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Abstract: This in vitro study examined the margin integrity of sculptable and flowable bulk-fill resin
composites in Class II cavities of primary molars. Standardized Class II cavities were prepared in
human primary molars and restored with the following resin composite materials after application of
a universal adhesive: a sculptable bulk-fill composite (Tetric EvoCeram Bulk Fill (TEC) or Admira
Fusion x-tra (AFX)), a flowable bulk-fill composite (Venus Bulk Fill (VBF) or SDR), or a conventional
composite (Filtek Supreme XTE (FS)). The bulk-fill materials were applied in 4 mm layers, while the
conventional composite was applied in either 2 mm (FS2, positive control) or 4 mm layers (FS4, negative
control). The specimens were exposed to thermo-mechanical loading (TML) in a computer-controlled
masticator. A quantitative margin analysis was performed both before and after TML using scanning
electron microscopy, and the percentage of continuous margins (margin integrity) was statistically
analyzed (α = 0.05). All composites showed a significant decline in margin integrity after TML.
AFX exhibited the significantly highest margin integrity of all materials after TML (97.5 ± 2.3%),
followed by FS2 (79.2 ± 10.8%), TEC (73.0 ± 9.1%), and FS4 (71.3 ± 14.6%). SDR (43.6 ± 22.3%) and
VBF (25.0 ± 8.5%) revealed the lowest margin integrity. In conclusion, the tested sculptable bulk-fill
materials show similar or better margin integrity in primary molars than the conventional resin
composite placed in 2 mm increments.

Keywords: bulk-fill resin composite; biomaterials; deciduous dentition; thermo-mechanical loading;
marginal adaptation

1. Introduction

Today, carious primary teeth are mostly restored by using tooth-colored filling materials such as
glass ionomer cements, compomers, and resin-based composites [1]. Among these materials, the lowest
failure rates have been reported for resin composites [2]. However, an inherent problem of resin
composites is the fact that they shrink during the polymerization process, which leads to contraction
stresses within the material and at the tooth–restoration interface [3]. As a result, margin integrity of
composite restorations can be compromised, and microleakage, postoperative sensitivity, recurrent
caries, and retention loss may occur [4,5].

Various incremental layering techniques and modified light curing approaches have been
established to counteract the consequences of contraction stress [6,7]. However, these approaches
are technique-sensitive which, in particular, is a problem when treating children. Furthermore, light
curing several composite layers consecutively in deep cavities is time consuming and may lead to the
incorporation of air bubbles or contaminants, especially when the compliance of a young patient is
lacking [8].
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To simplify and expedite restorative interventions, bulk-fill resin composites have been developed.
These materials, which can be classified as low-viscosity (flowable) and high-viscosity (sculptable)
bulk-fill composites, possess increased depths of cure compared with conventional resin composite
materials, allowing placement and photopolymerization of thick composite layers up to 4–5 mm [9–11].
Both flowable and sculptable bulk-fill composites have been found to generate lower shrinkage
forces [12–14] and less cuspal flexure [15,16] than conventional resin composites. Furthermore, similar
marginal adaptation [17–19] and similar clinical success rates [20–22] of bulk-fill and conventional
composites have been reported in permanent teeth. A recent study showed significantly lower
microleakage of bulk-filled proximal cavities of permanent teeth with gingival margins located in the
enamel than in dentin [23]. In addition, the marginal sealing ability of bulk-fill composites has been
revealed to depend on the specific material used [24]. While marginal sealing properties of bulk-fill
composites have been extensively studied in permanent teeth [17–19,23,24], only scarce information is
available for primary teeth [25] and, to date, the feasibility of the application of flowable and sculptable
bulk-fill composites in primary teeth has not been comprehensively investigated. Thus, research on
the margin quality of these materials in primary teeth is highly required.

Based on these considerations, the aim of this in vitro study was to evaluate in primary molars
the margin integrity of resin composite restorations made of bulk-fill composite materials applied in
4 mm layers, or of conventional composite material, both before and after thermo-mechanical loading,
in an artificial mouth environment. The null hypothesis to be tested was that there would be no
significant differences in margin integrity between cavities restored with conventional or bulk-fill
composite materials.

