
outer electrons (ionic bonding) or share outer electrons (covalent bonding). A weaker 
chemical bond is formed when oxygen, nitrogen or fluorine atoms of the two materials 
share a hydrogen nucleus (hydrogen bonding). In dental materials science also 
cohesion is an important factor. Cohesion is the intermolecular attraction between 
identical molecules, in this thesis being a relevant factor when assessing the various 
properties of luting cements.  
 
Bonding to cantilevered RBFPDs 
Regardless of the restorative materials used, the bond strength within the tooth-
restoration interface is determined on three levels: (i) adhesion between tooth and 
cement, (ii) cohesion within the cement layer and (iii) adhesion between cement and 
restoration. Because the adhesion between tooth and cement in cantilevered RBFPDs 
situation occurs mainly to enamel the cement-dentine bonding is omitted.   
 
Adhesion between tooth and cement 
When the acid etch technique was first introduced by Buonocore [58] in 1955 nobody 
foresaw the extent of the adhesive revolution to take place in dentistry. He showed that 
etching enamel with phosphoric acid effectively etches the interprismatic enamel 
away, leaving behind an enlarged surface with horse shoe shaped micro pits. Enamel 
bonding occurs by filling these pits with bonding resins offering micromechanical 
retention. In case of modern self-etching primers, the micromechanical bonding may 
be complemented by chemical interaction between the bonding monomer and residual 
hydroxyapatite [59]. Most in vitro tests are carried out using bovine teeth of which the 
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buccal enamel surface has been flat ground without dentine exposures. Nakamichi et 
al showed that the adhesive strength to bovine teeth is comparable to that to human 
teeth [60]. 
 
The cement layer 
In dentistry the most commonly used cements today are zincphosphate, carboxylate, 
glass ionomer, resin-modified glass ionomer, and resin luting cements. The latter are 
being used for restorations that require adhesive bonding, which means that a certain 
extent of chemical and/or (micro)mechanical bonding, both to the tooth and the 
restoration, is considered necessary for long-term clinical success. The chemical 
composition, filler load, and adhesive systems to adhere to different surfaces vary 
within different resin luting cement types. There are many different brands on the 
market, but resin luting cements can be subdivided into three groups, e.g. Bis-GMA, 
MDP and 4-META based. Typical examples of these cements are summarized in 
Table 1.1. 
 
Table 1.1 Some typical resin luting cements used in dentistry 

Brand name Composition Manufacturer 

RelyX ARC Bis-GMA1 3M Dental Products, St. Paul, MN, USA 

Panavia F Bis-GMA + MDP2 Kuraray Medical, Okayama, Japan 

UniFix 

(Super Bond C&B) 

4-META/MMA-TBB3 Cavex Holland BV, Haarlem, Holland 

(Sun Medical Co., Shiga, Japan) 
1 = bisphenol A diglycidylether methacrylate 
2 = 10-methacryloyloxydecyl dihydrogen phosphate 
3 = 4-methacryloxyethyl trimellitate anhydride/methyl methacrylate-tri-n-butyl borane 

 
Clinical experience has proven that the cement layer on metal-based adhesive 
restorations alone does not supply sufficient retention to prevent debonding and that a 
retentive abutment preparation is necessary [19-23]. Compared to porcelain-fused-to-
metal FPDs with crown abutments, in minimally invasive dentistry, due to the 
geometry of the preparation, only a limited part of the abutment tooth actually 
contributes to the retention of the restoration. This enlarges the importance of the bond 
strength of the luting cement as one of the factors involved to resist debonding of the 
restoration. Bonding (fiber-reinforced) resin composite and all-ceramic restorations is 
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a different matter. These materials because of their texture, have to rely on chemical 
and micromechanical adhesion only and not on a retentive preparation.  
 
Adhesion between cement and restoration  
Many cements are available on the market, a number of them having adhesive 
properties, others claim to be adhesive but actually do not or insufficiently fulfill the 
requirements to satisfy the demands for use in adhesive dentistry. For the dentist in his 
daily routine this is confusing and leaves a difficult question to answer: which cement 
to choose for which purpose? The cement composition itself is not the only important 
factor. The pre-cementation treatment of the restoration, combined with the cement 
and, if the material requires so, a retentive preparation are decisive for failure or 
success. 
 
Table 1.2 Overview of restoration pretreatments used in this thesis 

Pretreatment Details Brand name, manufacturer 

Sandblasting 50 µm Al2O3, 0.3 MPa, 10 mm, 10 s Korox, Bego, Bremen, Germany 

Sandblasting 110µm Al2O3, 0.4 MPa, 10 mm, 15 s Korox, Bego, Bremen, Germany 

Tribochemical silica 

coating 

Rocatec Pre, 10 mm, 10 s, Rocatec Plus, 

0.3 MPa, 10 mm, 13 s 

Rocatec, 3M ESPE AG, Seefeld, 

Germany 

Silicoater silanization Flame silicium oxide coating (Siliflame)

and subsequent silanization (Silicoup) 

Silicoater, Heraeus- Kulzer 

GmbH, Wehrheim, Germany 

 
 Conditioning of the CoCr beam surfaces in order to enhance adhesion can be 
achieved through different methods (Table 1.2). Sandblasting is providing 
micromechanical retention through surface increase by roughening, allowing a larger 
contact area with the luting cement. The Rocatec treatment consists of sandblasting 
with Rocatec Pre (110 µm Al2O3), followed by blasting with Rocatec Plus. The latter 
material particles consist of a core of SiO2 covered with a shell of Al2O3. On impact of 
these particles on the CoCr surface the Al2O3 shell is supposed to disintegrate enabling 
the SiO2 core to melt onto the metal surface due to kinetic energy, creating a glass 
layer to bond chemically with the resin luting cement. Subsequently the alumina 
particles are blown off with air and the surface is silanized. Silanization with the 
Silicoater burns first a SiOx glass layer on the metal surface after which this layer is 
silanized, enabling a chemical bond with the oxides of the resin luting cement. 
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 For luting FRCs with resin cements there are two possible surface alternatives 
to deal with. (1) With the fiber matrix exposed to the surface to be luted, a chemical 
bond can be achieved by wetting the (P)MMA matrix through application of a 
manufacturer recommended resin to facilitate the chemical bond between the 
restoration and the resin luting cement. (2) On the other hand, if the fibers are 
completely incorporated in the restoration structure and not exposed to the surface, the 
composite itself is the material to be luted. There is a choice of three different surface 
conditioning methods [61] available: (i) sandblasting with 50 µm Al2O3, (ii) silica 
coating with a 30 µm SiOx chairside silica coating (CoJetSand, 3M ESPE, Seefeld, 
Germany) and (iii) etching with hydrofluoric (HF) acid gel. Each of these methods has 
to be completed with application of a silane coupling agent before actually using the 
resin luting cement according to the manufacturer�s instructions. Because both the 
resin composites and the resin luting cements are based on the same or chemically 
related formula�s a chemical bond is within reach. 
 Bonding all-ceramic restorations requires an adhesive luting cement to bond to 
a conditioned restoration surface. Reported bond strengths [62] vary with the type of 
ceramic and kind of surface pretreatment tested, but in all tests silanization was the 
final stage of surface pretreatment. Hydrofluoric acid etching and/or sandblasting 
followed by silanization yielded the highest shear bond strengths with alumina 
reinforced glass ceramics [63]. The positive effect of silica coating with subsequent 
silanization was also recently confirmed by two studies [64,65]. However, Kern and 
Wegner [66] proved in vitro that a durable resin bond to zirconia was established after 
sandblasting only. They also found significantly better bond strengths for MDP 
containing resin luting cements compared to conventional Bis-GMA cements. These 
results were later confirmed in a clinical study [49]. The results of in vitro research by 
Kumbuloglu et al [67] confirmed that sandblasting or a tribochemical zirconia surface 
pretreatment did not lead to significantly different bonding properties of two different 
resin luting cements. 

Bis-GMA luting cements (Table 1.1) do not bond chemically to the CoCr 
surface, but rely on micromechanical retention. Panavia F (Table 1.1) not only bonds 
micromechanically, but also bonds chemically through addition of a phosphate ester to 
the adhesive monomer, together called MDP, which bonds to the oxides on the CoCr 
surface. UniFix (Table 1.1) shows strong chemical adhesion to oxidized non-precious 
alloys due to the addition of 4-META [68,69], while the base material of the cement 
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(MMA) adheres micromechanically. According to Palacios et al [70] information on 
retentive strength of luting agents for zirconia based restorations is limited. They 
tested in vitro three different luting cements with sandblasted (50 µm Al2O3) zirconia 
copings and found no significant differences between the cements.  
 
1.4 Finite Element Analysis 
 
The finite element analysis (FEA) originates from civil engineering in order to 
understand the stresses in complex structures. It is a computer simulation technique 
dividing a computer generated model of the object to be tested into many small 
elements. Each element or group of elements can be provided with properties like 
elastic modulus and Poisson�s ratio, depending on the material these elements 
represent. The behavior of an element in response to applied stresses is based on 
simple mechanical principles which can easily be calculated, while that of the whole 
structure is complex and needs computer facilities. The method enables to test the 
influence of design and material variations of an object with respect to forces working 
on it, this enables the prediction of real life behavior without the necessity to 
manufacture it. Sato et al [71] in 1995 found through 3D FEA, simulating anterior 
RBFPDs made of precious and non-precious alloys, that interfacial stress reduction 
occurred with increased retainer thickness in an anterior RBFPD. These findings were 
confirmed in FEA studies [72,73] by Lin et al when testing 3D FEA models of 
posterior RBFPDs. Interestingly, they also found that the retainer height was the most 
influential factor concerning stress reduction in the remaining tooth structure and that 
the horizontal force from occlusion plays a more important role in debonding than the 
vertical force in the interface. Romeed et al [74] compared three-unit FPDs with two-
unit cantilevered FPDs, supported by full crowns. It was concluded that the 
mechanical behavior of the three-unit FPD was more favorable than that of the two-
unit cantilevered FPDs in terms of displacement and maximum principal stress 
distribution, simply because of two abutments instead of one. This study also revealed 
that special attention needs to be paid to the connector in the two-unit cantilevered 
FPDs because of stress concentrations. Similar findings were later reported by the 
same group [74] when comparing through FEA two-unit with three-unit cantilevered 
FPDs. High levels of maximum principal stresses were identified in the pontic-
abutment connector. This phenomenon was also observed by Li et al [75] with a FEA 
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observation of a FRC two-unit cantilevered RBFPD. Kern [49] has identified this 
problem clinically and found the solution in turning three-unit RBFPDs into two-unit 
cantilevered RBFPDs. Magne et al [76] used a 2D FEA model to test a three-unit 
posterior FPD with different abutment preparations and different restorative materials 
(gold, alumina, zirconia, glass-ceramic, composite, FRC). The composite materials 
showed a resilient component which favorably influenced stress transfer within the 
tooth-restoration complex. Clinical use, however, might be contraindicated because of 
insufficient strength. The authors emphasize the need of clinical trials. Northeast et al 
[77], whose experimental and FEA setup inspired us to develop ours, identified the 
peeling forces applied onto two-unit cantilevered RBFPDs, to be the detrimental 
factors threatening the clinical performance of this type of restoration. Interestingly 
Bhakta et al [78], in a sequel study on Northeast et al [77], found that enlarging the 
luted surface is no remedy against debonding. They proposed a modified design to 
avoid the fatal stresses at the enamel pontic transition line. 

Concluding, one can assess that FEA is a useful tool to develop adequate 
prosthetic designs. Until now the detrimental effects of fatiguing forces can not be 
included in the FEA, but the method will help to lower the risks of testing different 
designs clinically. However, a clinical study will always be the ultimate test. 
 
1.5 Aim and outline of this study 
 
With the introduction of the acid etch technique a new world of opportunities opened 
up and, inevitably with new materials and techniques, new problems arose and the 
learning curve had to be sustained. Obtaining scientific proof to turn belief into science 
takes a long and winding road. In dentistry it is not uncommon that new materials and 
techniques are introduced to the dental profession, sometimes even because of popular 
demand, without convincing scientific support for their clinical validity. Then it is up 
to the dental profession to comply with that situation and, by trial and error, find the 
best possible application. On the other hand, due to the interaction between industry 
and profession, products evolve with improved quality. Advantages and disadvantages 
of two-unit cantilevered RBFPDs have been described extensively as an alternative for 
single tooth replacement. This specific application saves biologically and financially 
on costs. The dental literature on this subject reports varying results, due to different 
treatment approaches and restorative designs. New bonding enhancing techniques and 
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new luting cements have become available and are being used, not always supported 
by clinical evidence.  
 
The aim of this study was:  
1. to study and reveal the nature of the tooth restoration adhesion of RBFPDs and 
its failure mechanism, 
2. to demonstrate that two-unit cantilevered RBFPDs are reliable restorations, 
provided that a tooth preparation is applied, adapted to the specific restoration material 
properties. 

In chapter 2 a review of the literature has been produced, identifying success 
and failures of different clinical approaches. In chapter 3 the tensile peel, load and 
torque strengths of simulated cantilevered RBFPDs on bovine enamel has been 
studied. Chapter 4 reports on the influence of all possible combinations of three 
surface pretreatments and three commercially available resin luting cements on 
fatigue, using the load test in the ACTA fatigue tester. Chapter 5 compared both in 
vitro and through FEA the debonding mechanisms of two-unit cantilevered and three-
unit fixed-fixed RBFPDs. The cause of debonding, related to the specific geometry of 
the respective restoration types, has been explained. Constantly advancing technology 
on tooth colored restorative materials do make these products suitable for clinical use. 
Comparison of simulated cantilevered resin-bonded RBFPDs made of CoCr alloys, 
FRC and zirconia of identical geometry has been carried out in Chapter 6. The 
specific problems of the FRC and zirconia application have been highlighted. 
Comparison of the bond strengths of the tested materials has been carried out.  
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2.1 Abstract 
 
Purpose. This review article evaluated the clinical performance of two-unit 
cantilevered, single abutment, single pontic, resin-bonded fixed partial dentures 
(RBFPDs) by comparing them to non-cantilevered RBFPDs with two abutments and a 
single pontic.  
Methods. One publication on design principles and eleven clinical research studies 
were selected by searching two databases.  
Results. Six of the studies dealt exclusively with two-unit cantilevered RBFPDs and 
five studies compared fixed-fixed design RBFPDs with cantilevered RBFPDs. Two-
unit cantilevered RBFPDs for single tooth replacement appear to be reliable and 
predictable restorations, provided their preparations meet the right standards.  
Conclusion. According to the studies reviewed, two-unit cantilevered RBFPDs show 
better longevity than resin-bonded fixed-fixed partial dentures in similar situations.  
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2.2 Introduction 
 
Adhesively bonded splints with macromechanical retention through perforated 
retainers created the basis for the first resin-bonded fixed partial dentures (RBFPDs) 
designed by Rochette [1]. Reduction of the biological damage to the tooth was the 
leading principle behind the development of the Rochette FPD [2]. Livaditis and 
Thompson [3] did develop an etching technique, providing micromechanical retention 
for the resin luting cement on non-perforated non-precious metal retainers.  
 Without retentive abutment preparation the RBFPDs were temporary 
restorations with unpredictable longevity [2-5].  With grooves, guide planes, a 180-
degree wraparound and a chamfer, retention increased impressively [4-8]. Increase of 
the number of retainers on RBFPDs decreases the functional longevity [7,9,10]. 
Functional longevity is defined as the time span between first cementation and 
replacement of the restoration, including rebondings in between. 
 
Table 2.1 Clinical research studies into two-unit cantilevered RBFPDs 

Study Number of cantilevered RBFPDs 

Djemal et al [4] 

Dunne, Millar [9] 

Hussey, Linden [10] 

Briggs et al [11] 

Brabant [12] 

Botelho [13] 

Botelho et al [14] 

Botelho et al [15] 

Chan, Barnes [16] 

Gilmour, Ali [17] 

Hussey et al [18] 

Rashid et al [23] 

120 + 265 fixed-fixed partial dentures 

47 + 250 fixed-fixed partial dentures 

142 

54 

102 

about RBFPD design principles 

33 

82 

13 + 12 fixed-fixed partial dentures 

43 + 81 fixed-fixed partial dentures 

70 + 263 fixed-fixed partial dentures 

84 

 

 The purpose of this review was to judge the behavior of two-unit cantilevered 
RBFPDs against non-cantilevered RBFPDs for solitary tooth replacement. Two data 
bases, PubMed (1973-2003) and ISI Web of Science (1988-2003), have been searched 
with the keywords: �(cantilever) resin bonded bridges� and �(cantilever) resin-bonded 
fixed partial dentures�. From 1991 to 2003, almost 400 articles were dedicated to 
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RBFPDs. Five clinical studies and one article on design principles focused exclusively 
on two-unit cantilevered RBFPDs [10-15]. Five other publications [4,9,16-18]  
compared fixed-fixed and cantilevered RBFPDs (Table 2.1). Table 2.2 shows the mean 
age of all two-unit cantilevered RBFPDs per study at the time of publication and the 
percentages of first debondings. After eventual rebonding, the functional longevity 
reaches beyond the moment of first debonding. Table 2.2 therefore can not be read as 
indicating the mean functional longevity. Five retrospective studies [10,11,15,17,18] in 
Table 2.2 presented results regardless of the influence of a preparation, the use of 
various cements, different surface treatments and the use of various alloys. Two 
studies [16,19] were prospective. The different nature of the studies reviewed made a 
meta-analysis impossible. 
 
Table 2.2 Debonded two-unit cantilevered RBFPDs* 

Study Mean age (months*)  First debonding 

Hussey, Linden [10] 

Briggs et al [11] 

Botelho et al [15] 

Chan, Barnes [16] 

Gilmour, Ali [17] 

Hussey et al [18] 

Rashid et al [23] 

37 

27 

37 

34 

25 

32 

44 

12% (17 / 142) 

20% (11 / 54) 

5% (4 / 82) 

0% (0 / 13) 

28% (12 / 43) 

17% (12 / 70) 

7% (6 / 84) 

* at the time of publication of each of the above-mentioned studies 
 

2.3 Prosthodontic considerations 
  
Prosthesis and preparation design 
Prosthesis and preparation designs for RBFPDs, both fixed-fixed and cantilevered, 
vary from study to study. The simplest preparation on a maxillary incisor covers most 
of the palatal surface combined with a cingulum seat [4]. The most extensive 
preparation includes total palatal coverage with 180° wrap-around, chamfer and 
proximal guide planes and grooves on anterior teeth, while premolar and molar 
preparations include occlusal rests [4,12,15,20]. Five studies agree upon the cause of 
debonding [4,10,12,14,16]. When mastication forces are applied on a RBFPD, the 
abutments are subjected to twisting forces, thus causing stress within the interface 
between tooth and restoration. With every additional abutment, the chance for 
debonding increases [7,9,10]. A maximally retentive preparation, as described above, 
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increases the survival rates dramatically [4-8]. With only one abutment present, 
theoretically the twisting forces are reduced to a minimum, thus preventing early 
debonding. A remarkable development has taken place in the Dental School of Hong 
Kong. Botelho et al [15] announced that the prescription of two-unit cantilevered 
RBFPDs for single tooth replacement has become standard clinical teaching practice 
to undergraduate students, based on previous evidence-based information 
[4,10,11,14,16,18]. 
 
Surface treatment 
After casting, the adhesive surfaces of RBFPDs are sandblasted in the dental lab for 
cleaning purposes, prior to any other surface treatment. Verzijden et al [21,22] report 
on four surface treatments: sandblasting, electrolytical etching, tin-plating and silane 
coating. Sandblasting is also considered a surface treatment by itself on non-precious 
alloys. Electrolytical etching requires a precise casting technique in order to obtain a 
homogeneous crystalline surface. Briggs et al [11] compared these two methods. Of 54 
cantilevered RBFPDs, 11 debonded; 6 were sandblasted and 5 were electrolytically 
etched, but because of these low numbers no final conclusion was drawn. Tin-plating 
provides the adhesive RBFPD surface with a layer of tin oxide.  This enables chemical 
bonding with the resin luting cement and micromechanical retention because of the 
formation of tin crystals. Van der Veen [23] reports good results using tin plating. 
Silane coating consists of applying a layer of 0.1 µm silica with a Silicoater® (Heraeus 
Kulzer) in the dental laboratory. Immediately prior to cementation, the clinician 
applies a layer of silane to enhance the bond strength between metal and cement. 
  
