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3. Introduction 

One of the fundamental goals of restorative dentistry is to restore both the function and 

aesthetics of the dentition by replacing missing hard dental tissues. Such interventions are most 

often required when the tooth structure has been compromised due to caries or trauma; however, 

restorative needs may also arise from various forms of non-carious tissue loss. These include 

chemical erosion, mechanical wear caused by foreign objects (abrasion), wear from opposing 

teeth (attrition), and structural loss from occlusal overloading or parafunctional habits 

(abfraction) [1,2]. In recent years, the demand for restorative treatment has also been driven by 

the increasing aesthetic expectations of patients; however, the primary reason for restorative 

treatments remains the restoration of tooth structure lost due to caries [3]. Depending on the 

case, restoration may be fabricated extraorally (indirect restoration) with the involvement of a 

dental technician, or intraorally (direct restoration) by the dentist during a single visit [4,5]. 

Among the available options for restoring cavities caused by caries, direct restorations are most 

commonly employed and professionally accepted. The shared interest of both patients and 

practitioners in minimally invasive approaches that preserve tooth structure, combined with the 

growing aesthetic demands of patients and the need to reinforce structurally compromised teeth, 

highlights the need for a restorative material that meets these requirements. Especially in 

modern societies, where patients are increasingly exposed to elevated levels of physical and 

psychological stress and therefore restorations must withstand excessive bite forces (such as 

those caused by bruxism), the reinforcement of the remaining tooth structure is of key 

importance [6]. For permanent teeth, resin based composites (RBCs) have become the most 

favored and widely used in recent years [7–9]. A 2012 publication estimated the annual number 

of composite fillings at around 260 million [10]. By 2015, this number had reached 

approximately 800 million, with 80% applied in posterior and 20% in anterior teeth, based on 

the quantity of resin material sold worldwide [11].  

3.1 Mechanical properties of particulate filler composites 

The widespread adoption of RBCs is due not only to their tooth-colored appearance and 

capacity for conservative preparation, but also to their continuous advancements in adhesive 

and filler technologies [12]. These materials typically consist of four key components: an 

organic polymer matrix, inorganic filler particles, a coupling agent, and an initiator-accelerator 

system [13]. The organic matrix usually contains dimethacrylate monomers such as bisphenol-

A glycidyl dimethacrylate, urethane dimethacrylate, and triethylene glycol dimethacrylate, each 

offering specific advantages in viscosity and polymerization kinetics [14]. Inorganic fillers—
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commonly silica, zirconia, or glass ceramics—vary in particle size and morphology and 

significantly influence mechanical strength, polishability, and wear resistance [12]. To ensure 

chemical integration between the organic and inorganic phases, filler particles are coated with 

organosilane coupling agents. These facilitate covalent bonding between the methacrylate 

groups and filler surfaces. Polymerization is triggered via light, chemical, or dual-curing 

mechanisms, forming a crosslinked polymer network. The most commonly used RBC materials 

share similar physical properties, such as elastic modulus ~10–20 GPa, tensile strength ~40–60 

MPa, flexural strength ~130–190 MPa, fracture toughness ~1.2–1.43 MPa·m0.5, Vickers 

hardness ~55–105 [15,16]. While these properties make RBCs highly suitable restorative 

materials for direct restorative purposes, however, they still present certain limitations. Dentin 

is a hydrated, collagen-rich vital tissue that underlies the enamel and forms the bulk of the tooth 

structure. It is an elastic and resilient tissue, with an elastic modulus ranging from 14–20 GPa, 

a tensile strength of ~105 MPa, and Vickers hardness of ~60 [17]. Its fracture toughness 

typically ranges between 2.5 and 3.5 MPa·m0.5, depending on factors such as measurement 

method, location within the tooth (coronal vs. root dentin), and hydration state [18]. The first 

main limitation of conventional particulate filler composites (PFCs) is that these materials fall 

short in terms of fracture toughness compared to dentin (this will be addressed in a separate 

section in 3.2.2. in the thesis). Although modern RBCs are strong and wear-resistant, they 

remain brittle and are vulnerable to crack initiation and propagation, especially in restorations 

with high cavity volume and reduced cusp support [19–23]. The second main limitation of 

RBCs is their polymerization shrinkage which occurs as the resin matrix converts from a 

monomeric to a polymeric state [24,25]. This volumetric shrinkage generates contraction 

stresses that can compromise the adhesive interface, leading to marginal gap formation, 

microleakage, and eventually secondary caries [24,26] The latter is discussed under 3.4. 

3.2 Fracture Toughness of composite materials 

Beyond polymerization shrinkage, one of the most critical mechanical shortcomings of PFCs 

is their inherently low fracture toughness. Fracture toughness is a material’s intrinsic ability to 

resist crack propagation once a flaw has been initiated [27,28]. In the context of restorative 

dentistry, this property plays a pivotal role in the long-term survival of restorations, particularly 

in high-stress areas such as the posterior dentition, where restorations are subjected to cyclic 

loading, lateral forces, and occasional traumatic stress events [11]. As already mentioned above, 

the fracture toughness of dentin is significantly higher than that of typical PFCs [18,29]. This 

disparity reveals a fundamental mismatch when composite materials are used to replace lost 
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dentin in deep cavities. The inability of PFCs to adequately mimic the damage-tolerant behavior 

of dentin becomes a critical issue in restorations that are exposed to functional loading over 

extended periods. Once a crack forms in the PFC material, it often progresses unimpeded due 

to the brittle nature of the matrix and the absence of mechanisms to dissipate energy. This is 

particularly evident in larger MOD restorations or in endodontically treated teeth, where 

significant loss of tooth structure and internal line angles create areas of concentrated stress 

[30,31]. From a restorative perspective, it becomes evident that mimicking the biomechanical 

characteristics of the dentin—especially its fracture-arresting behavior—is crucial for achieving 

long-term success in the posterior region [17]. This recognition has driven the development of 

restorative strategies and materials that seek not only to replace missing hard tissue 

anatomically, but also to replicate its mechanical function. 

3.3 Factors influencing the success of composite restorations 

As described above, direct RBC restorations have inherent limitations that affect their long-

term success. A systematic review by Manhart and colleagues found annual failure rates ranging 

from 1% to 3% for posterior RBCs, with survival outcomes ranging between 70% and 98% 

after observation periods of 8 to 22 years [32]. Importantly, the extent of the restoration has a 

direct correlation with its clinical longevity: while small, single-surface restorations 

demonstrate relatively low failure rates, the risk of failure increases substantially with larger 

restorations [33]. For example, restorations involving four or more surfaces may exhibit annual 

failure rates of 9.43%, primarily due to secondary caries and fractures [34]. These complications 

are particularly common in deep mesio-occluso-distal (MOD) restorations, where extensive 

loss of tooth structure subjects the remaining walls and the restorative material to significant 

biomechanical stress [35]. 

3.4 Volumetric shrinkage of resin-based composites 

The polymerization of RBCs results in a volume reduction ranging from less than 1% to as 

much as 6%, depending on the composition and curing conditions [24,25]. Polymerization 

shrinkage occurs as the distance between monomers decreases, when weak van der Waals forces 

between monomers are replaced by covalent bonds. During this reaction, the viscosity of the 

resin material increases, and it gradually loses its ability to flow. Following gelation and during 

the vitrification phase, the material undergoes a transition to a solid-like state. Prior to the 

vitrification process, RBCs exhibit the capacity to flow and partially release tensile stresses 

induced by the contraction of the RBC bonded to the tooth. However, as the material undergoes 
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vitrification, it becomes more rigid and its elastic properties increase [24]. Consequently, the 

factors limiting polymerization shrinkage generate residual shrinkage stresses [24,36–41]. 

These stresses may manifest in various clinical symptoms, such as marginal staining, secondary 

caries, and pulpal inflammation, due to the penetration of saliva, bacteria, and other irritants 

through the debonded interface [42–47]. Postoperative hypersensitivity, resulting from fluid 

flow in the exposed dentinal tubules, is associated with cracks caused by cuspal deflection or 

gap formation at the restoration-tooth interface, often due to bending or insufficient bond 

strength [48,49]. Gap formation can lead to fluid movement in the dentin tubules, and the flow 

of dentinal fluid through the adhesive may create fluid-filled regions, contributing to the 

degradation of adhesives [42,50–53]. Cuspal deflection is a common biomechanical 

phenomenon characterized by the linear movement of the cusp tips in a restored tooth, resulting 

from the interaction between the polymerization shrinkage stress of the RBC and the 

compliance of the cavity wall (determined by the continuity, thickness, as well as the length of 

the remaining walls) [42,54]. RBC restorations have been reported to exhibit cuspal deflections 

ranging from approximately 10 μm to 40 μm, with variations depending on the measurement 

method, tooth type, and cavity size [55]. Cuspal deflection is influenced by two main categories 

of biomechanical factors. The first category includes geometrical and material factors, such as 

the volume of the cavity (primarily its width and depth), the compliance of the cavity wall, the 

polymerization shrinkage of the RBC, and the creep and compliance of the cured RBC and 

tooth [54,56–61]. As shown in a research on cuspal deflection, deep MOD cavities in the 

posterior region exhibit the greatest degree of cuspal deflection due to the absence of marginal 

ridges [30]. The loss of both marginal ridges creates a mechanical issue [31,62]. According to 

a previous study larger restorations were associated with lower stress levels at the restoration 

and tooth/restoration interface but increased stresses within the tooth [63]. Cavity size and 

configuration (C-factor) also influence the extent of cuspal deflection, with the highest 

deflection values observed in MOD cavities. It has been demonstrated that preparing 

standardized MOD cavities results in an average loss of 63% in relative cuspal stiffness due to 

the loss of marginal ridge integrity [62,64], with a concomitant loss of approximately 54% in 

fracture strength [65,66]. The anticipated number of fatigue fractures is proportional to the 

magnitude of cuspal flexure [64–66]. An in vitro study dealing with different sized of MOD 

cavities suggest that in such clinical situations, a depth of 5 mm is critical, as material-related 

disadvantages (such as suboptimal fracture toughness) begin to manifest at this point [67]. The 

second category includes clinical factors, such as the use of a liner, the filling technique (bulk 

filling versus incremental filling), the type of restorative approach (direct versus indirect), and 
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the use of light-curing methods that influence the polymerization rate [54,61,68–73]. Numerous 

potential solutions can be found in the literature to decrease cuspal deflection and, consequently, 

reduce the formation and propagation of cracks. These methods include the incremental 

layering technique, whereby the RBC is applied in horizontal or oblique increments with a 

maximum thickness of 2 mm, aimed to reduce polymerization shrinkage-induced stress [68,74]. 