2. Materials and Methods

2.1. Specimen Preparation

Thirty extracted, non-carious human primary molars stored in 0.1% thymol solution were chosen
for this in vitro study. There was always a therapeutic indication for tooth extraction, e.g., an ankylosis
of the root or orthodontic reasons. Only extracted teeth from patients that gave written, informed
consent prior to the further use of their extracted teeth for research purposes were included, and the
teeth were irreversibly anonymized immediately after extraction. Under these terms, the research
complied with the use of anonymized biological material and, therefore, authorization from the ethics
committee was not required (BASEC request-no. 2018-00317).

After cleaning the teeth of plaque, gingival tissue, and calculus, standardized Class II cavities
were prepared mesially and distally in each tooth, using a high-speed contra-angle handpiece (Sirius,
Micro-Mega, Besançon Cedex, France) rotating at 180,000 rpm. The dimensions of the cavities were
3 mm in width and 1.5 mm in depth, with cervical margins 1 mm below the cementoenamel junction
in dentin (Figure 1), as checked with a periodontal probe. Preparation was performed using 80 µm
cylindrical diamond burs (Universal Prep Set, Intensiv, Grancia, Switzerland). Enamel margins were
beveled with 40 µm flame-shaped diamond burs (Intensiv). All burs were exchanged after they had
been used for the preparation of four cavities.
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Figure 1. Illustration of the cavity design, with cervical margins 1 mm below the cementoenamel 
junction in dentin. 

Transparent matrices (Lucifix Matrix System, Kerr, Orange, CA, USA) were adapted around 
each tooth. Thereafter, all specimens were treated with a universal adhesive (Scotchbond Universal, 
3M ESPE, St. Paul, MN, USA, LOT: 80426B) applied in self-etch mode according to the 
manufacturer’s instructions, by rubbing in for 20 s, gently air drying for 5 s, and light curing for 10 s 
at 1200 mW/cm2 with an LED curing unit (Bluephase G2, Ivoclar Vivadent, Schaan, Liechtenstein). 
The cavities (n = 10 per group) were then restored according to their experimental group, as detailed 
in Figure 2. 

Group FS2 was incrementally filled with the conventional composite Filtek Supreme XTE (3M 
ESPE, St. Paul, MN, USA), with 2 mm thick horizontal layers (last increment for the residual height 
of the cavity ≤ 2 mm). All other groups received a first increment of 4 mm thickness and a second 
increment of ≤ 4 mm thickness for the residual height of the cavity, either with the conventional 
composite Filtek Supreme XTE (3M ESPE) (group FS4, negative control), or with the bulk-fill 
composites Tetric EvoCeram Bulk Fill (Ivoclar Vivadent, Schaan, Liechtenstein) (group TEC), 
Admira Fusion x-tra (VOCO, Cuxhaven, Germany) (group AFX), Venus Bulk Fill (Kulzer, Hanau, 
Germany) (group VBF), or SDR (Dentsply Sirona, Konstanz, Germany) (group SDR). The 
composition and manufacturers’ details of the composite materials are given in Table 1. Each 
increment was photoactivated with the Bluephase G2 light curing unit (Ivoclar Vivadent), following 
the manufacturers’ instructions (Figure 2). All restorations were finished and polished using Sof-Lex 
disks with decreasing grit sizes (Sof-Lex Pop-on, 3M ESPE, St. Paul, MN, USA) under continuous 
water cooling. 

Figure 1. Illustration of the cavity design, with cervical margins 1 mm below the cementoenamel
junction in dentin.

Transparent matrices (Lucifix Matrix System, Kerr, Orange, CA, USA) were adapted around
each tooth. Thereafter, all specimens were treated with a universal adhesive (Scotchbond Universal,
3M ESPE, St. Paul, MN, USA, LOT: 80426B) applied in self-etch mode according to the manufacturer’s
instructions, by rubbing in for 20 s, gently air drying for 5 s, and light curing for 10 s at 1200 mW/cm2

with an LED curing unit (Bluephase G2, Ivoclar Vivadent, Schaan, Liechtenstein). The cavities (n = 10
per group) were then restored according to their experimental group, as detailed in Figure 2.Materials 2020, 13, x FOR PEER REVIEW 4 of 13 
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Bis-GMA: bisphenol-A-glycidyldimethacrylate; Bis-EMA: ethoxylated bisphenol-A-dimethacrylate;  
UDMA: urethane dimethacrylate; TEGDMA: triethylene glycol dimethacrylate;  
PEGDMA: polyethylene glycol dimethacrylate; PPF: prepolymer filler. 

