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Abstract: Bulk-fill restorative material has gained popularity in clinical practice, due to their per-
ceived timesaving aspect. Objective was to compare the properties of bulk-fill direct restorative
materials. Filtek Z350 (CR), Filtek One Bulk Fill Restorative (BF), Fuji IX and EQUIA Forte (EF) were
compared. Thirty specimens from each material were prepared according to ISO 4049 for three-point
flexural strength. Elastic moduli and hardness (n = 20) were evaluated using nanoindentation. Depth
of cure (DC) (n = 20) was measured for BF at three different depths (2, 3, 4 mm) and at two irradiation
times (20 and 40 s). Wear testing was carried out for three different periods (3, 6, 12 month(s)). All
specimens were stored in 37 ◦C water for 24 h prior to testing. Results were evaluated using one-way
ANOVA followed by a post hoc Bonferroni test (p < 0.05). BF and CR showed a significantly higher
flexural strength than other groups (p < 0.05), and the highest Weibull modulus was found in CR.
BF showed sufficient DC with at least 85%, at all thicknesses. CR and BF also had a high level of
translucency than EF and Fuji IX. Significant differences in flexural strength were found among all
materials except between Fuji IX and EF. While all material tested are suitable for use clinically, BF
and CR have superior properties than GIC based bulk-fill.

Keywords: flexural strength; elastic modulus; composite resins; glass ionomer cements

1. Introduction

In recent years, resin-based composite (RBC) has gained popularity over amalgam
fillings, due to the increasing demand for tooth coloured, mercury free restorations and
a more conservative approach to cavity preparations. Composites have also undergone
improvement in their aesthetic, bonding outcomes and physical properties [1]. However,
restoring an extensive cavity preparation with RBC is considered a technique sensitive
and time-consuming task. Clinical procedure for placement of light-cured RBC restora-
tion is conventionally conducted by using an incremental placement technique of 2 mm
increments until the cavity is restored. A reason for this is the limited penetration depth
of the light to achieve sufficient polymerisation. Another reason is due to the shrinkage
associated with the polymerisation of the composite, which can create tensile stresses
on the bonding surface [2]. However, the incremental placement technique has several
drawbacks, which may compromise the overall clinical success of the restoration. These
include entrapment of voids in between layers, contamination in between the composite
increments, and higher residual shrinkage stress, due to cavity deformation from poly-
merisation contraction of individual filling increment [3,4]. In order to overcome these
potential issues, a new generation of RBCs has been introduced, known as “Bulk-Fill RBCs”.
Bulk-fill composite resins are known for their single-layer technique, which can be placed
in the dental cavity with increments of up to 4–5 mm thick [5]. This was made possi-
ble largely due to the innovations in resin monomer technology, where new monomers,
such as addition-fragmentation monomer (AFM) and 1, 12-Dodecanediol dimethacrylate
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(DDMA), have reduced polymerisation shrinkage and allowed for deeper penetration of
light, thus improving the depth of cure [6,7]. Moreover, bulk-fill composites are typically
nano-filled, which improves the optical translucency properties, providing smooth surface
texture and improved mechanical properties without needing a further “capping layer”
as with older versions of bulk-fill materials [8]. Therefore, bulk-fill composites could be
a great alternative to conventional resin composites in terms of discolouration, marginal
adaptation and effectiveness under clinical conditions [9]. In addition to resin composite,
conventional glass ionomer cement (GIC) is also a popular alternative restorative material.
The application of GICs was promoted in the 1970s as an easy to use, bulk-fill material
because of their much-reduced shrinkage, compared to RBC [10]. Unfortunately, their use
was limited, due to their relatively low tensile strength, abrasion resistance, hardness and
poor aesthetics [11]. A recently enhanced version of high viscosity glass ionomer cement,
known as EQUIA Forte Fil (GC Corporation, Tokyo, Japan), was promoted for use as a
bulk-fill restorative material in class I and II cavity design in the posterior region [12].
EQUIA Forte consists of higher molecular weight polyacrylic acid to create a high strength
material, resulting in a bulk-fill glass hybrid restorative structure with improved aesthetics
and physical properties [11]. While some research has been conducted to evaluate the
suitability of new bulk-fill restorative materials for the posterior regions by quantifying
their flexural strength, depth of cure and hardness, there are conflicting results on their
recommendations. Ilie et al. and Moshaverinia et al. conducted research on the flexural
strength of new bulk-fill materials and found that they possess satisfactory mechanical
properties [11,13], and Leprince et al. and Guimaraes et al., found the satisfactory depth of
cure [14,15]. Yap et al., on the other hand, found evidence that there is a risk of inadequate
curing of bulk-fill materials [16]. These conflicting results and limited in-vitro studies
evaluating the wear resistance and translucency support the need for more research to
understand the viability of these new bulk-fill materials over traditional direct restorative
materials. Thus, this research intends to compare the physio-mechanical properties of sev-
eral bulk-fill materials and the depth of cure of bulk-fill resin materials to the conventional
resin materials. The null hypotheses are that there are no significant differences among all
materials investigated in both physio-mechanical properties and depth of cure.

