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ABSTRACT 

Cuspal deflection of teeth restored with bulk fill flowable composite resins, with and 

without fiber-reinforcement and evaluated by Micro-computed Tomography. 

R. Parker 

MSc Thesis, Department of Restorative Dentistry, Faculty of Dentistry, University of the 

Western Cape 

Background: With the development of bulk-fill flowable composites, dentists are 

increasingly opting to dispense of the time-consuming layering required of conventional 

universal composites. It has been suggested that a reduction in cuspal deflection can be 

expected when modifications to the interfacial stress concentrations in large composite 

restorations are introduced. It has further been demonstrated that fiber-reinforced 

composite restorations reduce stress accumulation on the remaining hard tissue.  

Aim: To determine the cuspal deflection of teeth restored with bulk fill flowable 

composite resins, with and without fiber-reinforcement and evaluated by micro-computed 

tomography. 

Methods and Materials: A comparative in vitro study was designed utilizing micro-CT 

scanning. Standardized mesio-occlusal-distal (MOD) preparations restored with three 

different bulk fill flowable composite resin systems, with and without Ribbond fiber-

reinforcement, were assessed and compared. The flowable bulk fill composites tested in 

this study were Filtek Bulk Fill (3M), Palfique Bulk Flow (Tokuyama) and Tetric N-Flow 

(Ivoclar Vivadent). Scans were after fiber placement (uncured), the tooth after curing of 

the fiber, the tooth after placement of the composite (uncured) and lastly, the tooth after 

curing of the composite. Scanned data were analyzed using Volume Graphics VG Studio 

Max 3.2.5 (Nagoya, Japan). The mechanical properties of these materials and the 

influence of Ribbond fibers on compressive strength was evaluated by means of 

catastrophic compressive strength testing. 
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Results: Across groups, Palfique Bulk Flow (P-BF) resulted in the least tooth deformation 

with 0.12% cuspal deflection observed, followed by Filtek Bulk Fill Flowable (F-BF) and 

Tetric N-Flow Bulk Fill (T-BF), with -0.75% and -2.8% cuspal deflection observed 

respectively.  

Conclusions: Placement of Ribbond fibers did not improve cuspal deflection in 

preparations with low wall compliance. In preparations with high compliance, Ribbond 

reinforcement improved cuspal deflection. Palfique Bulk Flow exhibited fracture strength 

values in line with maximum biting force ranges detailed in the literature, without a 

capping layer. This supports Tokuyama guidelines related to placement of P-BF without 

a capping layer in small posterior applications. 
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CHAPTER 1 

Introduction 

Loss of sound tooth structure due to dental caries and trauma accounts for much of the 

treatment administered in dental offices. The challenges encountered in trying to replace 

this lost tooth structure have evolved with the development and refinement of direct 

restorative materials over the years. Where extensive tooth loss has occurred, whether by 

repeated replacement of restorations, secondary decay, fracture of the tooth and/or 

restoration and endodontic treatment, the tooth becomes inherently weaker and less able 

to withstand the rigours of daily loading.  

Historically, indirect restorative techniques have been used to restore strength and 

function in compromised teeth. The high cost of these procedures can be prohibitive, and 

an alternative with comparable strength may be of benefit to patients. With improvements 

in resin-based composite (RBC) composition as well as the established use of fiber-

reinforcement, direct restorations have become a viable alternative to indirect restorations, 

when used within certain parameters.  

Composite resins have been shown to cause inward movement of the remaining tooth 

structure on setting, which is known as cuspal deflection (Kim & Park, 2011). The 

introduction of bulk-fill flowable RBCs (BFRBC) has simplified the placement of direct 

restoratives, yet the effect of setting phenomena such as cuspal deflection has not been 

widely researched in relation to these newer materials. In addition to this, though the 

impact of fiber-reinforcement on fracture resistance has been extensively documented, 

whether the placement of these fibers’ impacts cuspal deflection has not been 

demonstrated. 

During polymerization of RBCs, conversion of the monomer network into polymer chains 

compromises the dimensional stability of the material (Davidson & Feilzer, 1997). Bulk 

contraction occurs as the molecules become more closely packed, leading to volumetric 
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changes on vitrification (Davidson & Feilzer, 1997). Total volumetric change can be 

measured by quantifying the difference between the initial volume of material and the 

volume of material after polymerization. The RBC is transformed from a viscous-plastic 

to a rigid-elastic phase on polymerization; this is known as gelation (Davidson & Feilzer, 

1997). The gel point is the point at which the RBC is no longer able to provide viscous 

flow relative to the curing contraction, suggesting that the flowability of the RBC may 

affect shrinkage (Davidson & Feilzer, 1997). Veloso et al (2019) showed that the 

performance of BFRBCs in posterior teeth was comparable to conventional universal 

RBCs (CURBC), where BFRBC failure was similarly related to marginal leakage, 

postoperative sensitivity and tooth/restoration fracture. In the absence of sufficient wall 

compliance, failure at the bond interface and/or fracture of the tooth will occur due to the 

contractile stress exerted upon the cavity walls by the bonded material (Davidson & 

Feilzer, 1997). Fiber-reinforcement of BFRBC restorations may mitigate these factors, 

yet this has not been widely studied. 

Manipulation of core components has been attempted to circumvent these issues, with 

some success. A key breakthrough was achieved with the incorporation of various resin 

combinations in lieu of high proportions of bisphenol A-glycidyl methacrylate (bis GMA) 

only (Cho et al., 2022). To understand how and why the components of the BFRBCs 

investigated in this study have been modified, the dental composite system will be 

analyzed further in the literature review. 

The overarching concept of RBCs is that of a polymeric matrix and reinforcing filler 

particles, with the addition of a coupling agent to bind these fillers to the matrix (Hervás-

García et al., 2006; Ferracane, 2010). To promote polymerization, photoinitators such as 

camphorquinone (CQ) are added into the RBC (Ferracane, 2010). The physical properties 

exhibited by RBCs are dependent on the reinforcing filler particles, and the resin matrix 

lends variable viscosity to the material (Baroudi & Rodrigues, 2015). 

To simplify and accelerate the restorative process, BFRBCs were developed and are 

available in packable and flowable formulations to suit the given clinical scenario 
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(Moorthy et al., 2012). In general, high viscosity RBCs contain a high filler/inorganic 

component, where flowable RBCs attain a lower viscosity by reducing the filler content 

and increasing the resin component (Moorthy et al., 2012). Reduced filler load has been 

shown to increase polymerization shrinkage, a quantifiable manifestation of which is 

cuspal deflection (Moorthy et al., 2012). Clinicians are increasingly opting for flowable 

BFRBCs given its easy application. Cuspal deflection of BFRBCs placed in standardized 

mesio-occlusal-distal (MOD) configurations with and without fiber-reinforcement will 

provide clinicians with guidelines as to the appropriate use of these materials and is the 

primary aim of this investigation. The null hypothesis is that there is no difference 

between the use of bulk-fill flowable composite in relation to cuspal deflection; 

irrespective of whether fiber-reinforcement is present.   

The strength of dental RBCs is reliant on the type and quantity of fillers present in the 

inorganic matrix (Puckett et al., 2007). CURBC typically contain filler loads of between 

35 – 70 % by volume or 50 – 85 % by weight (Sabbagh et al., 2004). Filtek Bulk Fill 

Flowable (3M ESPE, St Paul, MN, USA), Palfique Bulk Flow (Tokuyama Dental 

Corporation, Tokyo, Japan) and Tetric N-Flow Bulk Fill (Ivoclar Vivadent, AG, Schaan, 

Liechtenstein), which are the BFRBCs investigated in this study, contain filler loads of 

between 64.5 – 70 % by weight and 42.5 – 56 % by volume (Cho et al., 2022). The impact, 

if any, of filler load on cuspal deflection will be explored in this thesis. Adequate appraisal 

of the effect of RBC composition on cuspal deflection requires analysis of the material as 

well as chemical setting reactions and polymerization factors, all of which will be 

elaborated upon in the chapters to follow.  

Caries in the posterior dentition often presents with multi-surface involvement. It has been 

demonstrated that teeth presenting with deep MOD restorations are at high risk of cuspal 

fracture due to loss of the marginal ridges (Taha, Palamara and Messer, 2009). Improved 

fracture resistance in teeth requiring deep MOD restorations has been shown with the 

incorporation of fibers below the RBC, which reinforces the restoration and allows for 

better stress distribution on function (Sáry et al., 2019). Ribbond is an ultra-high 

molecular weight leno-woven fiber system which exhibits high tensile strength, high 
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modulus of elasticity and improved fracture resistance, and its placement under large RBC 

restorations is well researched and documented (Rudo, 2016). The cuspal deflection 

observed in BFRBC restorations reinforced with Ribbond fibers, throughout the 

restorative process, is the focus of this thesis.   

This research utilizes a comparative in-vitro study to determine the cuspal deflection of 

teeth restored with 3 different bulk fill flowable composite resin systems, with and without 

Ribbond fiber-reinforcement. Micro-computed tomography was used to assess the effect 

of the fiber-reinforcement and the BFRBC on cuspal deflection at the various stages of 

restoration placement and polymerization.  

This thesis was structured to ensure a sound foundation was laid in the literature review, 

allowing for comprehensive analysis and discussion of the findings. Consequently, a brief 

overview of the organic and inorganic matrices of the RBC will be discussed. The 

chemistry involved in the setting of RBCs and the associated volumetric changes 

documented in the literature, as well as particulars related to photo-polymerization of 

RBCs will be reviewed.  

Cuspal deflection is an indirect manifestation of polymerization shrinkage, which is a 

property displayed by all RBCs to varying degrees (Ferracane, 2010). Factors relevant to 

this will be established in the literature review for further discussion as the thesis 

progresses. A broad classification of composites is provided, and literature specific to the 

fiber-reinforcement of RBC restorations will be reviewed. Finally, the rationale for using 

micro-CT scanning to measure cuspal deflection will be discussed before progressing to 

the methodology chapter. 
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CHAPTER 2 

Literature Review 

 2.1 Introduction 

The scope of this thesis demands a concise review of the resin-based composite 

(RBC) system and associated polymerization dynamics, before delving into literature 

relevant to the aims and objectives of this study.  

Since its introduction as a direct restorative material, RBCs have become indispensable 

within the field of operative dentistry. The advent of adhesive dentistry has provided a 

fundamental shift in the approach to the management of diseases of the dental hard tissue 

(Ruggeberg, 2001). With the advancement of RBCs over the years, predictable 

application of these materials with improved outcomes has become possible(Chan et al., 

2010; Van Der Vyver & Vorster, 2018). 

Modern RBCs have surpassed previously favoured materials such as early bis GMA - 

based composites, amalgam, compomers, giomers and glass ionomers for use in direct 

restorative dentistry, primarily due to the superior aesthetics and strength of these newer 

materials (Ferracane, 2010). Further improvements related to filler particle size have led 

to the introduction of hybrid, small particle, micro-hybrid, nano-fill and nanohybrid RBCs 

(Ferracane, 2010). These modifications to the inorganic matrix can be seen in Figure 1, 

where the classification of the RBC signifies the size/s of the filler particles. With 

continuous improvements in dentin/enamel adhesion, the predictability of RBC placement 

is established (Chan et al., 2010). 

2.2 History of Composite Resins 

The first resin-based composite restorations were introduced to the dental market 

in 1969 by Robert Chang and in 1970 by Henry Lee (Rueggeberg, 2001). Prior to this, 

silicates and unfilled resins such as polymethyl methacrylate (PMMA) were used as dental 
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restoratives, though the high solubility and shrinkage of these materials on curing led to 

high rates of restoration failure. To address these concerns, researchers continued to 

investigate alternative materials with improved outcomes.  

The backbone of many RBC materials in current use is still based on the early bis GMA 

resin introduced by Bowen and used by Chang and Lee (Rueggeberg, 2001). The initial 

bis GMA - based restorative materials relied on chemical polymerization, the onset of 

which required manual mixing of two pastes (Ferracane, 2010).  Due to the already high 

viscosity of bis GMA, after filler loading the resultant material became difficult to 

manipulate without the incorporation of voids within the composite system (Ferracane, 

2010).  In addition to this, the large sizes, types, and irregular shapes of filler particles 

used in these RBCs had a wear rate higher than that of the natural tooth. These filler 

particles were also not bound to the resin matrix, as the advent of silane coupling agents 

came later. This led to rapid wear of the polymeric component and subsequent plucking 

of filler particles from the resin matrix, resulting in rough restorations (Ferracane, 2010).  

Besides the poor aesthetic appearance of these restorations, filler loss was a concern in 

that rough restorative surfaces provided an ideal interface for bacterial adhesion and 

consequent secondary caries (Ferracane, 2010).  

2.3 Primary components of the RBC system 

2.3.1 Inorganic matrix/Filler component 

RBCs contain filler particles for reinforcement of the resin matrix (Cho et al., 

2022). Different filler types and configurations may be incorporated into commercial 

RBC systems which in turn influences compressive strength, tensile strength, material 

toughness, surface micro-hardness, radiopacity, translucency, polishability and polish 

retention of the material (Ferracane, 1995; Ilie & Hickel, 2009; Cho et al., 2022). 

Modification of filler type, configuration, and size allows manufacturers to reduce the 

monomer content, which has a mitigating effect on polymerization shrinkage (PS) of the 

material (Ferracane, 1995; Ilie & Hickel, 2009). 
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The resin matrix, when combined with various combinations of filler particles such as 

silica glass, quartz, ceramic, metal, pre-polymerized particles, and other minerals in 

different configurations, demonstrates workable rheology with acceptable physical 

properties (Cho et al., 2022). Manipulation of the shapes and sizes of these filler particles 

is possible due to the advent of nanotechnology and allows for improved mechanical 

strength and reduced material shrinkage and shrinkage stress on curing (Cho et al., 2022). 

Figure 1 shows an RBC classification system based on filler size. Dental RBCs should 

ideally allow for conservative tooth preparation and display high fracture resistance, and 

should have good handling properties and acceptable aesthetics for it to be considered for 

restorative application. 

 

 

 

 

 

 

 

 

Silicon dioxide (SiO₂) is the most widely used filler particle and is known as silica or 

quartz when in its crystalline state (Habib et al., 2016). It is the first type of filler to have 

been incorporated into RBCs and can be considered the foundation for all subsequent 

glass fillers (Habib et al., 2016). Due to the low cost, ease of manufacture, and superior 

mechanical properties it imparts on the composite, glass fillers are still widely used in 

dental RBCs. Alkaline glass particles used in modern RBCs are a combination of SiO₂ 

and alkaline oxides such as barium oxide (BaO) and strontium oxide (SrO). These oxides 

Figure 1 : RBC classification based on filler size (Ferracane, 2010) 
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disrupt the structure of the silica network, resulting in reduced wear on antagonistic 

surfaces (Habib et al., 2016). The addition of these heavier oxidized elements also 

increases the radiopacity of the material, allowing manufacturers to eliminate radiopacity 

agents such as ytterbium or ytterbium fluoride. 

Though SiO₂ is the most widely used filler in commercial RBC products, other metal 

oxides such as aluminium oxide (Al₂O₃), titanium dioxide (TiO₂) and zirconium oxide 

(ZrO₂) have been studied for incorporation into the inorganic matrix (Habib et al., 2016). 

Many 3M products on the market contain zirconia and/or hybrid zirconia-silica fillers, 

which boast high radiopacity and higher refractive indices as compared to other fillers, 

lending greater translucency to the RBC (Habib et al., 2016). It has however been 

suggested that the zirconia in these RBCs can lead to increased wear of the antagonist 

tooth (Habib et al., 2016).  

 

Table 1: Inorganic components of Filtek Bulk Fill Flowable, Palfique Bulk Flow and 

Tetric N-Flow Bulk Fill. 

 

  Manufacturer Type Fillers 
Filler 

Load 

Filtek Bulk Fill 

Flowable 

3M ESPE, St 

Paul, MN, USA 

Micro-

hybrid 

Zirconia and silica 0.01-

3.5µm  

Ytterbium trifluoride 01-

5.0 µm 

64.5%wt 

42.5%vol 

Palfique Bulk 

Flow 

Tokuyama 

Dental, Tokyo, 

Japan 

Nanofill 
SiO2-ZirO2 nano 

spherical filler 

70%wt 

56%vol 

Tetric N-Flow 

Bulk Fill 

Ivoclar 

Vivadent,  

Schaan, 

Liechtenstein 

Nanohybrid 

Barium glass  

Ytterbium trifluoride 

Copolymers 

68.2%wt 

46.4%vol 
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Filtek Bulk Fill Flowable (F-BF) is a micro-hybrid BFRBC restorative material developed 

by 3M ESPE (St Paul, MN, USA) for use as a base material in Class I and Class II cavity 

preparations, as a liner under direct restorative materials, as a dental sealant, for use in 

non-stress bearing applications such as Class III and Class V preparations and for the 

repair of small defects (3M ESPE Internal Data, Accessed 2023). The combination of 

zirconia and silica fillers used in F-BF is found in other 3M products such as Filtek Z250 

Universal Restorative and Filtek Z100 Restorative and has been shown to provide good 

wear resistance and strength in clinical application (Asefi et al., 2016). F-BF contains 

zirconia/silica particles in the size range of 0.01 – 3.5 µm with an average particle size of 

0.6 µm as well as ytterbium trifluoride particles to improve radiopacity and these particles 

are depicted in Figure 2 (3M ESPE Internal Data, Accessed 2023). The material filler load 

is 64.5% by weight and 42.5% by volume. This combination of filler particles and sizes 

was selected to ensure high physical properties related to wear resistance and strength, as 

well as to reduce shrinkage on setting (3M ESPE Internal Data, Accessed 2023). 

 

 

 

 

 

 

 

 

Palfique Bulk Flow (P-BF) is a supra-nanofill BFRBC introduced by Tokuyama Dental 

(Tokyo, Japan) (Tokuyama Dental, Accessed 2023). Though designated a “supra-

Figure 2: Micro-hybrid filler particles used in F-BF. 
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nanofill” BFRBC by the manufacturer, according to the accepted RBC classification 

system depicted in Figure 1, P-BF can be more appropriately described as a nanofill RBC.  

Filler particle morphology is typically irregular or spheroidal (Habib et al., 2017). To 

produce irregular filler particles for RBC use, manufacturers use a top-down approach to 

crush glass materials into approximate proportions (Habib et al., 2017). A bottom-up 

approach to fabricating filler particles by solution synthesis, known as the sol-gel method, 

is depicted in Figure 3 below. This method entails the seeding of small particles from 

cores which have been placed into organic solvents; filler growth is then controlled until 

the desired particle size is attained within the medium (Tokuyama Dental, Accessed 2023; 

Habib, Wang and Zhu, 2017). By adjusting reaction times, spherical fillers of uniform 

size with low dispersity are produced (Figure 4) (Habib et al., 2017). 

 

 

 

 

Figure 3: Summary of the sol-gel method used by Tokuyama Dental to 

produce the filler particles used in P-BF. 
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The influence of filler size on the physical and aesthetic properties of the polymerized 

RBC is established (Braem et al., 1989; Habib et al., 2016; Mirica et al., 2020). Internal 

data provided by Tokuyama Dental (TD) shows that maximum compressive strength is 

observed when particle sizes range between 100 – 500nm (Tokuyama Dental, Accessed 

2023). A decrease in surface roughness is observed as particles sizes drop to 500nm, 

whereafter roughness values remain constant below 500nm. Particles sizes ranging 

between 200 – 300nm attain the highest values related to surface hardness. Based on this 

data, TD rationalizes that the use of supra-nano silica-zirconia particles 200nm in size 

optimizes the physical and aesthetic properties of P-BF (Tokuyama Dental, Accessed 

2023). The material filler load is 70% by weight and 56% by volume. 

RBCs containing identical particle sizes are typically more viscous, and a lower filler load 

is required to ensure flowability of these materials. To overcome this, TD designed a 

circular configuration of their proprietary RBC filler which, according to the 

manufacturer, maintains the crucial physical features of conventional fillers with reduced 

polymerization shrinkage (Tokuyama Dental, Accessed 2023). RBC shrinkage induces 

filler displacement on polymerization.  

Figure 4: Nano spherical filler particles used in P-BF. 
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The round shape and small surface area of the nano spherical fillers reduces friction 

between particles and the matrix making either component less likely to limit the others’ 

movement on polymerization (Tokuyama Dental, Accessed 2023). Polymerization 

shrinkage stress (PSS) is therefore dispersed, resulting in overall lower PSS of the material 

(Tokuyama Dental, Accessed 2023). Figure 5 shows the shrinkage stress of RBCs 

containing the nano-spherical filler and that of RBCs containing irregular fillers. The PSS 

noted in the RBCs containing round fillers is significantly less than that of the irregular 

fillers. The PS (% linear) of P-BF is 2.1%, likely due to the high filler volume of this 

material (Tokuyama Dental, Accessed 2023).  

 

 

 

 

 

 

 

 

 

The inorganic component of Tetric N-Flow Bulk Fill (Ivoclar Vivadent, Schaan, 

Liechtenstein) (T-BF) consists of barium glass, mixed oxides, SiO₂, and ytterbium 

trifluoride (Lie Nakano et al., 2020).  Ytterbium trifluoride is added to RBCs to increase 

radiopacity, though barium glass, which is radiopaque, is also present in the filler matrix. 

Heavy metal oxides such as BaO increase the refractive index of the filler matrix, allowing 

for closer approximation of the filler refractive index to that of the resin matrix (Klapdohr 

& Moszner, 2005). The increased translucency provides a greater depth of cure on 

Figure 5: Comparison of shrinkage stress in spherical and 

irregularly filled RBCs (Tokuyama Dental, Accessed 2023) . 
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irradiation (Klapdohr & Moszner, 2005). T-BF is a nanohybrid BFRBC, though the 

manufacturer does not provide any information related to the average size and shape of 

the fillers. The material filler load is 68.2% by weight and 46.4% by volume.  

The aesthetics of T-BF is improved by the use of Ivoclar Vivadent’s (IV) Aessencio® 

technology, which optimizes the aesthetics of IV RBCs (Tetric ® N-Line The efficient 

solution for all cavities - Product Information, Accessed 2023). High material 

translucency of 28% prior to curing improves depth of cure on irradiation (Facher, 2015). 

On polymerization, the material becomes increasingly opaque until the monomers have 

converted into a polymer network, reaching a final translucency of <10% (Facher, 2015). 

This phenomenon can be seen in Figure 6 below, where the black lines under T-BF are 

visible prior to polymerization. After curing, these black lines are obscured due to the 

increase in material opacity (Tetric ® N-Line The efficient solution for all cavities - 

Product Information, Accessed 2023). 

 

 

 

 

 

Seeking a material which can easily adapt to cavity walls with little instrumentation, 

manufacturers introduced flowable RBCs to the market (Cho et al., 2022). For an RBC to 

exhibit low viscosity, a reduction in filler load is generally required. In the case of 

BFRBCs, the resin must however be sufficiently loaded to support a capping layer of 

highly filled RBC, and PS must be better than or consistent with clinically successful 

Figure 6: Aessencio® technology used in T-BF. The uncured material 

(left) is translucent; after curing greater opacity is observed (right) 

(Tetric ® N-Line The Efficient Solution for All Cavities - Product 

Information, Accessed 2023). 
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CURBCs (Cho et al., 2022). High viscosity RBCs are comprised of around 20% organic 

material, whereas the resin systems in flowable RBCs are around 40% (3M ESPE Internal 

Data, Accessed 2023). Shrinkage is an inherent consequence of methacrylate-based RBCs 

and the monomers incorporated into BFRBCs are therefore key to the success of these 

materials in use (Gajewski et al., 2012).  

Of the materials included in this study, both P-BF and T-BF are nanocomposites and F-

BF is a microhybrid RBC, though all three materials contain SiO₂ in combination with 

other filler particles. TD supports the use of P-BF in stress-bearing areas without a veneer 

of packable CURBC to cap the restoration (Tokuyama Dental, Accessed 2023). Many 

dentists are using BFRBCs and CURBCs interchangeably, regardless of whether the 

manufacturers have indicated their RBC materials for use in this manner. 

A comparison of the behaviour of these materials relative to PS measured through cuspal 

deflection as well as the compressive strength of these three flowable BFRBCs in absence 

of a capping layer is therefore of clinical relevance. 