Influence of the used cements 
Six studies [10-12,14,16,17] reported on the influence of the luting cements used, but 
not in such a way that conclusions can be drawn. Gilmour and Ali [17] also looked 
into the effect of the use of rubber dam during cementation. During their 4 year 
research period 35% of the rubber dam assisted RBFPDs debonded. Without rubber 
dam this percentage went up to 43%. These numbers are also small, so conclusions 
were not drawn. 
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Operator influence 
Only Djemal [4] and Hussey et al [18] reported on operator influence. Compared to 
senior staff both postgraduates and junior staff demonstrated a larger risk for their 
RBFPDs to debond.   
 
Gender and age 
One study looked into the influence of patient age [9]. The age group of 11 to 20 years 
showed significantly more debondings, but no reason has been given. The other 
studies reviewed did not look into gender and/or age related influences. 
 
Location of pontic and/or abutment 
Three studies only [10,11,16] specified the debonded two-unit RBFPDs according to 
the location in the mouth:  
-  Hussey and Linden  [10] pursued 142 RBFPDs, 116 mandibular and 26 maxillary 

ones. All debonded RBFPDs were maxillary ones. The upper central incisor was 
most endangered, followed by the canine and the lateral incisor.  

-  Briggs et al [11] pursued 54 RBFPDs, 46 maxillary and 8 mandibular ones. Ten 
upper RBFPDs (7 anteriors, 3 posteriors) and 1 lower posterior RBFPD debonded.  

-  Chan and Barnes [16] looked into the longevity of 25 RBFPDs: 13 two-unit 
cantilevered RBFPDs and 12 fixed-fixed ones. Pontics were exclusively maxillary 
central and lateral incisors. One RBFPD debonded and was turned into a two-unit 
cantilevered RBFPD, which 40 months later was still functioning. No other 
RBFPD in this study debonded. 

 
Periodontal consequences 
Periodontal consequences of cantilevered RBFPDs have only been investigated in two 
studies [19,24]. Boening [24] and Rashid et al [19] found a slightly less healthy 
gingiva at abutments compared to control teeth in the same mouth. The authors warn 
for overcontouring of any RBFPD in case of no or only a minor preparation. Rashid 
[19] found minor statistically significant disadvantages of the abutments as far as 
pocket depth is concerned, whereas no differences in mobility were found. Only 13% 
of the abutments measured 3 mm or more pocket depth. This is equivalent to the 
findings on conventional bridgework [19]. Botelho [13] warned against using 
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abutment teeth with bone loss in an uncontrolled periodontal situation because of 
possible drifting. 
 
2.4 Discussion 

 

This review aimed to evaluate the performance of two-unit cantilevered RBFPDs. 
Extensive studies on the longevity of RBFPDs [4-8,21,23,25,26] have been carried 
out. Thompson et al [20] found that RBFPDs have achieved such clinical success in 
studies in the United States and Japan, that their longevity approaches that of 
conventional bridgework, thanks to refinement of the preparation design. On RBFPDs, 
sufficient retention for a lasting restoration can be obtained with maximal coverage of 
the palatal or lingual surface, a 180° wraparound with grooves and a light chamfer to 
prevent overcontour [5,7,8,23]. Then retention no longer depends mainly on the luting 
cement, but also on the resistance form. It is not clear yet that these design principles 
also apply to two-unit cantilevered RBFPDs. A modest amount of literature 
specifically on two-unit cantilevered RBFPDs is available [10-15]. Although there are 
substantial differences in both results and study design among the various studies 
reviewed, evidence of the reliability of this restoration is growing [15]. Better 
esthetics, easy cleaning, less biological damage and hardly a chance of an undetected 
debonded retainer with decay underneath, are good reasons to consider application of 
this restoration technique. 
 
Table 2.3 Percentages (and numbers) of debonded two-unit cantilevered and fixed-fixed RBFPDs 

Study Debonded 

Cantilevered RBFPDs 

Debonded 

Fixed-fixed RBFPDs 

Dunne, Millar [9] 

Chan, Barnes [16] 

Gilmour, Ali [17] 

Hussey et al [18] 

               21% (10 / 47) 

                 0% (0 / 13) 

               28% (12 / 43) 

               17% (12 / 70) 

           34% (115 / 335) 

             8% (1 / 12) 

           41% (33 / 81) 

           25% (65 / 263) 

 
 Table 2.3 shows four studies comparing two-unit cantilevered RBFPDs to 
fixed-fixed RBFPDs. However, none of them was a randomized control study. Each of 
the studies reviewed shows a better performance of the two-unit cantilevered RBFPDs 
than their fixed-fixed counterparts in similar situations. Djemal et al [4] conclude that, 
in their study, the risk of a failing fixed-fixed RBFPD was nearly twice that of a 
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cantilevered one. As most authors recommend, more research has to be carried out on 
various aspects like preparation design, the influence of the luting cement and pre-
treatment of the adhesive surfaces of the RBFPDs. These restorations decrease tissue 
damage and patient�s expenses, making them a patient friendly treatment. 
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CHAPTER 3 
 
 
 

The influence of surface pretreatment and luting cement 
 

 on in vitro behavior of  
 

two-unit cantilevered resin-bonded fixed partial dentures 
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3.1 Abstract 
 
Objective. The purpose of this study was to find the optimal combination of surface 
pretreatment and luting cement for two-unit CoCr cantilevered resin-bonded fixed 
partial dentures. 
Methods. Tensile peel, load and torque tests were performed using flat ground bovine 
teeth as substrate, four different commercially available luting cements, and CoCr 
beams as simulated cantilevered resin-bonded fixed partial dentures. The CoCr beams 
were pretreated with either sandblasting or Rocatec. Tensile peel, load and torque 
failure loads were determined 72 h after cementation. The effects of sandblasting and 
Rocatec pretreatments on the morphology of the CoCr surface was investigated with 
SEM and EDAX analysis. 
Results. The average failure loads of the three tests showed that RelyX ARC, 
Resiment and Panavia were equal and significantly lower than for UniFix. Rocatec 
showed a significantly higher average failure load than sandblasting considering all 
tests. The peel test, which showed the lowest failure values, is clinically the most 
relevant test. This test showed that only UniFix as luting cement with sandblasting as 
pre-treatment, generates a significantly higher failure load compared with the other 
cements and pretreatments. 
Significance. Based on the results of this study the use of UniFix with sandblasting as 
metal surface pretreatment, is preferred for cementation of two-unit CoCr cantilevered 
resin-bonded fixed partial dentures. 
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3.2 Introduction 
 
In the early days of adhesive dentistry resin-bonded fixed partial dentures (RBFPDs) 
were originally considered to be temporary restorations because of many failures [1-4]. 
These days RBFPDs in general have gained momentum because of improved 
preparation design and subsequent increased longevity [5-7]. The main advantage of 
the two-unit cantilevered RBFPD for solitary tooth replacement over a fixed-fixed 
design with one retainer on each side of the pontic, is the need for only one abutment. 
 Although at first sight a one abutment RBFPD looks fragile, nevertheless the 
prescription of these two-unit RBFPDs has become standard clinical teaching practice 
to undergraduate students of the Dental School in Hong Kong, founded on previous 
evidence-based information [8]. 
 Most of the in vitro studies on adhesion of RBFPDs to enamel are primarily 
focused on measurements of tensile or shear bond strength of the resin-to-metal bond 
and the resin-to-enamel bond [9-11]. The reported tensile bond strengths to metal 
alloys are typically in the order of 40 MPa, which would require 1000 N for debonding 
a retainer with a bonding surface of 25 mm2. The reported tensile bond strengths to 
etched enamel are lower, ca. 20 MPa, but ca. 500 N is still required for debonding [9-
11]. The resin-to-enamel bond strength seems to be clinically less important, since 
when adhesive failure occurs, large amounts of the resin luting cement are left behind 
on the tooth surface. Clinically, loads leading to exceeding the bond strength are not 
very likely to occur and the majority of clinical adhesive failures are most probably 
due to tensile peel stresses. Northeast et al [12] investigated the peel loads and related 
stresses in the adhesive layer using finite element analysis and correlated the results to 
the tensile bond strength. From their study it was concluded that tensile peel strength is 
considerably less than tensile bond strength and that the failure mode corresponded 
more closely to that observed clinically. 
 The method of pretreatment of both the enamel and the metal is also of 
influence on the observed bond strengths. Kern and Thompson [13,14] reported on the 
surface effect of sandblasting with particles of various sizes before cementation of 
CoCr disc-like specimens. Sandblasting the metal surface, independent of the particle 
size, resulted in a significantly lower bond strength to a conventional Bis-GMA resin 
luting cement when using chemomechanical bonding systems. But the application of 
silicoating did enhance the bond strength in this study. Also the combination of 
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sandblasting and the use of a phosphate monomer modified composite (Panavia EX) 
increased bond strength significantly [13,14]. 
 The aim of the present study was to evaluate the influence of metal surface 
pretreatment, luting cement and in vitro test procedure specifically on the failure load 
of two-unit RBFPDs to enamel. 
 
3.3 Materials and methods 
 
In this study the influence of surface pretreatment of simulated RBFPDs on tensile 
peel, load and torque failure values (N) of four different resin cements was 
investigated. Intentionally excluding preparation influences, CoCr alloy beams were 
luted onto the flat ground buccal surfaces of bovine teeth. Subsequently forces from 
different directions were applied to this laboratory model (Figure 3.1). The tensile 
peel, load and torque forces were determined, since these forces are feasible modes of 
failure in a clinical situation. The objective for the choice of the surface treatments and 
the cements was to stay as close as possible to the daily practice of both dental 
technicians and dentists. Therefore, as pretreatment of the adhesive surfaces of the 
simulated RBFPDs, sandblasting and Rocatec were chosen. Furthermore, it is well 
accepted that adhesive restorations should be luted with resin cements. In this study 
Panavia F, UniFix, Resiment and RelyX ARC were the resin luting cements of choice.  

Bondiloy®, beams (15.0 mm long, 7.0 mm wide, and 0.55 (0.02) mm thick) 
were cast to be luted to the buccal surfaces of freshly extracted bovine teeth. Bondiloy 
(Austenal, Inc., Chicago, USA) consists of Co (66.3%), Cr (27.0%) and other 
materials (Mo, Mn, Si; 6.7%). Prior to the luting procedure the buccal surfaces of the 
bovine teeth were flat ground on a water-cooled rotating disk (600 grit), followed by 
spray cleaning with tap water for 15 s and then drying. If after grinding a dentin 
fenestration was visible, the tooth was discarded. The Bondiloy beams were luted to 
the enamel surface according to the manufacturer�s instructions with the modification 
that the beams were luted under a standardized pressure of 50 N. An area of 7.0 × 7.0 
mm was luted to the bovine enamel, leaving an area of 7.0 × 8.0 mm to act as a 
cantilevered pontic. All specimens were stored in tap water (37°C) during 72 h. The 
four resin luting cements tested were Panavia F (Kuraray Medical, Okayama, Japan), 
RelyX ARC (3M Dental Products, St Paul, MN, USA), Resiment (Septodont, St-
Maur-des-Fossés Cedex, France) and UniFix (Cavex Holland BV, Haarlem, Holland), 
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the latter also known as Super-Bond C&B (Sun Medical Co., Shiga, Japan). Septodont 
does not provide a bonding system with Resiment. The manufacturer recommends the 
choice of a bonding system that the user is familiar with. During preliminary tests, 
Scotchbond Multipurpose chemical cure bonding (3M Dental Products, St Paul, MN, 
USA) and Scotchbond 1 light cure bonding (3M Dental Products, St Paul, MN, USA) 
were tested with Resiment. Because of the better results the light cure bonding was 
chosen for further testing.  
 

Figure 3.1 Test arrangement for measurement of the tensile peel, load and torque failure loads 

 
Two different treatments of the adhesive surfaces of the beams were used: (i) 50% of 
the beams were sandblasted in a Vaniman Sand Storm sandblaster (Vaniman, 
Fallbrook, CA, USA) under 0.3 MPa pressure for 15 s with Korox®50 (50 µm Al2O3, 
Bego, Bremen, Germany), followed by spraying with tap water for 15 s and drying 
with air, and (ii) the other 50% underwent a tribochemical treatment in the 
Rocatector® (3M ESPE, Germany), i.e. sandblasting with Rocatec Pre (110 µm 
alumina powder) for 10 s, followed by blasting with Rocatec Plus particles (110 µm 
silica-containing alumina powder) for 13 s, followed by cleaning with air. The Rocatec 
Plus particles consist of a SiO2-core with a surrounding Al2O3-shell. This shell is 
supposed to disintegrate on impact, leaving the SiO2-core particles to melt onto the 
metal surface, creating a glass layer to bond chemically to the oxides in the resin luting 
cement. Immediately prior to cementation Espe-Sil® was applied for silanization and 
left drying for 5 min. Three different types of tests (peel, load and torque; Figure 3.1) 
were carried out in a universal testing machine (Instron Ltd, Wycombe, UK) with each 

  Load 

  Peel    Torque 

Enamel 

    Bondiloy beam 
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combination of cement and pretreatment, using eight specimens per test. Load was 
applied at a crosshead speed of 1.0 mm·min−1 and load at failure recorded. After the 
load tests, the bonding areas of both the teeth and the Bondiloy beams of each 
specimen were examined under a light microscope (7.5× magnification) and the 
percentage surface area of the remaining cement estimated. The specimens of a 
number of teeth with matching beams were gold sputtered (Edwards Sputter Coater 
S150B, Edwards High Vacuum, Crawley, West Sussex, England) and examined by 
scanning electron microscopy (Philips SEM XL 20, Eindhoven, Netherlands). Bulk 
method quantification of the tooth, metal and cement surfaces was carried out with 
EDAX (EDAX, Inc., Mahwah, NJ, USA). 
 Three-way analysis of variance (ANOVA) and Tukey post hoc tests (P = 0.05) 
were used to test the effect of the test method, luting cement, and pretreatment on the 
observed failure load. Statistical differences within the different test methods were 
further analyzed with one-way ANOVA and Tukey post hoc tests (P = 0.05). The 
software used was SPSS 10.0 (SPSS, Inc., Chicago, USA). The failure mode 
distributions were statistically analyzed with Kruskal-Wallis one-way ANOVA on 
ranks, using SigmaStat Version 3.0 (SPSS, Inc., Chicago, USA). Statistical 
significance was set in advance at the 0.05 probability level. Multiple comparisons 
were done using Dunn�s test. 
 
3.4 Results 
 
The failure loads (N) of the tensile peel, load and torque tests depending on the 
pretreatment and luting cement are graphically depicted in Figure 3.2. Three-way 
ANOVA showed significant differences for the test method (F = 1633.3; P < 0.001), 
the luting cement (F = 81.7; P < 0.001), and the metal pretreatment (F = 33.7; P < 
0.001). The average failure load for Rocatec as pretreatment (132.0 N) was 
significantly higher than for sandblasting (109.9 N). Tukey's post hoc test showed that 
the average failure loads of RelyX ARC (96.6 N), Resiment (105.4 N) and Panavia 
(110.0 N) were equal and significantly lower than UniFix (171.9 N). Furthermore, 
Tukey post hoc test showed that all three test methods had significantly different mean 
failure loads; peel (22.0 N), load (68.4 N) and torque (272.6 N). For a more precise 
evaluation of the obtained failure loads, a one-way ANOVA and a Tukey post hoc test 
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was performed for each of the different test methods. The failure loads and the result 
of the statistical analysis are summarized in Table 3.1. 
 
 

 
 
 
Figure 3.2 Mean failure loads (N) differentiated per test type, depending on metal surface 
pretreatment and luting cement  
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Figure 3.3 Percentages cement covered surface area after failure, differentiated per test type 
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Table 3.1 Mean failure loads (N), with SD in parentheses, of different luting cements depending on 
pretreatment and test type 
 
 Panavia RelyX 

 Sandblasting Rocatec Sandblasting Rocatec

Peel 

Load 

Torque 

22.4    (5.9)a 

65.9   (7.0)ab 

224.0 (17.1)ab 

18.8   (5.8)a

76.3   (9.1)b

252.4 (66.6) b

20.9   (6.9)a 

53.3 (16.7)a  

173.5 (36.5)a 

 21.8    (7.0)a

66.6 (11.4)ab

243.3 (41.0)b

 Resiment UniFix 

 Sandblasting Rocatec Sandblasting Rocatec

Peel 

Load 

Torque 

16.8    (3.5)a 

52.9    (7.0)a 

204.3 (17.6)ab 

19.7   (5.7)a

73.7 (11.3)b

264.9 (51.1)b

33.2   (6.4)b 

79.8 (14.3)b 

371.9 (55.9)c 

22.0   (6.0)a

78.5   (5.8)b

446.2 (41.1)d

 
No significant differences were observed within the specific test if the mean failure load is quoted with 
the same letter (ANOVA, Post hoc Tukey HSD). 
 
 

Table 3.2 Mean cement covered surface area % and SD after failure in parentheses 

 Panavia RelyX 

Sandblasting Rocatec Sandblasting Rocatec

Peel / tooth 

Peel / metal 

Load / tooth 

Load / metal 

Torque /tooth 

Torque /metal 

100   (0) 

29 (18) 

100   (0) 

44 (14) 

100   (0) 

47 (18)c

100   (0)    

0    (0)ad 

98   (7)    

83  (16)de 

100   (0)    

54 (25)d   

79   (19)   

 27    (15)  

100   (0)     

5    (5)adf  

100   (0)     

6   (9)aef  

61   (27)  

41  (19)d 

98   (7)  

23 (28)c 

100   (0)  

90  (11)e 

 Resiment UniFix 

 Sandblasting Rocatec Sandblasting Rocatec

Peel / tooth 

Peel / metal 

Load / tooth 

Load / metal 

Torque /tooth 

Torque /metal 

100    (0)  

8  (17)b 

100    (0)  

16  (15)be

100    (0)  

41 (32)b 

92 (18)  

8  (18)c

75 (27)  

70  (16)f

100   (0)  

56 (32)  

99  (2)     

70 (16)abc 

100   (0)    

100   (0)abc 

100   (0)    

87   (8)f   

88 (14)    

19 (25)    

No failure

No failure

100 (0)     

99 (4)abcd

 
Significant differences were observed within the specific test if the surface area % is quoted with the 
same letter (Kruskal-Wallis one-way ANOVA, Dunn�s test). 
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Table 3.3 EDAX analysis of surface compositions (wt-%) of Bondiloy before pretreatment, Rocatec 
Plus powder, and two differently pretreated Bondiloy beams  
 
Composition Bondiloy  Rocatec Plus 

powder 

Bondiloy after Korox 

50 pretreatment 

Bondiloy after Rocatec 

pretreatment  

Co 67.2 - 49.2 38.6 

Cr 26.4 - 19.2 16.5 

Mo 5.5 - 3.9 2.9 

Mn 0.3 - - - 

Si 0.6 14.8 - 10.2 

Al - 42.3 15.9 13.6 

O - 42.9 11.8 18.2 

 
 
Table 3.4 EDAX analysis of surface compositions (wt-%) of three Resiment and three RelyX ARC 
specimens  
 
Composition      Resiment RelyX ARC 

 cement 

only  

remnants on 

Bondiloy  

remnants on 

tooth 

cement 

only  

remnants on 

Bondiloy  

remnants on 

tooth  

Co - 50.8 - - 50.1 - 

Cr - 18.3 - - 18.1 - 

Mo - - - - - - 

Mn - - - - - - 

Si 57.6 11.1 57.6 67.4 10.7 72.4 

Al 3.4 15.4 7.6 - 15.0 3.2 

O 20.3 4.4 17.2 32.6 6.1 24.4 

Ba 18.7 - 17.6 - - - 

 
Failure mode analysis was performed for all test methods, the four cements, and the 
two pretreatments, both for the enamel- and Bondiloy-side. The results are graphically 
depicted in Figure 3.3, making it clear that the metal surface is considerably more 
prone to adhesive failure than the enamel surface. The percentage of cement covered 
surface area and the results of the statistical analysis are summarized in Table 3.2. The 
results of EDAX analysis of the Bondiloy surfaces before and after pretreatment are 
depicted in Table 3.3. Table 3.4 shows surface compositions measured with EDAX of 
Resiment and RelyX ARC specimens after load to failure with Rocatec as pre-
treatment. 
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Figure 3.4  
 
(Top) SEM image (magnification 120x) of remaining cement on tooth surface after RelyX 
ARC/Rocatec load test on left and middle section of picture (right top and bottom: tooth surface).  
 