2. Experimental Section

The materials used in this study are listed in Table 1. The glass ionomer cement
materials, Fuji IX and EQUIA Forte (EF) (GC Corporation, Tokyo, Japan), were supplied
in an encapsulated form. The capsules were activated and mixed according to their
manufacturers’ instructions for clinical use, using a mechanical mixer (Silamat, Ivoclar-
Vivadent, Schaan, Lichtenstein). The composite materials, Filtek Z350 and Filtek One Bulk
Fill Restorative (3M ESPE, Seedfeld, Germany), were packaged in capsule form for BF and
syringe form for CR. Other than when indicated in the method, composite resins specimens
were light-cured for 20 s with an Elipar LED light cure (1200 mW/cm2, 3M ESPE) and glass
ionomer cement were left in the mould until it is fully set according to the manufacturer
instruction. All prepared specimens were stored in 37 ◦C distilled water for 24 h prior to
all tests. A digital calliper was used to measure the specimen dimensions to an accuracy of
±0.1 mm before testing. Light intensity was verified by the manufacturer prior to use to
ensure correct light output.
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Table 1. The materials and their composition, used in this study.

Material
(Manufecturer) Composition Powder to Liquid Ratio (g) Particle Size (µm)

Fuji IX
(GC, Tokyo, Japan)

Powder:

• 95% FAS glass
• 5% polyacrylic acid powder

Liquid:

• 40% polyacrylic acid
• 10% polybasic carboxylic acid
• 50% distilled water

0.35:0.10 10

EQUIA Forte Fil
(GC)

Powder:

• 92–97% FAS glass
• 3–8% polyacrylic acid powder
• pigments trace

Liquid:

• 34–45% polyacrylic acid
• 5–10% polybasic carboxylic acid
• 45–55% distilled water

0.40:0.13 10

EQUIA
Coat
(GC)

• 40–50% MMA
• 5–15% silica
• 35–45% multifunctional

acrylate/methacrylate monomer
• 1–5% phosphoric ester monomer
• initiator trace

Resin matrix
(Photoinitiator) Filler Filler fraction

(wt%/vol%)

Filtek One bulk fill restorative
(3M ESPE, Seedfeld, Germany)

UDMA, 1,12-DDMA, AFM, AUDMA
(CQ) 76.5/58.4

20 nm silica, 4–11 nm zirconia,
ytterbium trifluoride filler consisting

of agglomerate 100 nm particles

Filtek Z350 composite
(3M ESPE)

Bis-GMA, UDMA, TEGDMA,
PEGDMA, Bis-EMA
(CQ)

78.5/63.3 20 nm silica, 4–11 nm zirconia, 0.6–10
microns cluster

Abbreviations: FAS, fluoro-alumino-silicate; MMA, methylmethacrylate; 1,12-DDMA, 1, 12-dodecanediol dimethacrylate; AFM, addition-
fragmentation monomer; AUDMA, aromatic urethane dimethacrylate; CQ, camphorquinone; Bis-GMA, bisphenol-A-glycidyl dimethacry-
late; UDMA, urethane dimethacrylate; TEGDMA, triethylene glycol dimethacrylate; PEGDMA, polyethylene glycol dimethacrylates;
Bis-EMA, ethoxylated bisphenol-A-dimethacrylate; wt%, weight percentage; vol%, volume percentage.