2.3.1 Organic/resin matrix 

 Modern RBCs have undergone many changes since inception. Initial preparations 

of glass-filled PMMA transitioned into the monomer bis GMA and thereafter the 

monomers urethane dimethacrylate (UDMA) and triethylene glycol dimethacrylate 

(TEGDMA) (Ruggeberg, 2001).  At present, most RBCs consist of a premixed 

combination of two or more monomers, each with individual properties (Cho et al., 2022). 

RBC reactivity, viscosity and PS are mediated by monomer selection (Klapdohr & 

Moszner, 2005). Low viscosity monomers like TEGDMA generally have low molecular 

weight. The low weight of these molecules results in higher PS, which is why these 

monomers are used in combination with high molecular weight monomers. All the 

materials included in this study contain bis GMA, yet the additional monomers 

incorporated into the matrices differ and will be discussed further. 
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Though manufacturers may incorporate different combinations of base and diluent 

monomers in their RBC systems, bis GMA, its ethoxylated form bis EMA, and UDMA 

are the base monomers most often incorporated into these products, alongside diluent 

monomers such as TEGDMA, decanediol dimethacrylate (D3MA) and 2-hydroxyethyl 

methacrylate (HEMA). These methacrylate groups undergo rapid polymerization on 

initiation (whether light- or chemically- initiated), thus beginning the process of chain-

reaction polymerization (Cho et al., 2022). This process is closely followed by a second 

reaction involving the cross-linking of polymers which is highly associated with the 

physical properties of the RBC (Cho et al., 2022).  

All three materials used in this study contain bis GMA combined with other monomers. 

The exact volume percentages are trade secrets and therefore only ranges are provided in 

the various Material Safety Data Sheets.  F-BF consists of bis GMA, procrylat resins, bis 

EMA and UDMA in undisclosed ratios. P-BF consists of the monomers bis GMA, bis-

MPEPP and TEGDMA, while T-BF contains just bis GMA and UDMA. Because the 

manufacturers of these materials have not disclosed the ratios of these monomers, it is 

difficult to illustrate trends. Regardless, a brief discussion of the structure of these 

monomers and how they impact the dental RBC will be valuable, given that the literature 

regarding the inverse relationship between molar mass and shrinkage is established 

(Condon & Ferracane, 2000;Kleverlaan & Feilzer, 2005; Gonåalves et al, 2009).  Tables 

2 and 3 show the monomer combinations used in F-BF, P-BF and T-BF as well as the 

molecular weight of each monomer. 
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Table 2: Organic components of F-BF, P-BF and T-BF (3M ESPE Internal Data, 

Accessed 2023; Tetric ® N-Line The Efficient Solution for All Cavities - Product 

Information, Accessed 2023; Tokuyama Dental, Accessed 2023). 

 

 

 

 

 

 

 

 

 

Table 3: Molecular mass of monomers used in F-BF, P-BF and T-BF (Cho et al., 2022; 

Klapdohr & Moszner, 2005). 

 

 Monomers 

Filtek Bulk Fill Flowable 

Restorative 

Bis GMA  

Procrylat resins  

Bis EMA  

UDMA 

Palfique Bulk Flow 

Bis GMA  

Bis MPEPP  

TEGDMA 

Tetric N-Flow Bulk Fill 

Bis GMA  

UDMA 

Monomer Chemical Nomenclature 

Molecular 

Weight 

(g/mol) 
 
 

Bis GMA 2,2-bis-4-2-(hydroxi-3-methacriloxiprop-1-oxi)propane 512  

UDMA 
1,6-bis-(metalocriloxi-2-etoxicarbolamino)-2,4,4-

trimethylexane 
470  

TEGDMA triethylene glycol dimethacrylate 286  

Procrylat 2,2-bis[4-(3-methacryloxypropoxy)phenyl]propane 481  

Bis EMA 
2,2-bis-4-2-(hydroxi-3-methylacriloxietoxi)-

phenylpropane 
540  

Bis 

MPEPP 
2,2-bis[(4-methacryloxy polyethoxy)phenyl]propane 478  
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F-BF contains in its organic matrix the monomers bis GMA, UDMA, bis EMA and 

procrylat resins. According to the manufacturer, the ratio of these monomers have been 

optimally adjusted in F-BF to ensure low PS and low elastic modulus (EM), resulting in 

reduced PSS. The linear PS of F-BF is 2.5% in tests undertaken by TD when comparing 

the PS of F-BF to P-BF (Tokuyama Dental, Accessed 2023). The linear PS of F-BF 

reported by 3M was 3.1% (3M ESPE Internal Data, Accessed 2023). When compared to 

flowable CURBCs, the PS of F-BF was the lowest of the materials tested. However, when 

compared to high-viscosity BFRBCs, F-BF displays the highest PS. The variability in the 

results obtained by 3M and TD are likely due to differences in testing methodologies. 

When comparing the PS of F-BF to low-viscosity CURBCs, the PS is expected to be 

lower due to the higher filler content in the BFRBC. Conversely, the PS of F-BF relative 

to low-viscosity BFRBCs is higher due to the lower filler load of the flowable BFRBC.  

P-BF is available in syringe form and contains in its organic matrix the monomers bis 

GMA, bis-MPEPP and TEGDMA. T-BF contains bis GMA and UDMA only in its resin 

matrix. 

Bis GMA is characterized by its rigid structure with aromatic rings and hydroxyl groups 

on its’ backbone, with a high molecular weight of 512g/mol (Figure 7). Despite its high 

reactivity, the pendant hydroxyl groups impair mobility which adversely impacts the 

degree of conversion (Gajewski et al., 2012; Pfeifer et al., 2011). To improve handling, 

bis GMA – containing RBCs are combined with low viscosity monomers such as 

TEGDMA (Figure 7). With a molecular weight of 286g/mol, TEGDMA improves the 

viscosity of the monomer matrix, though its addition has been shown to increase water 

sorption, decrease the physical properties and impact colour stability of the RBC 

(Gajewski et al., 2012) Extensive cross-linking of the base monomer is observed when 

combined with TEGDMA, resulting in improved strength and rigidity (Gajewski et al., 

2012). Despite this, TEGDMA is used in small quantities due to the high polymerization 

shrinkage of this resin.  
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UDMA is a high molecular weight monomer (470g/mol) with better flexibility and 

viscous properties in comparison to bis GMA (Gajewski et al., 2012). UDMA exhibits 

high flexural strength and EM and has been incorporated into many commercial RBCs 

(Gajewski et al., 2012). T-BF is comprised of bis GMA and UDMA only, whereas the 

other two materials tested in this study are a combination of more than two copolymers. 

Bis EMA is the ethoxylated form of bis GMA, boasting a high molecular weight of 

540g/mol (Gajewski et al., 2012). This resin does not undergo the same secondary 

interactions as the hydroxyl groups of bis GMA, which reduces its viscosity and increases 

the degree of conversion (Gajewski et al., 2012). Despite a decreased viscosity in 

comparison to bis GMA, bis EMA is still a rigid monomer and requires the addition of a 

diluent monomer to improve handling (Tanoue et al., 2007).  

UDMA and bis EMA are also high molecular weight monomers which display low 

viscosity in comparison with bis GMA. The high molecular weight of these resins ensures 

that while the monomers still create hard crosslinking on polymerization, shrinkage is 

significantly reduced (Marx & Wiesbrock, 2021). Figure 8 shows the UDMA and bis 

EMA molecules. 

Figure 7: Bis GMA and TEGDMA molecules 
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Bis-MPEPP is an aromatic compound with a molecular weight of 478g/mol (Tanoue et 

al., 2007) This monomer has a lower viscosity than UDMA, though the molar masses of 

these compounds are comparable.  Labella et al (1999) states that monomers which exhibit 

low viscosity can tolerate higher filler loads. The incorporation of bis-MPEPP as a 

copolymer in P-BF is likely why this material has the highest filler load of the three 

materials and is the only BFRBC in this study indicated for placement without a capping 

layer, despite being bis GMA – based with TEGDMA added as a diluent. Though 

information regarding copolymer ratios is not available, the incorporation of two high 

molecular weight monomers alongside TEGDMA as the diluent suggests that P-BF 

should undergo the least PS of the materials tested. 

Procrylat has a molecular weight of 481g/mol and is similar in structure to bis GMA 

except for the lack of pendant hydroxyl groups (3M ESPE Internal Data, Accessed 2023). 

This enhances the mobility of the monomer, and results in lower viscosity and increased 

depth of cure. Given that F-BF contains copolymers of high molecular weight, this 

material is also expected to exhibit low shrinkage, especially in comparison to T-BF. 

Procrylat is a high molecular weight monomer with a lower viscosity than bis GMA 

despite otherwise similar properties. The main difference between these two monomers 

is that procrylat lacks pendant hydroxyl groups which decreases hydrogen bonding 

potential thus reducing viscosity (3M ESPE Internal Data, Accessed 2023). Figure 9 

shows the procrylat molecule. 

Figure 8: UDMA and bis EMA molecules 
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The joining of monomers to form macromolecules is called polymerization. 

Polymerization of RBCs is directional, where polymer chains can be cross-linked, linearly 

linked or branched (Pfeifer et al., 2011). Dental RBCs undergo free-radical addition 

polymerization to form crosslinked networks, the process of which will be further 

discussed.  

2.4 RBC polymerization dynamics 

2.4.1 Chemistry 

An electron-rich carbon-to-carbon double bond is located at the terminal end of 

the methacrylate-based monomer. Where a methyl group is covalently bonded to the α-

carbon atom, the monomer methyl-methacrylate is created (Rueggeberg et al., 2017). 

Similarly, substitution of this group with species such as ‘ethyl’ or ‘hydroxyethyl’ results 

in the formation of other methacrylate-based monomers with distinct properties 

(Rueggeberg et al., 2017). Dimethacrylate monomers are formed when additional 

methacrylate groups are located on either monomer end, examples of which include Bis 

GMA, TEGDMA and UDMA (Rueggeberg et al., 2017). Polymerization can be discussed 

across the following stages; namely, initiation, propagation and termination of the 

reaction. Figure 10 shows the chemical structure of a methacrylate-based monomer. 

 

Figure 9: Procrylat molecule 
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On polymerization, these methacrylate groups release internal energy which links similar 

groups present in the system. To release this constrained energy and initiate the reaction, 

the creation of a free radical species seeking the high-density carbon double bond is 

crucial (Rueggeberg et al., 2017). Atoms or groups of atoms with unpaired electrons are 

called free radicals. To this end, an external energy source must act upon the compound 

to activate it (Rueggeberg et al., 2017). Once activated, the outer shell electron of the 

species actively seeks another electron to share its orbital and form a stable covalent bond 

with. The free radicals diffuse through the resin matrix and collide with the carbon-to-

carbon double bonds of the methacrylate-based monomer, thus initiating polymerization 

(Rueggeberg et al., 2017). 

The process of polymerization involves the formation of covalent bonds between the free 

radicals and each of the four carbon electrons contributing to the double carbon bond, 

resulting in a single bond between carbon atoms, where before a double carbon bond 

existed. The remaining electron then becomes the free radical species, actively diffusing 

through the matrix in search of the next carbon-to-carbon double bond with which it will 

react in a similar manner (Rueggeberg et al., 2017). Once the first free radical has reacted 

and formed a stable covalent bond, another free radical is created, and the polymer chain 

Figure 10: Chemical structure of a methacrylate-

based monomer (Rueggeberg et al., 2017) 
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lengthens as new monomer units form covalent bonds. Monomer consumption increases 

rapidly as more of the monomer is incorporated into the polymer network. This process 

is termed auto-acceleration and will continue until an increase in viscosity is noted as the 

formation of free radicals decreases and the unreacted monomer is depleted (Rueggeberg 

et al., 2017). Eventually, the free radicals at the end of the polymer chain collide and form 

a covalent bond between them, terminating the reaction and halting further growth of the 

polymer chain. Propagation of the polymer chain is depicted in Figure 11. 

 

 

Consequently, the cross-linking of the polymer network around the inert filler particles is 

what causes the RBC to harden. Unfilled resin, regardless of type, exhibits higher 

volumetric changes than their filled counterparts as the inorganic matrix does not 

participate in the curing process (Gonåalves et al., 2009). 

2.4.2 Volumetric changes on curing 

Though many variables contribute to the performance of RBCs in function, 

optimal polymerization of the organic matrix is an important factor to consider (Soares et 

al., 2017). Inadequate conversion of the monomer into a polymer reduces the intended 

properties of the cured RBC. On polymerization of the RBC, shrinkage of the material 

can be expected as the monomers convert into a polymer (Soares et al., 2017). Prior to 

polymerization, weak Van der Waals forces exist within the monomer network (Charton, 

Colon and Pla, 2007).  After curing, these monomer chains are converted to covalent 

bonds of a shortened length, resulting in volumetric shrinkage (Charton, Colon and Pla, 

2007).  Consequently, the formation of voids and cracks within the surrounding hard 

Figure 11: Polymer chain propagation by addition of successive monomer 

units (Rueggeberg et al., 2017) 
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tissue can occur, leading to unfavourable optical and mechanical properties in the final 

restoration (Marx and Wiesbrock, 2021). 

An adequate degree of conversion (DC) of monomers in the RBC is therefore critical to 

the clinical success of the dental restoration. Light attenuation occurs as the light passes 

through the RBC mass (Rezaei et al., 2019). For this reason, placement of CURBCs in 

2mm increments is recommended. DC is affected by many factors, including filler particle 

size, the resin matrix, curing light particulars such as intensity, wavelength and curing 

times, the type of photo-initiator, as well as material translucency (Rezaei et al., 2019). 

Application of BFRBCs in 4-5mm increments is possible due to modification of some of 

these factors. Evaluation of DC values of bis GMA – based CURBCs using infrared 

techniques reported DC values between 52-72%, though most of the tested materials were 

observed to have DC values in the range of 55-60% (Asmussen, 1982; Alshali, Silikas 

and Satterthwaite, 2013).  Rezaei et al (2019) reported DC values in the range of 55-65% 

in BFRBCs when placed in 4mm increments, results comparable with the DC of CURBCs 

as reported by Alshali et al (2013). 

When compared to spherical fillers, irregular filler particles show high dispersity as well 

as greater variability in shape due to the fabrication process (Habib, Wang and Zhu, 2017). 

An inverse relationship is observed between particle size and DC, where RBCs containing 

small particles display high DC and greater translucency due to decreased light scatter 

and reflection (Habib, Wang and Zhu, 2017). Therefore, materials with small particle 

sizes and high translucency will demonstrate greater DC. 

Many bis GMA – based RBCs are combined with the diluent monomer TEGDMA. This 

combination has been shown to synergistically effect DC, where higher ratios of 

TEGDMA improves DC and curing depth (Rothmund et al., 2017). Habib et al (2017) 

showed that in comparison to bis GMA – based RBCs, the difference in refractive indices 

between the organic and inorganic matrices of UDMA-based RBCs results in a greater 

DC. All three BFRBCs tested in this study are bis GMA – based, though F-BF also 

contains UDMA alongside other monomers in its’ organic matrix. T-BF contains both bis 
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GMA and UDMA, along with IV’s Aessencio® technology, which maximizes 

translucency prior to curing. P-BF is comprised of nano filler particles of uniform shape 

and size, which minimizes refraction and improves DC. P-BF contains bis GMA and 

TEGDMA in its resin matrix. Though monomer ratios are not disclosed, the composition 

of these three BFRBCs support a 4mm depth of cure. 

F-BF and P-BF contain camphorquinone (CQ) as a photoinitiator, though P-BF utilizes 

radical amplified photo-polymerization technology (RAP-T) to improve DC. T-BF 

contains the polymerization booster Ivocerin, an alternative to traditional CQ-amine 

photo-initiators used in dental RBCs. RAP-T and Ivocerin will be elucidated upon further 

in this thesis. 

Clinically, shrinkage stress is induced by adhesive bonding of the RBC to the cavity walls 

during polymerization and may be proportionately related to the volume of volumetric 

shrinkage (Feilzer et al., 1990; Charton et al., 2007). Where efficient bonding has 

occurred, visco-elastic flow of the polymer is prevented except on the free surface area, 

and the material instead exerts stress on the adjacent hard tissue (Feilzer et al., 1990; 

Charton et al., 2007). Charton et al (2007) state that complications related to the 

tooth/adhesive/restoration interface are principally caused by dimensional changes on 

curing. The potential for polymerization shrinkage to deflect the surrounding tooth 

structure and cause cuspal movement is a major clinical concern, and the focus of this 

research undertaking. 

Although TEGDMA has been successfully incorporated into many commercial RBCs, its 

low molecular weight generates high shrinkage on curing. To create a flowable BFRBC 

with reduced PS, 3M selected four high molecular weight monomers to form the resin 

matrix. Despite high molar masses, the relatively low viscosities of bis EMA, procrylat 

and UDMA lend workability to F-BF while ensuring that a tough crosslinked polymer 

network with reduced PS is formed. Of the BFRBCs used in this study, both F-BF and T-

BF contain only high molecular weight monomers in their resin systems, which likely 

contributes to the low PS marketed by the respective manufacturers. 
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Smaller filler particles lend superior aesthetic properties to the cured RBC but increasing 

the filler load without affecting the viscosity of the material is challenging (Habib, Wang 

and Zhu, 2017). A lower filler load invariably results in higher PSS and reduced physical 

properties. P-BF contains TD’s proprietary spherical supra-nano fillers; this filler 

configuration reduces friction between particles and the matrix due to their small surface 

area and round shape (Tokuyama Dental, Accessed 2023). Because movement within the 

RBC is less restricted, PSS in the system is dispersed (Tokuyama Dental, Accessed 2023). 

It is possible that the filler composition of P-BF compensates for the incorporation of 

TEGDMA as a diluent monomer, though this is difficult to substantiate without 

information related to the ratios of each monomer. 

2.5 Photo-polymerization of RBCs 

2.5.1 Visible light curing 

At a given wavelength, photon absorption leads to the conversion of visible light 

into stored energy, which gives rise to the formation of free radicals and initiation of 

polymerization (Rueggeberg et al., 2017). The absorption of these photons involves 

energy consumption by molecules and a conversion from the ground state, where the outer 

shell electron is located in its orbital layer, to an excited state, where the outer shell 

electron is raised to a higher orbital layer (Rueggeberg et al., 2017). Though different 

photoinitiators have been developed for use in dental RBCs, the formation of free radicals 

to induce polymerization is ultimately the objective (Rueggeberg et al., 2017). 

CQ and its co-initiator tertiary amine (TA), which increases CQ’s efficiency in producing 

free radicals, are the most common photo-initiators used in commercial RBCs (Kowalska 

et al., 2021). RAP-T was developed to overcome the undesirable properties of this 

compound, namely its’ bleaching properties, yellow hue, and relative toxicity  (Kowalska 

et al., 2021). This technology utilizes recycled CQ to generate free radicals, where a single 

CQ molecule can produce multiple free radicals (Kowalska et al., 2021). The amount of 

CQ and TA required is consequently diminished. Lucirin® TPO and Ivocerin® are two 

initiators developed by IV, both of which do not require co-initiators for free radical 

https://uwcscholar.uwc.ac.za/



 

43 

 

production, are easily synthesized, show low cytotoxicity and form at least two initial free 

radicals by α-cleavage (Kowalska et al., 2021; Rueggeberg et al., 2017). These 

photoiniators are often used in combination with CQ (Rueggeberg et al., 2017). 

Though other photoinitiators have been researched, the aforementioned are relevant for 

discussion as they are most widely applied in commercial RBCs and have been 

incorporated into the materials investigated in this study (Kowalska et al., 2021). CQ is 

used as a photoiniator in F-BF and P-BF, though P-BF uses RAP-T to reduce the amount 

of CQ needed. Ivocerin’s absorption spectrum allows for the production of colour-stable 

amine-free RBCs (Hirt, 2013).   

2.5.2 Visible curing lights 

Photo-initiators exhibit different spectral absorbances and absorb light differently. 

Though not designed specifically for dental application, quartz-tungsten-halogen (QTH) 

lights were introduced to dentistry in the 1970’s with output ranges between 500-

1500mW/cm². Diminished light intensity with time and heat production by the unit, 

coupled with long exposure times required to adequately polymerize RBCs led to the 

introduction of plasma arc (PAC) lights. Though optimal light conditions for specific 

photo-initiators are not uniformly met by the PAC light, adequate and deep curing is still 

ensured due to the blue component present in these light units (Rueggeberg et al., 2017).  

Argon-ion lasers were first introduced to dentistry as an adjunct to vital bleaching, and its 

use for photo-curing of RBCs was secondary. Despite presenting as a feasible alternative, 

the cumbersome size of these units as well as poor activation of photo-initiators other than 

CQ soon rendered it obsolete. Light emitting diodes (LED) have low power needs, which 

allows for portable, battery powered units. Provision of greater photon-generating 

efficiency as compared to other light sources, and the elimination of filaments or optical 

filters required of the other light sources discussed contributes to the wide use of these 

units today (Rueggeberg et al., 2017).  
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Multiple colours have been incorporated into third generation LEDs to ensure activation 

of Lucerin-TPO and Ivocerin, as well increase DC in RBCs. IV’s Bluephase curing light 

is comprised of two blue LEDs with a wavelength spectrum around 460nm alongside a 

violet LED which has a wavelength spectrum around 400nm in an array within the unit 

(Figure 12). The cumulative emissions provide a spectral profile compatible with all 

contemporary photo-initiators discussed. The spectral emission profile is depicted in 

Figure 13. 

For this reason, a Bluephase-N (Ivoclar Vivadent) curing light was used in this study to 

ensure optimal conversion rates on polymerization (Figure 14) 
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Figure 12: Construction of emitting elements in Bluephase 

curing light (Rueggeberg et al., 2017) 
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2.5.3 Degree of conversion  

As stated earlier in this review, degree of conversion is a major determinant of 

physical properties such as strength and hardness, EM, water sorption, as well as the 

dimensional and colour stability displayed by the cured RBC (Par et al., 2015). Degree of 

Figure 13: Spectral emission profile of third generation LED 

curing lights (Rueggeberg et al., 2017) 

Figure 14: Bluephase-N curing light. 
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conversion is related to the total volumetric shrinkage of the RBC (Braga & Ferracane, 

2002). 

Application of BFRBCs in 4-5mm increments minimizes the risk of voids and 

contamination between layers. When CURBCs are applied in increments greater than 2-

3mm, light attenuation and insufficient activation of photoinitiators causes a reduction in 

the degree of conversion (Par et al., 2015). To counteract this issue in BFRBCs, 

manufacturers have adjusted the sizes and shapes of fillers to increase RBC translucency, 

incorporated fillers with low EM, used different resin combinations, and/or modified 

photoinitiator systems (Par et al., 2015).  

Optimal curing parameters are provided by manufacturers of BFRBCs to ensure adequate 

degree of conversion of their materials when applied in 4mm increments. 3M advises a 

cure time of 20 seconds for shades A1, A2, and A3, and a cure time of 10 seconds for the 

Universal shade using an LED lamp with a minimum output of 1000 mW/cm². Cure times 

indicated for T-BF are dependent on the intensity of the curing lamp, where a 10 second 

cure time is recommended for T-BF using an LED lamp with an output of 900-1400 

mW/cm². Regardless of shade, 10 seconds irradiance using an LED lamp with a minimum 

output of 800 mW/cm² is recommended for P-BF. Materials used in this study were shade 

A2 for F-BF and P-BF. T-BF’s universal A shade (IVA) is comparable to the A2 shades 

selected for F-BF and P-BF and was therefore used in this study.  

2.6 Modes of failure 

Given the wide application of RBCs in modern dentistry, long-term retention of 

composite restorations has been extensively studied. Sharif et al (2010) cites recurrent 

caries, wear, and marginal discoloration of RBC restorations as primary contributing 

factors related to clinical failure, with bond failure, fracture and postoperative sensitivity 

also listed as reasons for RBC restoration failure. Polymerization shrinkage stress, the 

development of elastic modulus on curing and cavity design factors directly influences 

the above and will be further expanded upon. 
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2.6.1 Polymerization shrinkage stress (PSS) 

The formation of gaps between the RBC and the prepared cavity walls is due to 

polymerization shrinkage creating stress on the tooth/adhesive/restoration interface (El-

Marhomy et al., 2013). Polymerization stress is directly related to volumetric change of 

the composite material on polymerization. This, in turn, leads to microleakage, which 

contributes to clinical failure of RBC restorations. 

PSS is exerted upon the RBC as it cures, with the concentration of stress occurring at the 

bond interface (El-Marhomy et al., 2013). The setting reaction of RBCs results in 

volumetric shrinkage and the development of elastic modulus (de Mendonça et al., 2021).  