2.2. Thermo-Mechanical Loading 

After a one-week storage in water at 37 °C in the dark, the restored primary teeth were 
subjected to thermo-mechanical loading in a computer-controlled masticator (CoCoM 2, PPK, 
Zurich, Switzerland) (Figure 3) [26–28]. Thermocycling was carried out in flushing water, with 1000 
temperature changes from 5 °C to 50 °C (2 min dwelling time). Mechanical stress was applied 
simultaneously, with a total of 400,000 loading cycles at 1.7 Hz and a load force of 49 N, using 
standardized metal balls with a diameter of 1.4 mm as antagonists. 

Figure 2. Experimental design.

Group FS2 was incrementally filled with the conventional composite Filtek Supreme XTE (3M ESPE,
St. Paul, MN, USA), with 2 mm thick horizontal layers (last increment for the residual height of the
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cavity ≤ 2 mm). All other groups received a first increment of 4 mm thickness and a second increment
of ≤ 4 mm thickness for the residual height of the cavity, either with the conventional composite
Filtek Supreme XTE (3M ESPE) (group FS4, negative control), or with the bulk-fill composites Tetric
EvoCeram Bulk Fill (Ivoclar Vivadent, Schaan, Liechtenstein) (group TEC), Admira Fusion x-tra
(VOCO, Cuxhaven, Germany) (group AFX), Venus Bulk Fill (Kulzer, Hanau, Germany) (group VBF),
or SDR (Dentsply Sirona, Konstanz, Germany) (group SDR). The composition and manufacturers’
details of the composite materials are given in Table 1. Each increment was photoactivated with the
Bluephase G2 light curing unit (Ivoclar Vivadent), following the manufacturers’ instructions (Figure 2).
All restorations were finished and polished using Sof-Lex disks with decreasing grit sizes (Sof-Lex
Pop-on, 3M ESPE, St. Paul, MN, USA) under continuous water cooling.

Table 1. Manufacturers’ information on the composite materials used in this study.

Composite Manufacturer LOT Composition Filler Content
(wt%/vol%)

Filtek
Supreme XTE

3M ESPE, St. Paul,
MN, USA N959768

Matrix: Bis-GMA,
Bis-EMA, UDMA,

TEGDMA, PEGDMA
Filler: Silica/zirconia filler

78.5/63.3

Tetric
EvoCeram
Bulk Fill

Ivoclar Vivadent,
Schaan,

Liechtenstein
W07641

Matrix: Bis-GMA,
Bis-EMA, UDMA

Filler: Ba-Al-Si-glass, YbF3,
spherical mixed oxide, PPF
(monomer, glass filler and

ytterbium fluoride)

81 (including 17%
PPF)/61

Admira
Fusion x-tra

VOCO, Cuxhaven,
Germany 1824538 Matrix: Ormocer matrix

Filler: SiO2, glass ceramics 84/69

Venus Bulk
Fill

Heraeus Kulzer,
Hanau, Germany K010207

Matrix: UDMA, Bis-EMA
Filler: Ba-Al-F-Si-glass,

SiO2, YbF3

65/38

SDR
Dentsply Sirona,

Konstanz,
Germany

1806000680

Matrix: Modified UDMA,
Bis-EMA, TEGDMA

Filler: Ba-Al-F-B-Si-glass,
Sr-Al-F-Si-glass

68/45

Bis-GMA: bisphenol-A-glycidyldimethacrylate; Bis-EMA: ethoxylated bisphenol-A-dimethacrylate; UDMA: urethane
dimethacrylate; TEGDMA: triethylene glycol dimethacrylate; PEGDMA: polyethylene glycol dimethacrylate;
PPF: prepolymer filler.