However, Bicalho and colleagues managed to show that layering does not reduce 

polymerization induced cuspal flexure [39]. Furthermore, layering methods are time-

consuming and complex technique, leading to the development of special bulk-fill RBCs. These 

RBCs utilize stress modulators and highly reactive photoinitiators incorporated into the material 

to reduce polymerization stress [68]. An approach to reducing cuspal deflection is the 

application of a flowable RBC as an intermediate layer, which serves as an alternative to the 

"elastic cavity wall" concept proposed for filled adhesives. According to this approach, the 

stress generated by the next layer of higher modulus RBC is absorbed by an elastic intermediate 

layer, thereby reducing the stress at the tooth/restoration interface, which is clinically 

manifested by a reduction in cuspal deflection [61,69,75,76]. Glass-ionomer cements and resin-

modified glass-ionomer cements have also been suggested as liners to provide a stress-buffering 

layer that aids in stress reduction [77,78]. Additionally, ultra-high molecular weight 

polyethylene fiber (Ribbond-Ultra THM; Ribbond Inc., Seattle WA, USA), in the form of leno 

weave, could alter the stress dynamics at the restoration/adhesive resin interface by creating 

multiple stress paths along the fibers, redistributing the load to the intact parts of the tooth and 

away from the bonded surfaces [79]. Further advancements resulted in the introduction of short 

fiber-reinforced composite (SFRC) materials, which, due to its key role in this thesis, will be 

discussed in a following, separate section. 

3.5 The introduction of fiber-reinforced materials 

In cases requiring the replacement of a substantial volume of dentin, the use of PFC restorative 

materials is far from ideal. One of the core issues lies in the fundamental difference between 

the microstructure of composite materials and that of dentin [28]. While dentin consists of 

collagen fibers embedded in a hydroxyapatite matrix, conventional composites are composed 

of inorganic filler particles dispersed in a resin matrix. It is evident that restoring large volumes 

of dentin calls for a material that mimics dentin not only in terms of mechanical properties but 

also in structural composition. Among the mechanical characteristics critical to the long-term 

success of a restoration, fracture toughness plays a particularly decisive role [83,84]. Therefore, 

an ideal dentin-replacing material should demonstrate a fracture toughness comparable to that 
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of natural dentin. Although fiber-reinforced dental materials date back to the 1960s, a paste-

consistency SFRC truly suitable for direct dentin replacement – EverX Posterior (GC Europe, 

Leuven, Belgium) –  only became available in 2013. 

3.5.1 Composition and mechanical properties of SFRC materials 

SFRC materials consist of a resin matrix—referred to in this case as a semi-interpenetrating 

polymer network (semi-IPN)—and inorganic filler particles, similar to any other PFC [85]. 

What distinguishes SFRCs is the incorporation of randomly oriented short glass fibers. The 

reinforcing effect of the short glass fibers is influenced by several key factors. One of the most 

critical is the aspect ratio—the length-to-diameter ratio of the fibers—which determines 

whether the fibers are subjected to tensile stress [28,86]. The fibers can contribute to 

reinforcement only if they are adequately tensioned, which occurs when their aspect ratio 

exceeds 30 [86]. Beyond aspect ratio, the quality of the bond between the semi-IPN matrix and 

the glass fibers plays a crucial role [86–88]. The effectiveness of reinforcement is also shaped 

by the orientation of the fibers within the matrix, as well as the overall fiber content of the 

material [89]. These parameters collectively determine the material’s ability to absorb stress 

and resist crack propagation under functional load. 

The reinforcing capacity of glass fibers in SFRC is only reliable when their aspect ratio 

(length/diameter) falls within the range of approximately 30 to 94 [28,86]. This ratio determines 

the minimum fiber length necessary for effective stress transfer from the resin matrix to the 

fibers, allowing them to bear tensile loads and thereby contribute to crack prevention within the 

matrix. If the aspect ratio is below the critical threshold of 30, the fibers act as inert fillers and 

do not provide meaningful reinforcement. As discussed previously, fracture toughness is among 

the most important mechanical parameters influencing the longevity of restorations. In this 

respect, EverX Posterior, a paste-consistency SFRC, has demonstrated significant improvement 

over PFCs. Studies have reported fracture toughness values in the range of 2.4–2.6 MPa·m0.5 

for EverX Posterior, which closely approximates the behavior of natural dentin and far exceeds 

that of typical PFCs [90,91]. An additional benefit of the glass fiber component in SFRC is its 

positive effect on polymerization depth. The dispersed fibers serve not only as reinforcement 

but also as conduits for light transmission, scattering the curing light through the material and 

allowing effective polymerization up to depths of 4 to 5 mm. This bulk-curing capability is of 

particular clinical value in deep cavities, where incremental layering of conventional 

composites would otherwise be required [91]. To further improve handling characteristics, 

particularly in large restorations or anatomically complex regions such as occlusal boxes or root 
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canals, a flowable version of SFRC (EverX Flow; GC Europe) was introduced in 2019. Unlike 

traditional flowable composites, which generally compromise mechanical integrity for 

improved adaptability, EverX Flow maintains or even surpasses the performance of its paste-

like predecessor. Its fracture toughness has been reported at 2.8 MPa·m0.5, outperforming EverX 

Posterior [88]. This improvement is attributed to key differences in fiber morphology and 

content. While EverX Posterior contains short glass fibers in the millimeter range, EverX Flow 

incorporates micro-scale fibers, which allows for a denser fiber network. Consequently, the 

fiber volume content is significantly higher in EverX Flow (25 vol%) compared to EverX 

Posterior (9 vol%). Despite the difference in fiber size, both variants exceed the critical length 

threshold, ensuring their effectiveness in reinforcing the material, mitigating internal stress, and 

arresting crack propagation. 

3.5.2 The use of SFRC materials without coverage 

The paste-consistency EverX Posterior is recommended by the manufacturer for the 

replacement of large volumes of dentin, with subsequent coverage by another direct (most 

commonly by PFC) or indirect restorative material. Although the incorporation of millimeter-

scale glass fibers improves several key properties of the material, as discussed earlier, it still 

lacks certain essential characteristics required for its use without coverage. Excessive wear and 

surface roughness—both of which may contribute to increased plaque retention—have been 

commonly associated with earlier generations of SFRC materials. However, with the 

introduction of the newer flowable SFRC, these issues appear to be resolved. This is due to the 

micrometer-sized fibers incorporated in the flowable version. EverX Flow had a significantly 

lower wear value after 15,000 chewing simulation cycles than conventional PFCs, and it did 

not exhibit a coarse surface after the test. This SFRC material fulfilled the American Dental 

Association’s criterion for wear [88]. In an earlier study, after 100,000 cycles of brushing 

simulation, it was found that SFRC had a similar wear and surface roughness to that of PFC 

[92]. During the polishing of these materials, the fibers on the surface suffer microfractures; 

thus, they can be polished together with the resin matrix [88]. With these recent findings it has 

been shown that these SFRC materials are suitable to use them not just as a dentin substitute, 

but rather for complete restorations. A usual concern regarding these materials is their water 

absorption after restoration. Lassila et al. compared the water absorption of flowable SFRC to 

conventional bulk-fill PFC. After 36 days, the material’s water absorption was the second best 

(0.5 wt%), while other regular bulk-fill composite materials had much higher values (Estelite 

Bulk Fill Flow 1.1 wt%) [88]. As the previously mentioned shortcomings of the material have 
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been resolved with the introduction of the new flowable SFRC, researchers were able to 

investigate its biomechanical effects in various configurations — both when covered with 

different thicknesses of conventional PFC and when used without any PFC coverage. In our 

recently published review article, which serves as one of the basis of the present thesis, we 

collected the available studies that investigated the use of SFRC materials without any PFC 

coverage. Eight of the studies included in the systematic review compared an uncovered, plain 

SFRC group to a bi-layered SFRC + PFC group as well [85,93–99]. In all eight publications, 

the uncovered SFRC performed better than the bi-layered group. Lassila et al. compared EverX 

Flow covered by 2 mm PFC on the occlusal surface to uncovered flowable SFRC in posterior 

crown restorations. They found that the uncovered group performed significantly better than 

the covered ones [99]. In another publication, they compared posterior crown restorations made 

with a flowable SFRC (EverX Flow) core covered by PFC layers of different thicknesses (0.5, 

1, 1.5, 2). They also included an uncovered, plain SFRC group and a fully PFC-made group. 

Regression analysis showed that by decreasing the thickness of the PFC layer, the load-bearing 

capacity increased. The uncovered, plain SFRC group had a significantly higher load-bearing 

capacity than all other tested groups [95]. Garoushi et al. tested direct onlay restorations made 

of plain PFC, SFRC + PFC, and plain SFRC [85]. Similarly to the crown restorations, the 

uncovered SFRC group exhibited the highest load-bearing capacity, which was significantly 

higher than that of the control PFC group.  

In the above-mentioned systematic review, fifteen of the included articles also 

investigated fracture pattern. Thirteen reported a favorable pattern for the SFRC groups [85,93–

98,102–106]. Bielic et al. found that both the SFRC and the control group had favorable fracture 

patterns [97]. In another publication, they reported that the control group showed a slightly 

more favorable fracture pattern, but the difference from the SFRC group was not statistically 

significant [107]. Despite the manufacturer’s original recommendation to use SFRCs 

exclusively as a substitute for missing dentin in direct and indirect restorations while avoiding 

contact with the oral environment, the study’s findings suggest that employing SFRCs without 

surface coverage in various simulated clinical scenarios yielded satisfactory outcomes in terms 

of restoration fracture behavior. This might improve the clinical performance of extensive direct 

composite restorations; however, it is necessary to conduct clinical trials to obtain more reliable 

and conclusive findings. 
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3.6 Objectives 

Building on recent findings, flowable short fiber-reinforced composite (SFRC) materials have 

shown potential for use as direct restorative materials without the need for an overlying 

particulate filler composite (PFC) layer. This could significantly improve the structural integrity 

of restorations. However, for a material to be applied in the oral cavity without coverage, it 

must satisfy specific mechanical and functional criteria. This thesis presents a comprehensive 

summary and critical evaluation of two in vitro studies that examined distinct but related aspects 

of SFRC-based restorative strategies. The first study investigated whether various modern 

direct restorative techniques—such as bulk-fill SFRC without occlusal coverage, or in 

combination with an elastic base (with or without polyethylene fibers)—would influence crack 

formation in comparison to traditional layered PFC restorations. 