Versluis et al (2004) states that though PSS has been associated with potential failure of 

the tooth/restoration complex, the occurrence of PSS is best measured through indirect 

clinical manifestations such as tooth deformation, which can be quantified by 

investigating cuspal deflection. Lee et al (2007) describes cuspal deflection as the 

consequence of interactions between PSS and the cusp wall compliance, which is seen in 

teeth restored with RBCs. 

2.6.2 Flexural Properties 

The stiffness of a material and its’ tendency to resist bending is referred to as 

elastic or flexural modulus (EM). This mechanical property has a direct relationship to 

the degree of deformation of a material under stress (Chung et al., 2005). EM in relation 

to RBCs is a key property, where RBCs for use in posterior direct restorations must ideally 

possess an EM as close to that of dentin and enamel to allow for adequate stress 

distribution on loading (Chung et al., 2005). Where large discrepancies in the EM gradient 

between RBCs and the dental hard tissue exists, a high risk of fracture and marginal 

leakage is to be expected (Chung et al., 2005). RBC rigidity is associated with high EM, 

though low EM has been shown to reduce PSS (Rodrigues Junior et al., 2007).  

Flexural strength (FS) refers to the stress peak recorded in a material at the first point of 

yield and is measured in gigapascals (GPa). Though this in vitro measurement is not 
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readily extrapolated to clinical performance, it is still widely used to enable comparison 

between materials (International Organization for Standardization: ISO 4049, 2019; 

Rodrigues Junior et al., 2007). EM is measured in megapascals (MPa) and is also used for 

comparative analysis of dental materials. The FS of F-BF is within the range of low-

viscosity CURBCs, whereas its’ FS in comparison to posterior high-viscosity BFRBCs is 

significantly lower (3M ESPE Internal Data, Accessed 2023). Because T-BF contains pre-

polymerized silanized fillers, a lower EM is observed in the polymerized RBC (Lie 

Nakano et al., 2020). Therefore, both 3M and IV recommend the placement of a capping 

layer of high-viscosity RBC to improve the physical properties of their flowable BFRBCs 

on function.  

Figure 15 shows the EM of P-BF compared to various 3M and IV BFRBCs (Tokuyama 

Dental, Accessed 2023). The EM of P-BF is comparable to that of the high viscosity Filtek 

Bulk Fill Posterior, supporting the manufacturer claims that this material can be used a 

direct restorative material without a capping layer. A minimum sigma value (σ) of 

100MPa is recommended by the International Organization for Standardization: ISO 4049 

(2019) for direct RBC materials. Given the data presented in Figure 15, based on EM 

alone the placement of F-BF as a direct posterior restorative (without a capping layer) can 

be rationalized. This study included compressive strength tests on all samples, none of 

which had capping layers placed over the flowable BFRBCs. The use of P-BF without a 

capping layer will be further discussed to include the results of these tests. 
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A reduction in FS has been reported in RBCs containing high TEGDMA ratios, whereas 

RBCS containing UDMA in the resin matrix in lieu of bis GMA or TEGDMA increases 

FS (Rodrigues Junior et al., 2007). The resin matrix of F-BF contains UDMA, procrylat, 

bis EMA and bis GMA, suggesting that any improvement in FS caused by the inclusion 

of UDMA may be negated by the presence of bis GMA. Interestingly, despite a resin 

matrix consisting of bis GMA, bis-MPEPP and TEGDMA, P-BF is still shown to have a 

high EM which is possibly due to the filler composition of this material. Though specific 

FS and EM values for T-BF could not be obtained, Lie Nakano et al (2020) showed that 

this material has a low EM. 

The relationship between EM and filler load percentages by weight or volume has been 

reported (Rodrigues Junior et al., 2007; Tanimoto et al., 2011). The EM of several 

composite materials within the same RBC category were found to be significantly 

different, indicating that mechanical behaviour is not determined by just one variable. 

Rather, it is a complex interplay between the monomers in the system combined with 
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Figure 15: Elastic modulus of P-BF compared to 3M and IV BFRBCs 

(Tokuyama Dental, n.d.) 
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different filler configurations which influences the physical properties of the final RBC 

material (Sabbagh et al., 2004). Sabbagh et al (2004) did not observe an increase in 

mechanical behavior of RBCs with an increase in filler load, indicating that a highly filled 

RBC will not necessarily display better FS despite having a higher EM.  

2.6.2 C-Factor 

A consideration when placing RBCs is the cavity configuration factor, commonly 

referred to as the c-factor (de Mendonça et al., 2021). The c-factor refers to the ratio of 

bonded tooth structure to unbonded tooth structure (de Mendonça et al., 2021). Where the 

c-factor is high, there is greater potential for debonding at the adhesive interface, crack 

formation and cuspal deflection (El-Marhomy et al., 2013). This occurs more readily with 

materials which show high volumetric change on photo-polymerization. 

The transfer of contraction stress onto the bonded surfaces is inevitable and may result in 

either debonding at the tooth/restoration interface or tooth deformation, manifested as CD 

or enamel cracking. Wall compliance is therefore an important factor to consider, where 

Ferracane (2008) defines compliance as the “change in dimension per unit of force applied 

or generated, and thus essentially the inverse of stiffness”. To analyze the impact of this 

variable on CD, this study included specimens with MOD preparations of standardized 

5mm depths and wall thicknesses of 3.5mm and 1.5mm respectively, where specimens 

displaying high compliance were expected to generate higher CD values. Specimens were 

distributed between three groups, where groups A and B were prepared with wall 

thicknesses of 3.5mm and group C was prepared with wall thicknesses of 1.5mm. Figure 

16 shows the cavity dimensions used in this study across groups A, B, and C.  
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Batalha-Silva et al (2013) noted high tensile stresses in the gingival areas of molar MOD 

RBC restorations when subjected to simulated masticatory forces. The authors infer that 

this may be linked to clinical observations of leakage and secondary decay at the proximal 

and gingival margins of Class II MOD restorations. Where stresses in the tissue bond are 

exceeded by those in the adhesive connection, the marginal seal becomes compromised 

(Mantri & Mantri, 2013). These findings are confirmed by Lempel et al (2019) in their 

study comparing the long-term outcomes of direct RBC restorations in vital and 

endodontically treated teeth. At an average of 11-years post-placement, marginal staining 

was found to be the defect most frequently observed in vital teeth. The same study found 

a 1.03% failure rate in vital teeth restored with RBCs, where the cause of failure included 

secondary decay and restoration fracture. da Rosa Rodolpho et al (2011) assessed RBC 

restorations up to 22 years and found that midi-filled and mini-filled hybrid RBC 

restorations presented with annual failure rates of 1.5% and 2.2% and the primary cause 

of failure was fracture. 

Class II molar restorations are subject to high forces on function. Due to the large volume 

of tooth structure lost in these cavity configurations, durability of these restorations is 

compromised (Da Rosa Rodolpho et al., 2011).  Compressive strength was found to be 

Figure 16: Preparations specifications for groups A & B 

(left) and group C (right). 
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significantly lower in molars with MOD preparations. Despite RBC placement into these 

cavities, the restored fracture resistance of these teeth was still reported to be significantly 

lower than intact teeth (Serdar Çötert et al., 2001). It has been reported that survival rates 

of MOD preparations were less than that Class II MO or DO preparations in 

endodontically treated teeth (Hansen & Asmussen, 1990). Nagasiri et al (2005) states that 

the survival rate of RBC restorations is related to the volume of remaining sound tooth 

structure. An increase in the isthmus width or in the cavity depth was found to 

significantly influence fracture susceptibility. To analyze the influence of isthmus width 

on CD, the depth of the preparations was kept constant in this study. 

To summarize, a strong linear relationship is observed between PS and EM in subjects 

with very low compliance (Aregawi & Fok, 2017). Conversely, when compliance is high, 

this relationship between PS and EM is not observed. Given that MOD cavity preparations 

were used in this study, a c-factor of 2 is expected (de Gee et al., 2006). In such 

preparations, the stress is likely to result in tooth deformation in RBCs displaying high PS 

values. With wall thicknesses of 3.5mm, the specimens in groups A and B show lower 

compliance than group C, with wall thicknesses of 1.5mm. Lee et al (2007) observed an 

increase in CD in teeth with a high c-factor, resulting in high PSS at the tooth/restoration 

interface.  

Figures 17 shows how the c-factor is calculated, where the higher the c-factor, the higher 

the stress due to boundary constraints (de Gee et al., 2006).  
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During the pre-gel phase, stress relief within the tooth structure takes place as the 

composite flows (Taha, Palamara and Messer, 2009). Upon gelation, flow ceases and 

stress becomes concentrated at the tooth/restoration interface (Taha et al., 2009). The 

interaction between PSS of the cured RBC and the bonded cavity wall results in internal 

stress on the cavity walls, resulting in cuspal deflection (Taha et al., 2009). CD may 

contribute to enamel crack formation and microleakage at the tooth/restoration interface, 

leading to recurrent caries and restoration failure (Taha et al., 2009). Depending on the 

methodology used to measure CD, cavity size and configuration as well as type of RBC, 

CD values in the range of 4 - 45µm have been reported (Taha et al., 2009). 

CD increases as cavity dimensions increase; greater stress is observed within the tooth as 

the size of the restoration increases, though stress within the restoration itself as well as 

at the tooth/restoration interface decreases (Versluis et al., 1996). The risk of fracture 

increases in the described stress distribution. The restored teeth in this study were assessed 

for their modes of failure on a Universal testing machine (H10KT-0293, Tinus Olsen) and 

analyzed using the associated software (QMat Testzone, version 4.5.37, Tinus Olsen, 

Redhill, England). 

 

Figure 17: C-factor calculation based on cavity type. 
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2.7 Classification of RBCs 

Many RBC classification systems have been proposed, with filler particle size 

being the primary differentiating factor in most as previously discussed and depicted in 

Figure 1  (Puckett et al., 2007). There are systems which categorize RBCs based on 

clinical indications, while yet others classify RBCs based on product consistency (Puckett 

et al., 2007). Given the parameters of this research, conventional universal composite 

resins and bulk-fill flowable resins will be discussed. This will enable comparison 

between the indications and direct clinical application of these materials. 

2.7.1 Conventional Universal RBC’s 

CURBCs are a mainstay in restorative dentistry due to their strength, ease of 

handling and familiarity. The viscosity of CURBCs varies; both high- and low- viscosity 

formulations are available. High viscosity CURBCs are generally packable with a putty-

like consistency. This allows for sculpting with little slumping, which is desirable in most 

clinical situations. An increase in the filler load of RBCs results in an improved ability to 

resist functional wear as well as an increase in viscosity (Baroudi & Rodrigues, 2015). 

The high viscosity of many of these packable composites does however impact 

adaptability to the cavity walls, leading to poor adaptation and void inclusion within the 

restoration (Baroudi & Rodrigues, 2015).  

When CURBCs are used, it is recommended that the material is placed in 2mm increments 

to ensure acceptable monomeric conversion (to a polymer) of the composite (de 

Mendonça et al., 2021a). This technique also ensures stress reduction at the bond interface 

and allows for efficient photo-polymerization (Veloso et al., 2019). It is important to note 

that incremental placement of CURBCs may result in air entrapment and moisture 

contamination, possibly altering the outcome of the final restoration (de Mendonça et al., 

2021), and highlighting the clinical advantage of bulk fill restoratives. 

Versluis et al (1996) investigated the effect of incremental placement of CURBCs on PS 

and showed that the incremental technique yielded higher PS on the tooth/adhesive 
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surface than a bulk placement of the CURBC, though this may be due to photo-

polymerization dynamics of the combined filler and resin content at the base of the 

restoration due to polymerization light penetration and conversion depth. More recent 

studies have demonstrated that bulk filling with low viscosity bulk-fill composites results 

in less cuspal deflection than incremental placement of low viscosity CURBCs (Demirel 

et al., 2020). 

The evolution of CURBCs has seen many changes in particle size, type and distribution 

in the inorganic matrix as well as adjustments to the resin matrix (Puckett et al., 2007). 

These modifications have been in service of optimizing the mechanical and aesthetic 

properties of these materials in use (Puckett et al., 2007). A milestone development has 

been the introduction of bulk-fill composites, which is claimed by manufacturers to have 

streamlined a traditionally time-consuming process for dentists by dispensing of the 

incremental composite curing method required of CURBCs. 

For the purposes of this thesis, flowable BFRBCs will be further discussed.  

2.7.2 Bulk-fill Flowable Composites 

RBCs rely on photo-polymerization to achieve adequate curing; the incremental 

technique used in the placement of CURBCs seeks to reduce the negative impact of the 

c-factor and polymerization shrinkage stress (Benetti et al., 2015). Developments in 

photoiniator dynamics as well as improvements in material translucency, allowing better 

light penetration, has allowed for placement of BFRBC in larger increments (Benetti et 

al., 2015). BFRBCs have demonstrated reduced polymerization shrinkage stress when 

compared to hybrid composites (Benetti et al., 2015).  
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Regardless, in deep and wide cavity preparations, or those exhibiting a high c-factor, 

issues relating to PSS may be compounded (Benetti et al., 2015). González-López et al 

(2007) found that PSS resulted in greater inward cusp movement/deflection in three-

surface cavity preparations (which were used in this thesis methodology) as compared to 

two-surface preparations. It is accepted that a proportional increase in PSS and cuspal 

deflection can be expected as the size of the restoration increases. This finding brings into 

question the impact of the c-factor on cuspal deflection, which can be described as a 

manifestation of PSS on the bonded surfaces of the tooth walls. 

Flowable BFRBCs have a lower viscosity which allows the material to adapt easily with 

a lower risk of air pocket formation between layers (Baroudi & Rodrigues, 2015). 

BFRBCs allow for the placement of 4-5mm of material prior to curing, with no reported 

adverse effects on the chemical and physical properties of the RBC (de Mendonça et al., 

2021). Benetti et al (2015) demonstrated that high-viscosity BFRBCs showed 

polymerization shrinkage comparable to the CURBC tested in the study. Studies have 

been undertaken to compare incremental placement and bulk placement of conventional 

high viscosity RBCs. Kim & Park (2011) showed that bulk placement of conventional 

RBC’s resulted in less cuspal deflection, though the authors caution that this may have 

been due to incomplete polymerization of the RBC. BFRBCs have however been 

developed to allow for placement in larger increments with complete polymerization 

when cured with an appropriate dental curing unit. In a study comparing flowable 

BFRBCs and flowable CURBCs, it was found that flowable BFRBCs achieved higher 

DC values comparatively, in line with manufacturer indications and supporting bulk 

placement of these materials (Ludovichetti et al., 2022). 

The use of BFRBCs in the described manner is supported by the literature, but 

interrogation of the behaviour of these materials in preparations with varied wall 

compliance as well as their effect on CD is of clinical significance and is the focus of this 

study. 
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2.8 Reinforcement of dental restorations 

In their study investigating cuspal deflection and tooth strain, Taha et al (2009) 

demonstrated that the amount of cuspal deflection sustained in restored teeth increases as 

cavity dimensions increase. It can then be stated that in cavities with a high volume of lost 

tooth structure, the stress incurred by the remaining dental hard tissue will result in high 

tooth deformation by way of cuspal deflection. The risk of cuspal fracture in molars and 

premolars increases proportionally with the number of restored surfaces and the 

increasing width of the isthmus (Fráter et al., 2021). Fráter et al (2021) cautions that 

though it has been postulated that the bonding of RBCs to tooth structure may provide an 

‘internal splint’ which theoretically increases fracture resistance, this reinforcement is not 

supported by the literature and any such effect would be hampered by PSS.  

The use of amalgam as a posterior restorative material is declining globally and the 

placement of RBCs in direct posterior restorations has since become the standard (Taut, 

2013). High compressive and tensile stresses incurred during function demand that these 

restorations are sufficiently able to safeguard the tooth against fracture (Fráter et al., 

2021). Reinforcement of the tooth/restoration complex becomes more challenging as the 

amount of lost dentin increases and resultant thinning of cuspal walls is observed. Due to 

the loss of both marginal ridges, cavities involving the mesial, occlusal, and distal surfaces 

of the tooth show the most marked reduction in tooth structure stiffness as compared to 

other cavity configurations (Fráter et al., 2021; Reeh et al., 1989). In addition to the loss 

of both marginal ridges, MOD cavities with wide isthmuses are more susceptible to 

fracture than those with a narrow isthmus (Fráter et al., 2021). The depth, and by 

extension, volume of the structure to be replaced is also a consideration, as it was shown 

by Forster et al (2019) that regardless of remaining cavity wall thickness, deep MOD 

cavities restored with RBCs had a low fracture resistance. 

Meiers et al (2003) suggest that a reduction in cuspal deflection can be expected when 

modifications to the interfacial stress (tooth/adhesive/resin material) concentrations in 

large composite restorations are introduced. It has further been demonstrated that fiber-
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reinforced RBC restorations reduce stress accumulation on the remaining hard tissue 

(Eskitascioglu et al., 2002). 

The incorporation of fibers to bolster direct restorations has been lauded, in that it allows 

for improved fracture resistance and mitigation of the c-factor effect (Rudo, 2016). The 

use of fiber-reinforcement for direct composite restorations has been shown to increase 

both flexural modulus and fracture resistance, as well as resist crack propagation (Dyer et 

al., 2004). The incorporation of fibers in direct restorations is also proven to reduce PSS 

on curing (Dyer et al., 2004).   

Polyethelene, carbon/graphite, and glass fiber systems have been tested for use as 

reinforcement materials in direct restorative dentistry (Tanner et al., 2018). Clinical 

application of fibers is vast, with literature supporting the use of fibers in the fields of 

prosthodontics, endodontics, orthodontics, periodontics and paediatric dentistry 

(Scribante et al., 2018). Within the field of conservative dentistry, fiber application is 

primarily in relation to direct RBC restorations (Scribante et al., 2018). Sáry et al (2019) 

showed that polyethelene fibers improved fracture toughness regardless of its position in 

the cavity, as compared to glass fibers and short fiber-reinforced RBCs, which showed 

variable fracture toughness depending on the position of the fibers.  

Ribbond (Ribbond Inc, Seattle, WA), which is a polyethelene fiber system, will be further 

expanded upon. 

2.8.1 Ribbond Bondable Fibers 

Introduced to the dental market in 1992, the polyethylene fiber system Ribbond, 

has increasingly been regarded in the literature as a gold standard fiber-reinforcement 

system (Ganesh & Tandon, 2006; Karaman et al., 2002). It is comprised of leno-woven 

ultrahigh molecular weight polyethylene fibers which are non-impregnated (Fiber 

Comparison I Ribbond, 2022). Cold gas plasma treatment enhances the adhesion of 

synthetic dental restorative materials to the fibers, rendering this system compatible with 
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any bonding agent and RBC (Sever Bechir et al., 2016). The versatility of this system 

therefore allows for direct comparison of BFRBC products from different manufacturers. 

Ribbond fibers have been shown to exhibit high tensile strength, high modulus of 

elasticity and improved fracture resistance (Fiber Comparison I Ribbond, 2022). In their 

study investigating the effect of fiber insertion on fracture resistance, Belli et al (2005) 

theorizes that the placement of Ribbond fibers improves fracture resistance by altering the 

stress dynamics at the tooth/restoration/adhesive interface. The result of their study 

confirms this hypothesis, where a significant increase in fracture strength was observed 

in molars with MOD preparations when Ribbond was inserted into the prepared cavities. 

Eskitascioglu et al (2002) measured the EM of polyethylene fibers used with various 

adhesive systems and concluded that the high EM and lower flexural modulus of 

polyethylene fibers may have a modifying effect on the development of interfacial stresses 

along the tooth/restoration interface. Meiers et al (2003) demonstrated that polyethylene 

fibers placed within RBC restorations can reduce volumetric shrinkage. Furthermore, 

Ribbond fibers increased fracture resistance on loading and resisted separation of the RBC 

from tooth margins on curing (Meiers et al., 2003).  

Ribbond employs a lock-stich design (Figure 18) which allows for even force distribution 

throughout the fiber system (Belli and Eskitascioglu, 2006). The system of interlocked 

fibers provides multiple load paths, allowing for redistribution of occlusal forces through 

the RBC (Belli and Eskitascioglu, 2006). The weave design ensures that there is good 

integration of the fibers with the RBC, enhancing the clinical longevity of Ribbond-based 

RBC restorations (Karaman et al., 2002).  

 

 

 

Figure 18: Schematic representation of Ribbond leno-weave design (Fiber Comparison 

| Ribbond, 2022) 
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Ribbond’s design offers superior handling and close adaptation of the fibers with little 

movement upon placement into the desired application (Belli and Eskitascioglu, 2006). 

Its pliability allows for precise placement, which translates to minimal void incorporation 

upon curing. The translucent fibers meet aesthetic expectations, making Ribbond a 

material of choice even in the anterior segments, for various clinical applications. 

2.9 Micro-computed Tomography (Micro-CT) 

Techniques used to measure cuspal deflection which have been cited in the 

literature include microscopy (Suliman, Boyer and Lakes, 1993; Rees et al., 2004), strain 

gauges (Taha, Palamara and Messer, 2009), interferometers (Suliman, Boyer and Lakes, 

1993), linear variable differential transformers (Meredith & Setchellt, 1997) and others 

(Moorthy et al., 2012; Demirel et al., 2020). The described methods allow for two-

dimensional (2D) measurement of cuspal deflection. 

Recently, attempts have been made to enable non-destructive investigations of biological 

samples (du Plessis et al., 2017). Computerized axial tomography (CAT), also known as 

computed tomography (CT), is widely used for clinical imaging of human anatomy. The 

technique utilizes 2D x-ray images which have been recorded from all angles of the object 

to render a digital three-dimensional (3D) reconstruction of the object (du Plessis et al., 

2017). This reconstruction allows for multidirectional examination of the object as well 

as other advanced measurements such as dimensional and volumetric examinations 

(Brunke, 2010). 

CT scanning is also used in the industrial sector for non-medical purposes, where the 

demand for high resolution imaging in microns (µm) is required (du Plessis et al., 2017). 

Industrial CT-scanning is therefore referred to as micro-CT scanning or, in the case of 

sub-micron resolutions, x-ray microscopy (du Plessis et al., 2017). Where medical CT 

imaging involves a stationary subject with a rotating x-ray source and detector, industrial 

CT imaging utilizes a fixed x-ray source and detector around a rotating object (du Plessis 

et al., 2017). This configuration allows for adjustment of resolution depending on the size 
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of the sample as well as voltage and current modifications to compensate for material 

density, where dense materials require higher voltages to ensure adequate resolution (du 

Plessis et al., 2017). 

Micro-CT is therefore a radiographic imaging method which obtains 3D images by 

projecting x-rays from many angles around an axis and applying algorithms to generate 

transaxial slices which, when stacked, make up the scanned 3D specimen (Ritman, 2011). 

A stationary x-ray source housed within a contained system is focused on the specimen, 

which is rotated around a vertical axis for a period. The captured grayscale images, made 

up of voxels, are thus captured for analysis. Figure 19 shows the key internal components 

of a micro-CT scanner, where the x-ray tube is labelled A, the specimen is labelled B, and 

the x-ray detector is labelled C (du Plessis et al., 2017).  

 

 

 

 

 

 

 

Hirata et al (2015) describes the use of micro-computed tomography as a means of 

quantifying and characterizing changes within a sample. This function allows for 

evaluation of the RBC, its adaptation to the cavity walls, and resultant changes to the 

specimen with high resolution and accuracy, at various time intervals of the restorative 

process (Demirel et al., 2020). Micro-CT scanning was therefore used in this study to 

assess cuspal deflection. 

Figure 19: Fundamental components of a micro-CT 

scanner (du Plessis et al., 2017). 
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2.10 In summary 

Though the self-levelling effect of BFRBCs allows for better adaptation of the 

material to cavity walls, analysis of microleakage was similar when compared with 

CURBCs (Ilie et al., 2013). Potential PS at the tooth-restoration interface is still a concern 

with BFRBC placement in deep cavities. It has however been shown that cuspal deflection 

in MOD cavities was lower in teeth restored with BFRBCs when compared to incremental 

placement of CURBCs (Moorthy et al., 2012). It has been demonstrated that the amount 

of cuspal deflection is dependent on the volume of tooth structure remaining after cavity 

preparation (Moorthy et al., 2012).  