2.1. Flexural Strength Testing

As per ISO 4049 specifications, thirty samples were prepared using a 3D printed
silicone mould (Figure 1) for each material with dimensions of 25 × 2 × 2 mm. Specimens
were then removed from the mould and polished with 600 grit size silicone carbide paper
(Riken Corundum Co., Ltd., Saitama, Japan). Three-point bending loads were applied
using a universal testing machine (Instron 3369, Norwood, MA, USA) with a 20 mm outer
roller distance between the supports at a crosshead speed of 1 mm/min. The flexural
strength (σ) was obtained using the formula:

σ =
3FL
2wh2

where F is the maximum load exerted on the specimen (N), L is the distance between
the supports (20 mm), w is the width of the specimen (2 mm), and h is the height of the
specimen (2 mm).
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Figure 1. 3D printed silicone moulds of 25 × 2 × 2 mm for flexural strength testing.

2.2. Elastic Modulus and Hardness

One specimen was prepared for each material in the 3D printed silicone mould
(6 × 4 mm). Conventional composite was placed with two consecutive 2 mm thick incre-
ments. All other materials were dispensed in bulk into the mould. A glass slide and
a mylar strip were placed on the top and bottom of the mould. Specimens were then
polished with 1200 grit silicone carbide paper (Riken Corundum Co., Ltd., Saitama, Japan).
Nanoindentations (UMIS2000, Semilabs, Hungary) were performed to calculate the elastic
modulus and hardness using the Oliver and Pharr method for each restorative material
using a Berkovich shaped indenter, at 60 mN maximum load held for 1 s. [17] A total
of 20 indents were made onto each specimen, and the Poisson’s ratio was assumed to
be ~0.3 for most polymer materials [18]. Post data analysis of the elastic modulus and
hardness was performed using IBIS 2 software (Fischer-Cripps Laboratories, Forestville,
NSW, Australia).

2.3. Depth of Cure

One specimen of composite resin was prepared into a 3D printed silicone mould
(6 mm diameter) for each testing. Depth of cure (DC) was investigated by measuring
surface hardness in clinically relevant filling depths of 2 mm, 3 mm and 4 mm (Figure 2).
Conventional composite resin was filled in one increment of 2 mm height mould. The
2 mm, 3 mm and 4 mm high moulds were filled in bulk using bulk-fill composite. A Mylar
strip was placed on the bottom of the mould with a glass slide as the base. The mould was
overfilled with composite to ensure adequate specimen height, a Mylar strip and glass slide
was subsequently pressed into position at the top. Samples were cured for 20 s and 40 s by
using an Elipar LED Curing Light with a tip diameter of 9 mm and a jig stand of constant
0.5 mm away from the specimen. The excess material was removed from the top of the
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Figure 2. 3D printed silicone moulds of 4 mm, 3 mm and 2 mm depth with 6 mm diameter and
0.5 mm jig stand with 9 mm diameter for the depth of cure testing.

2.4. Wearing Testing

Wear behaviour of each material were studied in a dry environment, via a rotational
method using a ball-on-disc with a UFW 200 universal function wear test system (Neoplus
INC, Daejeon, Korea) according to a modified ISO 14569. The specimens were prepared
and packed into a silicone mould of size 30 × 10 mm in size. Prior to each wear experiment,
a baseline mass was collected using a precision scale to an accuracy of ±0.001 g. A load
of 50 N was applied onto the specimen, followed by a 6 mm diameter stainless steel ball
antagonist, which is perpendicular to the specimen. A rotational speed of 60 rpm was used.
The literature suggests that using an average tooth to tooth sliding distance of 1 mm per
second equivalent to 250,000 mm for a year in vivo [19,20] Thus, a 62.5 m distance was
used to stimulate the equivalent of 3 months, intraorally, followed by 125 m for 6 months
and 250 m for 12 months in this pilot study. Each material was subjected to wear with a
horizontal distance of 3 mm from the material’s centre. The mass of each specimen was
recorded after being subjected to wear and air-dried for 1 min. Wear loss and frictional
coefficient were assessed using UFW V1.0 software.