The null hypotheses tested in that study were: 

1. There would be no differences in the number of cracks immediately after the restorative 

procedure among the tested restorations. 

2. There would be no differences in the number of cracks one week after the restoration. 

3. There would be no differences in the number of cracks five weeks after the restoration 

among the groups. 

4. There would be no significant change in crack formation within the same group over 

the three time points during the five-week observation period. 

The second study focused on the nanomechanical surface characteristics and water uptake 

behavior of flowable SFRC under different application protocols. Through nanoindentation and 

bulk compressive creep testing, the study assessed the material's suitability for clinical use with 

or without surface coverage. 

The null hypotheses for the second study were: 

5. There would be no significant differences in surface hardness among the tested 

materials. 

6. There would be no significant differences in bulk compressive creep between the 

different application techniques (bulk vs. layered). 

7. The water uptake and degradation of the SFRC material would not differ significantly 

from those of the conventional PFC. 
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4. Materials and methods 

The in vitro study involving human extracted teeth was approved by the Ethics Committee of 

the University of Szeged and the Medical Research Council of Hungary (BM/23566–1/2023), 

and it adhered to the principles outlined in the Declaration of Helsinki. 

4.1 Specimen acquisition for the study on crack propensity 

A total of 100 mandibular third molars, extracted for orthodontic purposes, were included in 

the study. The selected teeth exhibited consistent coronal dimensions, with orovestibular 

diameters ranging from 9 to 10 mm, mesiodistal diameters ranging from 10 to 11 mm, and 

crown heights (measured from the cemento-enamel junction) ranging from 6 to 8 mm. 

Throughout the study, the samples were preserved in 0.9% saline solution at room temperature. 

All teeth were used within 6 months of extraction. 

4.2 Specimen preparation for the study on crack propensity 

Class II MOD cavities were prepared in all teeth included in the study. In alignment with 

previous research, the cavity dimensions were standardized to a depth of 5 mm and a wall 

thickness of 2.5 mm for both the oral and vestibular walls [67,108,109]. The preparation 

protocol [110] was carried out as follows: a round end parallel diamond bur (881.31.014 FG – 

Brasseler USA Dental, Savannah, GA, USA) was used, initially positioned at the midpoint of 

the occlusal surface, calculated by dividing the distance between the buccal and lingual cusp 

tips. During the preparation, the wall thickness at the cavity base was continuously monitored 

with a digital caliper (Mitutoyo Corp., Kawasaki, Japan) to ensure a uniform 2.5 mm thickness. 

The cavity walls were aligned parallel to the tooth axis. The depth of the cavity was assessed 

using a 15 UNC periodontal probe (Hu-Friedy Mfg. Co., Chicago, USA), measuring from the 

corresponding cusp tip while ensuring full contact with the cavity wall. The final cavity was a 

single, continuous structure, with the proximal box having identical width and depth to the 

occlusal portion. Cavosurface margins were prepared perpendicular to the tooth surface upon 

completion of the cavity preparation. Following cavity preparation, all teeth were thoroughly 

examined for cracks using D-Light Pro (GC Europe) in "detection mode”, at 4.3x 

magnification. Any teeth exhibiting pre-existing enamel cracks were excluded from the sample 

set and replaced with crack-free specimens following the MOD cavity preparation. Ultimately, 

100 third molars with prepared MOD cavities were included in the study and randomly 

allocated into five groups (n = 20/group). 
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4.3 Restorative procedures for the study on crack propensity 

All teeth received the same adhesive treatment as follows. A Tofflemire matrix (1101 C 0.035, 

KerrHawe, Bioggio, Switzerland) was applied, and the enamel surrounding the cavity was 

etched with 37 % phosphoric acid for 15 s, followed by rinsing with water. After drying the 

cavity, a one-step self-etch adhesive system (G-Premio Bond, GC Europe) was applied in 

accordance with the manufacturer’s instructions. The adhesive was light-cured for 60 s using 

an Optilux 501 quartz-tungsten-halogen light-curing unit (Kerr Corp., Orange, CA, USA). The 

average radiant exitance of the curing unit, measured with a digital radiometer (Bluephase 

Meter II, Ivoclar Vivadent, Solna, Sweden), was 820 ± 40 mW/cm². Following the restoration 

of each fifth tooth, the radiant exitance was evaluated with a radiometer to guarantee that all 

RBCs were subjected to an identical irradiation. The class II cavities were first converted to 

class I using the centripetal technique by building up the proximal walls. In the control group 

(Group 5), a conventional PFC material (G-aenial A′CHORD, GC Europe) was used, while in 

the remaining groups (Groups 1–4), SFRC material (EverX Flow Dentin Shade, GC Europe) 

was employed for this purpose. The handling of the packable materials (G-aenial A′CHORD 

and EverX Posterior) was facilitated using an Optrasculpt Pad (Ivoclar, Schaan, Liechtenstein) 

compaction tool, which was thinly coated with modeling resin (Modeling Liquid, GC Europe, 

Leuven, Belgium). The cavities were then restored in one of the below listed ways: 

Group 1 (n = 20): The cavities were restored using a single 4 mm thick bulk layer of 

flowable SFRC (EverX Flow Bulk Shade, GC Europe), shaped according to the dentin anatomy, 

leaving a 1 mm space for the occlusal covering. The bulk SFRC layer was light-cured for 40 s 

and subsequently covered with a flowable SFRC layer (EverX Flow Dentin Shade). The 

occlusal layer was then light-cured for 20 s. 

Group 2 (n = 20): Initially, a thin layer (maximum 0.5 mm) of conventional flowable 

PFC (G-aenial Hiflo, GC Europe) was applied to cover the occlusopulpal cavity wall and light-

cured for 40 s. From this point, the cavities were restored in the same manner as described for 

Group 1. 

Group 3 (n = 20): Similar to Group 2, a thin layer (maximum 0.5 mm) of conventional 

flowable PFC (G-aenial Hiflo) was used to cover the occlusopulpal cavity wall. Before 

polymerization, additionally, a piece of ultra-high molecular weight polyethylene fiber 

(Ribbond-Ultra THM) was placed over the occlusopulpal surface and embedded in the flowable 

PFC, which was then light-cured for 40 s. The cavities were subsequently restored as described 

in Group 1. 
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Group 4 (hybrid SFRC restoration, n = 20): The cavity was partially filled with flowable 

SFRC (EverX Flow Bulk Shade), up to half of its depth. Next, packable SFRC (EverX 

Posterior) was placed and condensed into the center of the flowable SFRC (using snowplow 

technique), ensuring that the flowable material covered all areas of the axial walls, leaving 1 

mm for the occlusal coverage. This hybrid SFRC layer was light-cured for 40 s, followed by 

the application of a flowable SFRC layer (EverX Flow Dentin Shade) to cover the surface. The 

occlusal layer was light-cured for 20 s. 

Group 5 (control group, n = 20): The cavities were restored using conventional PFC (G-

aenial A′CHORD) with an oblique layering technique. Each layer was approximately 2 mm 

thick, with the deeper layers light-cured for 40 s, and the superficial layers for 20 s. The 

restorations were finished using a fine-grit diamond bur (FG 7406–018, Jet Diamonds, Ft. 

Worth, TX, USA, and FG 249-F012, Horico, Berlin, Germany) and polished with aluminum 

oxide polishers (OneGloss PS Midi, Shofu Dental GmbH, Ratingen, Germany). The restored 

teeth were stored in physiological saline solution until the experimental procedures began. The 

study groups, application methods, and the investigated materials are summarized in Table 1. 
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Table 1.  Study groups, materials and application methods  

Group Application method Used materials 

Group 1 

 

SFRC flow (bulk shade) 

used with bulk-fill method. 

Coronally 1 mm thick layer 

of SFRC flow (dentin 

shade) 

EverX Flow, bulk 

and dentin shade 

Group 2 

 

Flowable conventional 

resin composite base (U 

shade) + bulk-fill SFRC 

flow bulk shade + 

coronally 1 mm SFRC 

flow (dentin shade) 

Essentia HiFlo as 

flowable base, then 

EverX Flow bulk 

and dentin shade 

Group 3 

 

Polyethylene fibers 

embedded in the flowable 

composite base + bulk-fill 

SFRC flow (bulk shade) + 

coronally 1 mm SFRC 

flow (dentin shade) 

Ribbond fibers + 

Essentia HiFlo as 

flowable base, then 

EverX Flow bulk 

and dentin shade 

Group 4 

 

SFRC flow (bulk shade) 

and packable SFRC using 

snow plaw technique. 

Coronally 1 mm SFRC 

flow dentin shade. 

EverX Flow (bulk 

and dentin shade) + 

EverX Posterior 

(bulk shade) 

Group 5 

(control) 

 

2 mm thick oblique layers 

of conventional packable 

resin composite 

G-ænial A’chord (A2 

shade) 
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4.4 Screening for cracks in the restored teeth 

Crack screening was performed using D-Light Pro (GC Europe) at 4.3x magnification under 

transillumination in "detection mode”, following a protocol requiring agreement between two 

examiners, as outlined by Néma et al. [110]. The light source was applied in multiple positions 

over the external tooth surface for 1–2 min to ensure no cracks were overlooked. In this study, 

only cracks measuring 2 mm or longer were classified as shrinkage-induced cracks (Figure 1). 

Crack lengths were measured using a 15 UNC periodontal probe (Hu-Friedy Mfg. Co., Chicago, 

USA) positioned parallel to the remaining coronal surface of the tooth adjacent to the crack. 