The addition of a fiber-reinforcement at the base of a cavity simulates the dentin and has 

been shown to result in high fracture toughness (Sáry et al., 2019). The results of this 

study will be of benefit to clinicians to understand the interplay of composite material 

type on cuspal deflection, as well as the influence of fiber-reinforcement on the 

accumulation of stress at the tooth/adhesive/fiber/restoration interfaces. 
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CHAPTER 3 

Methodology and Materials 

3.1 Aim: 

The aim of this study was to determine the cuspal deflection of teeth prepared to different 

cavity dimensions and restored with three different bulk fill flowable composite resins, 

with and without fiber-reinforcement, as evaluated by micro-computed tomography 

(micro-CT).  

3.2 Null Hypothesis: 

The null hypothesis was that there would be no difference between the use of different 

bulk-fill flowable composite systems in relation to cuspal deflection, irrespective of 

whether fiber-reinforcement was present and that differences in cavity dimensions would 

have no impact on cuspal deflection. Fiber-reinforcement and cavity dimensions would 

have no influence on fracture resistance.  

3.3 Objectives: 

The objectives of this study were as follows: 

• To compare the cuspal deflection in teeth restored with bulk fill flowable 

composites, without fiber-reinforcement. 

• To compare the cuspal deflection in teeth restored with bulk fill flowable 

composites, with fiber-reinforcement. 

• To compare the fracture behaviour of teeth restored with bulk fill flowable 

composites, without fiber-reinforcement. 

• To compare the fracture behaviour of teeth restored with bulk fill flowable 

composites, with fiber-reinforcement. 

• To analyze the impact of wall compliance on cuspal deflection of teeth restored with 

bulk fill flowable composites, without fiber reinforcement. 
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• To analyze the impact of wall compliance on cuspal deflection of teeth restored with 

bulk fill flowable composites, with fiber reinforcement. 

• To analyze the impact of wall compliance on fracture behavior of teeth restored with 

bulk fill flowable composites, without fiber reinforcement. 

• To analyze the impact of wall compliance on fracture behaviour of teeth restored 

with bulk fill flowable composites, with fiber reinforcement. 

3.3 Study Design: 

A comparative in vitro study was designed utilizing micro-CT scanning as the 

measurement tool. The cuspal deflection of molars restored with three different bulk fill 

flowable composite resin systems, both with and without fiber-reinforcement, were 

assessed and compared. 

3.4 Sample Collection: 

Caries free molars extracted for periodontal, orthodontic, or maxillofacial reasons 

were selected for this study. The freshly extracted molars were placed in 5.25% NaOCl 

immediately for 5 minutes then stored in tissue paper moistened with 0.9% saline solution 

at room temperature until use in a container marked as biohazard. During specimen 

preparation, the soft tissue covering the root surface was removed with hand scalers and 

then stored in 0.9% saline solution with 1% Thymol at room temperature until use. The 

teeth were used within 1 week of extraction. The embedded and prepared teeth are 

henceforth referred to as specimens.  

3.5 Inclusion Criteria 

Molars extracted for periodontal, orthodontic, or maxillofacial reasons with no visible 

dental caries were included in this study.  

The inclusion criteria were a visual absence of caries or crown cracks, absence of previous 

endodontic treatment, posts or crowns, or resorptions. Teeth with severe polymorphism 
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of the coronal structures were excluded from the study. The extracted molars were 

visually inspected under 2.5x illuminated magnification. 

The size of the molars was standardized based on previous studies (Forster et al., 2019; 

Sáry et al., 2019). In the referenced literature, approximately 80% of the molars ranged 

between 10.0 to 10.9 mm in size, with the rest of the teeth measuring between 11.0 and 

12.0 mm. These parameters were replicated in the present study; measurements were 

recorded at the widest bucco-lingual dimension. The mesio-distal dimensions of the 

specimens were also measured, and this parameter allowed a maximum deviation of 10% 

from the determined mean. The height of the crown was between 8.0 and 9.0 mm 

measured from the cemento-enamel junction (CEJ) (Forster et al., 2019). 

3.6 Sample Size 

The sample size was modelled on a study investigating volumetric cuspal 

deflection of teeth restored with bulk-fill composites, evaluated by micro-computed 

tomography (Demirel et al., 2020).  

In this study, a total of 27 intact molars that matched the inclusion criteria were divided 

into three groups. Each group therefore consisted of nine samples (n = 9).  

3.7 Sequence of experimental design 

3.7.1 Tooth embedding  

As described by Demirel et al., (2020), specimens were embedded in an acrylic 

resin mold with a 2cm diameter. The acrylic resin base extended 2mm cervical to the CEJ 

to simulate the position of the tooth relative to the alveolar bone as well as to avoid 

reinforcement of the crown by the acrylic resin.  

Stainless steel balls were initially fixed to the buccal, lingual, distal and mesial aspects as 

reference points. After the first scan, the stainless-steel balls were removed from the 

acrylic resin base. The pilot scan showed that the difference in the density of the steel 
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balls and the specimens produced a histogram with unequal peaks and a large, flattened 

valley between peaks (Figure 20).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The histogram above depicts materials with the lowest attenuation on the left and 

materials with the highest attenuation on the right. When analyzing the histogram, the 

peaks caused by those elements with lower densities are located to the left of the diagram 

and those caused by elements with higher densities to the right. The highest peak is caused 

by air, which has little attenuation. The large valley to the left of the diagram is caused by 

the metal, which has high attenuation due to its’ radiodensity.  

Metal radiodensity causes beam hardening and other artifacts. The metal causes a wide 

spread of values despite the comparatively small volume of steel which was included in 

the initial scan. To accommodate those values, data pertaining to materials of lower 

radiodensities are compressed, diminishing accuracy.  

Figure 20: Histogram generated during pilot scan. 
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Therefore, to minimize noise and ensure sharp and resolute images, the balls were 

excluded. Software-based registration procedures, which will be described, were used to 

superimpose images accurately, without the need for metal reference points. 

3.7.2 Cavity preparation 

The guidelines for tooth preparation were derived from an article by Forster et al., 

(2019) investigating the fracture resistance of adhesively restored molar teeth with 

different MOD cavity dimensions. This MOD preparation was essential to the assessment 

of cuspal deflection. The MOD design presents specimens with buccal- and lingual- cusp 

walls, as well as two proximal boxes. 

Various isthmus widths for the MOD cavities were prepared through the use of a surveyor 

guiding the dental handpiece by the same trained operator according to the following 

parameters:  

For groups A and B:  

5mm depth and 3.5mm wall thickness, as described by Forster et al (2019). This 

resulted in an MOD cavity of 3 - 4 mm wide. 

For group C: 

5mm depth and 1.5mm wall thickness, as described by Forster et al (2019). This 

resulted in an MOD cavity of 7 – 8 mm wide. 

MOD cavity preparation of the specimens was performed with a round-end parallel 

diamond bur ISO 806 314 140 880-012 (SSWhite FG880012) initially positioned at the 

midline of the occlusal surface of the tooth. This was determined by dividing the distance 

between the buccal and lingual cusp tips by two. The thickness of the opposing walls at 

the cavity base was continuously checked during the preparation with a digital caliper 

(Grip Digital Vernier Caliper) and a Williams periodontal probe. A digital caliper is 

depicted in Figure 21. Cavity depth was consistent along the floor of the preparation and 

extending into the proximal areas. Cavity preparation was performed under constant water 

irrigation. 
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The cavity walls were prepared parallel to the long axis of the tooth. Specimen walls were 

kept parallel by placing the handpiece and tooth specimen preparations on a modified 

dental surveyor. The use of the dental surveyor ensured standardization of the preparation 

parallelism. The dental surveyor was used to control the orientation of the dental 

handpiece during preparation, as described in the literature (Rasheed, 2005; Al-Zubaidi 

& Al-Shamma, 2015). The mobile table attached to the surveyor was adapted and then 

secured to ensure the bur remained parallel to the long axis of the tooth specimen during 

preparation (Figure 22). 

 

 

 

 

 

 

 

 

Figure 21: Digital caliper with accuracy of ± 0.1mm. 

Figure 22: High speed handpiece attached onto the arm 

of a modified dental surveyor (Rasheed, 2005). 
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The depth of the MOD cavity was evaluated with a Williams periodontal probe measured 

from the corresponding cusp tip by touching the cavity wall with the full length of the 

instrument. The preparation was one continuous MOD cavity with the proximal box 

having exactly the same width and depth as the occlusal one. After preparation, specimens 

were wrapped in moist paper towel in a sealed screw-top specimen jar. 

3.8 Micro-CT scanning sequence in relation to material 

placement: 

This study included scans with uncured dental composite resin, which necessitated 

the fixing of a matrix band on the tooth throughout the scanning process. A metal matrix 

band and toffelmire would obscure the crown of the tooth and preparation in its entirety, 

rendering the scan unusable due to the density of the metal band. Figure 23 shows the 

two-dimensional x-ray view of a specimen with a matrix band and toffelmire fixed to it. 

The density of the band obfuscates the specimen, and upon rotation of the specimen in the 

micro-CT scanning apparatus, the toffelmire will obscure the entire crown due to its 

density. 

 

 

 

 

 

 

 

 

 

Figure 23: Metal matrix band, toffelmire, and stainless-steel 

balls fixed to the specimen during the pilot scan. 
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To this end, MOD-prepared cavities were packed with polyvinyl siloxane (PVS) 

impression putty (placed to prevent collapse of the ethylene-vinyl acetate (EVA) vacuum-

formed tray), and an EVA sheet was vacuumed across the embedded specimens. The 

occlusal portion of the vacuumed sheet covering the samples as well as the putty was 

removed with a no. 15 surgical blade, resulting in a clear, tight-fitting “matrix” around 

each specimen. Figures 24 and 29 show occlusal and side views respectively of prepared 

and embedded specimens. The EVA “matrix” wrapped around each specimen is also 

observed. 

 

 

 

 

 

 

 

 

 

 

Each molar tooth was its own control in terms of the calculation of cuspal deflection at 

each stage of micro-CT scanning. Standardization in terms of tooth position in the 

scanning apparatus was achieved by placing each specimen with the buccal surface facing 

the beam. Each image was labelled per the assigned specimen number and scan stage.  

3.8.1 Micro-CT image acquisition 

Using the method described by Demirel et al (2020), specimens were scanned after 

cavity preparation using an industrial Nikon Metrology XTH 225 ST X-ray micro-

Figure 24: Occlusal views of prepared and embedded specimens: 

Groups A and B (left), group C (right). The EVA “matrix” wrapped 

around each specimen is also observed. 
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computed tomography scanner (Yokohama, Japan) and Volume Graphics VG Studio Max 

3.2.5 (Nagoya, Japan).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: External view of the Nikon Metrology XTH 225 ST X-ray 

micro-computed tomography scanner (Yokohama, Japan). 
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Scanning conditions were as described by Fakir et al (2020): “The X-ray micro-computed 

tomography scan duration for each tooth was 50 minutes with 2984 projections. To 

minimize scan time, no detector shift was used. Copper filtration of 0.25 mm and 1 mm 

was used for the teeth. The scans were taken at 100 kV with a beam current of 200μA and 

an exposure of 0.5fps. The voxel size for the tooth scans were 19.15μm with no beam 

hardening corrections necessary on the tooth and material scans.” 

Flat field calibration was carried out prior to each scan using the manufacturer protocol, 

to minimize ring artifacts. Each specimen was rotated 360° during the integration time. 

Figure 26: Internal view of the Nikon Metrology XTH 225 ST X-

ray micro-computed tomography scanner (Yokohama, Japan). 
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All parameters, including beam hardening correction and optimal contrast were set 

according to the micro-CT manufacturer guidelines. 

It was found that two tooth specimens could be scanned while keeping the resolution 

consistent with the parameters described above. The specimens were clearly labelled and 

vertically stacked in a tube, which was used as an organizational tool. Foam was used to 

stabilize and separate the specimens within the tube, and the tube was then fixed to a 

rotating table within the micro-CT scanning apparatus. Tooth specimens were positioned 

with the buccal surfaces facing the x-ray tube to ensure standardization. Each scan 

consisted of 2984 projections with 2 frames averaged per projection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27:Tooth specimens separated and stabilized with foam, placed 

into a tube, and fixed to a table within the micro-CT scanner. 
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Figure 28: Tooth specimens inside the micro-CT scanner with 

the buccal surfaces of the specimens facing the beam. 

Figure 29: Initial imaging of loaded tooth specimens prior to 

proceeding with the micro-CT scanning process. 
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3.8.2 Scanning stages 

Tooth specimens were divided into three groups as described above.  

For the control group A, three scans were taken of each specimen at the following stages:  

• The prepared tooth after etching and application of the bonding agents 

according to manufacturer guidelines. 

• The tooth after placement of the BFRBC, without curing. A layer of 

glycerin was applied to the uncured material and the specimens were 

placed in a dark tube during scanning to shield from oxygen inhibition. No 

ambient light was present in the micro-CT scanner. 

• The tooth after curing of the BFRBC with a Bluephase-N (Ivoclar 

Vivadent) curing light.  

 

For the test groups B and C, four scans were taken of each specimen at the following 

stages:  

• The prepared tooth after etching, application of the bonding agents 

according to manufacturer guidelines and placement of a layer of Ribbond 

fiber on the floor of the cavity, uncured. The specimens were placed in a 

dark tube during scanning to shield from oxygen inhibition. No ambient 

light was present in the micro-CT scanner. 

• The tooth with Ribbond fibers as described, cured. 

• The tooth after placement of the BFRBC, without curing. A layer of 

glycerin was applied to the uncured material and the specimens were 

placed in a dark tube during scanning to shield from oxygen inhibition. No 

ambient light was present in the micro-CT scanner. 

• The tooth after curing of the BFRBC with a Bluephase-N (Ivoclar 

Vivadent) curing light.  
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The flow diagrams below illustrate these distinct scanning stages, as described. 

Scanning of group A: 

 

 

 

 

 

 

 

 

 

Scanning of groups B and C: 
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3.8.3 Restorative procedures 

Upon removal of the teeth from the sealed specimen jars, the cavities were rinsed with 

water and air-dried with an air/water syringe. The enamel was acid-etched selectively with 

37% phosphoric acid for 15 seconds, rinsed with water/air, and air-dried until moist before 

application of the appropriate adhesive.  

The sample size was n=27, where teeth were divided into three main groups. Each group 

of 9 tooth specimens consisted of a further three subgroups. Within groups A, B and C, 3 

specimens were restored with each distinct material. Across the groups, a total of 9 teeth 

were restored with each respective material. 

Group A (bulk fill flowable composite control – 3.5mm wall thickness) 

1. Single Bond Universal + Filtek Bulk Fill Flowable (3M). 

2. Palfique Universal Bond + Palfique Bulk Flow (Tokuyama). 

3. Tetric N-Bond + Tetric N-Flow Bulk Fill (Ivoclar) 

Group B (bulk fill flowable composite test group 1- 3.5mm wall thickness) 

1. Single Bond Universal + Filtek Bulk Fill Flowable (3M) + Ribbond 

2. Palfique Universal Bond + Palfique Bulk Flow (Tokuyama) + Ribbond 

3. Tetric N-Bond + Tetric N-Flow Bulk Fill (Ivoclar) + Ribbond 

Group C (bulk fill flowable composite test group 2 – 1.5mm wall thickness) 

1. Single Bond Universal + Filtek Bulk Fill Flowable (3M) + Ribbond 

2. Palfique Universal Bond + Palfique Bulk Flow (Tokuyama) + Ribbond 

3. Tetric N-Bond + Tetric N-Flow Bulk Fill (Ivoclar) + Ribbond 
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Figure 30: Restorative materials used in group A. 

Figure 31: Restorative materials used in groups B and C. 
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Step 1 (for all groups):  

The cavities were adhesively treated according to the manufacturer’s instructions. The 

adhesives were applied, and light cured according to manufacturer recommendations with 

a BluePhase-N (Ivoclar Vivadent) LED light operating in standard mode at a light 

intensity of 1200 mW/cm². The output of the LED light was consistent as it was used 

directly from the power supply. The output was continuously measured every 5 curing 

cycles. 

 

System Manufacturer Manufacturer Protocols 

Single Bond 

Universal 

3M ESPE, St Paul, MN, 

USA 

Active application for 20 seconds  

 

Air dry for 5 seconds  

 

Photoactivation for 25 seconds 

Palfique Universal 
Tokuyama Dental, Tokyo, 

Japan 

Mix bond A & B (1:1) in well, 

active application  

 

Air dry  

 

(No time specified, no 

photoactivation required) 

Tetric N-Bond 
Ivoclar Vivadent, AG, 

Schaan, Liechtenstein 

Active application for 20 seconds  

 

Air dry for 5 seconds  

 

Photoactivation for 15 seconds 

Ribbond Ultra Ribbond, Seattle, WA 

Wet fibers in adhesive and blot off 

the excess before placement. 

 

No photoactivation as per 

manufacturer protocols. 

 

Table 4: Manufacturer instructions for Ribbond and adhesive systems. 
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Step 2 (Ribbond fiber groups only): 

• As part of the wetting process of the Ribbond fiber, the flowable composite layer 

was applied on the pulpal floor. The Ribbond fiber was wetted with bonding resin 

and pressed into the flowable composite before scanning in the un-cured form. 

• The wetted Ribbond layer was light cured for 20 seconds after scanning, then 

scanned again. 

Step 3 (all groups):  

The bulk-fill flowable composite material was applied as per the manufacturer 

instructions, then scanned in the uncured form.  

Step 4 (all groups):  

Light-curing times chosen were as recommended by the dental materials manufacturer for 

each material used, to securely obtain maximal conversion at each layer using a curing 

light with an output of 1100 mW/cm². Filtek Bulk Fill flowable and an IV alternative to 

T-BF, Tetric EvoFlow Bulk Fill were included in a study by Ludovichetti et al (2022) 

investigating depth of cure. The study supported the manufacturer instructions to ensure 

4mm DC in these materials. Curing times selected for P-BF were based on manufacturer 

guidelines only; no independent literature was available to interrogate the manufacturer 

guidelines.  

 

 

Material Manufacturer 
Depth of 

Cure 

Recommended Curing 

Time 

Filtek Bulk Fill  
3M ESPE, St Paul, MN, 

USA 
4mm 20 seconds 

Palfique Bulk 

Flow 

Tokuyama Dental, 

Tokyo, Japan 
4mm 10 seconds 

Tetric N-Flow 
Ivoclar Vivadent, AG, 

Schaan, Liechtenstein 
4mm 20 seconds 

Table 5: Photo-polymerization protocols for materials used. 
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The restorations were polished with aluminum oxide polishers and stored in physiological 

saline solution in an incubator at 37°C for 14 days prior to aging and compressive 

catastrophic failure assessment.  

3.9 Cuspal deflection analysis by micro-CT 

Each tooth was repeatedly positioned with the buccal aspect towards the beam and 

scanned by micro-CT. The scanning parameters remained consistent for all the scans to 

enable standardized post-scan analysis of the various restorative layers from the chosen 

reference points.  

The software used for the image and scan analysis of the scans was VG Studio max 3.2.5 

(Nagoya, Japan). 

3.9.1 Micro-CT volume correction 

To enable comparison of scans at the various stages of scanning, cross-images 

were reconstructed from the volume obtained from the micro-CT imaging. After the 

volume of scanned data was obtained, the reconstruction parameters, ring artifact 

correction and smoothing was fixed at 0%. Beam artifact correction was fixed at 50%.  

A region of interest (ROI) was drawn to include the entire specimen in the sample using 

VG Studio max 3.2.5; all specifications of the program were used to analyze the 

microarchitecture of each specimen. After selection of the appropriate ROI (in volume), 

‘binary images’ were obtained, and an appropriate grayscale threshold was selected to 

differentiate between enamel, dentin and RBC. A thresholding/binarization process was 

used. This entails processing the range of grey levels to obtain a superimposed image of 

only black and white pixels. Despeckling was performed to remove white speckles in the 

2D image less than 10 voxels. The buccal and lingual regions of the specimens were 

evaluated separately in terms of cuspal deflections. The total cuspal deflection values are 

expressed in degrees (˚). 

Demirel et al (2020) used computer assisted design (CAD) overlays to measure 

volumetric shrinkage. Though the present study initially set out to replicate the 
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methodology used in the aforementioned study, analysis of the scans post processing 

showed that these results may not be wholly accurate for the following reasons: 

The mentioned study used metal balls for reference; the rationale for excluding these 

reference balls to improve accuracy has already been discussed in this thesis. Micro-CT 

analysis software uses the Gauss least squares (GLS) method to align scans of each 

specimen using a best fit registration. Because the GLS method is applied to generate the 

CAD overlays, differences between scans may be obscured if only the CAD overlays are 

used for measurement. This was shown when the CAD overlays were generated for Group 

A specimens. Figure 32 shows the best fit registration of the initial and final scans of 

Group A Specimen 1 (T-BF), where the blue outline is the registration of the initial image. 

The white outline is the registration of the final image, where some discrepancies can be 

noted on the cusp. 

 

 

 

 

 

 

 

 

 

 

Initially, CAD overlays were completed for Group A specimens; where the total object 

volume (mm³) of specimens at scan 1 was used as a baseline for each sample and the 

subsequent change in total object volume (mm³) was indicative of volumetric change. Our 

Figure 32: CAD overlays of initial and final scans (Group A 

Specimen 1), where the blue outline is the registration of the initial 

image, and the white outline is the registration of the final image. 
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results were in agreement with the results obtained by Demirel et al (2020), though the 

direction and location of deformation is not specified using this analysis. Furthermore, 

total object volume includes the tooth roots, acrylic molds and EVA-stents, and it 

therefore cannot be categorically stated that volume change is related to cuspal deflection 

alone. Given that the focus of this research is cuspal deflection, the decision was made to 

modify the analysis of the micro-CT scans, the methodology of which will be discussed 

in detail. 

3.9.2 Image acquisition 

Step 1 – Extraction and segmentation: 

 

Specimens were extracted and segmented from the scans. This was repeated for 

each scan, following which a best fit registration was used to align scans 1, 2 and 3 (Group 

A), and scans 1, 2, 3, and 4 (Groups B and C). The VG Studio Max software enabled this 

registration. 

To enable further analysis, each individual scan was processed as described. 

Step 2 - Fixed planes generated to import across all scans of a specimen: 

 

Landmark points were established on the first scan of each specimen before 

importing these planes to the subsequent scans.  

Images were first orientated to enable the following: 

1. Location of fixed geometric elements (points, planes, lines) 

2. Use of these geometric elements to locate angles for measurement. 

Planes were located using the Gauss least squares method, which ensures that the best 

plane with minimal deviation is located. 
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PLANE 1 

This plane is located along the floor of the cavity. Points on the mesial and distal 

extent of the cavity floor were selected. Using the VG Studio Max software, these 

points were combined to create a plane. 

All planes generated further are now relative to plane 1 (Figure 33). 

 

 

 

 

 

 

 

 

PLANES 2 & 3 

These planes are located on the buccal and lingual aspects of the tooth, orthogonal 

to plane 1. To generate these planes, the first point of contact was located on the 

buccal and lingual aspects of the tooth, respectively (Figures 34 and 35). 

Planes were not necessarily orthogonal on selection; therefore, the settings were 

adjusted within the software system to ensure that the resultant planes were 

orthogonal to the y-axis and to ensure that plane 1 was selected as the coordinate 

system. 

 

 

 

Figure 33: Plane 1 generated along the floor of the cavity. 
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PLANE 4 

This plane marks the midpoint between planes 2 and 3 and is located using the 

tools provided within the VG Studio Max software. 

These 4 planes were then imported from the first scan of the respective specimen onto the 

subsequent scans, providing stable reference points for each specimen (Figure 36). 

Figure 34: Plane 2, located at the first point of touch and 

perpendicular to Plane 1. 

Figure 35: Plane 3, located at the first point of touch and 

perpendicular to Plane 1. 

https://uwcscholar.uwc.ac.za/



 

86 

 

 

 

3.9.3 Measurement parameters  

After importing planes 1, 2, 3, and 4 to the scans, two data points were located 

individually on each scan. The highest cusp points on the buccal and lingual aspects of 

the tooth were located and referred to as points 1 and 2, where point 1 was the highest 

cusp point on the buccal aspect and point 2 was the highest cusp point on the lingual 

aspect (Figure 37). 

These points were relative to the coordinate system (plane 1) and essential to the outcomes 

of this research. 