2.5. Translucency

Four 3D printed silicone moulds of 6 mm × 2 mm size were used to fabricate one
specimen for each material. Each material was introduced into the mould followed by a
clear matrix strip, and a glass slide pressed into the desired position. The specimen was then
removed from the mould and polished using 600 grit silicone carbide paper. The colour of
each specimen was measured using VITA Easyshade V digital spectrophotometer (VITA
Zahnfabrik, Bad Säckingen, Germany) against a standard white and black background.
The spectrophotometer has a measuring tip of 6 mm in diameter and was calibrated on
the calibration block provided by the manufacturer prior to each use. The measurement
tip of the dental spectrophotometer was held in tight contact with the surface of the disk,
and three measurements were recorded for each disk. The translucency parameter was
calculated by using the following formula:

TP =

√
(LW − Lb)

2 + (aW − aB)
2 + (bW − bB)

2

The colour of each specimen was measured according to Commission Internationale de
l’Eclairage (CIE) system based on three coordinates—L*a*b*.W refers to the values obtained
when the specimen is against white background and B refers to the value obtained against
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a black background. Greater translucency is represented by higher values for translucency
parameters.

2.6. Statistics

The data obtained in this study were calculated using computer software (IBM SPSS
version 25, IBM Corp., Armonk, NY, USA) to verify the statistical significance (p < 0.05).
The statistical normal distribution suitability of flexural strength, elastic modulus and
DC were tested using the Shapiro-Wilk test method. One way ANOVA with post hoc
Bonferroni test was carried out to verify the statistical significance of the flexural strength
and DC for the normal data distribution. Kruskal-Wallis with post hoc Dunn Bonferroni
test was used for elastic modulus, due to non-normal data distribution. Weibull analysis
was done for flexural strength to obtain the Weibull modulus and normalising strength.

3. Results

The mean flexural strength values are shown in Figure 3, with statistical differences
found between all groups except for EF and Fuji IX (p > 0.05). BF demonstrated the highest
flexural strength among all materials, and the lowest reading was recorded for Fuji IX.
Weibull modulus (m) and normalising strength (σ0) values were documented in Figure 4.
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Figure 3. Flexural strength (MPa) measured by three-point bending. The materials are ranked in
descending order according to their means (black horizontal bars), and the standard deviations are
added in the form of error bars. Vertical bar connects materials that are not statistically different
(p > 0.05) (n = 30).
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Figure 4. Weibull probability plot obtained by three-point flexural testing (σ) in Mpa (n = 30).

The highest m was found in CR with a value of 11.29, which is almost twice the value
for BF. EF had a higher m of 8.23 as compared to Fuji IX. For elastic modulus and hardness,
results were obtained for both with and without EQUIA Forte coating for EF, which were
tabulated separately in Figure 5 and Table 2. Fuji IX presents a significantly higher elastic
modulus of 27.5 Gpa than all materials.



Oral 2021, 1 81

Oral 2021, 1, FOR PEER REVIEW 7 

 

Table 2. Summary of hardness (Gpa) of materials studied (EF, EQUIA Forte; BF, Filtek One Bulk 

Fill Restorative; CR, Filtek Z350). 

Material Mean Hardness Value (Gpa ± S.D) 

EF 0.47 ± 0.02 

EF no coat 0.38 ± 0.10 

Fuji IX 0.79 ± 0.13 

BF 0.85 ± 0.03 

CR 1.05 ± 0.05 

 

Figure 5. Elastic modulus (Gpa) measured by nanoindentation testing. The materials are ranked in 

descending order according to their means (black horizontal bars) with error bars of 1 standard 

deviation. Vertical bars connect materials that are not statistically different (p > 0.05) (n = 20). 