Both the presence and the orientation (vertical or horizontal) of the cracks were recorded. The 

teeth were examined for cracks at three time points: at three time points: immediately after 

polymerization, one week later, and five weeks later. Between the sessions, the teeth were stored 

in physiological saline solution. 

 

Figure 1. The images illustrate the detection of vertical and horizontal crack formation 

(indicated by arrows) observed during the polymerization process. A 15 UNC periodontal 

probe was used under transillumination to measure the length of the detected cracks. Both the 

orientation and length of cracks were documented 
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4.5 Statistical analysis for the study on crack propensity 

For the statistical analyses, Jamovi 2.3.28 was used. Descriptive statistics were calculated to 

summarize the distribution of crack counts (total, vertical, and horizontal) for each group at 

each time point following the restorative procedure. For each crack type, the mean, median, 

standard deviation, minimum, and maximum  were calculated. For all hypothesis tests involving 

the five groups, a significance level of p < 0.01 was applied, as adjusted by the Bonferroni 

correction to control for multiple comparisons. The assumption of normality was not met in all 

cases, thus non-parametric tests (Kruskal-Wallis and Friedman analysis of variance; ANOVA) 

were applied to analyze differences between and within groups. The primary analysis assessed 

differences in crack counts between groups at specific time points: immediately after the 

restorative procedures, and then one week and five weeks later. The Kruskal-Wallis test was 

used to determine significant differences in total, vertical, and horizontal crack counts across 

groups at each time point. For significant Kruskal-Wallis results, Dwass-Steel-Critchlow-

Fligner (DSCF) post-hoc pairwise comparisons were conducted to identify specific group 

differences (level of significance: p < 0.05). For the post-hoc power analyses, G*Power 3.1 

(Universitat ¨ Düsseldorf, Germany) was used. The secondary analysis examined changes in 

crack counts over time within each group. Friedman’s ANOVA was used to evaluate temporal 

changes in total, vertical, and horizontal crack counts within each group. Where significant 

differences were observed, Durbin-Conover post-hoc pairwise comparisons were conducted to 

detect differences between specific time points within each group (level of significance: p < 

0.05). 

4.6 Specimen preparation for the study on nanomechanical performance and water 

uptake of SFRC 

This study examined three types of resin composites, a flowable bulk-shade SFRC (everX Flow, 

GC Europe), a bulk-fill PFC composite (SDR flow+, Dentsply Sirona), and a conventional PFC 

composite (G-aenial Posterior, GC Europe), each applied using different techniques. 

Eighteen standard-size composite specimens were fabricated for each group using a 5 × 5 × 5 

mm metallic mold (n = 18/group). The specimens were prepared with different materials and 

application strategies according to five study groups (Table 2). 

Group 1 (control group): three consecutive layers of a packable conventional PFC (G-

aenial Posterior) were applied in 2 mm, 2 mm, and 1 mm thick layers, respectively. Each layer 

was photopolymerized for 20 s according to the manufacturers’ instructions using a high-

performance hand-held curing lamp (D-Light Pro). The average power density of the 
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photopolymerization unit was 940 ± 20.8 mW/cm2. This was measured with a digital radiometer 

(Jetlite light tester, J. Morita USA Inc. Irvine, CA, USA) before performing the restorations. 

Group 2 (layered SFRC): three consecutive layers of a flowable SFRC were applied in 

the same manner as in Group 1. Each layer was photopolymerized for 20 s. 

Group 3 (bulk SFRC): the same flowable SFRC material used in Group 2 was applied 

in a single 5 mm thick layer (bulk-fill technique). Each specimen was photopolymerized for 

20s. 

Group 4 (bulk PFC): a flowable bulk-fill PFC material was used in the same way as 

described for Group 3. The specimens were photopolymerized for 20 s. 

Group 5 (bi-structure): two consecutive layers (2 mm each) of SFRC were applied, with 

each layer photopolymerized for 20 s. The SFRC was then covered with a 1 mm layer of PFC, 

as described in Group 1. 

Table 2. Experimental groups categorized by composite material and application technique. 

Group Material Application Technique 

1 (Control) PFC Layered (2–2–1 mm) 

2 SFRC Layered (2–2–1 mm) 

3 SFRC Bulk 

4 Bulk-fill PFC Bulk 

5 SFRC + PFC Layered (2–2–1 mm) 

 

After photopolymerization, the specimens were stored under dry conditions at room 

temperature to allow for post-polymerization curing for several days. Each specimen was then 

polished using silicon carbide (SiC) abrasive papers with progressively finer grits. Polishing 

began with P1500 grit until the surface was smooth, followed by P2000 and P2500 grits until 

surface scratches were eliminated and an appropriate surface roughness was achieved. In total, 

at least a 100 μm surface layer was removed during the polishing process. After polishing, the 

specimens were mounted onto a stainless-steel specimen holder using an optical adhesive 

diluted with acetone. The adhesive mixture was applied to the surface of the specimen holder, 

and the specimens were pressed continuously until the adhesive dried to ensure proper adhesion. 

4.7 Nanoindentation protocol 

The nanomechanical surface properties of the composite specimens were tested using the IND-

1500 nanoindenter (Semilab, Budapest, Hungary) one week after the specimens were fabricated 

and dry-stored at room temperature. A Berkovich diamond tip (Semilab, Budapest, Hungary) 
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was used for the nanoindentation tests (Figure 2). A fresh area correction function for the tip 

was pre-measured on fused silica, and the compliance of the measurement device was set to 

0.0003 μm/mN. The measurements and analysis followed the ISO 14577 standard [111]. The 

device operated in force control mode with a maximum force set to 20 mN, an initial contact 

force of 0.15 mN, and a hold at maximum force for 1 s. Each specimen underwent 19 

nanoindentations at 40 μm intervals between indents. Each group consisted of 18 specimens, 

which were randomly divided into three subgroups: 6 specimens for topside measurements, 6 

for side measurements, and 6 for bottom measure-ments. This resulted in a total of 1710 

nanoindentations (19 indents × 18 specimens × 5 groups) on the dry specimens. The Poisson’s 

ratio for the composite materials was set to 0.27 for the analysis. The analysis was conducted 

using the method of Oliver and Pharr [112]. 

 

Figure 2. Nanoindentation measurement setup. The composite specimens were polymerized on 

the top side with the curing lamp positioned accordingly. The arrow on the specimens indicates 

the direction of polymerization, pointing toward the bottom surface. 

 

4.8 Nanoindentation creep investigation 

Additional creep measurements were conducted on the six specimens from each group 

following the initial static nanoindentation test. Each specimen was subjected to 10 creep 

measurements at 50 μm intervals using the IND-1500 nanoindenter, equipped with a Berkovich 

diamond tip (50 nm radius of curvature), at room temperature. The loading force for the creep 

measurements was maintained at a constant 25 mN over a 300 s period, during which 300 data 

points were collected. The standard linear model was used to evaluate the creep behavior by 

fitting the time-dependent penetration curve. This model consists of a Hooke body connected 
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in series to a Kelvin–Voigt model, which comprises a Hooke and a Newton body connected in 

parallel, as illustrated in Figure 3. 

 

Figure 3. Schematic representation of the standard linear viscoelastic model. 

The analytical solution for the displacement in the case of constant loading (creep) is 

represented by the following equation: 

ℎ2(𝑡) =
𝜋

2
𝐹 ∙ cot 𝛼 [

1

𝐸1
∗ +

1

𝐸2
∗ (1 − 𝑒

−
𝐸2

∗ 𝑡
𝜂 )]  

where 𝐹 represents the applied loading force, α is the angle of the conical indenter tip, and 𝐸1
∗, 

𝐸2
∗, and 𝜂 are the combined modulus of elasticity and viscosity values of the standard linear 

model. The least squares method was applied to the measured ℎ(𝑡) time-dependent 

displacement curves to fit the standard linear model. The specimen modulus value can then be 

calculated from the fitted 𝐸1
∗, 𝐸2

∗ combined modulus values using the following formula: 

1

𝐸∗
=

1 − 𝜈𝑠
2

𝐸𝑠
+

1 − 𝜈𝑖
2

𝐸𝑖
  

where 𝐸𝑠 is the specimen modulus, 𝐸𝑖  is the indenter tip modulus (diamond 𝐸𝑖 = 1050 GPa), 

𝜈𝑠 is the Poisson’s ratio of the specimen, and 𝜈𝑖  is the Poisson’s ratio of the indenter tip 

(diamond 𝜈𝑖  = 0.07). 

Additionally, the total displacement during the creep measurements was calculated by recording 

the displacement at 300 s and subtracting the depth at the start of the measurement. This value 

is referred to as creep depth in the following sections. 
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4.9. Water degradation and water uptake 

After the initial set of nanoindentation tests, the specimens were measured for their dimensions 

and weight using a micrometer and an analytical balance (Ohaus Pa224c, with an accuracy of 

0.1 mg).The nanoindentation creep test was conducted both before and after a 30-day water-

aging period at a laboratory room temperature of 24 °C. The static nanoindentation 

measurements were repeated on the six top side specimens following the water-aging period. 

The results from the two tests were compared statistically to assess the effect of water 

degradation. 

The dry weight of each specimen was recorded immediately after preparation. During the water-

aging period, weights were measured at 1, 2, 3, 4, 10, 14, 28, and 30 days (mw) using the 

analytical balance. The absorbed water mass per unit volume uptake was calculated using the 

following formula: 

𝜑 =
𝑚𝑤 − 𝑚0

𝑉
,  

where m is the mass measured on the actual day, m0 is the initial mass at day 0, and V is the 

volume of the composite specimen. 

4.10 Surface morphology and characterization 

Secondary electron images were taken using a Hitachi S-4700 (Hitachi High-Technologies 

Corporation, Tokio, Japan) field emission cathode scanning electron microscope (FESEM). The 

surfaces of the specimens were coated with a few- nanometer-thin electrically conducting 

golden layer for the elimination of surface charging. To facilitate the identification of the 

imprints, extra nanoindentations were per-formed at a greater loading force to find the imprints. 