 

 

 

 

 

 

Figure 36: Planes 1, 2, 3, and 4. 

Figure 37: Points 1 and 2. 
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Step 3: Line generation 

 

Lines were generated between various planes and points to enable angular 

measurements (Figures 38 and 39). 

LINES 1 & 2 (buccal) 

Point 1 and plane 2 were selected and combined to measure the outside angle, 

point 1 and plane 4 were selected to measure the inside angle (of the buccal aspect 

of the specimen). 

 

 

 

 

 

 

 

 

LINES 3 & 4 (lingual) 

Point 2 and plane 3 were selected and combined to measure the outside angle, 

point 2 and plane 4 were selected to measure the inside angle (of the lingual aspect 

of the specimen). 

Figure 38: Line 1 and 3. 
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Step 4: Angle generation  

 

Processing of scans to enable measurements were obtained at this point. The 

software was set to generate angles in the mode ‘angle to plane’, and the projection was 

in the xyz axis., under the following parameters: 

A total of four angles were generated per scan (2 buccal and 2 lingual). Steps 3, 4, and 5 

were repeated for each scan using the fixed planes (1, 2, 3, and 4) which were imported 

to each scan (Figure 40). These angles were recorded in degrees (˚). 

 

 

 

 

 

 

 

 

Figure 39: Lines 2 and 4. 

Figure 40: Angle measurements recorded. 
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These values were transferred to an Excel spreadsheet. Changes in these angles were 

indicative of cuspal deflection.  

3.10 Compressive strength testing 

After completing micro-CT scanning, samples were stored in Saline-moistened 

tissue paper in a sealed bag at room temperature until the failure modes of all tooth 

samples were analyzed using a Universal testing machine.  Specimens were clearly 

labelled and individually submerged in distilled water at 37˚C for 24 hours prior to 

thermocycling. Specimens were then thermocycled 7500 times at 5˚C and 55˚C with a 30 

second dwell time.   

Assessment of failure modes was performed according to the methodology described by 

van Lierop et al (2019).  

3.10.1 Phase 1: 

A pre-set force was applied and sequentially increased until the initial crack 

formation. Detection was ensured with the Universal testing machine software and 

confirmed by visual inspection. Pre-set forces applied during phase one were (in Newton): 

500N, 800N, 1000N, 1200N, 1500N, 1700N and 2000N at a speed of 1 mm/min. The 

force recorded for phase one was termed “initial crack force”. 

3.10.2 Phase 2: 

Phase two of the study was termed “maximum fracture force”. The specimens in 

phase two were loaded with free running force at 1mm/min from 0N. Catastrophic failure 

was considered when the software of the Universal testing machine recorded a drop in 

force application, with the Universal testing machine stopping the force application and 

its subsequent reverse.  

The fracture pattern in phase two was considered “catastrophic failure” in accordance with 

the following classification (Guess et al., 2012):  

i. Extensive crack formation within the BFRBC 
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ii. Cohesive fracture within the BFRBC 

iii. Fracture within the BFRBC and tooth structures 

iv. Longitudinal fracture of BFRBC and tooth structures involving the root 

(Figure 41).  

 

A steel bar with a 6mm ball-end was centered on the midline of the occlusal surface of 

each specimen. The force was evenly applied through a thin layer of tin foil 8x8mm in 

dimension. The location of the ball was between the triangular ridges of the lingual and 

buccal cusps.  

The desired force for “phase one” was loaded onto the software of the Universal testing 

machine. For “phase two” the compression force was allowed to continue in free running 

mode until maximum compression force was achieved and recorded by the software. 

Phases one and two had a crosshead speed of 1mm/min while the computer software 

Figure 41: Fracture classification; i: Extensive crack formation within the BFRBC, ii: 

Cohesive fracture within the BFRBC, iii: Fracture within the BFRBC and tooth structures, iv: 

Longitudinal fracture of BFRBC and tooth structures involving the root. 
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recorded the graph of force application in N (QMat Testzone, version 4.5.37, Tinus Olsen, 

Redhill, England).  

The specimens were loaded with a universal testing machine (H10KT-0293, Tinus Olsen). 

The preset loading force intervals in phase one was 500N, 800N, 1000N, 1200N, 1500N, 

1700N and 2000N. After each force interval, the computer software constructed a graph 

and a two-examiner visual inspection reached agreement for any sign of crack(s) 

formation. Initial failure was considered when the initial crack(s) was/were viewed as a 

“dip” in the software graph and were visually located on the specimen. If no crack 

formation was present, the next preset force was completed. Between the various forces 

of phase one, photographs were taken under standardized conditions at 1.5x magnification 

(Canon EOS 70D with Canon EF 100 mm f/2.8L Macro IS USM Lens) to record and view 

the crack(s).  

The crack inclusion criteria as described by Guess et al (2012) was used in this study:  

1). length greater than or equal to 2mm and  

2). involved the surface of the restoration (Schlichting et al, 2016).  

Upon this initial failure of phase one, the specimens were subsequently loaded to 

catastrophic failure for phase two and the maximum fracture force recorded in N. Phase 

two specimens presenting with catastrophic failure fracture patterns that did not affect the 

underlying tooth structure (i, ii and iii) were deemed restorable (Guess et al, 2013). 

Specimens with catastrophic failure pattern (iv) were regarded as non-restorable. 
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CHAPTER 4 

Results 

4.1 Data Analysis 

Data is displayed as means and standard deviations if normally distributed, else as 

medians and interquartile ranges. A two-way ANOVA/ Linear Model with pairwise 

comparisons was used to determine the differences between the groups. All tests were 

deemed statistically significant at p < 0.05. Pairwise comparisons were deemed significant 

using a Bonferroni correction.  Data was analyzed using STATA 17. 

4.2 Results of cuspal deflection analysis 

4.2.1 External cuspal deflection analysis 

 Group A: 

Group A specimens were scanned without Ribbond-fibers; therefore, only total 

deflection values were recorded for these samples. Volumetric change of the bulk-fill 

resin-based composites (BFRBCs) causing cuspal deflection of the outer angle of the 

cusps indicated that Palfique Bulk Fill (P-BF) resulted in -4,73% inward deflection, 

whereas Filtek Bulk Fill (F-BF), with mean outward deflection of +7,40%, and Tetric N-

Flow (T-BF), with a mean outward deflection of -15,49%, showed the greatest variability 

in values (Figure 42). The Kruskal-Wallis rank sum test yielded a p-value of 0.15, 

indicating that external deflection of Group A samples were insignificant. 
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Group B: 

Group B specimens were scanned with Ribbond-fibers; therefore, deflection after 

placement of the Ribbond fibers, deflection after placement of the BFRBC, and total 

deflection values were recorded.  

After placement of Ribbond-fibers, both P-BF and F-BF displayed inward deflection of -

1,97% and -1,44% respectively. T-BF resulted in +0,87% outward deflection (Figure 43). 

The Kruskal-Wallis rank sum test yielded a p-value of 0.20, indicating that external 

deflection of Group B – Ribbond only samples was insignificant. 
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Figure 42: Group A (without fibers) -Total outside cuspal 

deflection. 

MATERIALS

   
  
  
  

   
  
  
  

   
  
  
  
   
   
  
   
   
  
   
   
  
    
   
 
    
   
 
    
   
 

P
ER

C
EN

TA
G

E 
D

EV
IA

TI
O

N

       

      

     

     

      

OUTSIDE DEFLECTION WITH R IBBOND
(GR OUP B)

Figure 43:Group B – Outside deflection after placement of Ribbond-fibers. 
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After placement of the BFRBCs (prior to polymerization), T-BF and P-BF showed 

outward deflection of +1,08% and +0,91% respectively. F-BF resulted in -4,47% inward 

deflection (Figure 44). The Kruskal-Wallis rank sum test yielded a p-value of 0.28, 

indicating that external deflection of Group B samples after placement of Ribbond-fibers 

and composite was insignificant. 

 

 

 

 

 

 

 

 

 

 

 

Total external deflection values recorded after polymerization of specimens showed that 

P-BF resulted in the greatest inward deflection of -5,94% followed by P-BF at -1,06%. T-

BF resulted in +1.94% outward deflection (Figure 45). The Kruskal-Wallis rank sum test 

yielded a p-value of 0.95, indicating that the total external deflection of Group B samples 

was insignificant. 
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Figure 44: Group B – Outside deflection after placement of composite. 
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Group C: 

 Group C specimens were scanned with Ribbond-fibers; therefore, deflection after 

placement of the Ribbond fibers, deflection after placement of the BFRBC, and total 

deflection values were recorded.  

After placement of Ribbond-fibers, both P-BF and T-BF displayed outward deflection of 

+1,01% and +0,65% respectively. F-BF resulted in -0,23% inward deflection (Figure 46). 

The Kruskal-Wallis rank sum test yielded a p-value of 0.39, indicating that the external 

deflection of Group B samples after Ribbond-fiber placement was insignificant. 

 

 

 

 

 

 

 

 

MATERIALS

   
  
  
  

   
  
  
  

   
  
  
  
   
   
  
   
   
  
   
   
  
    
   
 
    
   
 
    
   
 

P
ER

C
EN

TA
G

E 
D

EV
IA

TI
O

N
       

       

       

     

      

      

TOTAL OUTSIDE  D EF LECTION
(G ROUP B)

Figure 45: Group B – Total outside cuspal deflection. 
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Figure 46: Group C – Outside cuspal deflection after placement of Ribbond-fibers. 
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After placement of the BFRBCs (prior to polymerization), only P-BF displayed outward 

deflection of +1,73%. T-BF and F-BF resulted in -9,46% and -2,40% inward deflection 

(Figure 47). The Kruskal-Wallis rank sum test yielded a p-value of 0.42, indicating that 

external deflection of Group C samples after placement of Ribbond-fibers and composite 

was insignificant. 

 

 

 

 

 

 

 

 

 

 

Total external deflection values recorded after polymerization of specimens showed that 

T-BF resulted in the greatest inward deflection of -8,81% followed by F-BF at -2,64%. P-

BF resulted in +2,74% outward deflection (Figure 48). The Kruskal-Wallis rank sum test 

yielded a p-value of 0.42, indicating that the total external deflection of Group B samples 

was insignificant. 
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Figure 47: Group C – Outside cuspal deflection after placement 

of composite. 
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The mean outside cuspal deflection of each material across all groups showed that while 

T-BF displayed the least external cuspal deflection in Group B at 1,30%, in Group A and 

Group C, T-BF exhibited the most marked deflection of -10,33% and -5,87% respectively. 

F-BF displayed outward deflection of +4,93% in Group A; after introduction of the 

Ribbond-fibers, F-BF showed inward deflection of -3,96% in Group B, and inward 

deflection of -1,76% in Group C.   In Group A, P-BF exhibited inward deflection of -

3,15%. When Ribbond-fibers were inserted alongside P-BF in Group B, -0,71% inward 

deflection was recorded. In Group C, +1,82% outward deflection was recorded for P-BF 

(Figure 49).  

Because of differences in isthmus widths between groups, group A serves as a control 

only for group B. Where groups A and B can be compared with regards to the influence 

of fiber-reinforcement on cuspal deflection in cavities prepared to the same dimensions, 

groups B and C can be compared to assess the influence of differences in cavity 

dimensions on cuspal deflection when fibers have been placed in the restoration (figure 

49). 
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Figure 48: Group C – Total outside cuspal deflection. 
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4.2.2 Internal cuspal deflection analysis 

 Group A: 

Group A specimens were scanned without Ribbond-fibers; therefore, only total 

deflection values were recorded for these samples. Volumetric change of the BFRBCs 

causing cuspal deflection of the inner angle of the cusps indicated that P-BF resulted in 

+0.01% outward deflection alongside T-BF, which resulted in a mean outward deflection 

of +17,73%. F-BF, with mean inward deflection of -9.61% (Figure 50). The Kruskal-

Wallis rank sum test yielded a p-value of 0.14, indicating that external deflection of Group 

A samples was insignificant. 

 

 

 

 

 

 

-20 -15 -10 -5 0 5 10

Group A

Group B

Group C

PERCENTAGE DEFLECTION (%)

MEAN OUTSIDE CUSPAL DEFLECTION

Filtek Tetric Palfique

Figure 49: Mean outside cuspal deflection of Groups A, B, & C. 
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Group B: 

Group B specimens were scanned with Ribbond-fibers; therefore, deflection after 

placement of the Ribbond fibers, deflection after placement of the BFRBC, and total 

deflection values were recorded.  

After placement of Ribbond-fibers, both P-BF and F-BF displayed outward deflection of 

+2.13% and +0.65% respectively. T-BF resulted in -1.23% inward deflection (Figure 51). 

The Kruskal-Wallis rank sum test yielded a p-value of 0.39, indicating that external 

deflection of Group B samples after placement of Ribbond-fibers was insignificant. 
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Figure 50: Group A – Total inside cuspal deflection. 
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Figure 51: Group B – Inside cuspal deflection after placement of Ribbond-

fibers. 
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After placement of the BFRBCs (prior to polymerization), only T-BF displayed inward 

deflection of -3.95%. P-BF and F-BF resulted in +0.49% and +2.30% inward deflection 

(Figure 52). The Kruskal-Wallis rank sum test yielded a p-value of 0.42, indicating that 

external deflection of Group A samples after placement of Ribbond-fibers and composite 

was insignificant. 

 

 

 

 

 

 

 

 

 

 

Total external deflection values recorded after polymerization of specimens showed that 

T-BF resulted in marked inward deflection of -15.52%. F-BF and P-BF resulted in 

outward deflection of +2.95% and +2.62% respectively (Figure 53). The Kruskal-Wallis 

rank sum test yielded a p-value of 0.95, indicating that the total external deflection of 

Group B samples was insignificant. 
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Figure 52: Group B – Inside cuspal deflection after placement 

of composite. 
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Group C: 

Group C specimens were scanned with Ribbond-fibers; therefore, deflection after 

placement of the Ribbond fibers, deflection after placement of the BFRBC, and total 

deflection values were recorded.  

After placement of Ribbond-fibers, P-BF, F-BF, and T-BF displayed outward deflection 

of +0.53%, +2.51%, and +0,79% respectively (Figure 54). The Kruskal-Wallis rank sum 

test yielded a p-value of 0.28, indicating that external deflection of Group C samples after 

placement of Ribbond-fibers was insignificant. 
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Figure 53: Group B – Total inside cuspal deflection. 
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Figure 54: Group C – Inside cuspal deflection after placement of Ribbond-fibers. 
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After placement of the BFRBCs (prior to polymerization), P-BF, F-BF, and T-BF resulted 

in +0.26%, +3.05%, and +0.63% inward deflection (Figure 55). The Kruskal-Wallis rank 

sum test yielded a p-value of 0.73, indicating that external deflection of Group C samples 

after placement of Ribbond-fibers and composite was insignificant. 

 

 

 

 

 

 

 

 

 

 

 

Total external deflection values recorded after polymerization of specimens showed that 

all materials resulted in outward deflection. Mean values recorded for P-BF, F-BF, and 

T-BF were +0.80%, +5.57%, and +1.41% respectively (Figure 56). The Kruskal-Wallis 

rank sum test yielded a p-value of 0.83, indicating that the total external deflection of 

Group C samples was insignificant. 
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Figure 55: Group C – Inside cuspal deflection after placement of 

composite. 
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The mean inside cuspal deflection of each material across all groups showed that while 

T-BF resulted in inward cuspal deflection of -3.45% in Group B, outward cuspal 

deflection values of +17.73% and +0.94% were recorded for T-BF in Groups A and C. P-

BF showed sustained outward deflection across Groups A, B, and C, the recorded values 

of which were +0.01%, +1.74%, and +0.53%. F-BF displayed inward deflection of -

9.61% in Group A; after introduction of the Ribbond-fibers, F-BF showed outward 

deflection of +1.97% in Group B, and outward deflection of +3.71% in Group C (Figure 

57). 
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Figure 56: Group C – Total inside cuspal deflection. 
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Figure 57: Mean inside cuspal deflection of Groups A, B, & C. 
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4.2.3 Overall cuspal deflection 

Analysis of the mean cuspal deflection across Groups A, B, and C for each 

material showed that T-BF resulted in the greatest inward deflection of -2.80%. Though 

F-BF also resulted in inward deflection, the material showed a significantly lower mean 

of -0.75%. P-BF showed the least deflection, though it presented as outward deflection, 

of +0.12% (Figure 58). 

 

 

 

 

 

 

 

 

 

 

 

 

4.3 Results of compression strength testing  

 27 specimens were divided into 3 groups (groups A, B, and C), which were further 

divided into 3 subgroups.  

4.3.1 Newton (N) at break 

When evaluating the maximum fracture values of P-BF, T-BF, and F-BF across 

Groups A, B, and C, the following observations were noted (Table 6): 
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Figure 58: Mean overall cuspal deflection of materials across Groups A, 

B, & C. 
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Table 6: Fracture strength of specimens in groups A, B, and C. 

 

 

 

 

GROUP 
WALL 

THICKNESS 

RIBBOND 

FIBERS  

NEWTON 

(N) AT 

BREAK 

MEAN per 

MATERIAL 

A 

3,5mm No 

  

F1 2310 

1780 F2 1734 

F3 1296 

T1 1355 

1523 T2 1624 

T3 1592 

P1 1362 

1131 P2 642 

P3 1389 

B 

3,5mm Yes 

  

F1 1367 

1459 F2 1248 

F3 1764 

T1 1313 

1228 T2 813 

T3 1560 

P1 1479 

1036 P2 643 

P3 987 

C 

1,5mm Yes 

  

F1 1136 

1132 F2 1043 

F3 1218 

T1 2208 

1763 T2 1313 

T3 1770 

P1 1260 

1143 P2 1349 

P3 821 
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In general, Group A (no fiber-reinforcement and lower wall compliance) specimens 

showed higher fracture resistance at a mean value of 1478,22N compared to that of Group 

B (fiber-reinforcement and lower wall compliance) with a mean value of 1241,55N. 

Group B (fiber-reinforcement and lower wall compliance) showed a lower fracture 

resistance at a mean value of 1241,55N compared to Group C (fiber-reinforcement and 

higher wall compliance) with a mean value of 1346,44N.  

Given that Groups A and B have the same cavity dimensions, to assess the influence of 

Ribbond fiber-reinforcement on the fracture behaviour of these specimens. The Kruskal-

Wallis rank sum test yielded a p-value of 0.269690, indicating that differences between 

these groups were insignificant. Figure 59 represents these comparisons. 

 

 

 

 

 

 

 

 

 

 

 

Though Groups B and C have different cavity dimensions, Ribbond-fibers were placed 

into specimens in both groups to assess the influence of cavity dimensions on the fracture 

resistance of Ribbond fiber-reinforced molar restorations. The Kruskal-Wallis rank sum 

test yielded a p-value of 0.838116, indicating that differences between these groups were 

insignificant. Figure 60 represents these comparisons. 
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Figure 59: Newton (N) at break - Comparison of Groups A & B 
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4.3.2 Intra-group variations in maximum fracture value 

Group A (no fiber-reinforcement and 3.5mm wall thickness) 

When evaluating the mean fracture values of Group A specimens (no fiber-

reinforcement and 3.5mm wall thickness) related to the specific BFRBCs, there was no 

significant difference in the maximum fracture value between the P-BF, F-BF, and T-BF 

(Kruskal-Wallis rank sum test yielded a p value of 0.393241). The mean fracture value of 

F-BF (1780N) was notably greater than that of P-BF (1131N) and T-BF (1523.22N).  

Group B (fiber-reinforcement and 3.5mm wall thickness) 

When evaluating the mean fracture values of Group B specimens (fiber-

reinforcement and 3.5mm wall thickness) related to the specific BFRBCs, there was no 

significant difference in the maximum fracture value between the P-BF, F-BF, and T-BF 

(Kruskal-Wallis rank sum test yielded a p value of 0.491098). The mean fracture value of 

F-BF (1459.66N) was notably greater than that of P-BF (1036.33N) and T-BF 

(1228.66N).  

Group C (fiber-reinforcement and 1.5mm wall thickness) 

When evaluating the mean fracture values of Group C specimens (fiber-

reinforcement and 1.5mm wall thickness) related to the specific BFRBCs, there was no 
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significant difference in the maximum fracture value between the P-BF, F-BF, and T-BF 

(Kruskal-Wallis rank sum test yielded a p-value of 0.099151). The mean fracture value of 

T-BF (1763.66N) was notably greater than that of P-BF (1143.33N) and F-BF 

(1132.33N). Figures 61, 62, and 63 show the material-specific fracture values across 

groups A, B, and C. 
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4.3.3 Slope (N/mm) 

The slope values indicate how much force per mm (N/mm) was necessary to reach 

fracture point in each specimen. Where these values are high, the accumulated stress per 

mm of material is high, indicating that there is greater resistance to fracture. Figure 64 

shows the slope values across groups A, B, and C. 
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Figure 64: Slope (N/mm) - Groups A, B & C 

https://uwcscholar.uwc.ac.za/



 

110 

 

When the mean slope values were compared for each material across Group A, B, and C, 

the following observations were noted and are depicted in Figure 65: 

 

 

 

 

 

 

 

 

 

 

 

 

4.4.3 Mode of fracture 

Fracture patterns were evaluated according to their restorability. All specimens with 

fractures that did not affect the underlying tooth/root structure (Class I, II & III) were 

deemed restorable. Class IV fracture pattern was classified as unrestorable. 

I. Extensive crack formation within the BFRBC 

II. Cohesive fracture within the BFRBC 

III. Fracture within the BFRBC and tooth structures 

IV. Longitudinal fracture of BFRBC and tooth structures involving the root 

(Figure 66).  

 

 

 

Figure 65: Slope (N/mm) of materials in Groups A, B, and C. 
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The following observations were noted in Group A (Table 7): 

F-BF and P-BF fracture patterns in Group A (no fiber-reinforcement and lower wall 

compliance) were favourable and showed fracture patterns II (cohesive fracture within the 

BFRBC) and III (fracture within the BFRBC and tooth structures). However, F-BF 

specimens displayed fracture patterns III (fracture within the BFRBC and tooth structures) 

and IV (longitudinal fracture of BFRBC and tooth structures involving the root). 

 

 

 

 

 

Figure 66: Classification of fracture patterns (Class I, II, III, and IV). 
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Table 7: Fracture patterns of Group A specimens. 

 

The following observations were noted in Group B (Table 8): 

F-BF and T-BF fracture patterns in Group B (fiber-reinforcement with lower wall 

compliance) were unfavourable and showed fracture pattern IV (longitudinal fracture of 

BFRBC and tooth structures involving the root) for all specimens. P-BF showed fracture 

patterns III (fracture within the BFRBC and tooth structures) and IV (longitudinal fracture 

of BFRBC and tooth structures involving the root).  

 

Table 8: Fracture patterns of Group B specimens. 

 

 

 

 

 

 
Group A 

 Filtek Bulk Fill Tetric N-Flow Palfique Bulk Flow 

 

Specimen 

1 

Specimen 

2 

Specimen 

3 

Specimen 

1 

Specimen 

2 

Specimen 

3 

Specimen 

1 

Specimen 

2 

Specimen 

3 

I                   

II       ✔     ✔     

III   ✔ ✔   ✔ ✔   ✔ ✔ 

IV ✔                 

 Group B 

 Filtek Bulk Fill Tetric N-Flow Palfique Bulk Flow 

 

Specimen 

1 

Specimen 

2 

Specimen 

3 

Specimen 

1 

Specimen 

2 

Specimen 

3 

Specimen 

1 

Specimen 

2 

Specimen 

3 

I                   

II                   

III             ✔ ✔   

IV ✔ ✔ ✔ ✔ ✔ ✔     ✔ 
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The following observations were noted in Group C (Table 9): 

P-BF samples presented with fracture pattern I (extensive crack formation within the 

BFRBC) only. T-BF showed fracture patterns II (cohesive fracture within the BFRBC) 

and III (fracture within the BFRBC and tooth structures). However, F-BF specimens 

displayed fracture patterns I (extensive crack formation within the BFRBC) and II 

(cohesive fracture within the BFRBC). 