2.2. Thermo-Mechanical Loading

After a one-week storage in water at 37 ◦C in the dark, the restored primary teeth were subjected to
thermo-mechanical loading in a computer-controlled masticator (CoCoM 2, PPK, Zurich, Switzerland)
(Figure 3) [26–28]. Thermocycling was carried out in flushing water, with 1000 temperature changes
from 5 ◦C to 50 ◦C (2 min dwelling time). Mechanical stress was applied simultaneously, with a total
of 400,000 loading cycles at 1.7 Hz and a load force of 49 N, using standardized metal balls with a
diameter of 1.4 mm as antagonists.
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Niederwangen, Switzerland). After sputter coating the positive replicas with gold (Sputter SCD 030, 
Balzers Union, Balzers, Liechtenstein), they were subjected to a quantitative margin analysis using a 
scanning electron microscope (SEM) (Amray 1810/T, Amray, Bedford, MA, USA). The tooth–
composite interface was classified as continuous, non-continuous, or not judgeable at 20 kV and 200x 
magnification, both before and after thermo-mechanical loading. The margin integrity was 
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separately for enamel and dentin margins [28–30]. Figure 4 illustrates the method of the performed 
quantitative margin analysis. 

Figure 3. Test chamber of the computer-controlled masticator used for thermo-mechanical loading of
the specimens.

2.3. Assessment of Margin Integrity

Before and after thermo-mechanical loading, impressions of the restorations were obtained
using A-silicone (President Light Body, Coltène Whaledent, Altstätten, Switzerland). Thereafter,
the impressions were poured out with epoxy resin (Epoxyharz L, R&G Faserverbundwerkstoffe,
Waldenbuch, Germany) and glued on aluminum carriers (Cementit universal, Merz&Benteli,
Niederwangen, Switzerland). After sputter coating the positive replicas with gold (Sputter SCD 030,
Balzers Union, Balzers, Liechtenstein), they were subjected to a quantitative margin analysis using a
scanning electron microscope (SEM) (Amray 1810/T, Amray, Bedford, MA, USA). The tooth–composite
interface was classified as continuous, non-continuous, or not judgeable at 20 kV and 200×magnification,
both before and after thermo-mechanical loading. The margin integrity was expressed as a percentage
of the continuous margins for the total judgeable margin length, and also separately for enamel and
dentin margins [28–30]. Figure 4 illustrates the method of the performed quantitative margin analysis.
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Figure 4. Illustration of the quantitative SEM margin analysis performed in this study. (a) SEM image of
the entire proximal margin with classified continuous (green), non-continuous (red), and not judgeable
(yellow) margin segments; (b) detail of image (a) with classified margin segments at 200×magnification;
(c) same image as (b) without labeled margin segments.

2.4. Statistical Analysis

Non-parametric Kruskal–Wallis tests and Conover post-hoc tests, with p-values adjusted for
multiple testing according to Holm, were used to analyze differences in margin integrity between
experimental groups. Wilcoxon signed-rank tests were computed to detect differences in margin
integrity before and after thermo-mechanical loading. Statistical analysis was carried out with the
statistical software R [31], including the package ggplot2 [32], at a pre-set level of significance of
α = 0.05.

3. Results

The percentages of continuous margins (margin integrity) considering the total margin length
of all tested groups before and after thermo-mechanical loading (TML) are presented in Figure 5.
Both before and after TML, AFX showed the significantly highest margin integrity of all groups (p < 0.05,
respectively). The groups FS2, FS4, TEC, VBF, and SDR showed similar margin integrities before TML
(p > 0.05, respectively). TML caused a significant decrease in margin integrity within all experimental
groups (p < 0.05, respectively). After TML, the flowable bulk-fill resin composites VBF and SDR showed
significantly lower margin integrities compared with the other groups (p < 0.001, respectively).
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Group 4: AFX 98.1 (2.3) A 97.3 (3.1) A 100.0 (0.0) A 97.7 (4.8) A 
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other at the 0.05 level. All groups, except Admira Fusion x-tra (AFX) in dentin, showed a significant 
decline in margin integrity after TML (p < 0.05, respectively). 

Figure 5. Margin integrity for the total margin length, given as percentages of continuous margins for
all experimental groups before and after thermo-mechanical loading (TML). The boxplots represent the
medians (black lines) with 25% and 75% quartiles (boxes). The whiskers represent 1.5*IQR (interquartile
range), or minima and maxima of the distribution if below 1.5*IQR. Outliers are shown as circles.
Statistically significant differences (p < 0.05) in the percentage of continuous margins between different
groups are marked with different letters (capital and lower-case letters refer to the situation before
and after TML, respectively). All groups showed a significant decline in margin integrity after TML
(p < 0.05, respectively).