Further, BF, CR and EF without coating had the same range of elastic modulus value 

with no significant differences noted (p > 0.05). For hardness values, the highest value of 

1.05 Gpa was found in CR, which is double the value of EF with coating, and EF without 

coating had the lowest hardness value of 0.38 Gpa. DC is presented in Table 3 and Figure 

6 with the range of 80–96.8%. All BF of different thicknesses had a higher DC value than 

CR at 2 mm. 

Table 3. Summary of the depth of cure (DC) of materials studied (BF, Filtek One Bulk Fill Restorative; CR, Filtek Z350). 

Material Thickness (mm) Curing Time (s) 
Bottom Hardness 

(Gpa ± S.D) 

Top Hardness 

(Gpa ± S.D) 

Hardness Ratio 

(HVBottom-Top Ratio)% 

BF 

4 40 0.80 ± 0.05 0.83 ± 0.08 96.8 

4 20 0.72 ± 0.02 0.85 ± 0.03 85.0 

3 20 0.80 ± 0.04 0.90 ± 0.04 88.3 

2 20 0.81 ± 0.05 0.89 ± 0.03 90.3 

CR 2 20 0.84 ± 0.07 1.05 ± 0.05 80.0 

 

Figure 6. Depth of cure (%) measured by the ratio of bottom to top hardness from nanoindentation 

testing. The materials are ranked in descending order according to their means (black horizontal 

bars) with error bars of 1 standard deviation. Vertical bars connect materials that are not statisti-

cally different (p > 0.05) (n = 20). 

Figure 5. Elastic modulus (Gpa) measured by nanoindentation testing. The materials are ranked
in descending order according to their means (black horizontal bars) with error bars of 1 standard
deviation. Vertical bars connect materials that are not statistically different (p > 0.05) (n = 20).

Table 2. Summary of hardness (Gpa) of materials studied (EF, EQUIA Forte; BF, Filtek One Bulk Fill
Restorative; CR, Filtek Z350).

Material Mean Hardness Value (Gpa ± S.D)

EF 0.47 ± 0.02
EF no coat 0.38 ± 0.10

Fuji IX 0.79 ± 0.13
BF 0.85 ± 0.03
CR 1.05 ± 0.05

Further, BF, CR and EF without coating had the same range of elastic modulus value
with no significant differences noted (p > 0.05). For hardness values, the highest value of
1.05 Gpa was found in CR, which is double the value of EF with coating, and EF without
coating had the lowest hardness value of 0.38 Gpa. DC is presented in Table 3 and Figure 6
with the range of 80–96.8%. All BF of different thicknesses had a higher DC value than CR
at 2 mm.

Table 3. Summary of the depth of cure (DC) of materials studied (BF, Filtek One Bulk Fill Restorative; CR, Filtek Z350).

Material Thickness (mm) Curing Time (s) Bottom Hardness
(Gpa ± S.D)

Top Hardness
(Gpa ± S.D)

Hardness Ratio
(HVBottom-Top Ratio)%

BF

4 40 0.80 ± 0.05 0.83 ± 0.08 96.8
4 20 0.72 ± 0.02 0.85 ± 0.03 85.0
3 20 0.80 ± 0.04 0.90 ± 0.04 88.3
2 20 0.81 ± 0.05 0.89 ± 0.03 90.3

CR 2 20 0.84 ± 0.07 1.05 ± 0.05 80.0

A statistical difference (p < 0.05) was observed in DC of 4mm thickness with 40 s
curing time as compared to 20 s and other thicknesses. No statistical differences (p > 0.05)
were found in 20 s curing time for CR at 2mm and BF at 2 mm, 3 mm and 4 mm (Figure 6).
Wear properties were calculated in three distinct aspects, which included wear coefficient,
wear loss (mm) and mass loss (g) for 3 months, 6 months and 12 months for all materials,
as shown in Table 4. At three months, both EF and CR had the highest wear coefficient of
0.010, and the highest wear loss was found in EF. No mass loss was recorded in both BF
and CR at 3, 6 and 12 months. At 6 months, EF showed the highest wear coefficient of 0.024
and the highest mass loss of 0.10 g. A constant of 0.01 g mass loss was recorded for EF in 3,
6 and 12 months and Fuji IX in both 3 and 6 months. A mass loss of 0.02 g was the highest
reading among all materials, which was tabulated in Fuji IX at 12 months.
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Figure 6. Depth of cure (%) measured by the ratio of bottom to top hardness from nanoindentation
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different (p > 0.05) (n = 20).