 

Table 9: Fracture patterns of Group C specimens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Group C 

 Filtek Bulk Fill Tetric N-Flow Palfique Bulk Flow 

 

Specimen 

1 

Specimen 

2 

Specimen 

3 

Specimen 

1 

Specimen 

2 

Specimen 

3 

Specimen 

1 

Specimen 

2 

Specimen 

3 

I ✔   ✔       ✔ ✔ ✔ 

II   ✔   ✔           

III         ✔ ✔       

IV                   
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CHAPTER 5 

Discussion 

5.1 Overview 

This study investigated the cuspal deflection of molars prepared to different cavity 

dimensions and restored with three different bulk-fill flowable materials, with and without 

fiber reinforcement. Cuspal deflection was measured using micro-computed tomography, 

a method which is supported by the literature for use in dental research (Swain and Xue, 

2009; Kaisarly and Gezawi, 2016; Campioni, Pecci and Bedini, 2020; Demirel et al., 

2020). 

Much research has been undertaken to understand the kinetics and net effects of 

polymerization shrinkage (PS) and polymerization shrinkage stress (PSS) (Kaisarly & 

Gezawi, 2016). Resin-based composites have been shown to undergo 2 – 6% volumetric 

shrinkage on polymerization, with contraction stresses of 5 – 15MPa exerted upon the 

tooth/restoration interface (Feilzer et al., 1987; I. Lee et al., 2005). Demirel et al (2020) 

state that PSS is directly proportional to the volumetric shrinkage of the RBC. 

Furthermore, the authors assert that development of PSS is dependent on the volumetric 

strain and the stiffness of the RBC on polymerization (Demirel et al., 2020; Feilzer et al., 

1987). For this reason, placement of conventional universal resin-based composites 

(CURBC) in 2mm increments is recommended, though Versluis et al (1996) showed that 

despite application of CURBCs in 2mm increments, teeth still showed marked 

deformation after polymerization if a firm bond was established at the restoration 

interface. 

Volumetric and linear shrinkage assessments, cuspal deflection observation, finite 

element analysis (FEA) and three-dimensional micro-computed tomography (micro-CT) 

have been used to measure polymerization shrinkage (Kaisarly & Gezawi, 2016). Linear 

shrinkage values are however not predictive of in vivo application of these materials, 
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where Lee et al (2007) posit that volumetric shrinkage is three times that of the recorded 

linear shrinkage value, but only under conditions where stress is equal in all directions.  

Studies focusing on cuspal deflection should consider the boundary conditions on 

placement, thus allowing for representation of PS true to clinical application (Kaisarly & 

Gezawi, 2016). These results correlate with the expected conditions in clinical practice 

and are valuable in determining the performance of materials under specific conditions 

especially considering that shrinkage strain changes depending on the cavity 

configuration (Forster et al., 2019). For this reason, research related to different material 

effects on cuspal deflection requires standardized cavity preparations.  

5.2 Micro-CT scanning 

Many techniques have been used to determine cuspal deflection, including 

photography, microscopy, interferometry, linear variable differential transformers, among 

others, where average cuspal deflection values of 15 – 50 μm have been recorded across 

such studies (Kaisarly & Gezawi, 2016). In general, these studies lack standardization of 

cavity design and tooth size, which makes comparison of the results difficult.  

The use of micro-CT scanning in dental research is not new, and has been used in 

assessments of bone density, caries research and tooth modelling for FEA, as well as the 

detection of voids in dental flowable RBCs (Kaisarly & Gezawi, 2016; Mulder et al., 

2017). Oliveira et al (2018) compared cuspal deflection values obtained using the strain 

gauge method with values obtained using micro-CT scanning and found a strong 

correlation between results.  

Relative to this study, micro-CT scanning enables acquisition of data in two distinct ways; 

namely assessment of volumetric changes as well as shrinkage vector calculations, where 

particles are traced before and after polymerization and then superimposed to visualize 

any changes (Kaisarly & Gezawi, 2016). A vector calculation can be described as one 

having both magnitude and direction (Kaisarly & Gezawi, 2016). Furthermore, Boolean 

operations are used within the associated software to create and modify geometric shapes 

in the following ways: shapes and points can be combined, subtracted, or intersected. This 
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allows for angular measurements to be obtained and then compared to ascertain whether 

there has been any change. To enable this analysis, the specimens were scanned at distinct 

stages of the restorative process as described in the methodology. 

A review of literature focused on cuspal deflection showed that sample sizes differ 

between studies depending on the outcomes measure used to assess deflection. Studies 

which used either micro-CT scanning or 3D scanning were considered to be similar, given 

that both methods use superimposition of images taken at different points of the 

restorative process as an indicator of tooth deformation. This non-destructive technique 

thus enables sequential measurements of deflection.  

Though this study also used micro-CT scanning as an outcomes measure, a novel method 

was used to analyze tooth deformation by quantifying angular changes at the highest cusp 

points, buccally and lingually. The angular measurements were obtained using fixed 

reference planes on the sequential scans, which were converted to percentages for analysis 

of movement during the restorative process. Because this has not previously been done, 

the sample size of this study was based on volumetric cuspal deflection studies using 

micro-CT or 3D scanning (Magne and Organesyan, 2009; Campodonico et al., 2011; 

Tantbirojn et al., 2011; Versluis et al., 2011; Prager et al., 2018; Deger et al., 2023). 

Sample sizes of the aforementioned studies ranged between n=5 and n=10.  

Oliveira et al (2018) supports the use of micro-CT scanning to measure tooth deformation 

by showing a strong correlation between cuspal deflection results obtained using the strain 

gauge method and those obtained using micro-CT scanning. The authors confirm that 

fewer samples are needed to measure cuspal deflection using micro-CT scanning when 

compared to the sample sizes required of studies using the strain gauge method (Oliveira 

et al., 2018). 

For the control group A, three scans were taken at the following stages:  

• The prepared tooth after etching. 

• The tooth after application of the bonding agents according to 

manufacturer guidelines and placement of the bulk-fill resin-based 
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composite (BFRBC), without curing. A layer of glycerin was applied to 

the uncured material and the specimens were placed in a dark tube during 

scanning to shield from ambient light. 

• The tooth after curing of the BFRBC with a Bluephase-N (Ivoclar 

Vivadent) curing light.  

For the test groups B and C, four scans were taken at the following stages:  

• The prepared tooth after etching, application of the bonding agents 

according to manufacturer guidelines and placement of a layer of Ribbond 

fiber on the floor of the cavity, uncured. The specimens were placed in a 

dark tube during scanning to shield from ambient light. 

• The tooth with Ribbond fibers as described, cured. 

• The tooth after placement of the BFRBC, without curing. A layer of 

glycerin was applied to the uncured material and the specimens were 

placed in a dark tube during scanning to shield from ambient light. 

• The tooth after curing of the BFRBC with a Bluephase-N (Ivoclar 

Vivadent) curing light.  

By scanning the teeth at these stages, data was acquired across the restorative process. In 

their study investigating cuspal deflection of premolars restored with high-viscosity 

BFRBCs and evaluated by micro-CT scanning, Demirel et al (2020) scanned each 

specimen twice only; the first scan being the teeth with standardized MOD preparations, 

and the second scan after application and polymerization of the BFRBC. The study 

concluded that high-viscosity BFRBCs generated significantly less cuspal deflection 

when compared to high-viscosity CURBCs. Hirata et al (2015) used micro-CT scanning 

to assess PS of low-shrinkage RBCs placed into Class I molar preparations, though the 

authors included an intermediate scan of uncured RBC for volume quantification prior to 

polymerization. The authors found that micro-CT reconstruction allowed for accurate 

analysis of changes within the specimens at each stage. Similarly, Algamaiah et al (2017) 

evaluated volumetric shrinkage of BFRBCs in Class II molar preparations over three 

micro-CT scans: after cavity preparation, after placement of the uncured RBC, and of the 
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cured restoration. The authors observed marked shrinkage at the bonded interfaces and 

assert that the increased unbonded areas of a Class II MOD restoration allows for stress 

reduction at the bonded interfaces. Therefore, analysis of the adaptation of the flowable 

RBC to cavity walls before and after curing, as was done in the present study, lends insight 

into shrinkage patterns of BFRBCs. 

5.3 System Compliance and PS 

In the current study, the application of BFRBCs into prepared tooth specimens 

allowed generated stress to manifest in the absence of external constraints, overcoming 

issues related to compensation of movement by the feedback systems which have been 

used in studies investigating internal stress (Ferracane, 2008; Gonçalves et al., 2008; 

Laughlin et al., 2002). In their study investigating polymerization stress of resin 

composites as a function of system compliance, Laughlin et al (2002) conclude that true 

stress can only be observed within the boundaries of interfacial integrity in studies focused 

on microleakage or cuspal deflection, thus supporting the methodology employed in this 

research.  

Given that the clinical condition is multiaxial, Gonçalves et al (2008) highlight the 

importance of closely simulating clinical conditions in in vitro research focused on PS. 

Meredith & Setchellt (1997) measured cuspal strain and concluded that cavity 

configurations which present with wide, robust cusps exhibit lower levels of strain 

compared to those with narrow cusps. Figure 67 shows the cavity dimensions used in this 

study across groups A, B, and C. 
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System compliance can be described practically as the opposite of stiffness and 

technically as the dimensional change of a system to unit force (Y. J. Kim et al., 2016). 

Group C presents with greater compliance than Groups A and B due to the wide bucco-

lingual cavity preparations of Group C specimens. Molars are expected to exhibit less 

compliance than premolars due to anatomical differences between these teeth (M. R. Lee 

et al., 2007). Guo et al (2016) suggest that compliance increases along the remaining walls 

towards the cusp tips, which are often thinner than the walls at the base of the preparation. 

Given that flowable BFRBCs are indicated for use with a capping layer, wall compliance 

relative to the location of these materials upon placement is likely to be low supporting 

the claim that flowable BFRBCs undergo less PS than CURBCs.   

In a study comparing the PS of BFRBCs to CURBCs under different compliances, Guo 

et al (2016) found that despite manufacturers claiming lower PS for BFRBCs in 

comparison to CURBCs, this difference becomes insignificant when the compliance of 

the constraint is high. This means that when the remaining tooth walls are stiff, the PS 

stress will be higher regardless of filler volume. Furthermore, the authors observed that 

depending on compliance, PS can increase, decrease, or remain constant with increasing 

filler content (Guo et al., 2016). This is supported by the findings of Wang & Chiang 

(2016), who demonstrated an increase in PS in systems with low compliance as the filler 

Figure 67: Preparation specifications for groups A & B 

(left) and group C (right). 
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load increased. At intermediate system compliances, a relationship between PS and filler 

load was no longer observed. Finally, in high-compliance systems, a reduction in PS was 

noted alongside increasing filler loads (Wang & Chiang, 2016).  

Though seemingly counterintuitive, Aregawi & Fok (2017) suggest that application of the 

principals of structural mechanics to this subject can allow for better understanding of 

why certain studies pertaining to this topic reach conflicting conclusions. Three factors 

must be considered when investigating stress and deformation: 

• Cavity configuration in terms of the shape and size  

• Material properties with a focus on modulus and shrinkage strain 

• Boundary conditions, where the compliance of the remaining tooth 

structure informs PSS. 

Aregawi & Fok (2017) suggest that collective appraisal of these factors in studies related 

to PS will allow for better clinical application of the results. Wang & Chiang (2016) 

reiterate the interplay between PS, development of EM, and system compliance and 

recommend that clinically, material selection should take these factors into consideration. 

When comparing the results of groups A and B, which included samples of low system 

compliance with and without Ribbond fiber-reinforcement, the following was noted. In 

Group A samples without Ribbond, -1.56% overall (internal and external) cuspal 

deflection was observed, a result comparable to the -1.55% overall cuspal deflection 

recorded in Group B samples with Ribbond-reinforcement. These results suggest that in 

molar cavities with a narrow isthmus and less compliant cusp walls, deflection is minimal 

regardless of fiber-reinforcement, however the results were not statistically significant. 

When comparing Groups B and C, which included samples of low and high (Group C) 

wall compliance with and without Ribbond fiber-reinforcement, the following was noted. 

-1.55% overall (internal and external) cuspal deflection was observed in Group B samples 

with Ribbond. Interestingly, though Ribbond-reinforcement did not seem to improve 

deflection in Groups A and B, when placed in cavities with a wider isthmus and more 

compliant walls, the overall cuspal deflection recorded was -0.31%. This suggests that the 
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true effect of Ribbond-fibers is exerted in more extensive cavity configurations, though 

the results were not statistically significant.  

Extensive cavities sustain higher PSS; depth and cavity configuration therefore correlates 

closely with cusp deformation (Forster et al., 2019). Loss of marginal ridges further 

reduces the fracture resistance of restored teeth (Forster et al., 2019). This study 

methodology included molars prepared to a depth of 5mm; the fracture resistance of teeth 

with 5mm depths was half that of the fracture resistance recorded in cavities prepared to 

3mm depths. Though these molars were prepared with different wall thicknesses of 

1.5mm, 2.5mm, and 3.5mm respectively, wall/cusp thickness was not found to 

significantly influence the fracture strength (Forster et al., 2019). The study found that the 

primary determinant of fracture strength in molar MOD cavities was cavity depth (Forster 

et al., 2019). This is likely due to the anatomy of molars, where wall compliance at the 

base of these cavities lends strength to the restoration.  

5.3.1 Cavity dimensions related to Ribbond and BFRBCs  

 The remaining sound tooth structure plays a key role in the long-term prognosis 

of dental restorative procedures. Goel et al (1992) lists the interaxial dentin, pulp chamber 

roof, marginal ridges, and remaining cusps as determinants of restorative outcomes, where 

loss of the interaxial dentin and marginal ridges markedly influences fracture resistance. 

A 60% loss of stiffness has been reported in teeth with MOD preparations (Reeh et al., 

1989).  

Though the literature supports the use of Ribbond to improve flexural and fracture 

strength in direct RBC application, much of the data is focused on restoring 

endodontically treated teeth (Eskitascioglu, Belli and Kalkan, 2002; Belli et al., 2005; 

Belli and Eskitascioglu, 2006; Belli, Erdemir and Yildirim, 2006; Belli et al., 2017). Zotti 

et al (2023) simulated clinical conservative presentation in molar MOD preparations, with 

cavity depths of 5mm and 3mm. The study found that in groups with cavity depths of 

3mm restored with and without fiber-reinforcement, fracture strength values were 

statistically significant (Zotti et al., 2023). Interestingly, in groups with cavity depths of 
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5mm restored with and without fiber-reinforcement, no differences were observed. The 

study demonstrated that when sufficient interaxial dentin is present, Ribbond improves 

the fracture strength of RBC restorations (Zotti et al., 2023). However, when there is 

partial or complete loss of the interaxial dentin, dissipation of load forces via Ribbond 

fibers is no longer observed (Zotti et al., 2023). The results of the present study are in 

agreement with this, where no significant differences were observed in the fracture 

strength of Group A without Ribbond and Group B with Ribbond fibers, where the mean 

fracture strength was 1478N in Group A and 1241N in Group B. When the mean fracture 

strength of Group B (1241N) and Group C (1346N), both with Ribbond fiber-

reinforcement, were compared, no significant differences were noted despite differences 

in cusp wall widths. These results support the findings of Forster et al (2019), in that 

wall/cusp thickness was not found to influence fracture resistance. 

The fracture strength of intact molars is reported to be 3000N, whereas that of unrestored 

molar MOD cavities is significantly reduced to 500N – 1000N (Goel et al., 1992; 

Mondelli et al., 1980). Fracture strength of molars with restored MOD cavities improves 

depending on the restorative material used. Goel et al (1992) reports an increase in fracture 

strength in these cavities to 1600N. Maximum biting forces of between 300N – 600N have 

been reported (Hellmann et al., 2012; Jansen van Vuuren et al., 2020).  

Within this context and across groups A, B, and C, comparable mean fracture strengths 

of 1457N and 1504N were observed in F-BF and T-BF respectively. Though P-BF 

resulted in a lower mean fracture strength of 1103N across all groups, these differences 

were not statistically significant. The flowable BFRBCs assessed within this study 

exhibited fracture strength values well above these reported maximum biting forces; the 

application of these materials in the posterior dentition can therefore be supported by the 

findings of this study. 
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5.4 Ribbond Fibers  

5.4.1 Effect of Ribbond on fracture strength 

Placement of Ribbond fibers to reinforce teeth is established in the literature 

(Atalay et al., 2016; Dyer et al., 2004; Fráter et al., 2021; Meiers et al., 2003; Peric et al., 

2022).  Akman et al (2011) investigated the effect of different fiber-reinforced RBC 

restoration techniques on cusp movement and found that teeth filled with only CURBCs 

displayed greater cusp movement than those restored with CURBCs and fibers, regardless 

of where in the restoration the fibers were placed. Furthermore, Belli & Eskitascioglu 

(2006) demonstrated that a base of Ribbond fibers with flowable resin in cavities with a 

high c-factor reduced PSS in the system. The influence of Ribbond fiber-reinforcement 

on cuspal deflection in MOD cavities of different dimensions when restored with different 

flowable BFRBCs is unclear, and the focus of this study. Using micro-CT scanning in the 

manner described allowed for the rendering of two- and three- dimensional images to 

qualitatively and quantitatively assess changes to the teeth during the restorative process. 

Furthermore, Ribbond fibers have been shown to increase the fracture resistance of teeth 

restored with direct RBCs (Belli et al., 2005). The fracture resistance of molars restored 

with flowable BFRBCs without a capping layer of CURBC, as is indicated for F-BF and 

T-BF, was also investigated in this study. 

Teeth become susceptible to fracture when there is loss of anatomical structures, including 

the marginal ridges and cusps (Belli and Eskitascioglu, 2006). Intra-coronal strengthening 

of the remaining anatomical structures becomes increasingly important as the volume of 

lost tooth structure increases, particularly in the posterior dentition, which is subjected to 

high compressive and tensile forces on function (Reeh, Messer and Douglas, 1989; Belli 

and Eskitascioglu, 2006).  

An improvement in flexural strength has been observed in teeth which have been 

reinforced with fibers; this has led to an increased use of direct RBCs in extensive 

restorative applications (Kalburge et al., 2013). Crack propagation is also halted, and the 

load-bearing capacity of the dental restoration increases with fiber-reinforcement 
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(Kalburge et al., 2013). Karaman et al (2002) showed that while the elastic modulus (EM) 

of unbonded Ribbond fibers is 1397 MPa, when used in conjunction with dentin bonding 

agents (DBA) and flowable RBCs, an EM of 23.6 GPa is observed. Though these values 

were obtained from endodontically treated maxillary central incisors, increased EM is 

expected due to RBC impregnation of the fibers. The overall higher EM alongside the 

lower flexural modulus of the fibers modifies the development of interfacial stresses at 

the tooth/adhesive/restoration interface (Kalburge et al., 2013; Karaman et al., 2002). 

Polymerization of DBAs which have penetrated, impregnated, and become entangled into 

the dentinal substrates creates a hybrid layer, forming a micromechanical bond with the 

dentin surface (Nakabayashi et al., 1992). It has been suggested that placing a layer of 

flowable RBC between the DBA and final RBC restoration will improve flexural strength 

(Van Meerbeek et al., 1992). This theory is not supported, though the sandwiching of 

fibers embedded in flowable RBC between the DBA and final RBC restoration has been 

shown to increase fracture resistance (Eskitascioglu et al., 2002). This is supported by 

Kalburge et al (2013), who showed that the fracture strength of endodontically-treated 

premolars with class II DO and class II MOD cavity configurations increased when 

Ribbond fibers were placed beneath the RBC restoration.  

The present study showed that the fracture strength of teeth with standardized cavity 

dimensions restored with and without fiber-reinforcement yielded no significant 

differences. The mean fracture strength observed in Group A was 1478N, and 1241N in 

Group B. Though these results are not in agreement with the aforementioned studies, this 

is likely due to anatomical differences between the tooth samples selected in each study, 

where premolars were used in the cited studies and molars were used in the present study.  

Deger et al (2023) investigated the effects of various materials placed underneath RBC 

restorations on volumetric cuspal deflection and fracture strength. CURBC, BFRBC, 

fiber-reinforced RBC, and Ribbond fibers were used as intermediary layers across four 

groups, which were subjected to micro-CT scanning before fracture strength testing. The 

results showed no significant differences in volumetric cuspal deflection and fracture 

strength (Deger et al., 2023). Akman et al (2011) showed that though Ribbond fibers 
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reduced cuspal deflection in molar MOD restorations with buccal wall widths of 3.5mm, 

lingual wall widths of 3mm and proximal boxes 1 mm above the CEJ, no improvement in 

fracture strength was observed. This finding is supported by Cobankara et al (2008), 

though the authors concede that their results may differ from Belli et al (2005) due to 

differences in tooth selection and preparation. Conversely, the reinforcement of 

microhybrid CURBCs with Ribbond fibers was shown to improve the fracture strength of 

the restored tooth (Sáry et al., 2019).  

In the present study, Group B specimens restored with Ribbond fiber-reinforcement did 

not show improved fracture strength when compared to Group A specimens which were 

restored without Ribbond fiber-reinforcement. Group C specimens, which were more 

extensively prepared than specimens in Group B, did not show improved fracture strength 

with fiber-reinforcement, though none of these differences were statistically significant. 

The mean fracture strength values of each material across groups A, B, and C are 

displayed in Table 10. 

 

 

Table 10: Mean fracture strength of F-BF, T-BF, and P-BF across groups A, B, and C. 

 

 

GROUP FILTEK BULK 

FILL FLOWABLE 

TETRIC N-FLOW 

BULK FILL 

PALFIQUE BULK 

FILL FLOWABLE 

A (3.5mm wall width 

without fibers) 

1780N 1523N 1131N 

B (3.5mm wall width 

with fibers) 

1459N 1228N 1036N 

C (1.5mm wall width 

with fibers) 

1132N 1763N 1143N 
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The fracture strength of Group B specimens restored with P-BF and Ribbond-

reinforcement was 1036N, which was higher than the 1131N mean fracture value of 

Group C specimens restored with P-BF and Ribbond-reinforcement. This is in agreement 

with Eliguzeloglu Dalkiliç et al (2019), who reported an increase in fracture resistance in 

molars restored with Estelite Bulk-Fill Flowable (Tokuyama Dental Corporation, Japan) 

and Ribbond when compared to the fracture resistance of Estelite BFF without fiber-

reinforcement.  

The results of this study showed that Ribbond fiber-reinforcement did not improve the 

fracture strength of specimens restored with T-BF in Group B when compared to Group 

A specimens, which were restored without fiber-reinforcement. Average fracture values 

of 1228N and 1523N were observed respectively. Despite more extensive cavity 

preparations, Group C showed a higher mean fracture value of 1763N compared to Group 

B, both of which were restored with fiber-reinforcement. Despite this variability, the 

differences were not statistically significant. In a study analyzing the fracture resistance 

of endodontically treated premolars, it was shown that the fracture strength of T-BF 

placed with Ribbond fiber-reinforcement was comparable to that of a CURBC with fiber-

reinforcement (Shafiei et al., 2021). Little research is focused specifically on T-BF, 

though studies have used other Ivoclar composite products to assess fracture strength of 

the materials with fiber-reinforcement. In a study assessing the fracture resistance of Class 

II MOD cavities, the mean fracture strength of molars with MOD preparations of 5mm 

depth and 5mm bucco-palatal width, when restored with an Ivoclar nano-hybrid CURBC 

without fiber-reinforcement, was shown to be 1242N. When the material was restored 

with Ribbond fiber-reinforcement, the fracture value increased to 1923N (Tsertsidou et 

al., 2023). The results of the present study are aligned with these findings, suggesting that 

T-BF performs similarly to Ivoclar’s Tetric, T-BF’s high viscosity CURBC counterpart. 

F-BF exhibited high fracture strength in Groups A and B, where the cavity preparations 

resulted in a narrow isthmus and low wall compliance. In the group without Ribbond 

reinforcement, the mean fracture value was 1780N, where Ribbond placement reduced 

fracture resistance to a mean value of 1459N. This may be due to bond failure in the latter 
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group, though ultimately these differences were not statistically significant. In Group C, 

where the preparations displayed high wall compliance and wide isthmuses, the mean 

fracture strength was 1132N. This result is close to that of P-BF in the same group, though 

none of the results were statistically significant. A study investigated the fracture 

resistance of endodontically treated premolars restored with various fiber-reinforcement 

systems and found that F-BF restored with Ribbond fiber-reinforcement displayed greater 

fracture resistance when compared to teeth restored with F-BF and without Ribbond fibers 

(Mahmoud et al., 2023). This discrepancy in results is likely due to the type and size of 

the teeth used in addition to the endodontic treatment performed on the samples in the 

aforementioned study. 