The results of the regional enamel and dentin margin integrity are given in Table 2. In enamel,
AFX showed significantly higher margin integrity compared with VBF before TML (p < 0.001).
After TML, AFX presented the significantly highest margin integrity of all groups (p < 0.05, respectively).
FS2, FS4, and TEC showed no significant differences in margin integrity in enamel between each other
after TML, but significantly higher values compared with VBF and SDR (p < 0.05, respectively).

Table 2. Margin integrity, separately in enamel and dentin, given as percentages of continuous
margins (mean ± standard deviation) for all experimental groups before and after thermo-mechanical
loading (TML).

Enamel Dentin

Before TML After TML Before TML After TML

Group 1: FS2 92.5 (5.9) AB 85.3 (8.4) B 94.9 (5.8) AB 69.5 (21.1) B

Group 2: FS4 89.5 (10.1) AB 76.9 (13.5) B 85.6 (20.0) B 62.4 (27.6) BC

Group 3: TEC 93.0 (6.5) AB 82.6 (10.2) B 91.0 (8.7) B 59.0 (19.5) BC

Group 4: AFX 98.1 (2.3) A 97.3 (3.1) A 100.0 (0.0) A 97.7 (4.8) A

Group 5: VBF 74.6 (21.9) B 32.6 (16.1) C 84.0 (12.0) B 16.5 (8.4) D

Group 6: SDR 90.7 (11.3) AB 48.1 (29.6) C 84.5 (18.8) B 35.7 (29.4) CD

Means followed by same superscript letters per column are not significantly different from each other at the 0.05
level. All groups, except Admira Fusion x-tra (AFX) in dentin, showed a significant decline in margin integrity after
TML (p < 0.05, respectively).
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In dentin, AFX showed significantly higher margin integrity before TML compared with FS4,
TEC, VBF, and SDR (p < 0.05, respectively), but not compared with FS2 (Table 2). After TML, AFX
obtained the significantly highest dentin margin integrity of all groups (p < 0.05, respectively), while
VBF and SDR showed the lowest margin integrity. TML significantly deteriorated margin integrity
within all experimental groups (p < 0.05, respectively), except for AFX in dentin. Representative SEM
images of continuous and non-continuous margins are presented in Figures 6 and 7, respectively.Materials 2020, 13, x FOR PEER REVIEW 8 of 13 
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thermo-mechanical loading).

4. Discussion

The results of this in vitro study show that the tested high-viscosity bulk-fill resin composites
placed in 4 mm increments achieve similar or even higher margin integrities than a conventional
composite placed in 2 mm increments, while the flowable bulk-fill composites under investigation
revealed significantly lower margin integrities. Thus, the null hypothesis was rejected.

Bulk-fill composites are increasingly popular among dentists because they allow easier application
techniques compared with conventional composites at similarly high clinical success rates [20,21].
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Particularly in pediatric dentistry, the use of bulk-fill composites seems useful, since they facilitate a
less technique-sensitive and less time-consuming filling therapy. In the deciduous dentition, other than
in the permanent dentition, flowable bulk-fill composites do not need to be capped with a conventional
hybrid composite. Thus, in the present study, no capping layer was placed on top of the flowable
bulk-fill materials under investigation. The universal adhesive Scotchbond Universal was selected
because it showed reliable results in both laboratory [33–35] and clinical studies [36,37]. To ensure
time-saving application in the treatment of children, the universal adhesive was used in self-etch mode
and thus was in line with previous studies [38,39]. A limitation of the present study is that only one
adhesive was tested. The results can therefore not be generalized to other adhesives. Furthermore,
in addition to margin integrity, other material parameters such as wear resistance, biocompatibility,
and physico-mechanical properties also determine the clinical success of dental restorations [40–44],
but were not evaluated in the present study.