4.11 Statistical analysis for the study on nanomechanical performance and water uptake 

of SFRC 

Statistical analysis was performed using IBM SPSS Statistics, version 23 (IBM Corp., Armonk, 

NY, USA). The normality of the data was assessed using the Shapiro–Wilk test, and the 

homogeneity of variances was evaluated with Levene’s test. For group comparisons, a one-way 

ANOVA was conducted, followed by Bonferroni’s post hoc test to identify significant 

differences between individual groups. Mean values and standard deviations were calculated 

and reported for each group. A significance level of p < 0.05 was considered statistically 

significant. 
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Additionally, the creep behavior of the materials was analyzed using a curve fitting approach 

based on the least squares method to accurately model time-dependent deformation. This 

allowed for the extraction of parameters that describe the viscoelastic response over time. All 

analyses were performed with a minimum of six specimens per group to ensure sufficient 

statistical power. 

 

5. Results 

5.1. Results of the first study: Crack propensity of different fiber-reinforced direct 

restorative procedures in deep MOD cavities 

Regarding the crack propensity of different fiber-reinforced direct restorative procedures in 

deep MOD cavities, immediately following the restorative procedure, there was no significant 

difference in the total crack counts (horizontal + vertical) across the tested groups (χ² = 7.43, p 

= 0.115). Likewise, no statistically significant differences were found across the groups when 

horizontal (χ² = 1.99, p = 0.737) and vertical (χ² = 12.74, p = 0.013) crack counts were analyzed 

separately (Figs. 4–6). One week after the restorative procedure, the total crack counts varied 

across the five groups significantly (χ² = 24.60, p < 0.001). Group 5 had the highest mean 

number of cracks, while Group 1 exhibited the lowest. The DSCF post-hoc pairwise 

comparisons revealed significant differences between several groups. Specifically, Group 5 

(control group) had a significantly higher number of cracks compared to Group 1 (p < 0.001), 

Group 2 (p = 0.023), and Group 3 (p = 0.003). Additionally, Group 4 had significantly more 

cracks than Group 1 (p = 0.024). These results suggest that Group 5 (control group) suffered 

the most cracking at one week, while Group 1 consistently showed fewer cracks. The presence 

of statistically significant differences highlights the variability in crack formation among the 

different groups shortly after the restorative procedure. The descriptive statistics are shown in 

Table 3. As for the vertical crack counts, these also varied significantly among the five groups 

one week after the restorative procedures (χ² = 22.20, p < 0.001). Again, Group 5 (control group) 

exhibited the highest number of cracks, with a mean of 2.90, a median of 3.00, and a standard 

deviation of 0.91, ranging from 1 to 5 cracks. The lowest number of cracks was observed in 

Group 3, with a mean of 1.15 (median = 1.00, SD = 1.23). The DSCF post-hoc pairwise 

comparisons, revealed significant differences in vertical crack counts between several groups. 

Group 5 (control group) demonstrated a significantly higher number of vertical cracks 

compared to Group 1 (p < 0.001), Group 3 (p < 0.001), and Group 4 (p = 0.004) (Table 3). 
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Regarding the horizontal crack counts, these also varied significantly among the five groups 

one week after the restorative procedures (χ² = 16.01, p = 0.003). Groups 4 and 5 (control group) 

exhibited the highest number of cracks. In contrast, the lowest number of cracks was observed 

in Group 2. The DSCF post-hoc pairwise comparisons revealed significant differences in 

horizontal crack counts between several groups. Group 4 had a significantly higher number of 

horizontal cracks compared to Group 1 (p = 0.029) and Group 2 (p = 0.016) (Table 3).  

Table 3. Total, vertical, and horizontal crack counts across the groups 1 week after restoration. 

  Group Mean Median SD Minimum Maximum 

Total crack 

counts 

Group 1 3.55 4.00 1.54 1 6 

Group 2 4.00 4.00 2.62 0 8 

Group 3 4.15 4.00 1.53 1 7 

Group 4 5.10 5.00 1.37 2 7 

Group 5 (control) 6.70 6.50 2.13 3 11 

Vertical crack 

counts 

Group 1 1.20 1.00 0.89 0 3 

Group 2 1.70 1.00 1.84 0 6 

Group 3 1.15 1.00 1.23 0 4 

Group 4 1.30 1.00 1.38 0 4 

Group 5 (control) 2.90 3.00 0.91 1 5 

Horizontal 

crack counts 

Group 1 2.35 2.50 1.57 0 5 

Group 2 2.30 2.50 1.49 0 5 

Group 3 3.00 3.00 1.21 0 5 

Group 4 3.80 4.00 1.28 1 7 

Group 5 (control) 3.80 3.50 1.77 1 6 

 

When examining the total crack counts 5 weeks after the restorative procedure, the observed 

pattern was quite similar to what had been seen at the 1-week examination. There was a 

significant variability across the groups (χ² = 20.45, p < 0.001). The DSCF post-hoc pairwise 

comparisons revealed significant differences in total crack counts between several groups. 

Group 5 (control group) demonstrated a significantly higher number of total cracks compared 

to Group 1 (p = 0.001) and Group 3 (p = 0.016). Additionally, Group 1 showed a significantly 

lower number of cracks than Group 4 (p = 0.014). The difference between Group 5 (control 

group) and Group 2 approached significance (p = 0.055). The descriptive statistics are shown 

in Table 4. Vertical crack counts continued to vary across the five groups at 5 weeks (χ² = 18.91, 

p < 0.001). Group 5 (control group) exhibited the highest mean number of vertical cracks. In 
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contrast, Group 3 displayed the lowest mean number of cracks. The DSCF post-hoc pairwise 

comparisons revealed significant differences in vertical crack counts between several groups. 

Group 5 (control group) demonstrated a significantly higher number of vertical cracks 

compared to Group 1 (p < 0.001), Group 2 (p = 0.023), and Group 3 (p = 0.002) (Table 4). As 

for the horizontal crack counts at 5 weeks, these showed some variation across the five groups, 

but this did not reach the level of statistical significance (χ² = 10.33, p = 0.035). Group 4 

exhibited the highest mean number of horizontal cracks, and Group 1 showed the lowest mean 

number of cracks (Table 4). Due to the lack of significant variance among groups, no post-hoc 

comparisons were performed.  

Table 4. Total, vertical, and horizontal crack counts across the groups 5 week after restoration 

  Group Mean Median SD Minimum Maximum 

Total crack 

counts 

Group 1 4.40 5.00 1.82 1 8 

Group 2 5.15 5.50 2.96 0 10 

Group 3 5.10 5.50 2.00 1 8 

Group 4 6.50 6.00 2.04 3 11 

Group 5 (control) 8.20 8.00 3.12 3 14 

Vertical crack 

counts 

Group 1 1.65 1.00 1.04 0 3 

Group 2 2.05 2.00 1.76 0 6 

Group 3 1.60 1.50 1.39 0 4 

Group 4 2.25 2.00 1.86 0 6 

Group 5 (control) 4.05 3.50 2.14 1 9 

Horizontal 

crack counts 

Group 1 2.75 3.00 1.71 0 5 

Group 2 3.10 3.50 1.74 0 6 

Group 3 3.50 3.50 1.61 0 7 

Group 4 4.25 4.00 1.37 1 7 

Group 5 (control) 4.15 4.50 1.98 1 7 

 

The significant differences from all the above analyses, along with significance levels, effect 

sizes and estimated statistical power are summarized in Table 5. As for the analysis of crack 

counts within individual groups over time, we conducted a Friedman’s ANOVA for the total 

crack count, as well as for the vertical and horizontal cracks. In every case, the analysis showed 

significant variance, indicating that crack counts in each group changed significantly over time 

(Figs. 4–6). According to the Durbin-Conover post-hoc pairwise comparisons, this also meant 

that, with one exception, there was a significant change between each time point in every group. 
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The sole exception was the horizontal crack count in Group 2, which did not change 

significantly during the first week.  

Table 5. Significant intergroup differences 1 week (T1) and 5 weeks (T2) after the restorative 

procedures. Pairwise comparisons.  Level of significance: p<0.05 

Time point Crack count Comparison p Cohen's d Power 

T1 

Total 

Group 5 vs Group 1 < 0.001 1.69 1.00 

Group 5 vs Group 2 0.023 1.13 0.94 

Group 5 vs Group 3 0.003 1.38 0.99 

Group 4 vs Group 1 0.024 1.06 0.91 

Vertical 

Group 5 vs Group 1 < 0.001 1.89 1.00 

Group 5 vs Group 3 < 0.001 1.62 1.00 

Group 5 vs Group 4 0.004 1.37 0.99 

Horizontal 
Group 4 vs Group 1 0.029 1.01 0.88 

Group 4 vs Group 2 0.016 1.08 0.91 

T2 

Total 

Group 5 vs Group 1 0.001 1.49 0.99 

Group 5 vs Group 3 0.016 1.18 0.95 

Group 4 vs Group 1 0.014 1.09 0.92 

Vertical 

Group 5 vs Group 1 < 0.001 1.43 0.99 

Group 5 vs Group 2 0.023 1.02 0.88 

Group 5 vs Group 3 0.002 1.36 0.99 

Horizontal 
No post-hoc comparisons were made due to the lack of 

significant variance among groups. 
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Figure 4. Mean total crack counts across time (t0, immediately after photo-polymerization; t1, 

after soaking in water for one week; t2, after soaking in water for five weeks) by group. Values 

are shown as mean±SD. 

 

Figure 5. Mean vertical crack counts across time (t0, immediately after photo-polymerization; 

t1, after soaking in water for one week; t2, after soaking in water for five weeks) by group. 

Values are shown as mean±SD. 
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Figure 6. Mean horizontal crack counts across time (t0, immediately after photo-

polymerization; t1, after soaking in water for one week; t2, after soaking in water for five weeks) 

by group. Values are shown as mean±SD. 

The summarized results of the Friedman ANOVA for each group are presented in Table 6. 