Differences in the results of studies may be related to the location and orientation of fibers 

within the cavities. This is confirmed by the results of Sengun et al (2008), who showed 

no significant differences in fracture resistance between teeth restored with and without 

fiber reinforcement when the Ribbond fibers were placed in the gingival third of the 

preparation, as was done within this study.  

Thermocycling  was performed after final scanning procedures were completed 

and prior to subjecting the samples to the Universal Testing Machine. The use of DBAs 

to create a firm bond at the tooth/restoration interface reduces cusp flexure and resultant 

fatigue within the tooth (Kalburge et al., 2013; Reeh et al., 1989). As the restored tooth 

sustains thermal and functional stresses over time, this bond may be subject to degradation 

(Reeh et al., 1989; Shahrbaf et al., 2007). Thermocycling prior to load testing therefore 

serves to simulate clinical conditions, thus serving to validate recommendations based on 

the outcomes of in vitro investigations (Kalburge et al., 2013).  

It is important to note that intra-oral occlusive forces are dynamic, with varying force, 

frequency, and direction. Shahrbaf et al (2007) caution that though widely used to measure 

compressive and tensile forces, as a destructive test the results may not be unconditionally 

applied clinically given that forces used induce specimen fracture are often higher than 

those occurring naturally during function. Taha et al (2011) however support the use of 

static loading to measure fracture resistance, stating that though fracture loads recorded 
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during static loading are higher than functional loads, the method remains valid within 

comparative dental materials research. 

5.4.2 Effect of Ribbond fibers on cuspal deflection 

High EM is noted in healthy, intact teeth, with a reduction in stiffness occurring 

upon instrumentation of the occlusal surfaces. A further reduction in cusp stiffness is seen 

when the marginal ridges are included in the cavity preparation (Jantarat et al., 2001). 

Magne & Organesyan (2009) noted marked cuspal deflection in class II MOD 

preparations and therefore recommend that the marginal ridge must be maintained where 

possible to mitigate cusp strain. Cuspal deformation occurs in restored teeth upon 

functional loading, though movement of the tooth/restoration complex as well as bond 

failure at the tooth/restoration interface has been observed independent of loading 

(Jantarat et al., 2001). Because of this, Akman et al (2011) suggest that measurement of 

cuspal deflection under loading may be more clinically relevant.   

Akman et al (2011) reported lower cuspal deflection values in teeth restored with an 

intermediary layer of flowable RBC and Ribbond fibers, citing the dense nodal 

intersections of the fibers as the primary means of stress redistribution (Belli and 

Eskitascioglu, 2006). Oskoee et al (2009) showed that regardless of location and 

orientation within the cavity, the use of fibers to reinforce RBC restorations reduced 

cuspal deflection. A reduction in cuspal deflection was found in premolars with MOD 

cavity preparations when restored with fiber-reinforcement (Noaman et al., 2020). 

In the current study, cuspal deflection angles were analyzed internally and externally to 

enable cumulative analysis of tooth movement buccally and lingually. In Group A, mean 

overall cuspal deflection of -1.56% was observed. With Ribbond reinforcement, Group B 

showed -1.55% overall cuspal deflection. The overall cuspal deflection observed in Group 

C was -0.31%. These findings suggest that the effect of Ribbond fiber-reinforcement on 
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cuspal deflection is more marked in larger cavities, supporting this application in cavities 

with high wall compliance and wider isthmuses (Figure 68).  

 

5.4.3 Ribbond and BFRBCs 

It has been shown that upon fracture strength testing, teeth which were restored 

with flowable BFRBCs presented with favourable fractures above the CEJ when 

reinforced with Ribbond fibers (Eliguzeloglu Dalkiliç et al., 2019). Sadr et al (2020) 

showed that even low-shrinkage BFRBCs experience PS which can exert interfacial 

stresses at the tooth/adhesive/restoration interface. This can result in debonding of the 

BFRBC from the cavity floor (Sadr et al., 2020). The authors advocate for the placement 

of fibers at the base of the restoration to absorb PSS and improve outcomes in deep multi-

surface posterior restorations (Sadr et al., 2020). 

Gupta, Tomer and Pyasi (2018) analyzed the fracture strength of endodontically treated 

MOD premolars restored with Ribbond fiber-reinforced flowable BFRBCs including 

Tetric Evo Flow BF (TE-BF) and F-BF. The study found the mean fracture strength of 

TE-BF to be 515.04N. F-BF was found to have a higher mean fracture strength of 984.07N 

(Gupta et al., 2018). These values were reported for restored premolars. The fracture 

strength of intact mandibular molars varies depending on anatomical factors, though a 

Figure 68: Mean overall cuspal deflection across groups A, B, and C. 
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range of between 2671N and 3048N has been reported (Daher et al., 2021). The results of 

the present study showed that the mean fracture strength of F-BF without Ribbond fibers 

was 1779N (Figure 69). Interestingly, a lower fracture strength was observed in Group B, 

where the mean fracture strength recorded was 1459N. The lowest fracture strength of 

molars restored with F-BF was noted in Group C, with a mean value of 1132N. These 

values are aligned with the findings of Gupta, Tomer and Pyasi (2018), where variability 

is likely due to differences in tooth selection and cavity dimensions in either study.  
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Figure 69: Newton (N) at break - F-BF. 
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Mean fracture strength of T-BF was observed to be 1523N in Group A, 1228N in Group 

B, and 1763N in Group C (Figure 70). These values are significantly higher than those 

reported by Gupta, Tomer and Pyasi (2018), and is likely due to differences in tooth 

selection, cavity dimensions, and specific differences in the Ivoclar composites used in 

either study.  

 

 

 

 

 

 

 

The fracture strength of P-BF with Ribbond fiber-reinforcement has not been reported 

elsewhere, the results of the present study are therefore of value to clinicians opting to use 

this material in practice. Group A specimens restored with P-BF had a mean fracture 

strength of 1131N compared to 1035N in Group B, which was restored with Ribbond 

reinforcement. Group C specimens had a high fracture strength of 1143N (Figure 71). 
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These findings also suggest that T-BF and P-BF placed with Ribbond fiber-reinforcement 

in posterior applications with wide isthmuses and high wall compliance improved the 

fracture strength of the restored tooth. No beneficial effect on the fracture strength of F-

BF was observed when the material was used with Ribbond fiber-reinforcement. Atalay 

et al (2016), in a study assessing CURBCs, low- and high- viscosity BFRBCs and other 

materials with and without Ribbond fiber-reinforcement, also found insignificant 

differences in fracture strength between groups. In their study assessing the fracture 

strength of Class II MOD molars restored with Ribbond fibers, Zotti et al (2023) included 

samples prepared to depths of 3mm and 5mm respectively. The authors conclude that 

Ribbond fibers lend strength in applications where sufficient interaxial dentin is present. 

Fracture strength of the tooth is greatly diminished when there is extensive loss of 

interaxial dentin. At cavity depths greater than 3mm, load dissipation via Ribbond fibers 

was no longer observed. It is recommended that fiber placement in deeper cavities should 

be at either the level of the coronal third of the tooth or along the cavity walls to allow for 

adequate reinforcement of the restoration (Zotti et al., 2023). 

5.5 Volumetric changes on polymerization 

 Though dimensional changes on polymerization are considered less significant 

than stress generated within the RBC on curing, volumetric shrinkage remains a valuable 

indicator of internal stress, as these variables correlate with one another to a certain extent 

(Ferracane, 2008). Debonding at the restoration interface, post-operative sensitivity, cusp 

fracture and cuspal deflection as well as micro-cracks in the enamel are often direct 

consequences of internal stress being exerted upon the bonded surfaces, all of which lead 

to restoration failure (Kleverlaan & Feilzer, 2005). 

Non-destructive analysis of PS has been conducted in the literature, where Kakaboura et 

al (2007) lists the advantages of micro-CT scanning in such analyses as allowing for 

complete three-dimensional imaging and subsequent evaluation of the interfacial areas in 

all directions and at any site of the restoration as well as observation and quantification of 

RBC shrinkage patterns in linear and volumetric measurements, thus enabling comparison 

between samples of different cavity dimensions and/or material types.  
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Dimethacrylate-based RBCs undergo addition polymerization, during which covalent 

bonding of molecules previously linked by weak Van Der Waal’s forces results in 

increased material density and reduced free volume within the RBC (Ferracane, 2008). 

Factors which modulate this process include the volume of inorganic filler, the molecular 

size and weight of the organic components, and the extent of polymerization (Ferracane, 

2008). Kakaboura et al (2007) comments that the interplay between shrinkage, contraction 

stress, EM, and flow is influenced by these factors.  

Kim et al (2015) compared PS, PSS, and EM of high- and low- viscosity BFRBCs and 

found that low-viscosity BFRBCs displayed higher PS and lower EM than the high-

viscosity BFRBCs tested, likely due to the lower filler content of these RBCs. In the same 

study, F-BF was compared to Filtek Z350 (3M ESPE, St Paul, MN, USA), a flowable 

CURBC. Despite similar filler contents of 64.5% and 65% (by weight), F-BF showed 

lower PS than Z350. This difference is attributed to the inclusion of the low-molecular 

weight monomer TEGDMA in the CURBC, though the authors caution that rational 

analysis of the effect of monomer molar mass on PS is difficult as monomer ratios are not 

disclosed by manufacturers (R. J. Y. Kim et al., 2015). The influence of the monomer 

ratios of F-BF, T-BF, and P-BF on results of the present study will not be discussed for 

this reason. 

Internal data collected by 3M states that F-BF undergoes shrinkage of 3.1% (3M ESPE 

Internal Data, Accessed 2023). Tokuyama Dental (Accessed 2023) compared P-BF with 

other commercial flowable BFRBCs, including F-BF. Their results show linear shrinkage 

values of 2.1% for P-BF, the lowest of the materials tested, and 2.5% for F-BF. Lie 

Nakano et al (2020) compared the volumetric shrinkage of F-BF and T-BF with flowable 

CURBCs. Both BFRBCs produced less shrinkage than their conventional counterparts, 

with 1.5% volumetric shrinkage for F-BF and 1.75% for T-BF. Figures 72 & 73 show the 

comparisons drawn from Tokuyama Dental (Accessed 2023) and Lie Nakano et al (2020). 

Differences in these values are likely due to different testing modalities.   
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Mean cuspal deflection observed in F-BF, P-BF, and T-BF is displayed in Figure 74. Data 

correlation was explored by calculating the relative proportion of deflection to the 

shrinkage reported in the literature (Table 11).  
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Figure 72:Linear shrinkage of flowable BFRBCs (Tokuyama 

Dental, Accessed 2023). 

Figure 73: Volumetric shrinkage of flowable RBCs (Lie Nakano et al., 2020). 
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Table 11: Proportional cuspal deflection and shrinkage values for F-BF, P-BF, and T-

BF. 

 

 

 

 

 

 

 

 

 

Results of the present study show that the mean cuspal deflection of F-BF is -0.75%, 

reported volumetric shrinkage of the material is 1.5%. T-BF was shown to undergo 1.8% 

volumetric shrinkage, and cuspal deflection observed in the present study was -2.8%. P-

BF underwent 2.1% shrinkage, with 0.12% cuspal deflection observed in the present 

study. Proportionally, there is correlation between these reported variables. Values close 

to zero are ideal; within this context, across groups A, B, and C, P-BF resulted in the least 

tooth deformation, followed by F-BF and T-BF respectively.  

Lie Nakano et al (2020) compared PS and gap formation of flowable CURBCs and 

BFRBCs and found that F-BF displayed the lowest PSS of the materials tested, with T-

BF showing PSS within a similar range. The study also observed the lowest percentage 

of interfacial gaps and the highest DC in T-BF. F-BF was found to have the lowest DC of 

the tested materials, within the same range as the flowable CURBC Tetric N-Flow 

MATERIAL DEFLECTION SHRINKAGE RATIO 

F-BF -0.75 1.5 -0.5 

T-BF -2.8 1.8 -1.55 

P-BF 0.12 2.1 0.05 
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Figure 74: Mean deflection of materials across groups A, B, and C. 
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(Ivoclar Vivadent) (Lie Nakano et al., 2020).  The authors cite the pre-polymerized fillers 

in T-BF as providing low EM and subsequent stress relief, an important variable related 

to the low percentage of interfacial gap formation observed in this study. The high DC 

seen in this material was attributed to the inclusion of Ivocerin as a photoinitiator, which 

has a higher absorption coefficient than camphorquinone (Lie Nakano et al., 2020). 

Conversion of monomers into a polymer network occurs when energy transfer to the 

monomers produces free radicals, which in turn collide with other monomers in the 

system to form covalent bonds between the molecules (Ferracane, 2008). Polymer chains 

form and lengthen as the reaction progresses, and an increase in material viscosity is 

observed. The polymer chains become entangled, forming an increasingly rigid and dense 

cross-linked network of molecules within which the inert filler particles are suspended 

(Ferracane, 2008). Restriction of the polymer chains is accompanied by the development 

of EM, at which point the RBC becomes an elastic solid (Ferracane, 2008). Further 

dimensional changes guided by polymerization contraction will then generate stress in 

accordance with Hooke’s law, which states that stress is equal to EM multiplied by strain 

(Ferracane, 2008). Consequently, increased PS alongside an increased EM will cause an 

increase in PSS within the RBC. 

Though independent studies assessing the properties of Tokuyama RBC products have 

been undertaken, none have focused on P-BF specifically. The technical data provided by 

the manufacturer does however compare P-BF with leading BFRBCs, one of which is F-

BF. The data presented in Figure 75 shows the DC percentage ratios of P-BF (92% DC), 

F-BF (87.5% DC) and a third flowable BFRBC for perspective (Tokuyama Dental, 

Accessed 2023). Interestingly, though the Tokuyama data shows 87.5% DC for F-BF, Lie 

Nakano et al (2020) reported DC of 55.5% for Filtek BFF and 64.3% for T-BF. Figure 76 

shows DC values (%) obtained for F-BF, T-BF and the CURBCs Filtek Z350 and Tetric 

N-Flow. The difference in the values obtained highlights the importance of independent 

research and standardization of methodologies to minimize bias.   
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Of the three materials tested in this study, P-BF shows the highest DC, which Tokuyama 

attributes to the Radical Amplified Photo-polymerization initiator (RAP technology) used 

in this material (Tokuyama Dental: Accessed 2023). The DC values reported by 

Tokuyama Dental for F-BF and P-BF are significantly higher than those reported by Lie 

Nakano et al (2020) for F-BF, T-BF and other RBC products. Given that DC of P-BF has 

not been independently reported, analysis of P-BF in this regard will be excluded. F-BF 

resulted in -0.75% cuspal deflection and a 55.5% DC was reported, compared to T-BF, 

which resulted in greater deflection of -2.8% with 64.3% DC. High DC is indicative of 
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Figure 75: Degree of conversion (%) of flowable BFRBCs. 
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greater monomer conversion into polymer chains, the process of which influences 

volumetric change on vitrification. For this reason, it can be rationalized that higher DC 

may result in greater cuspal deflection, as observed in the behaviour of T-BF and F-BF in 

the present study.  

5.6 Effect of different composite placement techniques on the 

physical properties of the restoration 

 To mitigate PS, modify PSS patterns, and ensure adequate polymerization of 

direct RBC restorations, incremental placement of CURBCs in 2mm layers is 

recommended (Abed et al., 2015; Lins et al., 2019; Oliveira et al., 2018; Rosatto et al., 

2015; Versluis et al., 1996). Versluis et al (1996) investigated the effect of incremental 

CURBC placement on PSS and found that the volume of RBC material required to restore 

a cavity was less than the volume required when cavities were bulk filled to the same 

occlusal limits. Consequently, resultant PSS was higher in cavities which were 

incrementally filled. The authors clarify these findings by describing the inward and 

downward movement of the cavity walls upon contraction of successive RBC layers on 

polymerization (Versluis et al., 1996). Cumulatively, the restored cavity volume is 

reduced in comparison with the volume of the unrestored cavity.  

Lins et al (2019) detected significant differences between packable CURBCs and 

packable BFRBCs and RBC placement techniques. PSS and cuspal deflection values were 

lower in BFRBCs. A study compared the fracture load of molars restored with packable 

CURBCs, packable BFRBCs, and flowable BFRBCs, and found a higher incidence of 

microcracks (33.3%) as well as a greater tendency to catastrophic fracture (75%) in molars 

restored using the incremental CURBC placement technique (Guerra et al., 2023). 

Regardless of viscosity, the BFRBCs presented with fewer cracks (14%) and a reduced 

propensity to catastrophic fracture (63% noted in both flowable and packable BFRBC 

groups) (Guerra et al., 2023). Their results support the claim that BFRBCs exert less PSS 

and display less cuspal deflection than CURBCs. Similarly, Rosatto et al (2015) 

confirmed that posterior teeth restored with BFRBCs display less PSS and cuspal 
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deflection, as well as increased fracture resistance. The authors emphasize that the 

reduced mechanical properties of flowable BFRBCs in comparison with packable 

CURBCs and BFRBCs necessitates the finishing of these restorations with a high-

viscosity RBC capping layer (Rosatto et al., 2015).     

The present study showed than 88.8% of samples which had been prepared with low wall 

compliance and a narrow isthmus, without fiber-reinforcement, exhibited favourable 

fracture patterns. 66.6% of those teeth exhibited Class III fracture patterns, indicating 

fracture within both the BFRBC and tooth structures. Interestingly, only 22.2% of samples 

which had been prepared with low wall compliance and a narrow isthmus, with fiber-

reinforcement, exhibited favourable Class III fracture patterns. Longitudinal fracture of 

BFRBC and tooth structures involving the root were observed in the remaining samples.  

Samples which had been prepared with high wall compliance and a wide isthmus, with 

fiber-reinforcement, exhibited favourable fracture patterns only, where extensive crack 

formation in the BFRBC was noted in 55.5% of the samples, cohesive fracture within the 

BFRBC was observed in 22.2% of samples, and fracture within the BFRBC and tooth 

structures was observed in 22.2% of samples. Guerra et al (2023) showed that class II 

MOD preparations with high wall compliance and wide isthmuses (where samples were 

prepared to 4mm depth and 2/3 intercuspal width) presented with fewer longitudinal 

fractures below the cemento-enamel junction when restored with Tetric N-Flow Bulk Fill 

flowable (63%) and Tetric N-Ceram Bulk Fill (63%), as compared to samples restored 

with Tetric N-Ceram (75%), a CURBC. F-BF, when restored with a capping layer of 

Filtek Z350XT (3M ESPE, St Paul, MN, USA) to restore Class II MOD molar cavities 

with high compliance and wide isthmuses (4mm depth and 4/5 intercuspal width), had a 

comparable propensity to catastrophic failure (50%) when compared to identical cavities 

restored with Filtek Z350XT alone (50%) (Rosatto et al., 2015). The results of the present 

study indicate that the use of Ribbond fibers to reinforce T-BF and F-BF improves the 

fracture strength of these materials in cavities with high compliance and wide isthmuses. 
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5.7 PS and Core Components of the BFRBC System 

Manufacturers have explored the following to reduce the effects of PS; adjusting 

the amount of filler material in the inorganic matrix, increasing the molar mass of the 

resin matrix as well as modifying polymerization kinetics (Guo et al., 2016). The materials 

investigated in this study will be discussed within the context of the above. 

5.7.1 Volume of Inorganic Filler 

 CURBCs typically contain filler loads of more than 50% and up to 70% by 

volume, whereas BFRBCs contain lower filler loads around 44% - 55% by volume 

(Hervás-García et al., 2006). Relative to unfilled resin, the shrinkage of packable 

CURBCs is low and the EM is high, establishing the reciprocal relationship between filler 

volume, PS and EM (Guo et al., 2016). That BFRBCs display lower PS in comparison to 

CURBCs is likely due to the reduced filler content in these materials which produces a 

lower EM on polymerization (Guo et al., 2016; Gupta et al., 2017; Hervás-García et al., 

2006).  

Hybrid RBCs contain filler particles of different shapes and sizes. F-BF is a micro-hybrid 

BFRBC containing zirconia and silica particles of 0.01 - 3.5 µm in size and ytterbium 

trifluoride of 0.1 - 5.0 µm in size (Gupta et al., 2017). The inorganic filler loading of this 

material is 64.5% by weight (42.5% by volume), which is just short of the average BFRBC 

filler loads found by Hervás-García et al (2006). T-BF is a nanohybrid BFRBC containing 

barium glass, ytterbium trifluoride and copolymers. The material is loaded at 68.2% by 

weight (46.4% by volume), though filler particles sizes are not disclosed by the 

manufacturer. P-BF is marketed as a “supra-nano filled” BFRBC and contains uniform 

spherical silica-zirconia particles 200nm in size, though according to the accepted RBC 

classification system depicted in Figure 1, the material is better described as a nanofill 

RBC. The material is loaded at 70% by weight (56% by volume), the highest of the three 

materials tested in this study. 

The filler volume of T-BF falls within the average reported by Hervás-García et al (2006), 

and P-BF is loaded slightly more than the average reported by Gupta et al (2017). The 
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inorganic filler component lends strength to the RBC, where a correlative relationship is 

expected between filler load and fracture strength. Analysis of the fracture strength results 

obtained for each material tested in this study showed that despite having the lowest filler 

load, the fracture strength observed in F-BF (1780N) was higher than T-BF (1523N) and 

P-BF (1131N) in Group A. The same was noted in Group B, where F-BF (1459N) had a 

higher fracture strength than T-BF (1228N) and P-BF (1036N) when applied with 

Ribbond fiber-reinforcement into cavities with low compliance. Interestingly, when the 

BFRBCs were applied with fiber-reinforcement into cavities with high compliance, the 

fracture strength of T-BF (1763N) was superior to that of F-BF (1132N) and P-BF 

(1143N). These results suggest that filler load alone is not a predictor of compressive 

strength and lend toward material recommendations under specific clinical conditions. In 

extensive Class II molar preparations with wide isthmuses, T-BF is recommended for use 

with Ribbond fiber-reinforcement. Both F-BF and T-BF can be recommended for use in 

less extensive Class II molar preparations, with and without fiber-reinforcement. Despite 

variabilities in the mean fracture strength of P-BF when compared to F-BF and T-BF 

across all groups, no statistical significance was noted.  

Because BFRBCs contain lower filler volume, most manufacturers recommend that these 

materials be placed as a base with a 2mm capping layer of highly filled RBC placed over 

the BFRBC to enhance the mechanical properties of the final restoration (Guo et al., 

2016). Many practitioners are however using these BFRBCs without a high viscosity RBC 

veneer to finish, which is likely why the manufacturers of P-BF have developed the 

material to allow for use without a capping layer. With a filler load volume of 56%, P-BF 

falls within the range of filler loads observed in CURBCs despite being a low-viscosity 

BFRBC (Gupta et al., 2017). However, analysis of fracture strength testing across groups 

A, B, and C shows that both F-BF (1459N) and T-BF (1504N) had higher mean fracture 

strength values than P-BF (1103N), regardless of cavity size and fiber-reinforcement, and 

without a capping layer. These results suggest that placement of a packable RBC over P-

BF should be considered in applications under high loads. 
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In the present study, in which samples were prepared to 5mm depths, 66.6% of fracture 

patterns observed in samples across all groups restored with either T-BF or F-BF were 

favourable. 100% of Group A samples restored with T-BF or F-BF without Ribbond-

reinforcement and Group C samples restored with T-BF or F-BF with Ribbond-

reinforcement fractured favourably. All unrestorable fractures occurred in Group B 

samples restored with T-BF with Ribbond-reinforcement. Zotti et al (2023) analyzed the 

fracture patterns of molars prepared to 3mm and 5mm depths with buccal and lingual 

cavity walls widths of ±2mm and restored with and without Ribbond fiber-reinforcement. 

A Tokuyama product, Estelite Flow Quick, was used to embed the fibers on the floor of 

the cavity before layering of a packable CURBC. Favourable fracture patterns were 

observed in 80% of samples prepared to 3mm depths, whereas only 60% of samples 

prepared to 5mm depths exhibited favourable fracture patterns. Within this context, it 

appears that cavity depth and extensive loss of interaxial dentin significantly influences 

the fracture pattern of restored teeth.  

88.8% of fracture patterns observed in samples across all groups restored with P-BF were 

favourable. 100% of Group A samples restored with P-BF without Ribbond-

reinforcement and Group C samples restored with P-BF with Ribbond-reinforcement 

fractured favourably. 66.6% of Group B samples restored with P-BF without Ribbond-

reinforcement fractures favourably, with the only unfavourable fractures occurring in this 

group. These results would support the manufacturer’s claims that P-BF can be used 

without a capping layer, especially when considering the fracture modes of F-BF and T-

BF under the same testing conditions.  