(Bottom) SEM image (magnification 120x) of remaining cement on metal surface after RelyX 
ARC/Rocatec load test on left and middle section of picture (top, right and bottom: Rocatec covered 
metal surface) 
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3.5 Discussion 
 
The influence of two different surface pretreatments of simulated cantilevered 
RBFPDs on tensile peel, load and torque failure values of four different resin cements 
was investigated. From the results it is clear that the peel failure load, showing the 
lowest values compared to the load and torque failure loads, is the Achilles' heel for a 
cantilevered RBFPD. Northeast et al [12] showed comparable peel failure loads for 
Talladium-V, a NiCr alloy. The low peel failure load explains the high failure rate of 
cantilevered RBFPDs on unprepared abutment teeth without macromechanical 
retention, due to the lack of a preparation. A comparison with the fixed-fixed design 
RBFPDs can not be made due to the different nature of forces and torque on the two 
types of restoration during mastication. Therefore, the results of this study can not be 
extrapolated to that type of restoration. 
 Although there is scientific literature available on the interaction between luting 
cements and surface pretreatment, results vary considerably. Söderholm [15] 
extensively describes various systems used to enhance the bonding of resin luting 
cements to metal. After reviewing a number of studies comparing the effects of 
etching, sandblasting, Silicoater, Silicoater MD, Kevloc, Rocatec, electrolytic tin 
coating, it was concluded, that the performance of the various methods differs among 
investigators. No system outperforms any other system. Moulin et al [16] studied the 
influence of surface treatment on adherence energy of noble and base alloy discs of 
Super-Bond C&B, using the double cantilever beam test. Their Rocatec specimens 
showed the highest bond strengths, with the exception of a high-palladium alloy. 
Robin et al [9] studied the influence of the use of the Rocatec system on bond strength 
of noble alloys and porcelain. The efficacy of the Rocatec system was confirmed, but 
the inconsistency of the quality of the bond shows the difficulty of controlling flaws, 
and future improvements are desired. Attar et al [10] emphasize the importance of 
flexural strength and modulus of elasticity on clinical behavior and also that dual-
polymerizing resin cements were necessary to maximize strength and rigidity, but that 
is not confirmed in this study. The good overall test results of UniFix are most likely 
due to the relatively low E-modulus of this unfilled cement. The UniFix E-modulus of 
1.8 GPa (manufacturer�s data) is considerably lower than those of Panavia F (12.8 
GPa) [17,18] and RelyX ARC (5.6 GPa) [10]. An explanation might be that luting 
cantilevered beams with cements with a low E-modulus leads to a more even stress 
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distribution in the cement layer, resulting in lower peak stresses and subsequently in a 
higher failure load. 
 This study shows that the effectiveness of the Rocatec system strongly depends 
on the type of test conducted. The overall performance of the Rocatec system was 
indeed significantly better, if one takes the results of the tensile peel, load and torque 
tests overall into account. But taking only the clinically most relevant test, the peel 
test, into account, no effect of the Rocatec system is observed. On the contrary, the 
best results are obtained by using UniFix as luting cement and sandblasting as 
pretreatment. For the latter combination the load test did not result in a failure with any 
one of the specimens (n = 8). When applying load to the Bondiloy beams in this test, 
the beams bent instead and no failure was observed, indicating the exceptional bond 
strength of the cement. To get a better insight into the bonding between the enamel and 
Bondiloy after failure the surfaces of the specimens were investigated with SEM and 
EDAX analysis. The EDAX analysis of the untreated Bondiloy was in good agreement 
with the manufacturer�s data. After sandblasting a Bondiloy beam the EDAX analysis 
showed a high content of Al2O3 on the metal surface (Table 3). The influence of the 
Al2O3 particles on bond strength is not known. Chemically active monomers in luting 
cements like Panavia (phosphate) and UniFix (4-META), when bonded to the Al2O3 
particles, might play a role in the bonding process, but this is still to be investigated 
[13]. After Rocatec treatment Si, Al and O was observed on the Bondiloy surface with 
a total of ca. 42%, which is in agreement with reported values of Kern and Thompson 
[14]. 
 The cement remnants on both the tooth and the Bondiloy surfaces were also 
investigated. The cement remnants on the tooth surface after the load test (Table 3.4) 
of Resiment/Rocatec showed the same composition of that of the pure cement. EDAX 
analysis of the Bondiloy beam after failure showed that the metal surface contained 
substantial amounts of Si, Al and O. Comparing this composition with the Rocatec 
pretreated Bondiloy beam (Table 3.3), one can conclude that the Rocatec particles 
remain on the metal surface and are not chemically bonded to the Resiment cement. 
When comparing this to the results of the RelyX ARC/Rocatec load test (Table 3.4) a 
different behavior is observed. The tooth surface contained not only SiO2, due to 
RelyX ARC cement, but also a small amount of Al2O3. The latter component must 
originate from the Rocatec particles from the metal surface. Furthermore, it is 
interesting to see that the ratio Si/Al/O in the remnants on the Bondiloy surface has 
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been altered compared to the Rocatec treated Bondiloy surface. The lower oxygen 
content may indicate that the coating with the Rocatec particles failed. In contrast to 
Resiment, RelyX ARC showed chemical bonding between the cement and the Rocatec 
particles on the Bondiloy surface, with some of the Rocatec particles bonded stronger 
to the cement than to the Bondiloy beam (Figure 3.4). 
 
3.6 Conclusion 
The aim of the study was to find the optimal combination of metal pretreatment and 
luting cement. This study tested only four resin luting cements, but many more are 
commercially available. As long as we do not fully understand the complete bonding 
mechanism at the metal-cement-interface it will be difficult to predict the behavior of 
certain metal-cement combinations. Based on the results of this study, one cement, 
UniFix, performed significantly better than the other three. The outcome of this study 
indicates that luting sandblasted Bondiloy retainers of RBFPDs with UniFix is a good 
choice with predictable results. Many more CoCr alloys are available. The combined 
content of Co and Cr of these alloys are within a close range (90 - 95 wt-%) [19]. It is 
a reasonable assumption that these alloys, compared to Bondiloy will behave similarly. 
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4.1 Abstract 
 
Purpose. In this in vitro study the influence of various combinations of metal surface 
pretreatment and luting cement on fatigue of two-unit CoCr cantilevered resin-bonded 
fixed partial dentures has been evaluated.  
Methods. Cyclic fatigue tests were performed at 1 Hz on an ACTA fatigue tester. The 
staircase test method was used on CoCr beams, simulating cantilevered resin-bonded 
fixed partial dentures, using flat ground bovine teeth as substrate. Two series of tests 
have been executed: (i) 104 cycles and (ii) 105 cycles. Prior to cementation, the CoCr 
beams were subjected to either sandblasting or Rocatec or Silicoater treatments. Three 
commercially available resin luting cements were used. Fatigue tests were performed 
72 h after cementation and storage in 37°C tap water. Each possible combination of 
cement and pretreatment (n = 20) has been tested. 
Results. Tests were executed to determine the mean flexural fatigue limits of three 
resin luting cements, each combined with three different metal surface pretreatments. 
One cement, UniFix, showed hardly any debondings with any of the three surface 
pretreatments. The other two cements, RelyX ARC and Panavia, both showed a 
significantly better performance with Rocatec than when pretreated with sandblasting 
or Silicoater. 
Clinical significance. This study shows that the use of UniFix with any of the three 
metal surface pretreatments leads to a lower chance of debonding of two-unit CoCr 
cantilevered RBFPDs, than with the other two resin luting cements. 
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4.2 Introduction 
 
Resin-bonded fixed partial dentures (RBFPD) were originally considered to be 
temporary restorations because of many failures [1-4]. Mainly because of improved 
preparation design these restorations have shown increased longevity [5-7]. Two-unit 
cantilevered RBFPDs for solitary tooth replacement do need one abutment only, 
resulting in less biological damage compared to the use of two or even more 
abutments. 
 In vitro studies on adhesion of RBFPDs focus primarily on measurements of 
tensile or shear bond strength of the resin-to-metal bond and the resin-to-enamel bond 
[8-10]. Tensile bond strengths to metal alloys usually measure around 40 MPa, while 
the reported tensile bond strengths to etched enamel are lower, ca. 20 MPa. When 
clinically adhesive failure occurs large amounts of cement remain on the tooth surface. 
On the other hand cement debonding from the metal surface occurs due to peeling 
forces caused by material deflection, which does not occur in the same extent in the 
tooth material itself [9,10]. Fatigue is a mode of failure occurring after repeated 
loading whereby the magnitude of the load itself is not large enough to cause the 
failure when applied once [11]. The explanation for the appearance of fatigue is the 
formation and propagation of micro cracks under the influence of continued loadings, 
leading to a larger crack or fissure. The result of this process is that the final and fatal 
loading cycle exceeds the remaining mechanical capacity of the material and then 
failure occurs. Fatigue failure occurs depending on the magnitude of the applied load 
and the number of cycles. With higher stress, failure occurs at lower numbers of cycles 
and vice versa. The clinical relevance of fatigue testing vs tensile bond strength tests is 
that under oral conditions restorative materials do fail because of cyclic loading during 
mastication, i.e. fatigue.  
 The interaction between luting cements and metal surface pretreatment has been 
studied extensively. Systems used to enhance the bonding of resin cements to metal 
have been described [12]. It was concluded that there is no system proven to be 
superior compared to others. Also the influence of various types of resin luting cement 
(conventional Bis-GMA vs phosphate modified) has been investigated [13-15]. The 
present study evaluated the influence of resin luting cement and metal surface 
pretreatment on fatigue of simulated two-unit cantilevered RBFPDs. The resin-to-
enamel bond strength seems to be clinically less important than the metal-to-resin 
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bond strength. In case of adhesive failure large amounts of the resin are left behind on 
the tooth surface, whilst the metal surface exposes itself to a variable extent [16]. 
 The aim of this study was to evaluate the influence of various combinations of 
metal surface pretreatment and resin luting cement specifically on the failure loads 
(FL) and the finite fatigue limits (FFL) of simulated two-unit cantilevered RBFPDs to 
enamel.  
 
4.3 Materials and Methods 
 
The influence of three different metal surface pretreatments and three different resin 
luting cements on the FL and FFL of simulated cantilevered RBFPDs has been 
investigated in this study. CoCr alloy beams were luted onto flat ground buccal enamel 
surfaces of bovine teeth. The choice of both the metal surface pretreatments and the 
cements has been made after consultation with both dental laboratories and dental 
supply houses with the aim to stay as close as possible to the daily routine in general 
dentistry. Consequently, as pretreatment of the adhesive surfaces of the simulated 
RBFPDs sandblasting, Rocatec and Silicoater treatments have been chosen. Since it is 
common practice to lute adhesive restorations with resin cements, in this study three 
popular resin luting cements, Panavia F (Kuraray Medical, Okayama, Japan), RelyX 
ARC (3M Dental Products, St. Paul, MN, USA)  and UniFix (Cavex Holland BV, 
Haarlem, The Netherlands), were chosen (Table 4.1). UniFix is also known as Super-
Bond C&B (Sun Medical Co., Shiga, Japan). CoCr beams (15.0 mm long, 7.0 mm 
wide, and 0.55 (0.02) mm thick) have been cast out of Bondiloy (Austenal Inc, 
Chicago, USA). This alloy consists of Co (66.3%), Cr (27.0%) and other materials 
(Mo, Mn, Si; 6.7%). Prior to luting the CoCr beams onto the buccal surfaces of the 
bovine teeth, these surfaces have been flat ground on a water-cooled rotating disk (600 
grit). When after grinding dentine was exposed, the tooth was discarded. 
 Three different pretreatments of the adhesive surfaces of the beams have been 
used: (i) one third of the beams were sandblasted in a Vaniman Sand Storm 
sandblaster (Vaniman, Fallbrook, Ca, USA) under a 0.3 MPa pressure during 15 s with 
Korox 50 (50 µm Al2O3, Bego, Bremen, Germany), followed by spraying with tap 
water for 15 s and drying with air, (ii) one third of the beams was subjected to a 
treatment in the Rocatector (3M ESPE, Seefeld, Germany), actually tribochemically 
silicatising the metal surface. The first step of the Rocatec treatment consists of 
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sandblasting with 110 µm alumina powder, leaving a microretentive surface roughness 
behind. Then 110 µm alumina coated SiO2 particles are blasted onto the metal surface. 
On the impact of these particles the SiO2-core melts onto the metal surface, actually 
ceramicising the surface, but no macroscopic heat development is detected. The 
alumina remnants are supposed to disappear from the surface by the last step of the 
Rocatec treatment: cleaning with compressed air. Immediately prior to cementation 
Espe-Sil was applied for silanization and left drying for 5 min, enabling a chemical 
bond between the inorganic silicatized surface and the organic resin cement.  (iii) One 
third of the beams was treated in the Silicoater (Heraeus Kulzer, Wehrheim, Germany) 
after sandblasting with Korox 50. The flame-spraying Silicoater produces a 0.1 µm 
thick SiOx-C-layer on the metal surface. After cooling down and immediately prior to 
cementation a silan-adhesion solution, Silicoup (Heraeus Kulzer, Wehrheim, 
Germany), is applied onto the metal surface and left drying for 2 min, enabling a 
chemical bond between the silicatized metal surface and resin luting cement, similar to 
the Rocatec-resin bonding. 
 

Table 4.1 Material properties according to the manufacturer�s data 

Material Monomer Filler content 

     (wt-%) 

E-modulus 

     (GPa) 

Batch nr 

RelyX ARC 

Panavia F 

UniFix 

Bis-GMA1 

MDP2 

4-META3 

    67.5 

    78.0 

      0.0 

      5.6  

    12.8 

      1.8 

Lot 20040309 

Lot 41128 

GL1, GK3, GL12 
1 = bisphenol A diglycidylether methacrylate 
2  = 10-methacryloyloxydecyl dihydrogen phosphate,  
3 = 4-methacryloxyethyl trimellitate anhydride 

 
 The Bondiloy beams were luted to the enamel surface according to the resin 
cement manufacturer�s instructions. In addition to these instructions the specimens 
were held under a standardized pressure of 50 N during the first minute of luting. An 
area of 7.0 x 7.0 mm was luted to the bovine enamel, leaving an area of 7.0 x 8.0 mm 
to act as a cantilevered pontic. All specimens were stored in tap water at 37ºC during 
72 h. 
 Three test modalities were available (Figure 4.1). Due to technical limitations 
of the used ACTA fatigue tester it was not possible to evaluate the FFL of the peel test. 
The FL of the torque test showed high failure values which are not clinically relevant 
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[16]. Therefore the fatigue tests were conducted as load tests as shown in Figure 4.1. 
Each possible combination of cement and pretreatment (n = 20), using a constant 
temperature (37ºC) water bath, was tested. The FFL of the load tests were determined 
for 104 and 105 cycles at a frequency of 1.0 Hz. The �staircase� method was used for 
the fatigue evaluation [17-19]. This method tests specimens for a chosen number of 
cycles. Expecting fatigue to occur at a lower stress level than the FL, the first test of 
each series was set at 50% of the previously determined FL (n = 8) of the same 
cement-pretreatment combination. According to the principle of the staircase method, 
the applied stress in each consecutive test is determined by the result of the previous 
test: failure or no failure. Increments up or down of 10% of the original FL were used. 
When a specimen did not fail, the next specimen was put to the test at a stress level 
one increment higher than the previous test. In case of failure the next test was 
determined at one increment lower than the failed one. The bonding areas of  the failed 
specimens were examined under a light microscope (7.5x magnification) and the 
percentage surface area of the remaining cement estimated.  
 

Figure 4.1 Test arrangement for measurement of the tensile peel, load and torque failure loads  

 
 The initial FL and the FFL data have been statistically analyzed group-wise, per 

pretreatment and per number of cycles, by one-way ANOVA test followed by Tukey 
post hoc tests (P < 0.05). The failure mode as percentage of cement covered surface 
area was statistically analyzed with Kruskal-Wallis one-way ANOVA on ranks. The 
software used was SigmaStat Version 3.0 (SPSS Inc, Chicago, USA).  
 

  Load 

  Peel    Torque 

Enamel 

    Bondiloy beam 
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4.4 Results 
 

The first series of tests was conducted at a relatively small maximum number of 
loading cycles (104). The results of these tests and the FFL/FL ratio, (Table 4.2), show 
that in 5 out of 6 tests there is no fatigue effect at all. Therefore it was decided to 
extend the experiments to a new series of 105 cycles in order to explore the FFL again. 
The FL as obtained in both a previous [16] and in this study and the FFL after 104 and 
after 105 cycles and the statistical analysis are presented in Table 4.2. The mean FFL 
after 105 cycles of Panavia and RelyX ARC are graphically depicted in Figure 4.2. 
During the first series of tests (104 cycles) UniFix combined with sandblasting 
pretreatment showed some debondings at ca. 75 N load, but combined with Rocatec 
and Silicoater there were no debondings at all. Once the load exceeded ca. 85 N, the 
beams bent, but did not debond. During the second series of tests (105 cycles) none of 
the UniFix specimens, irrespective of pretreatment, debonded, but the beams bent 
instead under the influence of the applied force. Therefore it was decided not to 
continue the UniFix tests after six of the originally planned twenty tests. As has been 
done in a previous study by the same authors [16] the bonding areas of both the teeth 
and the beams of the failed specimens were examined under a light microscope (7.5x 
magnification). Two interfaces (enamel-cement and cement-CoCr) are involved with 
only the CoCr surfaces showing loss of cement retention to a variable extent. So 
fatigue crack initiation and propagation occurred in the cement-CoCr interface which 
was actually tested. The percentage of remaining cement on the teeth combined over 
all tests was 98.0 (1.3) and is therefore not specified. The percentages cement covered 
surface area on the CoCr beams after the tests were determined and specified in Table 
4.3. When comparing the percentages cement covered surface area of the specimens of 
the FFL tests with those of the FL specimens no significant differences were detected. 
The original FL values were determined after 72 h 37ºC water storage. Additionally 
the FL of the RelyX ARC/sandblasting combination has been determined after 72 h 
37ºC dry storage. This dry FL (53.9 N (23.6)) did not differ significantly from the wet 
FL of the same combination (53.3 N (16.7)). 
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Figure 4.2 Mean flexural fatigue limits after 105 cycles of RelyX ARC (■ □, __) and  
Panavia (● ○, ---), where open symbols represent failure and solid symbols no failure 
 

Table 4.2 The mean FL and FFL with SD in parentheses for loading experiments (n = 20) of 
cantilevered CoCr beams with 2 different luting cements, depending on metal pre-treatment 
 
RelyX ARC Sandblasting FFL/FL 

Ratio 

Rocatec FFL/FL 

Ratio 

Silicoater FFL/FL 

Ratio 

FL    

FFL (104) 

FFL (105) 

53.3 (16.7)AC 

33.8   (3.5)ABab 

43.8   (7.8)BCc 

 

0.63 

0.82 

66.6 (11.4) 

65.8 (23.5)a 

77.3 (28.3)c 

 

0.99 

1.16 

55.7 (18.7) 

55.6   (3.5)b 

60.4 (43.9) 

 

1.00 

1.08 

Panavia Sandblasting FFL/FL 

Ratio 

Rocatec FFL/FL 

Ratio 

Silicoater FFL/FL 

Ratio 

FL    

FFL (104) 

FFL (105) 

65.9   (7.0)d 

65.3 (10.8) 

68.5 (11.1) 

 

0.99 

1.04 

76.3   (9.1)e 

75.2 (19.4)f 

83.9   (7.3) 

 

0.99 

1.10 

43.5 (16.4)de 

58.4 (19.9)f 

81.7 (87.8) 

 