Table 6. Results of the Friedman ANOVA. Level of significance: p<0.01 

Group 1 
 χ² df p 

Vertical 15.6 2 < 0.001 

Horizontal 23.3 2 < 0.001 

Total 29.5 2 < 0.001 

Group 2 

Vertical 17.2 2 < 0.001 

Horizontal 19.0 2 < 0.001 

Total 29.5 2 < 0.001 

Group 3 

Vertical 20.6 2 < 0.001 

Horizontal 26.1 2 < 0.001 

Total 35.4 2 < 0.001 

Group 4 

Vertical 21.5 2 < 0.001 

Horizontal 31.6 2 < 0.001 

Total 34.8 2 < 0.001 

Group 5 

Vertical 30.1 2 < 0.001 

Horizontal 28.0 2 < 0.001 

Total 34.6 2 < 0.001 
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5.2 Results of the second study: The Nanomechanical Performance and Water Uptake of 

a Flowable Short Fiber Composite: The Influence of Bulk and Layering Restorative 

Techniques 

5.2.1 Static nanoindentation 

The  static nanoindentation measurements were conducted on the top and bottom layers of the 

composite specimens. Additionally, the top surface of the composite blocks was measured both 

before (dry) and after water storage (wet). The ANOVA revealed significant differences in the 

mean hardness values between the composite groups (illustrated in Figure 7). In the top layer 

before water storage, the bulk PFC group (Group 4) exhibited a statistically significantly lower 

mean hardness value compared to the other groups (p < 0.05), and the control group (layered 

PFC, Group 1) also showed a difference compared to the bulk SFRC specimens (Group 3) (p = 

0.028). After water storage, the top layer was remeasured on the same specimens, and the 

Bonferroni post hoc results indicated that a significant difference remained for the bulk PFC 

group (Group 4) compared to the other groups (p < 0.05), except for the control group (layered 

PFC, Group 1). However, the control group (layered PFC, Group 1) showed a significant 

difference in mean hardness compared to the layered SFRC group (Group 2)  and the bi-

structure group (Group 5) (both p < 0.001) after water storage. For the bottom layer, a similar 

trend was observed as in the top layer before water storage, with the post hoc results showing 

that the bulk PFC group (Group 4) had a statistically significantly lower mean hardness value 

compared to the other groups (p < 0.05). 

 

Figure 7. The mean hardness of each composite group measured by the static nanoindentation 

method. The error bar shows the standard error of the mean. Identical alphabetic letters (A–

D) indicate no significant difference, while different letters denote a significant difference. 
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5.2.2 Creep nanoindentation 

During the creep measurements, the penetration depth (displacement) was continuously 

recorded over 300 s under a fixed 10 mN load. The standard linear model, as outlined in the 

methods, was used to fit the displacement curve with three parameters: E1, E2 and η. The E1 

modulus describes the initial elastic behavior at the first measured time point, which relates to 

the stiffness of the material, while the E2 and η parameters characterize the time-dependent 

behavior of the material, indicating a delayed or retarded response. Measurements were 

conducted on the top layer of each group, both before and after storing the specimens in distilled 

water. The results are shown in Figures 8–10.  

 

Figure 8. The mean E1-fitted parameter of the measured creep curves for the composite groups 

before and after water storage, with error bars representing the standard error of the mean. 

Lowercase alphabetic letters (a,b) refer to the dry groups; uppercase alphabetic letters (A,B) 

refer to the wet groups. Identical letters (regardless of case) indicate no significant difference, 

whereas different letters (irrespective of case) denote a significant difference. 

 

The Bonferroni post hoc test results indicated a significant difference in the mean E1 modulus 

value between the bulk SFRC specimens (Group 3) and the bulk PFC specimens (Group 4) (p 

= 0.005), while no significant difference was observed for this parameter among the other 

groups. This slightly changes after storing the specimens in water, as the mean E1 modulus 

differs significantly in the case of the bulk PFC (Group 4) to the layered SFRC (Group 2) (p = 

0.031) specimens and to the bulk SFRC specimens (Group 3) (p < 0.001). The E2 and η 
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parameters showed significant changes after the 30-day water treatment. Before water 

treatment, the E2 parameter exhibited significant differences between the layered SFRC (Group 

2) and the bulk SFRC (Group 3) group (p < 0.001), between the layered SFRC (Group 2) and 

the bulk PFC (Group 4) group (p = 0.011), and also between the bulk SFRC (Group 3) and the 

bi-structure (Group 5) group (p = 0.001). The mentioned difference between the layered SFRC 

(Group 2) and the bulk PFC (Group 4) specimens remained consistent after water treatment (p 

< 0.001), and the bulk SFRC (Group 3) versus the bulk PFC (Group 4) specimens also showed 

a significant difference (p < 0.001). The viscosity parameter for the pre-treated specimens 

showed a significant difference between the bulk SFRC (Group 3) and the bulk PFC (Group 4) 

specimens according to the Bonferroni post hoc test (p = 0.035). Post water storage, the time-

dependent behavior described by the viscosity parameter varied significantly, with the bulk PFC 

(Group 4) group differing from all other groups (p < 0.05), and the control group (layered PFC, 

Group 1) also differed from the bi-structure group (Group 5) (p < 0.001). The mean modulus 

and viscosity parameters were compared before and after the 30-day water-aging period using 

a t-test. The E1 modulus showed a significant difference after the water treatment in the case of 

the control group (Group 1, p = 0.009) and the bi-structure group (Group 5, p < 0.001). The E2 

modulus and η viscosity parameters showed a significant difference across all groups after the 

water treatment. Overall, water treatment significantly affected the time-dependent behavior, 

with notable differences in the retarded modulus and viscosity values. 

 

Figure 9. The mean E2-fitted parameter of the measured creep curves for the composite groups 

before and after water storage, with error bars representing the standard error of the mean. 

Lowercase alphabetic letters (a–c) refer to the dry groups; uppercase alphabetic letters (A–C) 

refer to the wet groups. Identical letters (regardless of case) indicate no significant difference, 

whereas different letters (irrespective of case) denote a significant difference. 
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Figure 10. The mean η-fitted parameter of the measured creep curves for the composite groups 

before and after water treatment, with error bars representing the standard error of the mean. 

Lowercase alphabetic letters (a–c) refer to the dry groups; uppercase alphabetic letters (A–C) 

refer to the wet groups. Identical letters (regardless of case) indicate no significant difference, 

whereas different letters (irrespective of case) denote a significant difference. 

 

The total penetration depth was recorded during the 300 s creep measurement, and the absolute 

depth penetration (creep depth, see Figure 11) was calculated by subtracting the initial 

penetration (displacement at time zero, the initial contact) from the actual measured depth. A 

statistical test was performed to determine differences in the mean creep depth among the 

composite groups. The dry specimens generally exhibited higher creep behavior— indicating 

how much the nanoindenter tip penetrated further into the material after initial contact—except 

for the bulk PFC group (Group 4), which showed a 0.30 ± 0.02 µm versus 0.37 ± 0.01 µm 

additional creep penetration at 300 s compared to the initial penetration (see Figure 8). The 

calculated creep depths were also compared using the Bonferroni post hoc test. In the dry 

specimens, the control group (layered PFC, Group 1) showed a significant difference compared 

to the layered SFRC (Group 2) specimens (p < 0.001), while the layered SFRC (Group 2) also 

differed significantly from the bulk SFRC (Group 3) (p < 0.001) and the bi-structure (Group 5) 

specimens (p = 0.024); furthermore, the bulk SFRC (Group 3) specimens showed a significant 

difference compared to the bulk PFC specimens (Group 4) (p = 0.042). After 30 days of water 

storage, the control group (layered PFC, Group 1) showed a significant difference compared to 

all other groups (p < 0.05), and the bulk PFC (Group 4) had a significantly greater mean creep 

depth than the other groups (p < 0.05). 
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Figure 11. The mean creep depth at 300 s before and after water treatment. The error bars 

show the standard error of the mean. Lowercase alphabetic letters (a–c) refer to the dry groups; 

uppercase alphabetic letters (A–C) refer to the wet groups. Identical letters (regardless of case) 

indicate no significant difference, whereas different letters (irrespective of case) denote a 

significant difference. 

5.2.3 Water uptake 

The absorbed water mass per unit volume was compared across the groups on day 30. The bulk 

SFRC specimens (Group 3) differed significantly from all other groups (p < 0.05), while the 

remaining groups showed no statistically significant differences (see Figure 12).  

 

Figure 12. The mean water absorption per unit volume for each composite group at day 30. 

The error bars represent the standard error of the mean. Different alphabetic letters indicate 

statistical significance. 
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A linear regression analysis was performed on the absorbed water mass per unit volume dataset, 

revealing a clear linear trend in water absorption over time. The fitted lines are shown in Figure 

13. All groups demonstrated a similar water uptake pattern except for the bulk SFRC (Group 

3). A  significant correlation was observed, with slopes indicating a daily uptake range between 

0.148 and 0.186 µg/mm3, except for the bulk SFRC group (Group 3), where the correlation 

was weak and the slope was only 0.038 µg/mm3 per day. 

 

Figure 13. Linear regression lines for the water mass absorption per unit volume dataset over 

a 30-day interval. 

5.2.4 SEM evaluation 

In Figure 14, the red-marked indentation imprints correspond to the nanoindentation 

experiments of this study. The dental composite surface exhibited noticeable inhomogeneity at 

the nanoscale, which partially explains the observed deviations in the mechanical parameters 

such as hardness and modulus. Notably, no crack propagation was observed in the SEM images, 

suggesting that the material can accommodate localized deformation without failure (indicating 

a high fracture toughness). 
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Figure 14. Scanning electron microscope images of the composite (SDR) specimen surface 

after nanoindentation at different magnifications. The impressions used in the study are marked 

in red. 

6. Discussion 

Polymerization shrinkage-induced stress in RBC direct restorations remains a clinically 

relevant problem in dentistry due to its multiple adverse consequences, such as decreased bond 

strength, gap formation at the margins or between the cavity walls and the filling material, 

cuspal deformation, and enamel crack development [21,24,113,114]. From the tooth’s 

perspective, cuspal deflection and subsequent enamel crack formation are closely associated 

with cavity dimensions, particularly the volume factor and the compliance of the cavity walls 

[56,110,115]. Deep MOD cavities, characterized by the absence of two marginal ridges and a 

high volume factor, present a unique yet common challenge, both in terms of crack formation 

[110] and structural reinforcement [108,109,116]. For these reasons, deep MOD cavities with 

standardized dimensions were selected in our research to analyze crack development during 

direct restorative techniques performed with different RBC materials. 