Table 4. Summary of wear and mass loss, coefficient of friction of materials studied (EF, EQUIA Forte; BF, Filtek One Bulk
Fill Restorative; CR, Filtek Z350).

Material Month(s) Mass Loss (g) Coefficient of Friction (±S.D) Wear Loss (mm ± S.D)

Fuji IX
3 0.01 0.002 ± 0.001 0.045 ± 0.022
6 0.01 0.011 ± 0.003 0.066 ± 0.019

12 0.02 0.003 ± 0.003 0.167 ± 0.023

EF
3 0.01 0.010 ± 0.009 0.130 ± 0.014
6 0.01 0.024 ± 0.001 0.100 ± 0.013

12 0.01 0.011 ± 0.001 0.015 ± 0.009

BF
3 0 0.003 ± 0.002 0.020 ± 0.006
6 0 0.015 ± 0.002 0.001 ± 0.007

12 0 0.014 ± 0.002 0.047 ± 0.006

CR
3 0 0.010 ± 0.009 0.013 ± 0.020
6 0 0.013 ± 0.002 0.080 ± 0.009

12 0 0.018 ± 0.002 0.002 ± 0.007

The translucency parameter values are shown in Table 5. Translucency mean values
were calculated, and found that CR had the highest translucency parameter of 16.03, where
BF had a slightly lower reading of 15.73. Fuji IX had the lowest translucency reading of 3.22,
followed by an EF of 5.30, which was only one-third of the translucency of both composites.

Table 5. Summary of translucency parameter of materials studied (EF, EQUIA Forte; BF, Filtek One
Bulk Fill Restorative; CR, Filtek Z350).

Material Translucency Parameter

EF 5.30
Fuji IX 3.22

BF 15.73
CR 16.03

4. Discussion

This study aimed to evaluate the physio-mechanical properties of nano-filled con-
ventional composite resin (CR), bulk-fill composite resin (BF), conventional glass ionomer
cement Fuji IX (Fuji IX) and glass hybrid EQUIA Forte (EF). The results of tested materials
were carried out in terms of flexural strength, elastic modulus, DC, wear resistance, and
translucency. The null hypotheses of this study were rejected as statistical differences were
found among the materials in most of the tests, and there was a statistical difference in DC
among composite resin materials.
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In vitro flexural testing has been shown to be an appropriate method to assess the
strength of a restorative material as it is more sensitive to subtle changes and offer the
most reliable estimate of flexural strength [21–23]. Ikejima et al. 2003 found that flexural
strength and elastic modulus increases with filler fraction up to 60 vol% [24]. Filler fraction
above this threshold showed no correlation with flexural strength and elastic modulus,
indicating that other factors contributed to the physical and mechanical properties, such as
the composition of the resin matrix [24,25]. In the present study, the comparison of flexural
strength between composite materials showed a statistically significant difference (Figure 3).
Although CR had a higher filler content of 63.3 vol% [26] compared to 58.4 vol% for BF [13],
BF showed a higher flexural strength reading, but a slightly lower elastic modulus, similar
to the findings of Illie et al. [13] with identical storage conditions. Both CR and BF contain
inorganic zirconia and silica fillers with different vol%, which helps to improve their frac-
ture toughness and flexural strength [7,27]. The main difference between both composites
is the resin matrix components. While BF is made up of aromatic urethane dimethacrylate
(AUDMA), AFM, urethane dimethacrylate (UDMA) and DDMA, and CR is made up of
bisphenol-A-glycidyl dimethacrylate (Bis-GMA), ethoxylated bisphenol-A-dimethacrylate
(Bis-EMA), UDMA, triethylene glycol dimethacrylate (TEGDMA) and a polyethylene glycol
dimethacrylates (PEGDMA) resin matrix [7,13,27]. These high molecular weight monomers
assist with the relaxation and reorganisation of the polymeric network to generate a better
stress relief mechanism to reduce shrinkage during the polymerisation [7]. The addition of
TEGDMA has been found to reduce the viscosity, resulting in a slight decrease in flexural
strength [28], but also increasing the elastic modulus [24,25]. This is due to the characteristic
flexibility of TEGDMA, which creates a dense and flexible polymer network that raises the
composite elastic deformation [24]. Moreover, the addition of PEGDMA as a substitution
for a portion of the TEGDMA resin to minimise polymerisation shrinkage could have led
to lower flexural strength despite having higher filler content [13,29]. Furthermore, higher
filler fraction and Bis-GMA concentration in CR increases the elastic modulus [30]. As a
result, CR showed lower flexural strength, but a higher elastic modulus value. Weibull
analysis can be used to predict the reliability of material, especially in mechanical testing.
A higher Weibull modulus indicates a tighter scatter of the values with potentially better
clinical reliability [31–33]. Although CR presented a lower flexural strength, a significantly
higher m was found in CR as compared to BF, hence showing CR has better consistency in
terms of flexural strength.