1.34 

1.88 

 
Significant differences were observed between the surface pretreatments for the mean load to failure if 
it is quoted with the same small letter.  
Significant differences were observed between the number of applied cycles for the mean load to 
failure if it is quoted with the same capital letter. 
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Table 4.3  Mean cement covered metal surface area % and SD in parentheses after 1, 104 and 105 tests 

Pre-
treatment 

Sand-  
blasting 

Sand- 
blasting 

Sand-
blasting

Rocatec Rocatec Rocatec Silicoater Silicoater Silicoater

Cycles 1 104 105 1 104 105 1 104 105 

RelyX ARC 5   (5) 4    (5) 11 (11) 23 (28) 16 (19) 8 (13) 71 (29) 92   (8) 44 (36)

Panavia 44 (14) 31 (18) 32 (30) 83 (16) 64 (25) 37 (36) 31 (33) 40 (37) 35 (29)

UniFix 100   (0) 95 (10) No 
failure 

No 
failure 

No 
failure 

No 
failure 

No 
failure 

100   (0) No 
failure 

 

4.5 Discussion  
 
Previous research showed that there was, among other parameters, an influence of the 
direction of loading of the cantilever [16]. Figure 4.1 shows the various test modalities, 
which were investigated in the latter study. The torque test resulted in relatively high 
failure values and is therefore not considered to be of great clinical relevance. It was 
concluded that the peel test, showing the lowest failure values, is the heel of Achilles 
for a RBFPD. The low failure values may explain the high failure rate of RBFPDs on 
unprepared abutment teeth without any retentive preparation. Spectacular 
improvement in clinical survival has been reported when using retentive preparations 
[5-7]. 
 Adhesive dentistry relies on minimally invasive restorations and therefore the 
adhesive properties of the resin luting cements have gained importance [20-22]. The 
importance of the FL and modulus of elasticity of the used cements on clinical 
behavior has been emphasized before [11]. The inorganic filler content and E-modulus 
of the resin luting cement used are summarized in Table 4.1. Comparing the resin 
cements used in this study, the results of UniFix are remarkable. It is assumed that 
using a low E-modulus cement leads to a more even stress distribution in the cement 
layer with lower peak stresses and subsequently a higher FL as a result. For UniFix 
this resulted in a FL exceeding the elasticity limit of the CoCr beam (at ca. 85 N), 
resulting in bending of the beams. For that reason no reliable FFL could be 
determined. From Table 4.3 it becomes clear that a low E-modulus alone does not 
predict good results. RelyX ARC has a lower E-modulus than Panavia and slightly 
lower filler content, but performs not as good as Panavia. Both Panavia and UniFix do 
contain chemically active monomers MDP and 4-META, respectively, which play a 
role in enhancing the FL [13]. The results are clear; compared to a conventional Bis-
GMA resin cement like RelyX ARC both Panavia and UniFix with added bond 
enhancing monomers do perform significantly better.  
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 There is quite some scientific evidence available on the interaction between 
luting cements and surface pretreatment. Söderholm [12] describes various systems 
used to enhance the bonding of resin cements to metal. It was concluded after 
reviewing studies comparing the effects of etching, sandblasting, Silicoater, Silicoater 
MD, Kevloc, Rocatec, electrolytic tin coating, that the results of the various methods 
differs among investigators. When comparing the Rocatec and Silicoater 
pretreatments, the Rocatec results with Panavia turn out to be significantly better than 
with Silicoating. After ultrasonic cleaning [13] and after failure [16] both the metal 
and luting cement surfaces have been examined. This shows considerable amounts of 
the alumina-silica particles remained on the metal surface, while also the cement 
surface contained these particles.  
 Our previous study (Chapter 3) focussed on the FL, while little or no 
knowledge was available on the FFL. In Table 4.2 the FFL/FL ratio expresses the 
occurrence of a fatigue effect. A FFL/FL ratio lower than 1 indicates a fatigue effect. 
Only the RelyX ARC/sandblasting combination shows this effect, all the other 
combinations do not. 
 The FL and FFL of a variety of today�s resin composite restoratives have been 
reported [19,23,24]. These FFLs were determined on specimens according to ISO 
4049 and tested in a four-point bending test. There was no correlation between the FL 
or FFL and the filler load of the resin composites. Interestingly, a decrease of the FL 
between 45-62% was observed after 104 loading cycles. This was attributed to the 
detrimental effect of water on the resin composite materials, where water sorption can 
occur within the matrix itself and at the resin-filler interface [25]. The additional test in 
this study to compare dry and wet FL of the RelyX ARC/sandblasting combination 
showed no detrimental water sorption effect. Contrary in this regard to the situation 
with resin composite fillings is the relatively small surface area of resin cement 
actually exposed to the oral environment, thus limiting the water sorption. In the 
present study the interface between the luting cement and CoCr beam was the weakest 
link. Therefore the results of the resin composites can not be directly compared with 
our results, but a poor resin-filler bonding [24] can also be an explanation in this study. 
It was shown that the surfaces of the CoCr beams contain considerable amounts of 
alumina from the Rocatec particles [16] and bonding to these particles seems to be 
important for the FFL. The RelyX ARC/sandblasting combination showed an effect of 
fatigue, while RelyX ARC/Rocatec remains stable during 105 loading cycles. In 
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principle there is no chemical interaction between Bis-GMA resin cement and Al2O3 
particles. In contrast, a chemical bond between the silanized SiO2-particles and Bis-
GMA resin cement is expected. The lack of the chemical bond between the resin luting 
cement and the alumina particles in the CoCr beam is most likely the explanation for 
the observed fatigue effect for the RelyX ARC/sandblasting specimens. This is 
supported by the fact that Panavia was insensible for fatigue. Panavia can bond 
chemically to silanized SiO2-particles, but also directly to the Al2O3 particles [22]. The 
fact that the Panavia/Silicoater combination when fatigue tested, exceeds significantly 
the FL can hardly be explained (Table 4.2). Maybe there is a time factor involved (104 
→ 105), meaning that the setting of Panavia is still progressing while the test was in 
progress. The striking difference in results between the FL and the FFL of 
Panavia/Silicoater at 104 and 105 cycles is the increasing standard deviation, making 
the bond between the tooth and the CoCr beam highly unreliable. 
 Absolute proof of the number of stress applications, i.e. masticatory contacts in 
the clinical situation, during a certain period of time does not exist. Estimations have 
been made on these numbers per year and they vary considerably. Wiskott et al [11] 
estimated 2 x 105 contacts annually, while McCabe et al [26] assumed a number of 105 
chewing contacts for the same period. Data concerning the elapsed period of time 
between first cementation and first debonding of cantilevered RBFPDs are hardly 
available. The consequence of these uncertainties is that the chosen number of cycles 
in vitro is always arbitrarily. Hussey et al [27] reported 100 debondings out of 400 
RBFPDs, fixed-fixed and cantilevered results unspecified combined. Approximately 
50% of these debondings took place within 12 months. This makes the choice for the 
present study to take 105 cycles as a maximum a reasonable assumption. Of course, the 
choice could be made to use even more cycles, for instance 106. That more fatigue will 
occur then is sheer speculation. However, in the clinical situation fatigue failure is a 
normal situation. 
 The beams used in this study do simulate, but not necessarily represent a real 
cantilevered RBFPD. Because a real cantilevered RBFPD is not an evenly flat beam, 
but has a tooth adapted structure that prevents the restoration from bending or at least 
minimizes this effect. So, if the results of this study would be applied to the clinical 
situation, one can expect that by loading the pontic, forces will be applied onto the 
abutment tooth of a larger than desired magnitude. But this is speculation and requires 
further research. Based on this study it could be concluded that the right combination 
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of chemistry, i.e. added monomers to enhance chemical bonding to the base metal 
alloy, and E-modulus are the predicting factors. 
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5.1 Abstract 
 
Objective. The purpose of this study was to explain the possible debonding 
mechanisms of two-unit cantilevered and both straight and bent three-unit fixed-fixed 
resin-bonded fixed partial dentures (RBFPD).  
Methods. Failure load tests have been performed using Bondiloy beams simulating 
both cantilevered and fixed-fixed RBFPDs, luted onto flat ground buccal surfaces of 
bovine teeth with RelyX ARC, Panavia F2.0, and UniFix. Finite element analysis was 
used to calculate the stress concentrations within the cement layers at failure.  
Results. Simulated two-unit cantilevered and straight three-unit fixed-fixed RBFPDs 
showed a significantly higher failure load than the simulated three-unit fixed-fixed 
RBFPDs with a curved appearance. The finite element analysis models revealed the 
magnitude and stress locations within the cement layer, which enabled us to explain 
the different failure modes.  
Significance. The low failure loads for the three-unit bent fixed-fixed RBFPDs, 
compared to their straight counterparts and to the two-unit cantilevered RBFPDs, 
indicate that clinically a reserved attitude needs to be maintained with regard to three-
unit fixed-fixed RBFPDs spanning a clearly curved part of the dental arch. The finite 
element analysis results make it clear which part of the tooth restoration interfaces is 
subject to the highest stress levels, making it possible to design abutment preparations 
that avoid high interfacial stresses to help prevent debonding. 
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5.2 Introduction 
 
Debonding of resin-bonded fixed partial dentures (RBFPD) has been a problem since 
the early days of application [1-5]. Studies have been carried out into the long-term 
survival of these restorations [1,2,5-8] concentrating rather on the debond rates, then 
on the debond reasons. The clinical longevity increased significantly when grooves, 
guide planes, a 180-degree wraparound and a chamfer were applied [4,6,7,9,10]. The 
influence of the surface pretreatment of the restoration and the luting cement has been 
studied [11-13] with contradictory results, not leading to conclusive recommendations. 
Some authors agree that stresses in the tooth-restoration interface, i.e. the cement 
layer, induced by mastication forces, are responsible for cement degradation and 
subsequently for debonding [6,14-17]. Because there are essential differences between 
fixed partial dentures (FPD) and RBFPDs these stresses work out differently between 
the two types of restoration. A FPD in its most elementary shape is a solid three-unit 
restoration cast in one piece, consisting of two abutment crowns connected by a pontic 
in the middle with the abutment crowns completely enclosing the abutment teeth. In 
contrast, the preparation of a fixed-fixed RBFPD is usually situated on the lingual or 
palatal surfaces. So the outer surfaces of both abutment teeth are only partially covered 
by the restoration. Without a retentive preparation with occlusal support, the abutment-
restoration interface, i.e. the luting cement layer, has to bear the burden of the 
mastication forces [18]. Occlusal loading of a fixed-fixed RBFPD will in principle 
result in shear stress and therefore is more susceptible to failure than a three-unit FPD 
with crown abutments where mainly compressive stress is induced in the cement layer 
[19].  
 Beside the different stresses involved in the failure of RBFPDs, the geometry 
can play an important role. The fundamental difference between posterior and anterior 
fixed-fixed RBFPDs is that the posterior ones usually are rather straight constructions, 
while the anterior counterparts follow the curvature of the dental arch and therefore 
have a curved appearance. This has consequences for the direction in which the 
stresses occur within the cement layers of the respective abutment teeth. Results of 
clinical research into the influence of the location of three-unit fixed-fixed RBFPDs on 
longevity (anterior vs posterior, mandible vs maxilla) differ from study to study 
[4,7,8,20] and are sometimes even conflicting, so no conclusive judgment can be 
drawn. Interestingly, a significantly longer clinical survival of two-unit cantilevered 
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RBFPDs over three-unit fixed-fixed RBFPDs has been reported [6,21]. Chai et al [21] 
found a survival rate of two-unit cantilevered RBFPDs at 48 months of 81%, which 
surpassed that of the three-unit RBFPDs (63%).  
 The purpose of the present in vitro study was to elucidate why the survival rate 
of two-unit cantilevered RBFPDs is reportedly higher than for the three-unit fixed-
fixed RBFPDs [6,21]. Furthermore, the effect of the geometry, i.e. curvature of the 
dental arch, and the effect of the luting cement were evaluated. Laboratory models 
representing the two-unit cantilevered RBFPDs and three-unit fixed-fixed RBFPDs 
were prepared and the effect of the geometry on the failure load was measured. To 
mimic the clinically occurring interfacial stresses of fixed-fixed RBFPDs, it is not 
necessary to simulate in a laboratory setup an identical fixed-fixed design. When in a 
clinical situation one abutment tooth of a fixed-fixed RBFPD is subjected to occlusal 
loading a limited axial movement of this abutment tooth will occur creating 
physiological counteracting forces in its socket. However, on the other abutment tooth 
relatively high interfacial torque/peel stresses may develop. As mainly these 
torque/peel stresses were subject of our study, we choose a laboratory design in which 
only one abutment tooth is involved and the counteracting forces are assumed not 
being of relevance. The obtained failure loads were used in finite element analysis 
(FEA) models to clarify differences in debonding mechanisms of two-unit cantilevered 
and three-unit fixed-fixed RBFPDs and the effect of the geometry. 
 
5.3 Materials and Methods 

 
Specimen preparation and testing 
In this study tensile peel and torque strengths have been evaluated of three different 
resin luting cements in three different simulated clinical situations, i.e. two-unit 
cantilevered RBFPDs, straight three-unit fixed-fixed RBFPDs, and three-unit fixed-
fixed RBFPDs with the two abutments not in a straight line due to the curvature of the 
dental arch (Figure 5.1).  

 Cast CoCr beams (Bondiloy, Austenal Inc., Chicago, USA) simulating 
RBFPDs, have been used of different size and shape: (i) 24 tests have been carried out 
with straight CoCr beams, 7.0 x 22.0 x 0.55 mm, simulating three-unit straight fixed-
fixed RBFPDs (Group SFF), 8 tests with each of the three cements used, (ii) another 
24 tests have been carried out with bent CoCr beams 7.0 x 22.0 x 0.55 mm with the 
bend (135º) dividing the beam in two parts (7.0 x 7.0 x 0.55 mm and 7.0 x 15.0 x 0.55 
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mm), representing bent fixed-fixed RBFPDs (Group BFF) (Figure 5.1), again 8 tests 
per cement used, and finally (iii) test results obtained in earlier research with CoCr 
beams (7.0 x 15.0 x 0.55 mm), luted to bovine teeth [11], simulating two-unit 
cantilevered RBFPDs (Group CAN), have been used for comparative reasons. 
 
 

 
 
 
Figure 5.1 The different specimens as tested from left to right; CAN, SFF, and BFF 

  
 For all tests freshly extracted bovine teeth with flat ground (600 grit) buccal 

surfaces have been used with no dentin exposed. The teeth have been mounted with 
PMMA in round copper tubes (20.0 mm long x 15.0 mm diameter) to facilitate the 
testing procedure. Three resin luting cements were used: RelyX ARC (3M Dental 
Products, St. Paul, MN, USA), Panavia F2.0 (Kuraray Medical, Okayama, Japan) and 
UniFix (Cavex Holland BV, Haarlem, Holland), the latter also known as Super-Bond 
C&B (Sun Medical Co., Shiga, Japan). Prior to cementation all beams have been 
sandblasted with 50 µm Al2O3 particles (Korox 50, Bego, Bremen, Germany) in a 
Vaniman Sand Storm sandblaster (Vaniman, Fallbrook, CA, USA) under 0.3 MPa 
pressure for 15 s. Of all Bondiloy beams an area of 7.0 x 7.0 mm, comparable with the 
available bonding area on the palatal surfaces of an upper incisor or canine, was luted 
to the enamel surface of a bovine tooth according to the manufacturer�s instructions, 
immediately followed by application of a standardized pressure of 50 N during 1 min. 
After this minute the pressure has been released and the edges of both the RelyX ARC 
and Panavia specimens have been light cured according to the manufacturer�s 
instructions. UniFix is a chemical curing luting cement not requiring light to cure. 



Chapter 5 

72 

Subsequently all specimens have been stored in tap water at 37ºC for 72 h prior to 
testing. Load to failure was applied to the free end tip of the beam, parallel to its 
bonded surface and perpendicular to its long axis in a universal testing machine 
(Instron Ltd, Wycombe, UK), using a crosshead speed of 1.0 mm·min-1. The load on 
the beam until failure was recorded. After failure the bonding areas of both the beams 
and the teeth have been examined under a light microscope (7.5x magnification) to 
estimate the percentage surface area covered with cement and for further details of 
interest. 

 
Finite Element Analysis 
Three-dimensional simplified finite element analysis (FEA) models of the three 
RBFPD types (CAN, SFF, BFF) were created. The finite element modelling was 
carried out with FEMAP software (FEMAP 8.10, ESP, Maryland Height, MO, USA), 
while the analysis was carried out with CAEFEM 7.3 (CAC, West Hills, CA, USA). 
The dimensions of the enamel block representing an abutment tooth, were 8.5 mm 
long, 10.0 mm wide, and 1.5 mm in height. The cement layer was 7.0 long, 7.0 mm 
wide and 40 µm in height. The beam dimensions have been described above. The 
models were composed of 16,800 - 19,200 parabolic hexagonal solid elements. The 
material properties (Table 5.1) were assumed to be isotropic homogenous and linear-
elastic [22,23]. The nodes at the bottom of the enamel were fixed (no translation or 
rotation in any direction). A load as obtained from the experimental data was applied 
at the points indicated with arrows in Figure 5.3 and 5.4. Two stresses were calculated: 
the Solid Major Principal stress and the Solid Sz stress to establish the tensile stress in 
the cement layer. Only the tensile stresses in the cement layer are shown in Figure 5.3 
and 5.4, the compressive stresses were omitted for clarity. 
 

Table 5.1 Material parameters used in finite element analysis 

Material Elastic modulus (GPa) Poisson�s ratio 

Enamel 

Co-Cr alloy 

Panavia 

  84,000 

218,000 

 12,000 

0.33 

0.33 

0.33 
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Statistical Analysis 
Two-way analysis of variance (ANOVA) and Tukey post hoc tests were used to test 
the effect of the test method and luting cement on the observed failure loads. The 
failure mode distributions were statistically analyzed with Kruskal-Wallis one-way 
ANOVA on ranks. Multiple comparisons were done with Dunn�s test. Statistical 
significance was set in advance at the 0.05 probability level. All statistical analyses 
were performed with SigmaStat Version 3.0 (SPSS, inc., Chicago, USA).  
 
5.4 Results 
 
The failure loads (N) depending on the beam type and luting cement are graphically 
depicted in Figure 5.2. Two-way ANOVA showed significant difference for the beam 
type (F = 356.6; P < 0.001), luting cement (F = 94.8; P < 0.001), and their interaction 
(F = 16.4; P < 0.001). The failure loads and the result of this statistical analysis are 
summarized in Table 5.2. With the exception of RelyX ARC the CAN group requires a 
significantly higher load to debond than the SFF and BFF groups. All BFF in the 
laboratory tests debonded at a significantly lower failure load than SFF (Table 5.2 and 
Figure 5.2). 

RelyX ARC Panavia Unifix
0

100

200

300

400
 

 

 

Lo
ad
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)
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 SFF
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Figure 5.2 Failure loads (N) depending on the test type and luting cement 
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 The failure mode analysis was performed for the test methods and the cements, 
both for the enamel and Bondiloy side. The percentage cement covered surface area 
and the results of the statistical analysis are summarized in Table 5.3. The mean 
percentages of cement covered areas on the teeth after failure do not show any 
significant differences with an almost 100% mean coverage overall. On the Bondiloy-
side, however, the percentages of cement covered areas vary between 6 � 100% (Table 
5.3). This means that all cement failures are at least both partially cohesive and 
partially adhesive. Examining the luted metal surfaces of the BFF beams after failure 
also reveals that all Panavia (n = 8) and UniFix (n = 8) luted beams show a typical 
failure pattern, Panavia more explicitly than UniFix (Figure 5.5). RelyX ARC did not 
show this pattern. There is a clear light grey quarter circle visible with its centre 
closest to the point of force application. Debonding originated from this centre, 
propagating to the quarter circle outline which marks the border between primarily 
debonded metal surface and the area that finally debonds at failure, showing as the 
dark grey area in Figure 5.5. Accurate observation of the primarily debonded areas on 
all specimens revealed that these are not areas of complete adhesive failure, because of 
remaining luting cement scatters combined with areas of a very thin remaining cement 
sliver. In contrast with BFF, the luted surfaces of both the CAN and SFF groups did 
not show a specific debond pattern. 
 