In our study, when analyzing total crack formation immediately after the restorative procedure, 

there was no statistically significant difference in the number of cracks among the differently 

restored groups. Therefore, the first null hypothesis was accepted. This finding is contrary to 

previous results by Néma et al., in which SFRC-containing direct restorations produced 

significantly fewer cracks compared to the control group (layered conventional PFC filling) 



35 

 

[110]. Although Soares and colleagues found only a few cracks shorter than 3 mm, the tendency 

to crack was significantly higher for the direct SFRC group after one week of water storage 

compared to the indirect and semi-direct groups [100]. 

However, in the current study, a flowable SFRC was used either alone or in combination with 

a packable SFRC material, whereas only packable SFRC was utilized in the previous study 

[100]. In addition, this study employed flowable SFRC without conventional PFC coverage. 

Typically, neither flowable nor fiber-reinforced RBC materials have been recommended for 

restoring extensive occlusal hard tissue deficiencies. However, highly filled flowable PFC 

materials, due to their improved mechanical properties, have been shown to be suitable for both 

direct [108] and indirect occlusal restorations [116,117]. 

In their in vitro study, Rawda and colleagues reported satisfactory outcomes under clinical 

conditions where flowable SFRC was used without coverage following an 18-month 

observation period [118]. Interestingly, neither the conventional flowable PFC base (Group 2) 

nor the polyethylene fiber mesh combined with the flowable base (Group 3) effectively reduced 

the number of cracks. This outcome is likely influenced partly by the dimensions of the cavity—

and consequently the amount of missing dentin—and partly by the unique characteristics of the 

flowable SFRC material placed over the aforementioned adhesive bases. The flowable SFRC 

used in this study (EverX Flow) contains 25 wt% of discontinuous, micrometer-sized fibers 

with an aspect ratio exceeding 30 [88]. For reinforcement to occur, a fiber’s length must meet 

or exceed the critical fiber length, as discussed earlier in this thesis [86]. 

To increase the toughness of RBC materials and improve their resistance to damage, 

polyethylene fibers can be used in addition to short glass fibers [119]. Sadr and colleagues 

demonstrated that using polyethylene fiber in combination with a conventional flowable PFC 

as a base resulted in zero polymerization shrinkage-related gap formation in deep cavities [21]. 

In contrast, our results showed that polyethylene fibers were unable to mitigate cracking more 

effectively than the flowable SFRC. Furthermore, in our study, the polyethylene fiber was used 

in combination with SFRC Flow. 

When analyzing the total number of cracks one week after the restorative procedure, the control 

group exhibited a significantly higher number of cracks compared to Group 1 (p < 0.001), 

Group 2 (p = 0.023), and Group 3 (p = 0.003). Therefore, the second null hypothesis was 

rejected. These findings align with those of Néma et al. on samples examined after one week 

[110]. 
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Interestingly, samples restored solely with flowable SFRC (Group 1) exhibited significantly 

fewer cracks at this time point compared to the mixed use of flowable and paste SFRCs (Group 

4) (p = 0.024). This difference can likely be attributed to the distinct properties of paste and 

flowable SFRC materials. While EverX Flow contains a lower quantity of inorganic fillers 

overall (70 wt%), which results in higher polymerization shrinkage (3.37% for bulk shade and 

3.65% for dentin shade, compared to 2.87% for EverX Posterior) [88,120], its proportion of 

glass fibers is markedly higher (25 wt%) than that in EverX Posterior, which incorporates more 

inorganic fillers (74.2 wt%) but a relatively smaller amount of glass fibers (9 wt%). 

Furthermore, as previously mentioned, the paste variant contains SFRC fibers of millimeter-

scale size [121], in contrast to the micrometer-scale fibers of the flowable version [122]. The 

fine fibers, which undergo full-coverage silane coating, demonstrate enhanced stress absorption 

and localized load transfer from the matrix to the more robust fibers. In addition to its reduced 

filler content, the Bis(2-methylpropenoic acid)(1-methylethylidene)bis(4,1-phenyleneoxy-2,1-

ethanediyl)ester monomer is a significant contributing factor to the flexibility of EverX Flow. 

In conjunction with urethane dimethacrylate and triethylene glycol dimethacrylate, it provides 

fluidity, good handling, and stress relief [123]. To identify the potential causes of the substantial 

disparities observed in comparison to the control group, it is necessary to consider the impact 

of the application techniques used. In Groups 1–3, the bulk-fill technique was implemented 

using flowable RBC, while in Group 4, the bulk-fill technique was employed in conjunction 

with the snowplow method, utilizing a packable SFRC with a flowable SFRC lining. In the 

control group (Group 5), layered conventional PFC was applied. 

Examining the correlation between internal adaptation, degree of conversion, filling technique, 

and consistency, a previous study demonstrated that the use of the bulk-fill technique resulted 

in better internal adaptation after polymerization compared to the application of layered 

packable RBC [124]. Thus, to some extent, the application technique in the case of non-fiber-

reinforced RBC may account for the increased number of cracks detected in this study. 

When analyzing the total number of cracks five weeks after the restorative procedure, the same 

pattern of significant differences among the tested groups was observed as at the one-week time 

point. Consequently, the third null hypothesis was rejected. Furthermore, when analyzing the 

total number of cracks within the same group across different time points (immediately after, 

one week after, and five weeks after the restorative procedure), a significant increase in crack 

number was observed at each subsequent time point (p < 0.05). Therefore, the fourth null 
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hypothesis was also rejected. It is well recognized that the post-polymerization of RBC 

materials continues for more than 24 hours after light curing [125] and has even been detected 

up to one month after curing [126]. Post-polymerization results in an increased degree of 

conversion [127], which correlates with polymerization shrinkage [120]. Polymerization 

shrinkage stress causes the cavity walls to deflect in the direction of the restoration [113]. 

Debonding, defined as the failure of the bond between the RBC and the tooth, may result in the 

removal of the mechanical constraints acting on the RBC [80]. This, in turn, may lead to the 

release of residual shrinkage stresses induced by the cavity geometry. Consequently, this 

process may result in the relaxation of the deformed tooth cusps. Since enamel cracking is 

linked, to some extent, to the polymerization shrinkage of RBC materials [128], post-cure 

polymerization likely contributes to the increase in crack numbers observed after restorative 

treatment [110]. 

Our results demonstrated a significant increase in the total number of cracks in all groups at 

both test time points. However, the increase in the number of cracks after five weeks of soaking 

should most likely not be attributed to post-polymerization and the associated shrinkage stress. 

As shown in previous research, cuspal flexure has been observed to decrease—or even cease—

over time in storage conditions involving water [26]. This process could help neutralize 

shrinkage-related stresses and thereby close or reduce contraction gaps [80,82,129]. However, 

it has been noted that the coefficient of hygroscopic expansion of certain restorative materials 

may exceed that of polymerization shrinkage, which could potentially have undesirable 

consequences for the remaining tooth structure or the restoration [130,131]. It is possible that 

internal stresses generated by the expansion of the RBC could result in interfacial strain that 

exceeds the critical threshold of the dental enamel or of an overlying restoration, leading to the 

formation of microcracks and subsequent fracture [81,130]. 

The water uptake of an RBC is predominantly contingent on the chemical nature of the matrix 

monomers. However, it has been shown that water uptake decreases with an increasing volume 

fraction of glass fibers [132]. Additionally, the water sorption of barium glass-filled RBCs is 

relatively high, while the water durability of barium glass is low, resulting in surface 

degradation of the filler. This, in turn, negatively affects the flexural strength of the material 

and reduces its resistance to deformation [133]. 

In the present study, all RBCs contained a high volume fraction of barium glass, except for 

EverX Flow, in which the barium glass was partially replaced by a relatively high (25%) weight 
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fraction of glass fibers, thereby contributing to a reduction in water absorption. This aligns with 

the findings of our second in vitro study, which forms the basis of this thesis, showing reduced 

water uptake in the case of flowable SFRC applied in bulk compared to layered RBC 

restorations. 

When categorizing the total number of cracks into vertical and horizontal types, both showed a 

significant increase five weeks after the restorative procedure compared to baseline values 

(immediately after the procedure) in all study groups (p < 0.05). When analyzing vertical and 

horizontal crack counts independently within each group, horizontal cracks consistently 

predominated over vertical cracks in all SFRC-containing groups (Groups 1–4) at all time 

points (immediately, one week, and five weeks after the restorative procedure) (Figs. 3 and 4). 

This is consistent with the findings of Oliveira et al., who also reported a predominance of 

horizontal post-cure cracks in restored deep MOD cavities [56]. 

In the control group (layered conventional PFC filling), horizontal cracks were more frequent 

immediately after and one week after the restorative procedure. However, by five weeks post-

intervention, the number of horizontal and vertical cracks was nearly equal (Figs. 3 and 4). This 

observation may have implications for future crack propagation and potential fracture 

development. 

In our study, direct restorations utilizing flowable SFRC without conventional PFC coverage 

were evaluated for crack formation. The body of literature on flowable SFRC restorations 

without conventional PFC coverage is rapidly expanding and shows promising results in terms 

of mechanical performance [95,99,116,118]. Consequently, it is essential to investigate all 

associated issues related to this restorative option, such as polymerization stress-induced crack 

formation. Although enamel cracking is not a direct or reliable measure of shrinkage stress, a 

correlation can be observed. However, further research is needed to clarify the underlying 

causes—beyond current hypotheses—of the increased number of cracks observed after 

extended storage times. 

In our investigation of the nanomechanical performance and water uptake of the flowable SFRC 

material, SFRC was applied using multiple direct restorative techniques. The successful use of 

dental materials as load-bearing structural components in restored teeth requires adequate 

mechanical properties. Therefore, the general mechanical characterization of candidate 

materials is essential. A useful starting point is the measurement of stress–strain (or load–

deformation) properties [134]. Nanoindentation allows for the investigation of selected material 
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properties using small specimen volumes, based on load–displacement data from submicron-

scale indentations. It has been proposed as advantageous over conventional methods due to its 

high force resolution and precise indent positioning [135–137]. In the first part of this study, 

static nanoindentation was used to evaluate the hardness of different direct restorations at three 

levels: top, side, and bottom. 

The bulk PFC (SDR, Group 4) demonstrated significantly lower hardness values at all three 

levels compared to the other groups (p < 0.05); therefore, the fifth null hypothesis was rejected. 