It is interesting to note that all unfavourable fractures were noted in Group B, regardless 

of material. This may be due to the location of fiber placement into these cavities, where 

the narrow isthmus may not have allowed for adequate flattening of the fibers onto the 

floor of the cavity. This lends itself to recommendations related to fiber placement 

techniques. Oskoee et al (2009) analyzed the influence of fiber position within the 

restoration on fracture patterns. The study showed that 80% of teeth restored without 

fiber-reinforcement exhibited unfavourable fracture patterns; when fibers were placed 
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along the gingival third of the tooth, unfavourable fracture patterns were observed in 

93.3% of samples. Though glass fibers (and not polyethylene/Ribbond) were utilized in 

the study, these results are consistent with those obtained in the present study, where 

group B showed an increase in unfavourable mode of fracture despite fiber-reinforcement. 

The placement of fibers within the occlusal third of the restoration in a bucco-lingual 

direction is recommended (Oskoee et al., 2009). This finding is supported by Belli, 

Erdemir and Yildirim (2006), who showed that placement of Ribbond under these 

parameters improved the fracture patterns of direct fiber-reinforced RBC restorations. 

5.7.2 Impact of cavity dimensions on physico-mechanical properties 

In deep cavities, increased volume of RBC material as well as a more pronounced 

cantilever effect emphasizes any shortcomings of the restorative material (Sáry et al., 

2019). The compressive strength of the restorative material is therefore of key importance 

when restoring teeth in high stress-bearing areas. Figure 77 shows the compressive 

strengths of F-BF and P-BF, which are 360MPa and 390MPa respectively (Tokuyama 

Dental, Accessed 2023). The compressive strength of F-BF is verified in both the 

manufacturer compendium and a study evaluating compressive and flexural strengths of 

BFRBCs (3M ESPE Internal Data, Accessed 2023; Sadananda, Bhat and Hegde, 2017). 

Data related to compressive and flexural strength of T-BF was not available.   
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5.7.2.1 Flexural properties 

 

The stiffness of a material and its’ ability to resist deformation is described in 

terms of flexural modulus. The maximum stress that a material can withstand before 

failure is described as flexural strength. In their study comparing the flexural properties 

of high- and low- viscosity BFRBCs with their CURBC counterparts, Eweis, Yap and 

Yahya (2020) found that the flexural modulus of flowable F-BF (3.52GPa) was 

significantly lower than that of the packable Filtek Bulk Fill material (7.64GPa) when 

conditioned in artificial saliva. Packable Filtek-BF showed the highest flexural strength 

(122.39MPa) when compared to flowable F-BF (101.09MPa) and Filtek Z350 

(91.71MPa), a packable CURBC (Eweis et al., 2020).  

The flexural modulus of T-BF (3.89GPa) was shown to be lower than the packable Tetric 

N-Ceram Bulk Fill (5.72GPa) and CURBC Tetric N-Ceram (4.62GPa); the flexural 

strength of T-BF (106.92MPa) was higher than both Tetric N-Ceram Bulk Fill 

(99.17MPa) and CURBC Tetric N-Ceram (86.08MPa) (Eweis et al., 2020). The findings 

of the study support manufacturer guidelines related to the placement of a capping layer 

of packable RBCs over flowable BFRBCs to resist occlusal stresses and prevent tooth and 
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Figure 77: Compressive strengths of F-BF and P-BF (Tokuyama Dental, Accessed 2023) 
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restoration deformation in high stress-bearing applications, specifically relating to the 

Filtek and Tetric RBCs.  

Alshehri et al (2023) compared the physico-mechanical properties of P-BF with a 

flowable BFRBC indicated for use with a capping layer (Surefil SDR; Dentsply Sirona, 

Charlotte, NC, USA), as well as a packable BFRBC indicated for placement without a 

capping layer (One Bulk Fill; 3M, St. Paul, MN, USA). The filler load of SDR is 45% by 

volume, which is lower than One-BFs filler load of 58.5% by volume (Alshehri et al., 

2023). Comparatively, P-BF has a filler load of 56% by volume, which is comparable to 

that of One-BF. Significant differences were observed between the flexural strength of 

One-BF and SDR, which is expected given the large difference in filler load between these 

materials (Alshehri et al., 2023). Though P-BF displayed lower flexural strength values 

than One-BF, its’ flexural strength was higher than SDR. The authors conclude that P-BF 

must be used with a capping layer in restorations subjected to high occlusal stresses, and 

its’ application without a capping layer should be limited to areas subject to low occlusal 

loads.  

Alshabib et al (2023) assessed the flexural strength of an E-glass fiber-reinforced RBC, 

Ever X Flow (GC Corporation, Tokyo, Japan) alongside P-BF and packable Filtek-BF. 

Ever X Flow is indicated for dentin replacement, necessitating the placement of a capping 

layer over the material. Its flexural strength was 111.6MPa after 30 days, the lowest of 

the three materials. The flexural strength of P-BF after 30 days was 126.5MPa, higher 

than the 119.6MPa value recorded for Filtek-BF. This is especially interesting because P-

BF is loaded at 70% by weight, whereas packable Filtek-BF is more highly filled at 76.5% 

by weight. The viscosities of these two materials suggest that resin composition is 

optimized in P-BF. 

P-BF is described as an RBC which may be ‘applied to the outermost layer’, indicating 

that the material does not need to be veneered with a layer of packable RBC (Tokuyama 

Dental, Accessed 2023). Though the results of the present study suggest that Ribbond 

fiber-reinforcement can strengthen P-BF restorations placed without a capping layer in 

larger cavity configurations, it is important to note that besides directly improving the 
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physico-mechanical properties of the restoration, the capping layer also influences water 

sorption and the indirect effects thereof (Alshali et al., 2015).  

Stability of the RBC restoration is impacted by water sorption of the polymer network 

(Alshali et al., 2015). This phenomenon is dependent on the composition of the resin 

matrix and is well documented in the literature (Alshali et al., 2015; Sideridou et al., 

2003). However, in their study assessing long-term water sorption and solubility of 

BFRBCs including P-BF and packable Filtek-BF, Alshabib et al (2023) conclude that 

though variability was found in the water sorption cycles of all BFRBCs included in the 

study, all were compliant with ISO 4049 regulations pertaining to water sorption and 

solubility. These results in conjunction with the flexural strength values discussed support 

the recommendation to place P-BF without a capping layer in areas under normal occlusal 

loads. 

5.7.2.2 Compressive properties 

 

Slope values indicate how much force per mm (N/mm) was necessary to reach 

fracture point in each specimen as well as the internal force build up within the material 

to reach the compressive strength. Where these values are high, the accumulated stress 

per millimeter of material is high, indicating that there is less resistance to fracture. 

Results from Tables 6, 7, 8, and 9 and Figures 59, 60, 64, 65 and 66 are interpreted in 

Table 12, where the mean compressive strength and slope are presented proportionally 

across groups and for each material. The ideal is where the slope is high (N/mm) and the 

compressive strength is high (N). This results in a ratio as close to 1 as possible being 

ideal for favourable fracture pattern identification, as seen in groups A and C.  When the 

slope is low and the compressive strength is high, an increase in Class III and IV fracture 

patterns is observed. The addition of Ribbond to Group B samples changes the fracture 

pattern from Classes III/IV (Group A) to all samples exhibiting Class IV (Group B) 

fracture patterns.  

These results can be translated into clinical indications, where F-BF is best suited to cavity 

preparations akin to those simulated in group C. Interestingly, though P-BF resulted in a 
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high ratio value of 2.16 in group C, Class I fracture modes were recorded for all samples. 

This is likely due to the resin matrix composition of this material, which translates to high 

flexural strength and resulted in the lowest slope value recorded (527.5N/mm) amongst 

materials tested in this study. P-BF is therefore suited to clinical scenarios simulating the 

conditions presented in groups A and C.  

Overall, P-BF is the better clinical option of the three materials in terms of slope analysis 

and fracture patterns with or without Ribbond (Group B). Ribbond should not be used 

with T-BF as it results in Class IV fractures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 12: Proportional compressive Newton at break and slope values across groups 

for F-BF, P-BF, and T-BF. 

 

Filler volume in isolation is not necessarily an accurate predictor of stress on curing. 

Studies investigating the effect of filler volume on shrinkage indicate that the compliance 

Material Compressive (N) 

at break 

Slope N/mm Ratio 

Group A F-BF 1780 674.5 2.63 

Group B F-BF 1459 1039 1.40 

Group C F-BF 1132 1146.60 0.98 

    

Group A T-BF 1523 908.6 1.67 

Group B T-BF 1228 574.6 2.13 

Group C T-BF 1763 1103.6 1.59 

    

Group A P-BF 1131 795.6 1.42 

Group B P-BF 963 732 1.31 

Group C P-BF 1143 527.5 2.16 
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of the remaining tooth structure significantly influences PS (Fronza et al., 2017; 

Gonçalves et al., 2010; Guo et al., 2016; Laughlin et al., 2002). Wang & Chiang (2016) 

also investigated the effect of filler load on polymerization shrinkage (PS); the authors 

conclude that the relationship between these factors is dependent on the compliance of 

the remaining cusp wall.  

Demirel et al (2020) investigated the volumetric cuspal deflection of premolars restored 

with high-viscosity RBCs using micro-CT scanning and concluded that teeth restored 

with BFRBCs exhibited less cuspal deflection than those restored with CURBCs. 

Similarly, Oliveira et al (2018) assessed the cuspal deflection of molars restored with 

BFRBCs and CURBCs and observed less cuspal deformation in teeth restored with 

BFRBCs. Volumetric changes taking place in the prepared cavity during photo-

polymerization have been shown to cause marginal leakage and stress on the tooth-

restoration complex immediately, and over time the effects degrade the tooth and 

restoration (Chiang et al., 2010). 

The compressive strength of dental RBCs directly influences the performance of these 

materials upon loading of the restored tooth (Sadananda et al., 2017). Teeth are subjected 

to cyclic loads on function and parafunction; these stresses are transferred along the 

tooth/restoration complex and may lead to crack formation and propagation (Lins et al., 

2019).  Relative to flowable BFRBCs, adequate compressive strength is essential given 

that these materials are indicated for placement in extensive cavity preparations 

(Sadananda et al., 2017). Much of the literature available is focused on packable BFRBCs, 

as the flowable BFRBCs are not typically indicated for use without a capping layer of 

high-viscosity RBC (Birant et al., 2021; Ilie, 2022; Lins et al., 2019, 2023; Sadananda et 

al., 2017). 

Though the results of the compression strength tests performed in the present study 

suggest that P-BF, F-BF, and T-BF exhibit fracture strength values acceptable within the 

context of reported maximum biting forces (Hellmann et al., 2012; Jansen van Vuuren et 

al., 2020), the static loading test used may not be wholly applicable to clinical practice.  
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5.7.3 Molecular weight of Organic Components 

Hervás-García et al (2006) regards the resin matrix as the backbone of the dental 

RBC system. Table 13 displays the molar mass in g/mol and chemical nomenclature of 

the monomers used in F-BF, P-BF and T-BF (Gajewski et al., 2012). 

 

Monomer structure and composition strongly influences the reaction kinetics, degree of 

conversation and the longevity of the material when immersed in organic solvents (Pfeifer 

et al., 2011). The resin component of packable RBCS is generally around 20%, whereas 

that of flowable RBCs is closer to 40%. The higher resin component of flowable RBCs 

suggests that the PS should be higher than that of packable RBCs, though manufacturers 

of BFRBCs indicate that regardless of viscosity, the PS of these materials is lower than 

CURBCs due to the selection of copolymers and other constituents. 

All three materials used in this study contain bis GMA combined with other monomers. 

F-BF consists of bis GMA, procrylat resins, bis EMA and UDMA in undisclosed ratios. 

P-BF consists of the monomers bis GMA, bis-MPEPP and TEGDMA, while T-BF 

contains just bis GMA and UDMA. The manufacturers of these materials have not 

disclosed the ratios of these monomers, making it difficult to illustrate trends.  

Table 13: Molecular weight of monomers with chemical nomenclature. 
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Lins et al (2019) attributes the lower PSS detected in tested BFRBCs, which included 

Tetric N-Ceram and Filtek Bulk Fill, to the substitution of TEGDMA with high molecular 

weight monomers such as UDMA and bis EMA. The authors suggest that manipulation 

of UDMA and bis GMA ratios may significantly affect the physical properties of these 

materials, especially given that UDMA undergoes greater PS than bis GMA (Lins et al., 

2019).  

The degree of monomer conversion (DC) is closely related to the physical properties of 

polymers. Figure 77 shows the rate of polymerization as a function of DC (Gajewski et 

al., 2012). Vitrification, indicated at the point of deceleration, of the tested monomers 

occurs at different DCs. Conversion rates of UDMA and bis EMA were shown to be 

similar, whereas the strong hydrogen bonding interactions occurring during 

polymerization of bis GMA as well as poor flexibility and low mobility within the system 

resulted in low conversion rates (Gajewski et al., 2012). Though the DC of TEGDMA is 

the highest of the monomers tested, the monomer contributes little to network formation 

(Gajewski et al., 2012). 

 

 

 

 

 

 

 

 

 

Figure 78: Rate of polymerization as a function of DC (Gajewski et al., 2012). 
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Due to its’ low DC, bis GMA was shown to display the lowest flexural strength and 

UDMA presented with the highest flexural strength values of the tested monomers 

(Gajewski et al., 2012). Asmussen & Peutzfeldt (1998) reported an increase in flexural 

and tensile strength when UDMA was used in lieu of bis GMA or TEGDMA. UDMA 

possesses a lower viscosity and improved flexibility due to the urethane linkage, which is 

thought to improve material toughness (Asmussen & Peutzfeldt, 1998). High flexural 

strength was observed in composite specimens containing UDMA (C.-M. Chung et al., 

2000).  

Given that all the BFRBCs tested in this study contain bis GMA, the addition of bis EMA, 

UDMA and procrylat resins to F-BF suggests that the DC, and consequently the flexural 

strength, of this material will be high. The incorporation of UDMA as a copolymer in T-

BF suggests that this material undergoes adequate DC which should ensure good 

mechanical properties. P-BF contains bis GMA, TEGDMA and bis-MPEPP. Bis-MPEPP 

has a high molar mass which is comparable to that of UDMA (Tanoue et al., 2007). The 

low viscosity of this monomer coupled with its’ ability to accept large filler loads (Tanoue 

et al., 2007) possibly moderates the impact of the bis GMA and TEGDMA present in the 

system. Furthermore, given that bis-MPEPP can accept a larger volume of filler material, 

the fact that P-BF exhibits acceptable mechanical properties can be rationalized, as was 

seen in the fracture patterns and slope evaluation in the present study. 

In samples prepared with a narrow isthmus and restored without Ribbond fiber-

reinforcement (Group A), F-BF exhibited the highest fracture strength of the tested 

materials, with a fracture value of 1780N. This was followed by T-BF, which had a 

fracture strength of 1523N, and P-BF, which had a fracture strength of 1131N. When 

compared to samples prepared with a wide isthmus which were restored with Ribbond 

fiber-reinforcement, T-BF displayed a significantly higher fracture strength of 1763N. P-

BF and F-BF performed similarly within this category, with fracture strength values of 

1143N and 1132N respectively. These results alone are however misleading as the clinical 

implications in terms of fracture pattern and the slope evaluation indicated that Ribbond 

use with the flowable BFRBCs are not ideal without a capping layer. 
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The results indicate that though P-BF performed poorly in comparison to T-BF and F-BF 

in Group A, the material strength was the most consistent regardless of the cavity 

configuration or placement of fiber-reinforcement. In group C, with larger cavity 

dimensions, T-BF showed markedly higher fracture strength. However, given that 

monomer ratios are not supplied by manufacturers, the interplay between the physical 

properties of these materials and the resin network as discussed remains unsubstantiated 

and only inferred based on the weight percentage of fillers in the material in relation to 

the stated resin constituents. 

Alongside the impact of the organic and inorganic components of the RBC system on PS, 

the degree of polymerization is also an important factor which can influence material 

shrinkage and will be discussed below. 

5.8 Extent of Polymerization 

The degree of conversion (DC) is an important factor to consider within the 

context of PS. It refers to the conversion of monomers into a polymer network and is 

closely related to volumetric shrinkage and the development of EM (Guo et al., 2016). An 

inverse relationship exists between the DC and filler content, as well as between filler 

content and the exothermic reaction on polymerization. Guo et al (2016) suggest that 

interpretation of PS is best contextualized through DC and exotherm. 

DC is highly associated with curing exposure, and this will be expanded upon. 

5.8.1 Curing Exposure 

Adequate light penetration is a prerequisite of RBC polymerization. Energy 

transferred from the curing device activates free radicals via photoinitiators present in the 

RBC (Rueggeberg et al., 2017). To allow for polymerization of 4-5mm of RBC material, 

manufacturers have incorporated more reactive photoinitiators and modified filler content 

and size (Lima et al., 2018). F-BF contains the photoinitiator CQ and its co-initiator 

EDMAB, P-BF contains CQ and the patented RAP Technology, and T-BF contains 

Ivocerin as its photoinitiator. To activate CQ, wavelengths between 450 – 490nm are 
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required, whereas Ivocerin requires shorter wavelengths between 380 – 450nm (Lima et 

al., 2018). For this reason, polywave LED curing lights emitting long (blue spectrum) and 

shorter (violet spectrum) wavelengths, are recommended (Lima et al., 2018). Table 14 

shows the recommended curing protocols as well as the photoinitiators included in F-BF, 

T-BF and P-BF. 

 

 

 

 

 

 

 

 

5.8.2 Depth of Cure (DC) 

The use of the curing unit could be a confounding factor as a systematic review of 

the depth of cure of BFRBCs concludes that BFRBC depth of cure is largely dependent 

on light curing conditions and the RBC itself (Lima et al., 2018). Furthermore, the review 

states that irradiance ≥ 1000 mW/cm² and exposure times of 20 seconds is generally 

acceptable for BFRBCs regardless of viscosity. The use of polywave curing units is useful 

in BRBCs containing alternative photoinitiators such as Ivocerin, but not essential 

provided an increased exposure time of between 20 – 60 seconds is applied (Lima et al., 

2018).  

Many studies support the view that BFRBCs show adequate DC at depths of 4mm and 

reduced cuspal deflection when compared to CURBCs (Fleming et al., 2008; Moorthy et 

al., 2012; Alrahlah, Silikas and Watts, 2014; Par et al., 2015). 

Table 14: Curing protocols and photoinitiators of F-BF, T-BF, and P-BF. 
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Clinical performance of RBC restorations hinges on the mechanical properties of the 

material after polymerization (Alkhudhairy, 2017). Material composition, photoinitiator 

dynamics and DC contribute to the mechanical properties of the RBC (Alkhudhairy, 

2017). In their study analyzing the effect of curing intensity on physical properties such 

as compressive and tensile strength, Alkhudhairy (2017) found that both compressive and 

tensile strength improved when BFRBCs were irradiated at 1200 mW/cm² compared to a 

lower intensity of 650 mW/cm².  

A study investigating the effect of light curing protocols on mechanical behaviour of 

BFRBCs, including F-BF and Tetric N-Ceram (a high viscosity BFRBC similar to the 

low viscosity T-BF used in this study), found that both PS and Vickers hardness was 

influenced by light curing protocols (Besegato et al., 2019). A higher DC was observed 

for Tetric N-Ceram, which the authors attribute to the inclusion of Ivocerin as a 

photoinitiator. The same study compared the influence of power irradiances of 1000 

mW/cm² for 20 seconds with 3200 mW/cm² for 3 seconds on mechanical properties of 

BFRBCs and found that slower polymerization for a longer curing time improved 

outcomes (Besegato et al., 2019).  

In the present study, curing protocols were ideal and consistent with manufacturer 

recommendations. These results are therefore not applicable to the clinician that does not 

cure materials for the recommended time or with a sufficiently powered curing light with 

an adequate beam profile. 

A Bluephase-N (Ivoclar Vivadent) curing light, as was used in this study, is capable of 

delivering irradiance of 1200 mW/cm² at its highest output and has a good beam profile. 

Specimens were cured for 20 seconds from the occlusal and proximal surfaces 

respectively, ensuring a total curing time of 60 seconds per tooth and optimizing 

monomeric conversion of the material. The curing light was plugged into a power source 

on curing to safeguard against battery drain during use and guarantee maximal irradiance 

across the samples. 
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5.7.3 Exothermic reaction on polymerization 

BFRBCs have been found to show higher DC and exotherm than CURBCs 

regardless of system compliance, indicating that these reactions are not dependent on 

boundary conditions (Guo et al., 2016). The high exotherm of BFRBCs induces high 

thermal expansion of the RBC, resulting in low PS. Energy transmitted to the system from 

the curing unit as well as the exothermic nature of the reaction itself generates heat within 

the RBC on polymerization. The greater the monomeric component in relation to filler 

load, the higher the exotherm. Of the materials used in this study, none of the 

manufacturers specify copolymer ratios. However, based on filler loads, it can be reasoned 

that F-BF, with the lowest filler load, will exhibit the greatest exotherm and by extension, 

possibly the lowest PS.  

Mucci et al (2009) found that in less-filled RBCs, vitrification occurs at a volume higher 

than that expected from the effects of PS only, meaning that an overall lower PS is seen 

in these materials. This is consistent with the findings of Alnazzawi & Watts (2012) and 

Watts & Alnazzawi (2014) who found that stress compensation occurs due to high 

temperatures on polymerization, which leads to RBC expansion and increased free 

volume. Given the low filler loads of BFRBCs in comparison with that of CURBCs, this 

process likely contributes to the lower shrinkage noted in bulk-fill materials. 
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CHAPTER 5 

Limitations 

Initially, the methodological outline was based on existing research which utilized micro-

CT scanning to analyze cuspal deflection. The decision to divert from this methodology 

was made after analyzing pilot scans and ascertaining that the volumetric cuspal 

deflection results produced through the initial methodology, where metal spheres were 

used for reference and the volume deduction was based on total object volume, were 

arguably not an accurate assessment of cusp flexure alone. The software used to analyze 

the micro-CT scan changes across the scans is intelligent and allows for assessment of 

detailed structures through various software-based applications. Upon analysis it was 

however found that locating the variable landmarks, which in this case were the highest 

cusp points on the buccal and lingual aspects of each specimen, was dependent on the 

software’s ability to fix these points onto the exact chosen point. Because the expected 

movements are so small, the author acknowledges that some variability in locating these 

points exists, which may impact the results, as the tooth cusp with and without zoom 

functions do not have discernible anatomy or fixed points. In retrospect making a clear 

indentation with a small bur to designate the chosen fixed and discernible landmark points 

is a recommendation for future studies. 

Another variable to consider is thermal expansion of the RBCs after polymerization with 

the LED curing device. Positive values recorded may be due to material expansion upon 

polymerization, where under clinical conditions, heat dissipation and material contraction 

would occur more rapidly. Because specimens were placed back into the temperature-

controlled micro-CT scanning apparatus immediately after light curing, this heat 

dissipation is not possible, and any potential thermal expansion remains. 
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CHAPTER 6 

Conclusion 

The placement of Ribbond fibers to reinforce direct composite restorations, though 

supported by the literature, is dependent on other factors to exact the benefits of fiber-

placement. This research study not only looked at the cuspal deflection in isolation, but 

also proceeded to assess the fracture patterns in correlation with the other results. The 

final conclusion was that Ribbond is not an ideal additive to the restorative steps for Group 

B cavity designs based on the results from Group A. T-BF was the material most 

negatively affected by the addition of Ribbond fibers. Palfique Bulk Fill Flow can be 

recommended for use without a capping layer, as per manufacturer guideline, only in 

cavities with low cusp wall compliance. When the compliance is high, a capping layer of 

high-viscosity composite resin is recommended. No significant differences were observed 

in the cuspal deflection of Palfique Bulk Fill Flow, Filtek Bulk Fill Flow, and Tetric N-

Flow Bulk Fill. There was no significant difference in the fracture strengths of these 

materials, although some differences were seen in fracture patterns. Group A: P-BF or T-

BF followed by F-BF is ideal; Group B: P-BF followed by either F-BF or T-BF are ideal; 

Group C: P-BF followed by F-BF followed by T-BF is ideal. 
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