Table 5.2 Mean failure load (N), with SD in parentheses, of different luting cements depending on the 
test type 
 
Luting cement CAN SFF BFF 

RelyX ARC 

Panavia 2.0 

UniFix 

173.5  (36.5)A 

224.0  (17.1) 

371.9  (55.9) 

185.1  (31.3)aA 

185.7  (24.3)a 

265.7  (30.8) 

32.7  (9.6)b 

27.3  (6.7)b 

73.4  (12.7) 

 
Capital letter caption indicate no significant difference in failure load values between 
the test types. Small letter caption indicate no significant difference in failure load 
values between the different luting cements. 
 

 The failure loads obtained in an earlier [11] and in this study have been used in 
the FEA models (Figure 5.3 and 5.4). The different stress patterns in the cement layer 
due to the type of load applied are also shown in these Figures. The maximum 
observed Solid Major Principal stress and the Solid Sz stress for the different 
calculated situations are summarized in Table 5.4.  
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Figure 5.5 Typical failure pattern of a BFF Panavia specimen 

 
Table 5.3 Mean cement covered metal surface area % and SD in parentheses 

% on metal % on enamel 
Luting cement 

CAN SFF BFF CAN SFF BFF 

RelyX ARC 

Panavia 2.0 

UniFix 

      6 (9)c 

    47 (18)bc 

    87 (8)a 

     56 (24)bc 

     73 (14)b 

   100 (0.0)a 

    23 (17)bc 

    46 (12)bc 

  100 (0.0)a 

  100 (0.0)A 

  100 (0.0)A 

  100 (0.0)A 

  100 (0.0)A 

    98 (7)A 

    99 (4)A 

  100 (0.0)A 

  100 (0.0)A 

  100 (0.0)A 

 
Small letter caption indicates no significant difference per test type for the remaining cement % on the 
metal.  
Capital letter caption indicates no significant difference per test type for the remaining cement % on 
the enamel. 
 

 Applying a peeling force (Figure 5.3AD), resulted mainly in tensile stress (Sz of 
55 MPa) near the enamel-pontic-transition line (EPT). In contrast, if the force was 
applied from the opposite direction, i.e. load (Figure 5.3BE), compressive stress was 
observed near the EPT line, which was omitted for clarity. Approximately 1 mm away 
from the EPT line an area with mainly tensile stress (Sz of 63 MPa) was observed. 
Applying torque (Figure 5.3CF) did hardly result in tensile stress (13 MPa), but the 
major principal stress in the cement layer was 122 MPa. A similar stress pattern with 
maximum stress values was observed for SFF (Figure 5.4ABC). A remarkable change 
in load and stress pattern is observed with BFF (Figure 5.4DEF). Applying a torque 
load of only 27 N on BFF, compared to 185 N with SFF, resulted in tensile stress (Sz) 
of 74 MPa in one corner near the EPT line. Besides the striking difference between the 
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Figure 5.3 FEA models for Group CAN with failure loads (N) and Major Principal 
Stress patterns (A, B, C) and Solid Sz stress patterns (D, E, F) in cement layers 

 
 

 
Figure 5.4 FEA models for Groups SFF (A) and BFF (D) with failure loads (N) and 
Major Principal Stress patterns (B, E) and Solid Sz stress patterns (C, F) in cement 
layers 
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failure loads of BFF and SFF, the accompanying displacement of the tip of the beam 
differed almost an order of magnitude with 17 and 104 µm, respectively (FEA 
calculation). 
 

Table 5.4 The different maximum stresses (MPa) observed in the cement layer of the FEA models, 
with the specific loading situation as depicted in Figures 5.3 and 5.4 in parentheses 
 
Stress CAN(5.3AD) CAN(5.3BE) CAN(5.3CF) SFF(5.4ABC) BFF(5.4DEF)

Solid Major Principal stress 

Solid Sz 

88 

55 

77 

63 

122 

  13 

125 

  23 

102 

  74 

 
5.5 Discussion  

 
Debonding seems to be an inevitable consequence with adhesive bridgework in 
dentistry and remains unpleasant and unwanted at any time. In order to understand the 
failure mechanisms as such within the tooth-restoration interfaces of both fixed-fixed 
and cantilevered RBFPDs, three test modalities have been used in this study (Figure 
5.3 and 5.4) without a retentive preparation to avoid preparation influences. A 
simulation of the cantilevered RBFPDs in a laboratory setup was studied previously 
[11,24,25]. Simulating a fixed-fixed RBFPD is not a simple matter. Behr et al [18] 
have compared failure rates of RBFPDs in vivo and in vitro with loads applied on the 
pontic with significant higher failure rates for non-retentive anterior RBFPDs. El-
Mowafy et al [26] did the same in their FEA study and a separation force between 361 
N and 562 N, depending on the design, was found. Both studies proved that loading 
the pontic of a posterior three-unit fixed-fixed RBFPD is a favorable situation because 
the forces are divided over two abutments, which halves the stress in the tooth-
restoration interfaces on each of the abutment teeth. Applying the same load, however, 
on one abutment only results in higher local stresses in the tooth-restoration interface, 
due to the fact that the momentum is doubled compared to loading the pontic. An FEA 
study of Aydin et al showed indeed that the stress levels in the tooth-restoration 
interface in a three-unit FPD were higher for loading each of the abutments instead of 
the pontic [27]. So loading one abutment only, inducing higher local stresses in the 
tooth-restoration interface, is a better representation of the clinical situation. This 
resembles in this study the long beams that were used to simulate fixed-fixed RBFPDs. 
The present study has used a constant thickness and only one CoCr alloy. Sato et al 
[28] in their FEA study upon fixed-fixed RBFPDs simulated various alloys and loaded 
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the pontic. They varied the thickness and with that the rigidity of the RBFPD and 
concluded that, irrespective of the alloy used, interfacial stress diminished with 
increased retainer thickness. 
 The results of this study offer an insight into the debonding mechanism of 
simulated RBFPDs. A previous study [11] on two-unit cantilevered RBFPDs showed 
that the torque forces required for debonding are the highest (224 N) compared with 
the required load (66 N) and peel (22 N) forces. For debonding of the simulated two-
unit cantilevered RBFPDs a torque force 10 times higher than the peeling force was 
required. The FEA analysis (Figure 5.3) revealed different stress patterns within the 
cement layer between the different failure loads. Peel and load forces resulted in Solid 
Sz stresses of 55 and 63 MPa (Figure 5.3DE), respectively. These values are close to 
the Panavia-CoCr adhesive bond strength of 48 MPa reported by Kern and Thompson 
[29]. In contrast, the torque test revealed only a Solid Sz stress of 13 MPa in the 
cement layer, which is to low to cause adhesive failure. But the observed Solid Major 
Principal stress of 122 MPa (Figure 5.3C) exceeds the cohesive strength of 113 MPa 
of the cement, giving rise to cohesive failure of the cement layer [30]. Earlier reported 
cement remnants [11] of similar experiments are not unambiguous and the origin of 
failure was not reported, so no further conclusions can be drawn. Interestingly, the 
adhesive bond strength of Panavia-CoCr (48 MPa) exceeds the adhesive bond strength 
of Panavia-dentin and Panavia-enamel of 17.5 and 35.4 MPa, respectively, while the 
failure is always on the cement-CoCr interface [29]. This implies that the strain in a 
relatively thin CoCr beam is apparently higher due to deflection of the material than in 
the more bulky and rigid tooth structure. 
 The stress patterns as shown in the peel and load situation (Figure 5.3DE) 
indicate that a smaller bonded area might function as well against peeling forces and 
that enlarging the bonded area not necessarily creates a better resistance against tensile 
stress, which is in accordance with the findings of Bhakta et al [25]. They varied the 
size of the bonding area from 10 mm2 up to 50 mm2, but concluded the amount of 
bonded area to be irrelevant to the peeling process.  
 Stress concentrations of CAN (Figure 5.3CF) and SFF (Figure 5.4BC) are 
similar at an applied load of 224 N and 185 N, respectively. In both cases, cohesive 
failure of the cement layer is expected. Figure 5.4A as explained above, represents a 
simulated three-unit fixed-fixed RBFPD without a retentive preparation. When loaded 
from an occlusal direction (Figure 5.4A, arrow) an average of 185 N is needed for 
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debonding. This is below the estimated maximum of up to 320 N mastication force 
usually applied in the posterior region, but higher than the recorded average 
mastication force of 100 N [31]. That two-unit cantilevered and three-unit fixed-fixed 
RBFPDs nevertheless clinically fulfill their functional requirements is a clearly due to 
the retentive preparations [4,6,7,9,10,14,16,17,21]. It is also clear that our in vitro two-
unit cantilevered RBFPDs perform even better than the simulated three-unit fixed-
fixed RBFPD with failure loads of 224 and 185 N, respectively. 
 In contrast to the relative high failure loads within the CAN and SFF groups the 
BFF specimens fail at only 27 N and the cause of failure is mainly adhesive (Figure 
5.4EF). The typical failure pattern of all BFF Panavia and UniFix specimens in the 
laboratory tests (Figure 5.5) clearly coincides with the stress concentrations in Figure 
5.4F, the stress being at peak values at the point of crack initiation. A complete 
fractographic analysis of the failure goes beyond the scope of this study.  
  The BFF group (Figure 5.4D) simulates for example an anterior three-unit 
fixed-fixed RBFPD with the incisor and the canines as abutments. Loading the incisor 
or canine with a load between 27 and 73 N (Table 5.2), with an accompanying 
movement of only 17 µm, now can lead to failure. These loading forces and the tooth 
movements are well within physiological ranges. Again, retentive preparations will 
increase the load to failure, but these low forces (between 27 and 73 N) might be a 
plausible explanation why three-unit fixed-fixed RBFPDs have in general a lower 
survival rate than the two-unit cantilevered RBFPDs in similar situations. Clinical 
evidence for the fact that two-unit cantilevered RBFPDs or straight three-unit fixed-
fixed RBFPD perform better than a curved three-unit fixed-fixed RBFPD is to our 
knowledge not available, but would be valuable for further design improvements of 
RBFPDs. Furthermore, in the present study only load to failure has been studied. One 
should realize that debonding clinically occurs as a result of fatigue, where fatigue is 
defined as repeated loading cycles generating lower stresses than the ultimate strength 
of the material itself [32] . 
 Neither the patient nor the dentist wants to be confronted with partially 
debonded RBFPDs for reasons of tooth preservation. Decay underneath a partially 
debonded RBFPD usually goes undetected for some time until a certain extent has 
been reached. If crack initiation and propagation within the cement layer could be 
avoided it is reasonable to expect an extended longevity. Debonding is limiting the 
durability, therefore a well defined design may prolong longevity. Evidence-based 
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design principles regarding two-unit cantilevered RBFPDs do not exist [14-16,33]. To 
decrease stress concentrations in the cement layer Bhakta et al [25] have suggested a 
design alteration with the attachment point of the cantilevered pontic located centrally 
on the bonded area of the beam. Adding retentive proximal grooves, guide planes, a 
180-degree wraparound and a chamfer, have proven clinically effective on three-unit 
fixed-fixed RBFPDs [4,6,7,9,10]. A number of studies [14,17,20,33,34] indicate that 
the same provisions offer enhanced retention for the two-unit cantilevered alternative.  
 
5.6 Conclusions 

 

This study enables to understand the failure mechanism of two-unit cantilevered and 
three-unit fixed-fixed RBFPDs. The results of both the laboratory tests and the FEA 
are complementary. The FEA results make clear which part of the interfaces is prone 
to the highest stress levels. So the abutment preparation needs a design that avoids 
high interfacial stresses to help prevent debonding. The low failure loads for the BFF 
group, representing three-unit bent fixed-fixed RBFPDs, compared to their straight 
counterparts indicate that clinically a reserved attitude needs to be maintained with 
regard to three-unit fixed-fixed RBFPDs, spanning a clearly curved part of the dental 
arch. 
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6.1 Abstract 
 
Objective. The aim of this study was to evaluate in vitro the influence of fiber- 
reinforcement on the failure loads (FL) of resin composite beams, representing 
simulated cantilevered two-unit resin-bonded fixed partial dentures (RBFPDs) and 
comparing the results with similarly obtained FL values of ZrO2 and CoCr beams of a 
similar size and design. 
Methods. Peel tests have been performed using resin composite, fiber-reinforced resin 
composite and zirconia beams simulating two-unit cantilevered RBFPDs, luted onto 
flat ground buccal surfaces of bovine teeth with Panavia F2.0. The obtained failure 
loads have been compared with failure load results of CoCr beams of a similar size 
and design from earlier research. Finite element analysis was used to reveal the stress 
concentrations within the cement layers at failure.  
Results. The failure loads (N) of the peel tests depending on the beam type including 
the type of failure, have been statistically analyzed. The highest FL values have been 
obtained with the fiber-reinforced resin composite beams, which were luted with the 
exposed fibers directly on the bovine enamel. The finite element analysis showed that 
the locations of peak stresses depend on the type of beam, enabling us to explain the 
different failure modes. 
Significance. Fiber-reinforcement of simulated two-unit cantilevered resin composite 
RBFPDs as such does not guarantee an improvement of fracture strength. This study 
has identified significant differences in peel failure loads between identical specimens 
(ZFF and EFF vs ZFC and EFC), depending on the exposure of the fiber- 
reinforcement on the luting surface or not. Further research needs to be carried out 
regarding the combination of resin composite and fiber-reinforcement.  
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6.2 Introduction 
 
Both fixed partial dentures (FPD) and resin-bonded fixed partial dentures (RBFPD) 
have long been fabricated of a cast metal base combined with porcelain or resin 
composite to create an esthetic pontic. With growing interest for non-metal 
restorations resin composite and ceramic restorative materials are becoming more and 
more popular.  

Resin composites have made their way into dentistry for half a century now [1] 
and the acid etch technique in all its variations [2], needed for its application, is 
commonplace today. Reports on fiber-reinforcement of denture base materials date 
back approximately 30 years [3-5], while studies upon fiber-reinforced splints and 
orthodontic retainers [6] and fiber-reinforced resin composite (FRC) restorations are 
known for some 15 years [7-9]. Jokstad et al [7] in their systematic review of FPDs, 
made of fiber-reinforced resin composites, are critical regarding the scientific basis on 
which the clinical use of these materials is founded. None of the identified longitudinal 
studies [10-13] compared different brands of FRCs. Recent research into FRC 
concentrates on photopolymerizable resin-impregnated polyethylene- and glass-fiber-
reinforcements [14-18]. These materials have a similar composition as resin composite 
filling materials, but the filler consists of fibers instead of filler particles. The fiber-
reinforcements are available as a bundle of fibers embedded in a low viscosity resin, 
ready to be used in conjunction with a compatible resin composite.  

Factors influencing the mechanical properties of a FRC are volume, orientation 
and location of the fibers, and the quality of the chemical bond between the 
components [19]. On photopolymerization of FRCs shrinkage and subsequently 
contraction stress within the material itself [17,20] may occur on two levels, (i) 
between the fibers and the resin-impregnation and (ii) between the resin-impregnated 
fiber bundle and the restorative resin composite. FRCs, being exposed to the oral 
environment, are subject to water sorption, causing a small increase in volume [21]. 
Water sorption is a mechanism of water interpenetrating between matrix and fibers, 
facilitated by the existence of voids along the fibers, due to incomplete fiber-matrix 
impregnation [18,21,22]. This process leads to weakening of the structure. 
 All-ceramic restorations are also gradually making their way into daily life in 
dentistry. Raigrodski [23] reviews all-ceramic FPDs from peer-reviewed articles 
published between 1966 and 2004 and concludes that the available clinical data 
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information is limited. Long-term clinical studies are needed to provide specific 
guidelines for usage. A specific problem with ceramic materials is their lack of 
flexural strength, eventually leading to early fracture of the restoration [24,25] in the 
pontic-abutment connector. One in vivo study [24] and two in vitro studies [26,27] 
conclude that two-unit all-ceramic cantilevered RBFPDs are promising alternatives for 
fixed-fixed RBFPDs. The main reason is that two-unit cantilevered RBFPDs, having 
only one abutment tooth, are not subjected to the differential movements of  the 
abutment teeth when loaded with chewing forces [24]. Various ceramic restorative 
materials are commercially available [28], but for rational reasons in this study has 
been chosen for simulated ZrO2 two-unit cantilevered RBFPDs. For the same reasons 
the choice for a resin luting cement has been restricted to one which is widely used for 
the application tested. 

Besides the intrinsic strength of the RBFPD construction in the present study, 
also proper luting procedures are decisive concerning success or failure. This subject 
counts even more [29] because both resin-bonded FRC and all-ceramic restorations 
depend for their bond strength solely on the quality of the interface between tooth and 
restoration. Failure of a RBFPD can occur in the pontic-abutment connector as well as 
in the tooth-restoration interface. However, the type of failure, cohesive or adhesive, is 
not decisive for the clinical success of the prosthetic construction. For that reason in 
this study the origin of the failure can be adhesive as well as cohesive within the 
materials involved. The interface can be subdivided into three levels: (i) adherence of 
luting cement and tooth surface, (ii) the cohesion within the luting cement itself and 
(iii) adherence of luting cement and restoration.  

Previously the optimal combination of pretreatment and luting cement on 
simulated two-unit CoCr cantilevered RBFPDs was investigated [30]. The aim of this 
study was to evaluate in vitro the influence of fiber-reinforcement on the failure loads 
(FL) of resin composite beams, representing simulated cantilevered two-unit RBFPDs 
and comparing the results with similarly obtained FL of ZrO2 and CoCr beams of a 
similar size and design. Furthermore, the difference of two FRC luting situations has 
been studied: (i) luting the beams directly with the exposed fibers onto bovine enamel 
and (ii) luting the beams with their resin composite coverage of the beams onto the 
enamel.  
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6.3 Materials and methods 
 
Specimen preparation and testing  
The buccal enamel of fifty-six bovine teeth has been ground flat on water-cooled 
rotating disks (600 grit). These teeth have been used as a substrate to lute the beams 
on. The group denomination of the beams refers to Table 6.1. Eight beams (15 x 7 x 
1.14 (0.05) mm) have been made of Filtek Z100 A2 resin composite (3M ESPE Dental 
Products, St. Paul, MN, USA) and another eight beams (15 x 7 x 1.11 (0.05) mm) of 
Estenia C&B Dentin/DA2 resin composite (Kuraray Medical Inc, Okayama, Japan). 
These beams (Groups ZC and EC) were fabricated in a teflon mould (15 x 7 x 1.0 mm) 
and light cured with an Ultralume Led2 light curing unit (Ultradent Products Inc., 
South Jordan, Utah, USA). After removing the specimens from the mould they were 
post cured by light and heat (25 min, 104°C) in a Lumamat 100 (Ivoclar Vivadent, 
Schaan, Liechtenstein). The areas to be luted have been sandblasted for 5 s (Vaniman, 
Fallbrook, Ca, USA) under a 0.3 MPa pressure with Korox 50 (50 µm Al2O3, Bego, 
Bremen, Germany), followed by cleaning with compressed air. For silanization 
subsequently the sandblasted surface has been covered with a mixture of one drop of 
Clearfil SE Bond Primer and one drop of Clearfil Porcelain Bond Activator (Kuraray 
Medical Inc, Okayama, Japan) and air dried after 5 s. 
 