As previously established, discontinuous filling margins may lead to secondary caries or retention
loss [5,45]. Gap formation at tooth–restoration interfaces can be due to cyclic loading during
chewing [46]. Furthermore, interfacial gaps may develop as a consequence of shrinkage stresses if the
shrinkage forces of the resin composite exceed the tooth–composite bond strength [47]. Previous studies
revealed lower shrinkage stress formation of flowable and sculptable bulk-fill composites compared
with their conventional counterparts which, together with increased curing light transmittance, allows
placement of bulk-fill composites in thicker increments [12,14,48]. In order to minimize shrinkage forces,
manufacturers integrated in their bulk-fill composites proprietary base monomers with high molecular
weights, partially functionalized fillers as shrinkage stress relievers, and unique stress-relaxant
modulators [49]. In the present study, the high-viscosity bulk-fill composites under investigation
showed higher margin integrities compared with the flowable ones. As a consequence of their higher
filler content, high-viscosity bulk-fill composites have been shown to contract less during polymerization
compared with flowable materials and to develop lower shrinkage stress at adhesive interfaces [14],
which might have resulted in better marginal adaptation. Furthermore, the ormocer-based bulk-fill
composite Admira Fusion x-tra revealed the highest percentage of continuous enamel and dentin
margins, both before and after thermo-mechanical loading. A recent study examined the shrinkage force
development of various bulk-fill and conventional composites and revealed that ormocer-based Admira
Fusion x-tra induced the lowest stresses of all materials under investigation [14]. Its ormocer matrix
differs chemically from conventional resin systems, since it contains inorganic–organic copolymers
instead of classical monomers and a smaller organic resin amount compared with dimethacrylate-based
composites, reducing volumetric contraction and shrinkage stress development [50–53]. In addition, the
ormocer material has revealed favorable polymerization kinetics with a delayed onset of shrinkage stress
generation, allowing the polymer network to partly relieve polymerization-induced shrinkage forces
by viscous flow and molecular relaxation during the early stage of the polymerization reaction [14,54].

In the present study, the flowable bulk-fill composites SDR and Venus Bulk Fill demonstrated the
lowest margin integrity of all materials after thermo-mechanical loading. As previously established,
flowable bulk-fill materials possess inferior mechanical properties, such as lower surface hardness
and lower modulus of elasticity compared with high-viscosity composites, which might compromise
their long-term stability [41,55,56]. Furthermore, it has been shown that flowable bulk-fill composites,
in particular SDR and Venus Bulk Fill, have a relatively low crosslinking density, resulting in a
polymer network that can be more easily penetrated by solvents and allows for higher hygroscopic
expansion [41,57,58]. Increased hydrolytic degradation of these materials over time may therefore
have contributed to the observed inferior margin integrity [57,59].

The marginal adaptation of bulk-fill composites in permanent teeth has been extensively
investigated. In accordance with our findings in primary teeth, previous studies in the permanent
dentition demonstrated that the margin integrities of sculptable bulk-fill composites are comparable to
conventional resin composites [19,30]. However, in contrast to the findings of the present research,
flowable bulk-fill materials also attained similar margin integrities in permanent teeth as conventional,
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incrementally applied composites [17,18]. Furthermore, a recent systematic review and meta-analysis
revealed no significant differences in enamel and dentin margin integrity between flowable and
sculptable bulk-fill composites used for Class II restorations in the permanent dentition [60]. Other than
in the aforementioned studies, in the present investigation, the flowable bulk-fill composites were not
capped with a conventional hybrid resin composite in accordance with the manufacturers’ indications
for the restoration of primary teeth. The omission of a capping made of a conventional composite
might explain the observed inferior marginal integrity of the flowable materials, especially after
thermo-mechanical loading. Future studies should therefore evaluate whether flowable bulk-fill
composites would benefit from an applied capping layer when restoring primary teeth. This approach
would, however, extend treatment time and render the filling procedure technically more demanding.

5. Conclusions

Within the limitations of the present in vitro study, the following conclusions can be drawn: (1) the
tested sculptable bulk-fill materials show similar or better margin integrities in primary molars than
a conventional, incrementally placed resin composite, (2) flowable bulk-fill composites applied in
4 mm thickness seem less suitable to restore primary teeth, due to their inferior sealing ability of
enamel and dentin margins after thermo-mechanical loading, and (3) the ormocer-based bulk-fill
composite provided the overall highest percentage of continuous enamel and dentin margins of all
materials investigated.
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