These findings align with previous studies, in which bulk PFC (Group 4) exhibited among the 

lowest surface hardness values of the tested resin composites [138,139]. This difference may 

be attributed to SDR's lower filler content (68 wt.%) and potentially to a lower degree of 

monomer conversion and cross-linking compared to the other tested composites [88,140]. On 

the other hand, SFRC with a 70 wt.% filler loading exhibited comparable or even higher 

hardness values at the side and bottom levels compared to the control PFC composite group, 

which had a 77 wt.% filler loading. This can be attributed to the unique structure of flowable 

SFRC, which, as previously discussed, contains a high proportion of E-glass fibers in addition 

to barium glass particulate filler. The E-glass fibers, being harder than barium glass particles, 

likely contribute to the increased hardness observed in the SFRC material. Moreover, the 

flowable SFRC (bulk shade) is translucent, and its fibers scatter light, which may enhance the 

degree of conversion. 

These findings are consistent with those of Lassila et al., who reported that flowable SFRC 

demonstrated superior performance across all tested mechanical parameters compared to SDR 

and some conventional PFCs [88]. Upon examining the bottom part of the specimens, the bulk 

PFC specimen (Group 4) exhibited significantly lower hardness values than the SFRC groups 

(p < 0.001). This result aligns with the findings of Karacolak et al., who reported that SDR had 

one of the lowest microhardness values at the bottom of specimens when compared to other 

bulk-fill materials [141]. 

Numerous studies have shown a gradual decrease in microhardness values from the top toward 

the bottom of both conventional and bulk-fill composite materials, with the extent of this 

decrease varying significantly depending on the type of resin composite [142,143]. 

Interestingly, no statistically significant difference in hardness at the bottom of the specimens 

was observed among the other groups. This indicates that flowable SFRC, whether applied in a 

layered or bulk manner, produced comparable hardness values. These findings align with our 
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previous study, in which no differences in microhardness values—measured by 

nanoindentation—were observed between bulk and layered SFRC specimens in artificial root 

canals [144]. Similarly, our results are consistent with those of Néma et al., who reported no 

differences in the degree of conversion at different depths (top, middle, bottom) between 

layered and bulk-fill SFRC restorations [124]. 

This outcome is likely attributable to the material’s translucency and the light transmission 

facilitated by the short glass fibers [91,117,145,146]. Fráter et al. also demonstrated no 

difference in fracture resistance between flowable SFRC restorations applied in a layered versus 

bulk manner [108]. Furthermore, Néma et al. noted no difference in polymerization-induced 

crack formation between flowable SFRC restorations applied in either technique [110]. 

However, they also observed that bulk application resulted in less polymerization-induced gap 

formation compared to the layered application of SFRC material [124]. 

Notably, after water storage, no difference in hardness was observed between the control group 

(layered PFC, Group 1) and the bulk PFC (Group 4) specimens. Water can reduce the surface 

hardness of restorative materials by acting as a plasticizing molecule within the composite 

matrix. This process softens the polymer resin component by swelling the network and reducing 

the intermolecular forces between polymeric chains [147,148]. These findings align with 

reports in the literature indicating that the microhardness of dental composites is higher before 

water storage than after [149,150]. However, the effect of water on surface microhardness is 

material-dependent, and not all dental composites show a decrease in hardness after short-term 

water exposure [151]. 

As discussed in our previous in vitro study, which forms the basis of this thesis, the 

polymerization of RBCs continues for up to a month following light curing [126], although 

most of the conversion occurs within the first 24 hours. Therefore, microhardness was measured 

one week after fabrication. 

In the second phase of the study, creep measurements were conducted. RBCs are polymeric 

materials with time-dependent mechanical properties [135,152]. The viscoelastic behavior of 

resin composites represents a critical aspect of their mechanical performance [153,154] and has 

been widely examined in the literature [43,155–158]. Given the high occlusal loading forces 

encountered during mastication, viscoelastic properties such as creep strain are important to 

consider. In clinical scenarios, strain recovery occurs during unloading phases [158]. According 

to Baroudi et al., composites exhibiting high creep deformation show poor resistance to 
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mechanical stress, which may adversely affect the long-term durability of restorations [159]. 

To our knowledge, the creep behavior of flowable SFRC has not been previously tested. In the 

present study, the bulk application of flowable SFRC (Group 3) demonstrated significantly 

higher modulus values (E1 and E2) and viscosity (η), as well as better resistance to creep 

compared to the bulk PFC (SDR, Group 4) (p < 0.05), confirming its suitability for use without 

surface coverage. Therefore, the sixth null hypothesis was rejected. 

The incorporation of microfibers into the composite material enhances its modulus and 

improves both creep and fatigue resistance [28,160]. Creep, as a viscoelastic property, is 

primarily influenced by filler content—higher filler loading generally leads to reduced creep in 

these materials [161,162]. However, the extent of creep in resin-based materials also depends 

on the type and quantity of the resin component, as well as thermal effects that may alter the 

material's structure [154,163]. 

According to Watts, creep resistance reflects the viscoelastic stability of a material and its ability 

to withstand catastrophic failure under load [157]. This observation is consistent with findings 

on modern SFRC materials, particularly their ability to convert otherwise irreparable failures 

into repairable ones [29,108,164]. 

In the study conducted by Molnár et al., fracturegraphy analysis revealed that the primary crack 

originated from the occlusal surface of the restoration, propagated downward, and extended 

through the various layers of the restoration and the underlying tooth structure [117]. Several 

studies have shown that the SFRC substructure provides structural support to composite 

restorations and acts as a crack prevention layer [102,165,166]. According to Garoushi and 

colleagues, the thickness of the SFRC substructure plays a critical role, as it influences both the 

failure mode and the crack-arresting mechanism [122]. Moreover, the thickness of the 

veneering composite also significantly affects the performance of the restoration. 

In this study, the dimensions of deep Class I restorations utilizing flowable SFRC without 

conventional composite coverage (Groups 2 and 3) were simulated and evaluated using static 

nanoindentation, nanoindentation creep, and water uptake testing. The authors consider this 

approach not only novel but also a strength of the study, given the growing body of literature 

on flowable SFRC restorations without conventional composite coverage, which has 

demonstrated excellent mechanical performance [29,94,116]. 

Consequently, it is essential to investigate all surface-related parameters, including bacterial 

adhesion, gingival irritation, and aesthetic characteristics associated with this restorative option. 
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In our study, the water uptake of the tested direct resin composite specimens was also evaluated. 

Bulk SFRC (Group 3) demonstrated significantly lower water absorption compared to the other 

groups (p < 0.001); thus, the seventh null hypothesis was rejected. This result aligns with 

previous findings in the literature [88]. 

The water uptake of resin composites is primarily influenced by the hydrophilicity and cross-

linking of the polymer network. Additionally, porosity, as well as the nature of the filler and the 

filler/fiber–matrix interface, contribute to the extent of water uptake during exposure. 

Interestingly, the bulk application of SFRC showed less water uptake than the layering 

technique, which may suggest that water diffusion is facilitated by voids or porosity at the 

interfaces between layers [167]. This can lead to hydrolytic degradation and undesirable 

anisotropic behavior, potentially compromising the uniformity and mechanical integrity of the 

restoration [168]. Even though RBCs are widely used in restorative procedures, their 

compatibility with biological tissues remains a critical consideration, particularly in cases 

where the materials are in close proximity to soft tissues or exposed to pulpal environments. 

The biocompatibility of these materials is influenced by factors such as the type and 

concentration of monomers, the degree of polymerization, and the release of potentially 

cytotoxic substances during and after curing [169]. Inadequate curing or the presence of residual 

monomers may lead to adverse cellular responses, including inflammation, cytotoxicity, or 

reduced cell viability. Therefore, evaluating the tissue response to different composite 

formulations is essential to ensure their clinical safety and effectiveness. 

According to Attik et al., flowable SFRC (EverX Flow) exhibited a less deleterious effect on 

primary gingival cell viability compared to a bulk-fill PFC (SDR), particularly on day 3 [139]. 

This trend persisted through day 5, with a noted enhancement in cellular metabolic activity in 

the presence of SFRC. These findings support the favorable biological response to SFRCs, 

further endorsing their use in direct restorative dental applications. 

The orientation and distribution of fibers in SFRCs play a critical role in determining their 

mechanical properties and resistance to water sorption. Randomly oriented fibers can provide 

isotropic reinforcement, offering uniform mechanical strength in all directions, which is 

particularly advantageous under complex stress conditions. Conversely, a more aligned fiber 

orientation tends to improve mechanical performance along the primary load-bearing direction, 

enhancing properties such as flexural strength and fracture toughness [86]. In contrast, uneven 

or clustered fiber distribution can lead to localized stress concentrations and reduced structural 
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integrity [160]. Moreover, fiber orientation and packing density influence the composite’s 

porosity and the interfacial bonding between the fibers and the resin matrix—factors that 

directly affect water sorption. Poorly distributed fibers may create microvoids that facilitate 

water uptake, potentially accelerating hydrolytic degradation. Thus, optimizing both fiber 

orientation and distribution is essential for maximizing mechanical performance and 

minimizing water-related deterioration in short fiber composites. 

This study has some limitations. First, the nanoindentation test is highly sensitive and has a 

narrow measurement range, which could lead to variable results depending on whether the 

indentation occurs over a fiber or the resin matrix. However, 19 indents were performed per 

specimen to ensure reliable and representative measurements. Second, solubility was not 

assessed, which would have provided a broader understanding of the material’s degradation 

behavior. Additionally, different products can vary significantly in terms of fiber or filler type, 

orientation, distribution, and resin composition—all of which may influence mechanical 

performance and degradation characteristics. 
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7. Conclusion and new findings identified based on the results of this research 

 

Within the limitations of these in vitro studies and our review, it can be concluded that: 

• the bulk application of flowable SFRCs reduces crack formation more effectively than 

conventional packable PFCs and other tested techniques. 

• bulk-applied SFRC exhibited superior mechanical behavior and significantly lower 

water absorption compared to conventional and bulk-fill PFCs. 

• our findings support the use of flowable SFRC (EverX Flow) as a standalone restorative 

material without the need for covering. 

• bulk-applied SFRC showed the most favorable combination of mechanical strength and 

water resistance among the tested groups 
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