Table 6.1 The beam types used in this study 

Code Materials Particulars 

ZC 

EC 

ZFF 

ZFC 

EFF 

EFC 

CB 

BO 

Z100 composite 

Estenia composite 

Z100 fiber-reinforced 

Z100 fiber-reinforced  

Estenia fiber-reinforced 

Estenia fiber-reinforced  

Cercon Base 

Bondiloy 

 

 

luted on fiber side 

luted on composite side 

luted on fiber side 

luted on composite side 

 
 Sixteen beams (15 x 7 x 1.13 (0.03) mm) have been made in the same teflon 
mould (15 x 7 x 1.0 mm) of everStick  (unidirectional E-glass fibers in a Bis-GMA-
PMMA matrix; Stick Tech Ltd., Turku, Finland) and Z100 in a layered composition. 
For each beam one bundle of everStick (ES) was flattened to cover the bottom of the 
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mould, impregnated with a thin layer of Stick Resin (Stick Tech Ltd., Turku, Finland) 
and then light cured (10 s) with an Ultralume Led2 light curing unit. Then the mould 
was completely filled up with Z100 and light cured (20 s) with the same unit. Similar 
to this procedure sixteen beams (15 x 7 x 1.21 (0.03) mm) were made consisting of a 
layer of ES and Estenia resin composite (Kuraray Medical Inc, Okayama, Japan). All 
fiber-reinforced specimens were post cured by light and heat (25 min, 104°C) in a 
Lumamat 100 (Ivoclar Vivadent, Schaan, Liechtenstein). After the post curing 
procedure all layered beams showed a slightly hollow appearance on the resin 
composite side. On completion, of each beam approximately one half of the thickness 
consisted of fibers, while the other half was made of resin composite. The beams have 
been divided into two groups: (i) 50% of the beams have been luted with the fibers 
directly onto the bovine teeth after a 5 min exposure of the fibers to Stick Resin 
(Groups ZFF and EFF), (ii) 50% of the beams have been sandblasted on the resin 
composite side (5 s) and subsequently silanized with a mixture of one drop of Clearfil 
SE Bond Primer and one drop of Clearfil Porcelain Bond Activator (Kuraray Medical 
Inc, Okayama, Japan) and air dried after 5 s (Groups ZFC and EFC).  

Eight ZrO2  (Cercon Base, Degudent, Hanau, Germany) beams (15 x 7 x 0.64 ( 
0.03) mm) have been used in this study. They were cut out of CAD/CAM Cercon Base 
blocks using a diamond coated disc under water cooling. The specimens were sintered 
at 1350°C for 4 h. The bonding surface of the specimens received polishing using 800 
grit silicon carbide paper under water cooling. The edges of the bars were slightly 
rounded to ensure even contact with the substrate material. The beams of this group 
(CB) have been sandblasted for 15 s with Korox 110 (110 µm Al2O3, Bego, Bremen, 
Germany). 
 All beams in this study have been cemented with Panavia F2.0 (Kuraray 
Medical Inc., Okayama, Japan) according to the manufacturer�s instructions and 
during cementation kept for 60 s under a constant pressure of 50 N. Of each beam an 
area of 7 x 7 mm has been luted leaving an area of 7 x 8 mm to act as a cantilevered 
pontic. At the end of the luting procedure all edges were light cured for 20 s. All 
specimens have been stored in 37°C tap water during 72 h before testing. The load was 
applied at the free end tip of the beam according to the peel test as depicted in Figure 
6.5 and 6.6. The failure loads (FL) were measured in a universal testing machine 
(Instron Ltd, Wycombe, UK) at a crosshead speed of 1.0 mm·min-1. After failure the 
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bonding areas of both the beams and the teeth have been examined under a light 
microscope (7.5 x magnification) for details of interest. 
 Four specimens (1x ZC, 2x EFF, 1x ZFC) were gold sputtered (Edwards 
Sputter Coater S150B, Edwards High Vacuum, Crawley, West Sussex, England) and 
examined by scanning electron microscopy (Philips SEM XL 20, Eindhoven, 
Netherlands). 
 
Finite Element Analysis 
 
Table 6.2 Material parameters used in finite element analysis 

Material Elastic modulus (GPa) Poisson�s ratio 

Enamel 

Co-Cr alloy 

Panavia 

Estenia 

Z100 

Cercon Zirconia 

 

Fiberz  

  84,000 

218,000 

  12,000 

  22,000 

  12,000 

205,000 

 

  39,000 

 

0.33 

0.33 

0.33 

0.27 

0.27 

0.22 

 

0.35 

 

 
Five 3-dimensional simplified finite element analysis (FEA) models of four RBFPD 
types (CB, EC, EFF, EFC) were created. The finite element modelling was carried out 
with FEMAP software (FEMAP 8.10, ESP, Maryland Height, MO, USA), for the 
analysis CAEFEM 7.3 (CAC, West Hills, CA, USA) has been used. The dimensions of 
the enamel block representing an abutment tooth were 8.5 mm long, 10.0 mm wide, 
and 1.5 mm in height. The cement layer was 7.0 long, 7.0 mm wide and 40 µm in 
height. The cantilevered beam dimensions have been described above. The models 
were composed of 16,800 - 19,200 parabolic hexagonal solid elements. The material 
parameters are summarized in Table 6.2. With the exception of the fiber-reinforced 
resin composites, the simulated materials were assumed to be isotropic, homogenous 
and linear-elastic [31,32]. Material properties data for Estenia C&B resin composite 
and everStick fibers were provided by the manufacturer. The nodes at the bottom of 
the enamel were fixed (no translation or rotation in any direction). A load as obtained 
from the experimental data was applied at the points indicated with arrows in Figure 
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6.5 and 6.6. Two stresses were calculated for the cement layer: the Solid Major 
Principal stress and the Solid Sz stress to establish the peel-off stress on the major 
attachment surfaces. The peel-off stress is defined as the tensile stress perpendicular to 
the bonding surface, directed away from this surface. The Solid Major Principal stress 
within the beam was also calculated. 
 
Statistical Analysis 
One-way analysis of variance (ANOVA) and Tukey post hoc tests were used to test 
the effect of the beam type on the observed bond strength. Statistical significance was 
set in advance at the 0.05 probability level. All statistical analyses were performed 
with SigmaStat Version 3.0 (SPSS, Inc., Chicago, USA). 
 
6.4 Results 
 
The failure loads (N) of the peel tests depending on the beam type including the type 
of failure and the result of the statistical analysis are summarized in Table 6.3. One-
way ANOVA showed significant difference for the beam type (F = 8.4; P < 0.001).  
The mean failure load (FL) for Group EFF (33.6 N) was significantly higher than for 
all other groups. Furthermore, the average FL for Group ZFC was significantly lower 
than for Groups ZFF and EFF, but did not differ significantly from all other groups. 
 
Table 6.3 Mean failure loads (N) with SD in parentheses with description of failure 

Code Type of failure Mean FL 

ZC 

EC 

ZFF 

ZFF 

ZFC 

 

EFF 

EFC 

 

CB 

BO 

Beam fractured: retainer part left behind on tooth, pontic part fractured 

Beam fractured: retainer part left behind on tooth, pontic part fractured 

Failure of the composite layer 

Complete debonding of beam 

Beam fractured in retainer part: delamination between fibers and composite, 

composite left behind on tooth 

Complete debonding of beam 

Beam fractured in retainer part: delamination between fibers and composite, 

composite left behind on tooth 

Complete debonding of beam 

Complete debonding of beam 

16.2 (3.1)ab 

18.6 (5.6)ab 

17.4 (3.8)ab 

23.3 (3.6)b 

13.6 (2.7)a 

 

33.6 (6.8)c 

20.3 (5.5)ab 

 

22.1 (9.8)ab 

22.4 (5.9)ab 

Small letter caption indicate no significant difference in failure load values. 
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The beams made of resin composite only (ZC, EC) fractured on the enamel-pontic 
transition line (Figure 6.1). Adhesive debonding is visible between cement and beam 
and the crack propagation into the beam. ZFF and EFF, the fiber-reinforced beams 
bonded on the fiber side, completely debonded from the tooth surface without beam 
fracture (Table 6.3). When comparing groups EC and EFF it is clear that addition of a 
fiber-reinforcement enlarged the failure load significantly, while no significant effect 
was observed for Groups ZC and ZFF. Both the ZFF and EFF specimens after failure 
showed a 100% coverage of remaining Panavia F2.0 on the tooth. The failure was 
adhesive, because the fibers debonded from the matrix within the fiber matrix 
aggregate (Figure 6.2). Figure 6.2 (left) shows the ZFF surface before luting, while 
Figure 6.2 (right) shows the loose fibers after debonding. The ZFC and EFC 
specimens did not debond, but delaminated at failure at the fiber composite interface, 
leaving the resin composite layer of the beam behind on the tooth surface with some 
fibers sticking out (Figure 6.3). On debonding of the CB specimens all teeth showed 
100% coverage of remaining cement, while the remaining cement percentages on the 
beams varied between 0 and 70%. All stress-displacement plots followed a linear 
behavior till the point of failure, except for ZFF. The ZFF specimens showed pre-
failure of the composite layer at 17.8 (3.8) N, while catastrophic failure occurred at 
23.3 (3.6) N (Figure 6.4). 
 

 

 
Figure 6.1 SEM image (magnification 100x) of ZC beam fracture, originating at the enamel pontic 
transition line, with beam (top), and enamel (bottom) and luting cement in-between
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Figure 6.2 SEM images (magnification 250x) of EFF beam before luting (left) and after debonding 
(right) 
 
 

 
 
Figure 6.3 SEM image (magnification 250x) of ZFC tooth after debonding with fractured fibers 
sticking out of resin composite surface  

The obtained failure loads from this and an earlier study [30] have been used in 
the FEA models (Figure 6.5 and 6.6). The maximum observed Solid Major Principal 
stress and the Solid Sz stress for the calculated situations are summarized in Table 6.4 
and 6.5. The stress patterns in the CB and EC cement layers (Figure 6.5) are shown 
with a clear tensile stress concentration Sz of 55 and 57 MPa respectively, within 1 mm 
of the enamel-pontic transition line. At the surface of the simulated pontics a stress 
development is clearly visible at deflection (Figure 6.5). The peeling force induced 
stress concentrations around the EPT line in the simulated pontics of Groups EC, EFF 
and EFC are shown in Figure 6.6.  
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Figure 6.4 Typical stress displacement plot of ZFF specimen with a nick at prefailure 

 
Table 6.4 The different maximum stresses (MPa) observed in the cement layer and in the beam of the 
FEA models without fiber-reinforcement 
 
Stress ZC EC CB BO 

cement 

Solid Major Principal stress 

Solid Sz 

 

Beam 

Solid Major Principal stress 

 

86 

39 

 

 

42 

 

86 

43 

 

 

50 

89 

57 

 

 

88 

55 

 

 

 

 

Table 6.5 The different maximum stresses (in MPa) observed in the cement layer and in the beam of 
the FEA models with fiber-reinforcement 
 
Stress ZFF ZFC EFF EFC 

cement 

Solid Major Principal stress 

Solid Sx 

 

Beam 

Solid Major Principal stress 

 

76 

37 

 

 

85 

 

59 

25 

 

 

46 

 

129 

63 

 

 

143 

 

80 

38 

 

 

76 



Chapter 6 

96 

 
 
Figure 6.5 FEA models for Groups CB (left) and EC (right) with failure loads (N) and Solid Sz  
stress concentrations in the beams and cement layers 

 
 

Figure 6.6 FEA models for Groups EC (left), EFF (center) and EFC (right) with failure loads (N) and 
Solid Sz stress concentrations in the beams and cement layers around the enamel pontic transition line 
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6.5 Discussion 
 
Clinically there is a growing demand for tooth colored restorations. The dental 
profession, enabled by the industry and challenged by public demand, is eager to fulfill 
the esthetic wishes of the general public, even with products that have no records of 
proven reliability [7]. Clinical evidence of all-ceramic [24,27,33] and FRC restorations 
[7-9,34,35], both satisfying the prevailing esthetic wishes, is based upon small studies 
and case histories, because no longitudinal studies are available.  

This study explores peeling failures on beams made of two different resin 
composites, two different FRCs and one brand zirconium oxide. Peeling forces have 
been identified to debond simulated CoCr two-unit cantilevered RBFPDs [30,36,37] at 
rather low values. The obtained values of the present study have been compared with 
the peeling values of CoCr beams [30]. When a peeling load is applied, failure can 
occur at three different levels: (i) adhesively at the cement restoration interface, (ii) 
cohesively in the cement layer, (iii) adhesively at the cement enamel interface. The 
results of the tests will be discussed according to the failure types.  

Groups ZC and EC did not debond at all, but fractured along the enamel-pontic 
transition line at rather low FL values. At first sight this seems straightforward, 
because resin composite seems to be the weakest material with respect to the other 
materials investigated, e.g. CoCr, zirconia, and the fiber-reinforced resin composites. 
On the other hand the flexural strengths of Z100 and Estenia are both 150 MPa 
[38,39], which should provide higher FL values than 16.2 and 18.6 N respectively, as 
observed. The load of a cantilevered beam amounts to 50% of the load of the three-
point bending test of a beam with the same dimensions. The FL can be calculated in 
the three-point bending formula (Eq 1)  

 

22
3
bh
Fl

f =σ     (1) 

 
where l (= 8 mm) is the distance between the EPT and the point of force application 
(Figure 6.5 and 6.6) and b (= 7 mm) and h (= 1.15 mm) are the width and thickness of 
the specimen, while σf  = 150 MPa. The calculation yields a load of 58 N to cause 
failure of the resin composite beams, which is higher than the recorded values in the 
laboratory tests. The calculated stresses (FEA) in the ZC and EC beams are 42 and 50 
MPa, respectively, and not large enough to fracture the beam. The Solid Sz values 
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within cement layer are 39 and 43 MPa, respectively, which is not high enough for 
cohesive failure of the cement. Apparently, an adhesive failure of the cement-
composite interface is the weakest link in the system. When the beams are loaded 
(Figures 6.5 and 6.6) the stress is localized in the cement-composite interface near the 
enamel-pontic transition line. If the initial crack starts at this location it can propagate 
through (i) the cement causing an apparent cohesive failure, (ii) the cement-composite 
interface causing an apparent adhesive failure and (iii) the enamel or the beam 
resulting in an cohesive failure of one of these materials. The crack propagation 
depends on the stress distribution and fracture toughness of the materials involved. 
Apparently, the stress distribution and fracture toughness of the beam are such that the 
resin composite beam fractures. For the other materials, e.g. CoCr, zirconia, and the 
fiber-reinforced materials an adhesive failure was observed. 
 FRC restorations in general can be fabricated with either the fibers exposed to 
the luting surface or completely incorporated in the restoration structure. In the latter 
situation, the resin composite itself is the material to be luted and the appropriate 
manufacturer�s recommendations need to be followed. Őzcan [40] describes three 
different resin composite surface conditioning methods: (i) sandblasting with 50 µm 
Al2O3, (ii) silica coating with a 30 µm  SiOx chairside silica coating (CoJetSand, 3M 
ESPE, Seefeld, Germany) and (iii) etching with hydrofluoric (HF) acid gel. Each of 
these methods is completed by silanization, immediately before the luting procedure. 
In this study method (i) has been used. 
 The beams of ZFF have been luted with the fiber-reinforced side on the enamel. 
Only this group showed a typical stress-displacement plot (Figure 6.4) with a nick at 
the point of pre-failure, indicating the fracture of the composite layer, while the fiber-
reinforcement was still holding on until catastrophic failure. In fact, the catastrophic 
failure is less important than the pre-failure. A higher pre-failure value creates a 
stronger restoration that will last longer [41]. Interestingly, both the ZFF pre- and 
catastrophic failure values do not differ significantly from the ZC and EC failure 
values (Table 6.3). The fiber luted specimens (ZFF and EFF) show significantly higher 
FL values than their composite luted counterparts (ZFC and EFC). This is supported 
by the calculated maximum stresses (Table 6.5) showing higher cement and beam 
stresses for ZFF and EFF compared to ZFC and EFC, respectively.  

The flexural strength of an everStick fiber is 792 MPa [42]. Based on the three-
point bending test formula and the flexural strength of an everStick fiber the FL of 
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such a beam should be 75 N. But again, our test results are lower, even with EFF 
showing the highest FL (33.6 N).  The EFF laboratory tests have shown that in fact 
failure took place within the everStick bundle, where the PMMA-matrix has debonded 
from the fibers (Figure 6.3), while at the same time no debonding took place at the 
interface of the matrix and the resin luting cement. This in fact is an adhesive failure at 
the fiber matrix interface.  

In general, all Z100 specimens have shown lower FL values than the Estenia 
specimens. Maybe this is due to the lower elastic modulus of Z100, but it also 
emphasizes the need for further research concerning the optimal combination of resin 
composite and fiber-reinforcement. Due to the generated shrinkage and subsequent 
contraction stress, after post curing all layered beams showed a slightly hollow 
appearance on the resin composite side, but possible differences between the Z100 and 
Estenia specimens have not been measured. Z100 is known for high contraction 
stresses [43] and the subsequent tensile stresses at the fiber-resin-composite interface 
may have contributed to the rather poor performance of the Z100 specimens.  

Another important issue is delamination, which is an adhesive failure at the 
interface of fibers and resin composite [41,44,45]. This phenomenon has been 
demonstrated in the ZFC and EFC groups. The calculated beam stresses (FEA) for 
ZFC and EFC are 46 and 76 MPa, respectively, not enough to fracture the beam. The 
cement Solid Sz values are 39 and 43 MPa, respectively. So, when the beam is loaded, 
the cement layer cracks up to the point, that the beam through deflection goes beyond 
its flexural strength. At that moment the resin composite layer fractures. The fiber-
reinforcement with its very high flexural strength does not break, but delaminates from 
the underlying resin composite layer. In the opposite case, with the fibers luted, the 
flexural strength of the fibers is much higher than that of the cement, so the beam 
debonds.  

The Cercon Base zirconia beams (Group CB) demonstrated the same failure 
behavior as the Bondiloy beams (Group BO) from an earlier study (Table 6.3). This 
could be expected, because these materials have a similar elastic modulus and strength 
(Table 6.2), which prevents the beams to fracture along the enamel-pontic transition 
line. They also demonstrate comparable Solid Major Principal and Solid Sz stresses 
(Table 6.4). The comparable bond strengths of CB and BO are underlined by Quaas et 
al [46]. They found a Panavia F 2.0 zirconia bond strength of 47.1 MPa, which equals 
the Panavia-CoCr adhesive bond strength (48 MPa) and exceeds the adhesive bond 



Chapter 6 

100 

strength of Panavia-enamel of 35.4 MPa [47]. Nevertheless, adhesive failure occurs on 
the cement-zirconia interface [30], because the beams do deflect under loading, while 
enamel does not. 

Fiber-reinforcement of simulated two-unit cantilevered resin composite 
RBFPDs as such does not guarantee an improvement of fracture strength compared to 
the unreinforced counterparts. This study has identified significant differences in 
peeling failure loads between identical specimens (ZFF and EFF vs ZFC and EFC), 
depending on the exposure of the fiber-reinforcement on the luting surface or not. 
Further research needs to be carried out regarding the combination of resin composite 
and fiber-reinforcement.  
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CHAPTER 7 
 
 
 

Summary, conclusion and future research 
 

 
7.1 Summary 
 
Depending on the researcher�s view on society in general or dentistry in particular, 
tooth loss can be regarded as a socio-political, socio-economic, habitual, genetical,  
esthetic, anatomical, prosthodontic, periodontal, implant or even age or drug related 
problem. But, the question the victims of tooth loss ask their dentists is always the 
same: �Please provide me with a solution as if nothing happened.� Depending on the 
degree of tooth loss this might lead to a certain degree of disappointment, because an 
imitation by definition is never as good as the original. This thesis deals with single 
tooth replacement through two-unit cantilevered resin-bonded fixed partial dentures, 
being an adhesive solution using one abutment tooth only, causing as less damage as 
possible to the existing dentition. For reasons of legibility in this summary the term 
�resin-bonded fixed partial denture�, which means an adhesively fixed bridge, is 
substituted by the abbreviation RBFPD. 

The general introduction in Chapter 1 provides background information on the 
various removable and fixed partial denture solutions for single tooth replacement. The 
dental literature has been searched and the research and development of materials used 
for adhesively fixed appliances, is considered. This brings many doubts of newly 
developed and developing materials to the surface. Amongst the recently introduced 
tooth-colored materials, all-ceramic and fiber-reinforced restorative materials are 
promising materials and enjoy great interest from both the profession and the general 
public. But the clinical use of these new materials for RBFPDs is not yet fully 
supported by reliable clinical evidence. The choice of restorative materials, the 
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required adhesive techniques and computer simulation techniques for restoration 
design and problem solving are discussed. 

Chapter 2 evaluated in a literature survey the clinical performance of two-unit 
cantilevered, single abutment, single pontic RBFPDs by comparing them with three-
unit non-cantilevered RBFPDs with two abutments and a single pontic for similar 
situations. The historical development of adhesive dentistry is briefly explored and the 
first clinical applications in this field are discussed. Originally macromechanical 
retention was achieved through perforated retainers, to be followed by 
micromechanical retention, made possible by etching the retainers. When it was 
discovered that this technique too did not provide enough retention for lasting 
restorations, the profession reverted to the long known retentive tooth preparations. 
Longevity of metal based adhesive restorations, comparable with fixed partial dentures 
came within reach. The review describes the influence on longevity of prosthesis and 
preparation design, surface pretreatment of the restoration, choice of luting cements, 
influence of the operator, gender and age of the patient and periodontal consequences. 
Several studies specifically on two-unit RBFPDs report different success rates, but 
they consider better esthetics, easy cleaning, less biological damage and hardly a 
chance of an undetected debonded retainer good reasons to consider application of this 
technique. 

 
 

 
 
Figure 7.1 The different specimens as tested from left to right; CAN, SFF, and BFF 
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The purpose of the study described in Chapter 3 was to find in vitro the 
optimal combination of metal surface pretreatment and luting cement for two-unit 
cantilevered RBFPDs. To evaluate the cement behavior as such, a retentive tooth 
preparation has deliberately been omitted. In this study beams (7 x 15 x 0.55 mm), 
simulating two-unit cantilevered RBFPDs (CAN in Figure 7.1), made of a clinically 
frequently used cobalt chromium alloy (Bondiloy), have been used. Two different 
surface pretreatments have been applied, i.e. (i) sandblasting and (ii) a tribochemical 
silica coating (Rocatec) followed by silanization. Subsequently the beams have been 
luted with Panavia, Resiment, RelyX ARC or UniFix onto the flat ground buccal 
enamel surfaces of bovine teeth. Simulated chewing forces from different directions, 
called respectively peel, load and torque, have been applied on the specimens in a 
universal testing machine until failure occurred, and the failure loads have been 
recorded. The results showed that the peel failure loads, compared to load and torque, 
have the lowest values with each of the cements and surface pretreatments. One 
cement (UniFix), applied with sandblasting as pretreatment, generated a significantly 
higher failure load compared with the other three cements, irrespective of 
pretreatment. Remarkably this was also the cement with the highest percentage of 
cement remaining on the beams after the tests, proving the highest adherence 
capability to this CoCr alloy compared to the other cements. It was shown that after 
sandblasting, in spite of thorough cleaning afterwards, a certain content of Al2O3 was 
left behind on/in the CoCr surface, but the influence of these particles on bond strength 
is not tested. Chemically active monomers in the cements tested, like MDP in Panavia 
and 4-META in UniFix, do play a role in adhesion, but their exact role is still not 
completely clear.  

Fatigue is a mode of failure occurring after repeated loading at which the 
magnitude of the load itself is not large enough to cause failure when applied once. 
Fatigue occurs because of crack formation and propagation caused by cyclic loadings. 
Chapter 4 describes a fatigue study into the behavior of simulated two-unit 
cantilevered RBFPDs (CAN in Figure 7.1) as used in the study of Chapter 3. The aim 
of the study was to evaluate the influence of all possible combinations of metal surface 
pretreatment and luting cement on failure loads and finite fatigue limits. As surface 
pretreatments of the beams have been chosen (i) sandblasting, (ii) a tribochemical 
silica coating (Rocatec), followed by silanization and (iii) flame silicium oxide coating 
(Silicoater) with subsequent silanization. Panavia, RelyX ARC and UniFix were used 
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as luting cement. The �staircase� method was used for fatigue evaluation. This method 
is testing specimens for a chosen maximum number of cycles, in this case one series 
with 104 and one series with 105 cycles. During the first series of tests (104) UniFix 
combined with sandblasting showed some debondings, but with Rocatec or Silicoater 
pretreatments there were no UniFix debondings at all. On the contrary, the UniFix 
beams during the progression of each test, gradually bent under the influence of the 
cyclic loadings. During the second series of tests (105)  there were no UniFix 
debondings at all, which after six out of twenty intended tests was a good reason for 
discontinuation of the UniFix tests. Finally it could be concluded that compared to 
RelyX ARC, being a conventional Bis-GMA luting cement, both Panavia and UniFix 
did perform significantly better, probably due to the added bond enhancing monomers 
MDP and 4-META, respectively.  

The study described in Chapter 5 explores and explains the debonding 
mechanisms of both two-unit cantilevered and three-unit fixed-fixed RBFPDs. The 
reason for debonding of three-unit fixed-fixed RBFPDs has been described in the 
literature as being caused by the differential movement of the abutment teeth. Jaw 
movements during articulation cause the teeth involved to move perpendicular to the 
dental arch. If the abutment teeth are situated in the (pre)molar region the directions of 
their articulation induced movements are mainly parallel. But when the RBFPD is 
situated in a curved part of the dental arch, their movements are not, causing stress in 
the tooth restoration interface, i.e. the cement layer. Application of a two-unit 
cantilevered RBFPD omits this problem simply by the fact that only one abutment 
tooth is involved. The aim of this study was to explain why the reported survival rates 
of two-unit cantilevered RBFPDs are higher than those reported of three-unit fixed-
fixed RBFPDs. Furthermore, the influence of the geometry (straight or bent, 
depending on the location within the dental arch) has been explored and explained. 
When in a clinical situation one abutment tooth of a three-unit fixed-fixed RBFPD is 
loaded, a limited axial movement will occur, creating counteracting forces in its 
socket. But the other abutment will experience relatively high interfacial torque and/or 
peel stresses. These are the stresses this study is focussed on. The in vitro obtained 
failure loads have been used in finite element analysis (FEA) models to explain the 
differences in the debonding mechanisms of two-unit cantilevered and three-unit 
fixed-fixed RBFPDs and the influence of the design. Three types of simulated 
RBFPDs have been used (Figure 7.1). For rationalization reasons as surface 
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pretreatment for the Bondiloy beams only sandblasting was used and Panavia as luting 
cement. The results of the tests showed significantly higher bond strength values for 
the two-unit cantilevered (CAN) and three-unit straight fixed-fixed RBFPDs (SFF) 
than for the bent ones (BFF). The latter showed a typical pattern of remaining cement 
on the beam after failure, indicating from which point the debonding process starts and 
how it propagates. The FEA models confirmed these findings and explained how and 
where the stress buildup in the cement layer occurs. Although static failure tests have 
been used in this study, it is reasonable to assume that during fatigue the same 
debonding process takes place. The factual findings of this study revealed the 
interfacial stress buildup, indicating where the tooth preparation needs to be modified 
to offer better resistance against debonding forces. 

Chapter 6 describes the final study of this thesis comparing the failure 
strengths of resin composite, fiber-reinforced resin composite, zirconia and CoCr two-
unit cantilevered RBFPD beams (CAN). The fiber-reinforced resin composite beams 
did have a layered texture; approximately one half of the thickness consisted of a 
commercially available ready to use photopolymerizable matrix-fiber combination 
(everStick), while the other half was made of resin composite (Filtek Z100 or Estenia). 
The fiber-reinforced resin composite beams were divided into two groups: (i) one 
group was luted with the fiber side on the bovine enamel, while the other group (ii) 
was luted with the composite side on the enamel. Then the specimens were peel tested 
until failure. The experimentally obtained load data were applied in the FEA model 
and the interfacial tensile stresses were made visible and calculated. Both the Z100 and 
Estenia resin composite beams did not debond from the enamel surface, but fractured 
along the enamel pontic transition line. The fiber luted type debonded from the enamel 
surface leaving the fibers exposed on the beam. So the matrix delaminated from the 
fibers. The composite luted type on the other hand did not debond, but delaminated 
within the beam structure on the fiber composite interface.  
 
7.2 Conclusion 
 
This thesis has focussed on two-unit cantilevered RBFPDs for single tooth 
replacement. Compared to removable and all other fixed solutions the two-unit 
cantilevered RBFPD is a cost friendly and truly minimally invasive restoration with 
satisfying esthetics that allows easy maintaining by the patient. The abutment tooth, 
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however, needs to be sound in a sense of hardly or not being restored at all and 
preferably not periodontally compromised. The occlusion and articulation have to 
allow for this restoration to be applied, without extensive tooth preparation, preferably 
avoiding loading the pontic with detrimental forces during mastication. In conclusion, 
it is clear that not every single tooth loss can be substituted with a two-unit 
cantilevered RBFPD.  
 From clinical experience with metal based RBFPDs we already knew that the 
resin luting cement alone is not able to withstand chewing forces to guarantee long- 
term success. However, we found remarkable differences between the various resin 
luting cements involved, indicating that the choice of cement, even with a retentive 
preparation, is important. This kind of preparation covers only a small part of the 
abutment tooth, but definitely needs to supply sufficient retention, which needs to be 
confirmed during try-in. With a decreasing extent of the preparation, the importance of 
the adhesive properties of the resin luting cement increases.  
 The consecutive chapters of this thesis have provided us with an insight into 
reported clinical behavior, different performances of various types of resin luting 
cement and into the factual in vitro failure mechanism of two-unit cantilevered and 
three-unit non-cantilevered RBFPDs. The reported clinical behavior created the 
challenge of this thesis, more specific to research the failure mechanism and its 
consequences for future applications. The laboratory and FEA results have identified 
the failure mechanisms and potentially weak spots in the preparations. Especially 
understanding the failure mechanism of three-unit non-cantilevered RBFPDs in a 
curved part of the dental arch, contributes to a better clinical understanding. The 
different nature of debonding forces on two-unit cantilevered and three-unit non-
cantilevered RBFPDs has clearly been demonstrated. In case of solitary tooth 
replacement the clinician is able to add another alternative to his array of restorative 
solutions.  
 The differences in behavior of the tested resin luting cements are remarkable. 
The adhesion enhancing monomers, both in Panavia and UniFix, do clearly make 
sense. For the general practitioner this means that the choice for a specific resin luting 
cement is an important factor regarding success or failure of the restoration. This 
choice should be wel-considered.   
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7.3 Future research 
 
In this research the weak spots as far as debonding is concerned, have been identified 
both for the two-unit cantilevered and for the three-unit non-cantilevered RBFPD. The 
weak spot for two-unit cantilevered RBFPDs lies within close distance of the enamel-
pontic transition line. So increase of resistance has to be found in this area. With the 
three-unit non-cantilevered RBFPD it is a different matter, because of the differential 
movements of the abutment teeth under loading by mastication forces. It is therefore 
reasonable to assume that a different approach compared to the two-unit cantilevered 
counterpart is required. The reliable retentive preparation with its 180-degree wrap-
around, grooves and occlusal support, known from clinical experience, has made this 
clear.  

As long as there are continuing longevity and fracture strength problems, 
relating to both fiber-reinforced and all-ceramic restorations, there will be a place for 
the metal based counterparts. With the obtained knowledge of the debonding process, 
further research should be aimed at designing the ideal preparation for two-unit 
cantilevered RBFPDs in various clinical situations, taking into account the specific 
properties of the intended restorative material. With growing concern about possible 
immunologic and/or toxic reactions from dental restorative materials, the profession 
needs to be cautious with resin composites, because they are potentially able to cause 
soft tissue and systemic responses. All-ceramic restorations however are supposed to 
be biocompatible. 

Dentists feel reserved by the prospect of their patients receiving a restoration on 
one abutment only, while they already had bad experiences with similar restorations, 
supported by two or even more abutments. Using a single abutment tooth apparently 
contrasts with the dentist�s wish to supply his patients with well-thought out and solid 
solutions. Whether we like it or not, we have a mission to fulfil to convince the 
profession of the value and advantages of the two-unit cantilevered RBFPD. If this 
mission succeeds, a bright future for the two-unit cantilevered RBFPDs may lie ahead. 
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CHAPTER 8 
 
 
 

Samenvatting, conclusie en toekomstig onderzoek 
 

 
8.1 Samenvatting 
 
Afhankelijk van de kijk van de onderzoeker op de samenleving in het algemeen en 
tandheelkunde in het bijzonder is tandverlies een probleem van sociaal-politieke, 
sociaal-economische, habituele, genetische, esthetische, anatomische, prothetische, 
parodontale of implantologische aard of zelfs gerelateerd aan leeftijd of druggebruik. 
Maar de vraag die bij tandverlies aan de tandarts wordt gesteld is altijd dezelfde: 
�Voorzie mij van een oplossing alsof er niets gebeurd is.� Gerelateerd aan de omvang 
van het tandverlies kan dit leiden tot een bepaalde mate van teleurstelling, want 
namaak is per definitie nooit zo goed als het origineel. Dit proefschrift gaat over 
solitaire tandvervanging door middel van éénvleugelige adhesiefbruggen. Deze 
adhesieve oplossing gebruikt slechts een pijler en veroorzaakt dus zo min mogelijk 
schade aan het restgebit. 

Hoofdstuk 1, de introductie van dit proefschrift, geeft achtergrondinformatie 
over de diverse uitneembare en vaste voorzieningen voor solitaire tandvervanging.  De 
tandheelkundige literatuur is doorzocht en de research en ontwikkeling van materialen 
voor toepassing in de adhesieve tandheelkunde is onder de loep genomen. Hiermee 
komen twijfels aan het licht met betrekking tot nieuw ontwikkelde en nog in 
ontwikkeling zijnde materialen. Van de recent geïntroduceerde tandkleurige 
materialen zijn de keramische en glasvezelversterkte restauratiematerialen 
veelbelovend. Zij genieten een grote interesse van zowel de professie als van het 
publiek. Maar het klinisch gebruik van deze materialen voor adhesief brugwerk wordt 
nog niet geheel ondersteund door betrouwbare klinische studies. De 
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keuzemogelijkheden voor restauratiematerialen, de vereiste adhesieve technieken en 
computersimulatie voor het ontwerpen van restauraties en het oplossen van problemen 
worden besproken.  

In hoofdstuk 2 wordt in een literatuurstudie het klinische resultaat geëvalueerd 
van tweedelig adhesief cantilever brugwerk, bestaande uit één pijler en één dummy en 
vergeleken met driedelig non-cantilever adhesief brugwerk voor toepassing in 
overeenkomstige situaties. De historische ontwikkeling van de adhesieve 
tandheelkunde wordt kort onderzocht en de eerste klinische toepassingen worden 
besproken. Oorspronkelijk werd macromechanische retentie verkregen met 
geperforeerde retentievleugels, later gevolgd door micromechanische retentie door 
middel van etsen van de retentievleugels. Maar ook deze techniek bood te weinig 
retentie voor langdurig klinisch succes en de professie keerde terug naar de reeds lang 
bekende en vertrouwde retentieve preparaties. Een levensduur voor adhesieve 
restauraties op metaalbasis, vergelijkbaar met die van klassiek brugwerk, kwam 
daarmee binnen bereik. Het literatuuroverzicht beschrijft de invloed op de levensduur 
van zowel preparatie als restauratie, oppervlaktebehandeling van de restauratie, 
cementkeuze, invloed van de behandelaar, geslacht en leeftijd van de patiënt, en 
parodontale consequenties. Verschillende studies, specifiek over cantilever adhesief 
brugwerk, rapporteren in verschillende mate over klinisch succes, maar beschouwen 
de betere esthetiek, de verminderde biologische schade, het gemakkelijke reinigen en 
het feit dat een losgeraakte retentievleugel altijd ontdekt wordt, als goede redenen om 
toepassing van deze techniek te overwegen.   
 

 
 
Figuur 8.1 De verschillende testopstellingen van links naar rechts; CAN, SFF, and BFF 
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Het doel van de studie in hoofdstuk 3 was om in vitro de optimale combinatie 
te vinden van voorbehandeling van het metaal en cement voor éénvleugelige cantilever 
adhesiefbruggen. Om het gedrag van het cement op zich te kunnen beoordelen, is met 
opzet geen retentieve preparatie toegepast. Voor deze studie zijn gesimuleerde 
tweedelige cantilever adhesiefbruggen (CAN in Figuur 7.1) vervaardigd in de vorm 
van balkjes (7 x 15 x 0.55 mm) van een klinisch frequent toegepaste CoCr-legering 
(Bondiloy). Twee verschillende voorbehandelingen voor de te cementeren 
oppervakken van de bruggen zijn toegepast, te weten (i) zandstralen en (ii) een 
tribochemische silica coating (Rocatec), gevolgd door silaniseren. Vervolgens zijn de 
balkjes gecementeerd met Panavia, Resiment, RelyX ARC of UniFix op het vlak 
geslepen buccale glazuur van koeientanden. Gesimuleerde kauwkrachten uit 
verschillende richtingen, respectievelijk genoemd peel, load en torque, zijn toegepast 
in een universele testmachine tot afbreuk plaatsvond en de afbreukwaarden zijn 
vastgelegd. De peelkrachten, benodigd om de balkjes te doen loslaten van het 
tandoppervlak, zijn veel lager in vergelijking met de load- en torquekrachten, ongeacht 
cement en voorbehandeling. Eén cement (UniFix), in combinatie met zandstralen, 
genereerde een significant hogere afbreukwaarde dan alle andere combinaties van 
cementen en voorbehandeling. Dit was tevens het cement waarbij de meeste 
cementresten op de balkjes achterbleven na de tests, hetgeen de hoogste hechtkracht 
aan deze CoCr legering aantoont in vergelijking met de andere cementen. Aangetoond 
is dat na het zandstralen met Al2O3 ondanks grondige oppervlaktereiniging een 
hoeveelheid van dit materiaal op en in het oppervlak van de CoCr-balkjes was 
achtergebleven, maar de invloed daarvan op de hechtsterkte is niet getest. Chemisch 
actieve monomeren in de geteste cementen, zoals MDP in Panavia en 4-META in 
UniFix, spelen hier mogelijk een rol , die overigens niet geheel duidelijk is.  

Vermoeiing is een wijze van falen na herhaalde belastingen bij een waarde die 
op zich, bij eenmalige toepassing, niet groot genoeg is om het falen te veroorzaken. 
Het komt voor bij cyclisch belasten ten gevolge van scheurvorming in het geteste 
materiaal. Hoofdstuk 4 beschrijft een vermoeiingsstudie naar het gedrag van 
gesimuleerde éénvleugelige cantilever adhesiefbruggen (CAN in Figuur 7.1) zoals 
gebruikt in de studie in hoofdstuk 3. Het doel van de studie was de invloed te 
evalueren van de beschikbare combinaties van voorbehandeling van het metaal en het 
cement op de afbreuksterkten en de vermoeiingslimiet. Als voorbehandeling voor het 
metaal zijn gekozen (i) zandstralen, (ii)  tribochemische silica coating (Rocatec), 
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gevolgd door silaniseren en (iii) silicium oxide coating door opbranden (Silicoater), 
gevolgd door silaniseren. Panavia, RelyX ARC en UniFix zijn gebruikt om te 
cementeren. De �staircase� methode is gebruikt om de vermoeiing te evalueren. Deze 
methode test monsters tot een vooraf gekozen maximum aantal belastingen, in deze 
studie één serie met 104 en één serie met 105 belastingen. Tijdens de eerste testserie 
(104) kwamen enkele gezandstraalde UniFix monsters los, maar de Rocatec en 
Silicoater monsters met UniFix faalden niet. Integendeel, deze balkjes verbogen 
tijdens de test onder invloed van de cyclische belastingen. Tijdens de tweede testserie 
(105)  faalde niet één UniFix monster ongeacht de voorbehandeling, hetgeen een goede 
reden was om na zes van de geplande twintig UniFix tests deze niet voort te zetten. 
Uiteindelijk kon worden geconcludeerd dat in vergelijking met RelyX ARC, zijnde 
een conventioneel Bis-GMA cement, zowel Panavia als UniFix significant beter 
presteerden, waarschijnlijk dankzij de toegevoegde respectievelijke monomeren MDP 
and 4-META, die de hechtkracht bevorderen.  

De studie in Hoofdstuk 5 exploreert en verklaart de faalmechanismen van 
zowel de éénvleugelige cantilever als de driedelige non-cantilever adhesiefbruggen. 
De oorzaak voor het falen van de driedelige non-cantilever adhesiefbruggen wordt 
beschreven in de literatuur als veroorzaakt door de kauwkrachten die uit verschillende 
richtingen tegelijkertijd inwerken op de pijlerelementen. De kaakbewegingen tijdens 
articulatie doen de betrokken elementen bewegen loodrecht op de tandboog. Als de 
pijlers gesitueerd zijn in de (pre)molaar regio bewegen deze tijdens articulatie 
voornamelijk parallel aan elkaar. Maar als de adhesiefbrug zich bevindt in een 
gebogen deel van de tandboog zijn de pijlerbewegingen tijdens belasting niet parallel 
en veroorzaken dan spanningen in de cementlaag. Toepassing van een éénvleugelige 
cantilever adhesiefbrug vermijdt dit probleem omdat slechts een pijler aanwezig is. 
Het doel van deze studie was te verklaren waarom de gerapporteerde overleving van 
éénvleugelige cantilever adhesiefbruggen groter is dan die van driedelige non-
cantilever adhesiefbruggen. Verder is de invloed van de vorm (recht of gebogen, 
afhankelijk van de situering in de tandboog) onderzocht en verklaard. Als in een 
klinische situatie een pijler van een driedelige non-cantilever adhesiefbrug axiaal 
belast wordt, treden reciproke krachten op in de tandkas. Maar de andere pijler 
ondervindt relatief hoge torque en/of peel krachten in de cementlaag. Op deze krachten 
is dit onderzoek gericht. De in vitro verkregen faalbelastingen zijn gebruikt in eindige 
elementen analyse modellen (FEA) om de verschillen in faalmechanismen tussen 
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éénvleugelige cantilever en driedelige non-cantilever adhesiefbruggen te verklaren en 
welke invloed het ontwerp daarop heeft. Drie typen gesimuleerde adhesiefbruggen zijn 
gebruikt (Figuur 8.1). Uit oogpunt van doelmatigheid is in dit onderzoek alleen 
Panavia gebruikt met zandstralen als voorbehandeling voor het metaal. De 
testresultaten toonden significant hogere hechtsterkten voor de éénvleugelige 
cantilever (CAN) en de rechte driedelige non-cantilever adhesiefbruggen (SFF) in 
vergelijking met de gebogen driedelige adhesiefbruggen (BFF). Deze laatsten toonden 
een typisch cementpatroon op het afbreukvlak, dat duidelijk maakt waar het faalproces 
begint en hoe het zich na aanvang voortzet. De FEA modellen bevestigden deze 
bevindingen en laten zien hoe en waar de spanningsopbouw in de cementlaag optreedt. 
Hoewel statische tests zijn gebruikt in deze studie, is het toch aannemelijk dat tijdens 
vermoeiing hetzelfde faalmechanisme optreedt. De bevindingen in deze studie geven 
inzicht in de spanningsopbouw in de cementlaag, waardoor het mogelijk wordt de 
preparatievorm zodanig aan te passen dat een betere weerstand tegen loskomen wordt 
verkregen. 
Hoofdstuk 6 beschrijft de laatste studie van dit proefschrift, waarin de faalsterkten 
worden vergeleken van gesimuleerde éénvleugelige cantilever adhesiefbruggen 
vervaardigd van composiet, glasvezelsterkte composiet, zirconia of een CoCr-legering. 
De vezelversterkte composietbalkjes hadden een gelaagde opbouw; ongeveer de helft 
van de dikte bestond uit een lichthardende matrix-vezel-combinatie (everStick), terwijl 
de andere helft bestond uit composiet (Filtek Z100 of Estenia). Deze balkjes werden 
verdeeld in twee groepen: (i) een groep werd gecementeerd met de vezelzijde 
rechtsstreeks op het glazuur, terwijl de andere groep (ii) werd gecementeerd met de 
composietzijde op het glazuur. Vervolgens werden de monsters tot afbreuk 
onderworpen aan een peel test. De aldus experimenteel verkregen  uitkomsten werden 
ingevoerd in het FEA model, waarmee de spanningen in de cementlaag zichtbaar 
werden gemaakt en berekend. De composiet balkjes, zowel Z100 als Estenia, kwamen 
niet los van het glazuur, maar braken af op de overgang van gesimuleerde pontic naar 
glazuur. De vezelversterkte balkjes, die op de vezels waren geplakt, kwamen los van 
het glazuur en toonden de losse vezels op het balkje. De matrix had dus van de vezels 
losgelaten. De overeenkomstige balkjes, die op het composiet geplakt waren, kwamen 
niet los van het glazuur, maar delamineerden op de grenslaag van composiet en vezels.  
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8.2 Conclusie 
 
Dit proefschrift heeft zich gericht op éénvleugelige cantilever adhesiefbruggen voor 
solitaire tandvervanging. In vergelijking met uitneembare en andere vaste 
voorzieningen is dit een voordelige en waarlijk minimaal invasieve voorziening met 
een bevredigende esthetiek, die bovendien eenvoudig door de drager is te 
onderhouden. Echter, de pijler dient in een gezonde staat te verkeren en mag niet of 
nauwelijks gerestaureerd zijn of parodontaal aangetast. Occlusie en articulatie moeten 
dusdanig zijn dat met een geringe preparatie kan worden volstaan, waarbij bovendien 
zware belasting van de pontic dient te worden vermeden. Deze restauratie is dan ook 
niet voor elke solitaire tandvervanging geschikt.  
 Uit klinische ervaringen met adhesiefbruggen op metaalbasis is bekend dat het 
composietcement alleen niet in staat is de kauwkrachten langdurig te weerstaan. Maar 
we vonden opmerkelijke verschillen tussen de gebruikte composietcementen, waarmee 
duidelijk werd dat de keuze van het cement, zelfs met een retentieve preparatie, toch 
belangrijk is. Met een kleinere preparatie worden de adhesieve eigenschappen van het 
gebruikte cement relatief belangrijker. De vereiste preparatie omvat slechts een 
gedeelte van de pijler, maar moet voldoende retentie bieden, hetgeen in de try-in fase 
gecontroleerd dient te worden.  
 In de opeenvolgende hoofdstukken is inzicht verschaft in gerapporteerd klinisch 
gedrag, verschillend gedrag van diverse typen composiet cement en in het 
daadwerkelijke in vitro afbreukmechanisme van éénvleugelige cantilever en driedelige 
non-cantilever adhesiefbruggen. Het klinisch gedrag vormde de uitdaging voor dit 
proefschrift, namelijk het onderzoeken hoe in feite de afbreuk tot stand komt en wat 
daarvan de consequentie kan zijn. Met de laboratorium- en de FEA-modellen zijn de 
faalmechanismen van de onderzochte typen adhesiefbruggen verklaard en de 
potentieel zwakke plekken gelokaliseerd. Met name het inzicht in de wijze van afbreuk 
van driedelige non-cantilever adhesiefbruggen in een gebogen deel van de tandboog, 
leidt tot een beter klinisch inzicht. Het verschil in de inwerking van krachten op 
éénvleugelige cantilever en driedelige non-cantilever adhesiefbruggen is 
gedemonstreerd. Met de verkregen uitkomsten kan de clinicus in geval van solitaire 
tandvervanging zijn arsenaal aan vervangingsmogelijkheden uitbreiden. 
 De verschillen in gedrag van de geteste cementen zijn opvallend. De 
toegevoegde monomeren in zowel Panavia als UniFix, die de adhesie aan het metaal 
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bevorderen, hebben dus duidelijk zin. Voor de algemeen practicus wordt hiermee 
duidelijk dat de keuze voor een bepaald cement een factor van betekenis is voor het 
succes van de geplaatste restauratie. De cementkeuze dient dus weloverwogen te 
worden gemaakt. 
 
8.3 Toekomstig onderzoek 
 
In dit onderzoek zijn de zwakke plekken naar voren gekomen met betrekking tot het 
loskomen van zowel de éénvleugelige cantilever en de driedelige non-cantilever 
adhesiefbruggen. Voor de éénvleugelige cantilevers ligt deze dicht bij de overgang van 
glazuur naar pontic. Dus een toename van weerstand tegen loskomen moet in dit 
gebied worden gelokaliseerd. Bij de driedelige non-cantilevers ligt dit anders, omdat 
hier de verschillend gerichte pijlerbewegingen onder invloed van de kauwkrachten een 
belangrijke rol spelen. Daarom is het redelijk te veronderstellen dat een andere aanpak 
in vergelijking met de éénvleugelige cantilevers is vereist. Uit klinische ervaring met 
de retentieve preparatie met pijleromvatting, retentiegroeven en occlusale afsteuning, 
is dit ook al gebleken.  

Zolang er breuk- en levensduurproblemen bestaan voor vezelversterkte en 
volledig keramische restauraties, zal er een plaats zijn voor de typen op metaalbasis. 
Met de verkregen kennis van het faalproces dient toekomstig onderzoek gericht te zijn 
op het ontwerpen van de ideale preparatievorm voor de verschillende klinische 
toepassingen van éénvleugelige cantilever adhesiefbruggen, daarbij rekening houdend 
met de specifieke materiaaleigenschappen. De groeiende bezorgdheid aangaande 
immunologische en toxische reacties van tandheelkundige restauratiematerialen maant 
tot voorzichtigheid. Composieten kunnen weefsel- en systemische reacties 
veroorzaken. Volledig keramische restauraties worden geacht biocompatibel te zijn.  

Tandartsen zijn terughoudend bij het vervaardigen van adhesieve 
brugrestauraties op slechts een pijler, uitgaande van eerdere slechte ervaringen met 
soortgelijke restauraties op twee of zelfs meer pijlers. Het gebruik van slechts een 
pijler lijkt strijdig met de gewenste soliditeit. Hoe dan ook, er is een missie te 
vervullen om de professie te overtuigen van de waarde en voordelen van de 
éénvleugelige cantilever adhesiefbrug. Als deze missie slaagt, kan er een mooie 
toekomst voor deze restauratie zijn weggelegd. 
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DANKWOORD 
 
 
 
 
 

 
Dit proefschrift is niets anders dan de nasleep van een nascholing in het voorjaar van 
2001 bij Prof. Dr. A.J. Feilzer en Dr. J.F.M. Roeters. Die nascholing leidde tot een 
open sollicitatie bij de Afdeling Materiaalkunde van ACTA. Op dat moment had ik 31 
jaar praktijkervaring en was een verandering in mijn beroepsuitoefening gewenst. 
Albert liet er geen gras over groeien en stelde binnen 20 minuten de vraag: �wil je 
promoveren?� Daar was ik niet op voorbereid, maar na 6 weken was ik zover: het ging 
gebeuren. Dan ontrolt zich de wereld van het zelfstandig wetenschappelijk onderzoek. 
Van het ouderlijk huis uit was dat niet vreemd, maar zelf doen is toch iets anders. Mijn 
echtgenote kon aan mijn aspiraties niet ontsnappen, in tegenstelling tot onze kinderen, 
die op dat moment het huis al uit waren. Narda, ik heb je wel eens horen verzuchten 
dat met mij �there is never a dull moment�. Daaruit heb ik geconcludeerd dat die 
promotie er dus ook nog wel bij kon. Narda, Daan en Karen, dank voor jullie geduld 
en steun. Mijn verhalen hebben jullie vermoedelijk wel eens verveeld, hopelijk met 
uitzondering van de sappige verslagen van mijn bezoeken aan het slachthuis om 
koeientanden te oogsten. Daan en Karen, ik beschouw het als heel bijzonder dat jullie 
als mijn paranimfen optreden.  

De opdracht in dit proefschrift verwijst onder andere naar mijn vader en 
moeder, beide overleden. Het was mijn vader, toen zelf onder uitputtende 
tandheelkundige behandeling, die mij op het idee van de tandheelkunde bracht. Het 
was een schot in de roos. Hij maakt deze bijzondere gebeurtenis niet meer mee, 
evenmin als mijn moeder. Dat de studie, waartoe zij mij in staat stelden, vele jaren 
later dit resultaat zou opleveren had destijds niemand vermoed. 
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Promoveren is bepaald geen solo-actie en daarom is het een goede traditie om 
allen, die op welke wijze dan ook hun rol daarin hebben gespeeld, voor het voetlicht te 
halen. 
 Mijn promotor, Prof. Dr. A.J. Feilzer, beste Albert, je weet je enthousiasme 
over te brengen en de moed erin te houden en kwam op onverwachte momenten met 
eveneens onverwachte ideeën. Jouw nieuwsgierigheid naar verschillen en 
overeenkomsten tussen tweedelige cantilever en driedelige non-cantilever 
adhesiefbruggen heeft mij geïnspireerd tot dit onderzoek. Je beschikt over veel energie 
en hebt het vermogen het schip van de afdeling te bestieren en tegelijkertijd te laveren 
in de golven van de universitaire branding. Je gevoel voor humor is soms bizar, maar 
dat is aan mij wel besteed. Dat jij denkt dat de Achterhoek bij Diemen begint en mij 
ook nog eens als Achterhoeker beschouwt, is een minpuntje. Het zij je vergeven. Ik 
waardeer ik je zeer. 
 Dr. C.J. Kleverlaan, beste Cees, mijn co-promotor, wat heb jij een geduld met 
mij gehad. Ik bracht weliswaar veel klinische ervaring mee, maar dat was het dan ook 
wel. Jij moest mij verder ongeveer alles bijbrengen op het gebied van 
wetenschappelijk onderzoek. Getuige het voorliggende proefschrift is je dat goed 
gelukt. De statistische analyses heb jij voor mij gedaan, omdat je het als een hopeloze 
expeditie beschouwde iemand, die toen al de 60 naderde, dat moeilijke onderwerp nog 
bij te brengen. Ook voor jou een minpuntje: je bent de eerste die mij ooit bejaard heeft 
genoemd, maar je gevoel voor humor maakt veel goed. Ik vergeef je en heb je grote 
inzet bijzonder gewaardeerd.  

De beoordelingscommissie met Prof. Dr. N.H.J. Creugers, Prof. Dr. 
M.C.D.N.J.M. Huysmans en Prof. Dr. M.A.J. van Waas dank ik voor hun kritische 
beoordeling van het manuscript en hun waardevolle suggesties.  

Dr. J.F.M. Roeters, beste Joost, misschien heb je nooit vermoed wat je rol bij 
het ontstaan van dit proefschrift is geweest. Zie de eerst zin van dit dankwoord, dan 
weet je het. Ik hoop dat wij in de toekomst onze gemeenschappelijke interesse in de 
cantilever adhesiefbrug nader vorm kunnen geven. 

Drs. J.H. Danser, beste Jan, jij hoort bij het voor- en het begintraject van mijn 
tandheelkundige carriëre. Je was onze huistandarts en hebt de Van Dalentjes van de 
tandheelkundige ondergang gered en mij wegwijs gemaakt in de faculteit in Utrecht.  

Dr. A.J. de Gee, beste Toon, je kritische onderzoeksgeest spreekt mij aan. En 
hoe het zo gekomen is weet ik niet meer, maar vooral sinds we de kamer delen hebben 
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we op een of andere manier een vorm van communicerende humor ontwikkeld, die mij 
wel bevalt.  

Ing. Arie Werner, jij hebt mij aan de hand genomen door de duistere en 
magische wereld van de electronenmicroscopie. Dat heeft meer plaatjes opgeleverd 
dan in dit proefschrift staan, de ene nog mooier dan de andere. Maar bovenal is 
natuurlijk het inzicht van belang, dat hiermee werd verkregen. Mijn hartelijke dank. 

Ing. Jacqueline Rezende, hoeveel monsters je hebt geplakt en door de ACTA-
vermoeiingsmachine hebt geleid, weet ik niet meer. Het waren er veel, je was mij tot 
steun en daar dank ik je voor. 

Dr. Moustafa Aboushelib, I thank you for fabricating the zirconia beams as 
described in the last study of this thesis. I have recognized your ever present smile in 
the beams and that is probably the reason why they did not fracture, but only 
debonded. However, I have no scientific proof for this assumption.  

Mijn verre broertje, Alex Vandalen, gepensioneerd weg- en waterbouwer in 
Vancouver, BC, Canada, dank ik voor zijn hulp om in het begin van het onderzoek op 
het spoor te komen van de testprincipes en de bijbehorende terminologie en voor de 
discussies die we af en toe hadden over jouw grote en mijn kleine bruggen.  

Mijn iets minder verre zusje, Geertien Dijkstra, ook al gepensioneerd, maar dan 
als neerlandica, heb ik in momenten van taalkundige onzekerheid lastig mogen vallen. 
Soms waren we van mening dat de officiële spelling onnavolgbaar was en dan 
beslisten we zelf. Dat heeft zo z�n charme. 

En dan zijn daar de huidige en voormalige medewerkers van de afdeling 
Materiaalkunde, Tjalling Algera, Catherine Begazo, Peter Bolhuis, Alma Ðozic, 
Raimond van Duinen, Giuseppe Isgrò, Niek de Jager, Leontine Jongsma, Filip 
Keulemans, Hesam Mirmohammadi, Joris Muris, Prem Pallav, Rien van Paridon en 
Hang Wang. Met hen heb ik koffie gedronken, geluncht, gelachen en, o ja, ook over 
het onderzoek gesproken. 

Dit onderzoek kon niet worden uitgevoerd zonder materialen, die royaal en 
zonder enige voorwaarden ter beschikking zijn gesteld.  

Prof. Dr. Ir. J.M. van der Zel van Elephant Dental BV te Hoorn dank ik voor de 
levering van Bondiloy, de chroom-kobalt-legering die zo�n centrale rol in ons 
onderzoek heeft gespeeld. Jef, met vooruitziende blik heb je ons destijds een 
hoeveelheid geleverd die schoon op was na de laatste test.  
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Goedegebuure Tandtechniek te Ede goot onze gesimuleerde cantilever brugjes. 
Paul, jij en je team zijn gedreven tandtechnici, die bovendien weten en begrijpen wat 
er in de mond aan de hand is. Het was een plezier om met jullie samen te werken.  

Acacia Dental te IJmuiden en in het bijzonder Joost Nederkoorn en Jan van 
Putten dank ik voor het beschikbaar stellen van diverse Kuraray artikelen en het 
Panavia composiet cement en voor de Sticktech glasvezelversterking. Beiden heel 
hartelijk dank. Joost, het was en is altijd een genoegen met je te communiceren en te 
discussiëren.  

Mrs. Eija Säilynoja, PhD, and Dr. Tiina Varrella, PhD, from Stick Tech Ltd., 
Turku, Finland, it has been a pleasure to get to know you and exchange experiences. I 
thank you for providing us with everStick fibers, both directly from Finland and 
indirectly through Acacia Dental.  

3M ESPE Nederland ben ik dank verschuldigd voor de vele dozen RelyX ARC 
composiet cement en voor de langdurige bruikleen van de Rocatector. 

Cavex Holland BV heeft ons ruimschoots voorzien van UniFix composiet 
cement. Richard Woortman, je hebt ons een bijzonder product geleverd, waarvoor veel 
dank. Veel tandartsen weten niet wat ze missen. 

Pharmodontal NV (Septodont) dank ik tenslotte voor het beschikbaar stellen 
van het Resiment composiet cement voor de eerste fase van ons onderzoek.  
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CURRICULUM VITAE 
 
 
 
 
 

 
De schrijver van dit proefschrift is geboren op 11 juli 1946 te Badhoevedorp. In 1964 
werd het diploma HBS-B behaald aan het toenmalige Christelijk Lyceum Amstelveen, 
thans Hermann Wesselink College, te Amstelveen. In datzelfde jaar werd de studie 
tandheelkunde aangevangen aan de Rijksuniversiteit te Utrecht. Tijdens de laatste drie 
studiejaren werden student-assistentschappen vervuld op de afdeling Orthodontie bij 
Mw. Dr. M. de Boer en in de prekliniek bij het eerste-jaars-practicum Algemeen 
Tandheelkundige Propedeuse. In mei 1970 werd de studie voltooid met het behalen 
van het tandartsdiploma. Vervolgens werden diverse waarnemingen vervuld, gevolgd 
door een vrije vestiging te Nijmegen. Naast deze eigen praktijk is van 1971 tot 1975 
een part-time staffunctie vervuld in de prekliniek van de tandartsopleiding aan de 
Katholieke Universiteit. In 1980 volgde emigratie naar Australië, die na enig heen en 
weer reizen tussen dat land en Nederland, niet werd doorgezet. In 1984 volgde 
overname van een praktijk in Arnhem, welke eind 2005 werd overgedragen aan de 
opvolgers. Vanaf oktober 2001 werd in een part-time aanstelling onderzoek verricht op 
de afdeling Materiaalkunde van het Academisch Centrum Tandheelkunde Amsterdam, 
leidend tot dit proefschrift. 