In this newly available EQUIA Forte restorative system, it comprises EQUIA Forte Fil
glass ionomer and EQUIA Forte Coat [11,34,35]. The manufacturer claims that the material
has higher fracture toughness, flexural strength and wear resistance [11,35]. However,
studies on physio-mechanical properties of EF remain limited, with only a few studies
evaluating the clinical performance of EF [34]. A recent six-year clinical study by Turkun
et al. found better results with EF marketed for stress-bearing areas in terms of marginal
adaptation and retention rates as compared to other GIC material [36]. In this study,
flexural strength and wear resistance of EF were higher as compared to Fuji IX. This is
most likely due to the introduction of ultrafine and highly reactive glass particles dispersed
within the EF powder, and polyacrylic acid with optimised molecular weight [11,35]. These
modification increases the ion availability that in turn, develops a more complete acid–base
reaction, further enhance matrix formation, resulting in a stronger matrix [11].

Surface coating agents, such as Vaseline and cocoa butter, are recommended to be
applied on glass ionomer cement (GIC) during the vulnerable setting stage as early moisture
contamination attributed to reduced elastic modulus and fracture strength [21]. Among
the coating strategies, Hotta et al. found that the application of light-polymerised bonding
agents helped to limit water movement across cement surface, especially within the first
month of maturation [21]. This clear, self-adhesive, light-cured resin EQUIA Forte coat has
single dispersion nanofillers in the matrix and a new cross linking monomer chemistry,
rendering improved polymerisation, producing a tougher resin matrix [12]. This coating
is speculated to toughens and protects the EQUIA Forte restorative system by infiltrating



Oral 2021, 1 84

the GIC surface, thus filling cracks and porosities [35]. This supports the findings from
the present study, where higher flexural strength was observed in EF as compared to Fuji
IX. Other studies have also observed similar improvements in the flexural strength with
resin coating [11,21]. In addition, a higher Weibull modulus was documented in EF, which
further supported the reliability of EF in comparison with Fuji IX.

Elastic modulus is a crucial factor in determining the ability of a material to resist
elastic deformation when loaded [37]. The final clinical result will be related to the matching
of elastic modulus values. Interfacial stress may induce from either mechanical, thermal or
shrinkage strain in the restoration if the modulus discrepancy is too great. Hence, core build-
up material should have an elastic modulus in the range equivalent to the dentine structure
to withstand polymerisation shrinkage stresses and masticatory forces [37]. Elastic modulus
results indicated CR, BF and EF without coating had elastic modulus values similar to
dentine of ~20 Gpa [37]. Fuji IX showed the highest elastic modulus reading of 27.5 Gpa
among all of the materials. This was likely due to higher filler content with a high powder
to liquid ratio as compared to EF. Statistical differences were found between EF with
and without coating in regard to the elastic modulus readings (Figure 5). Higher elastic
modulus values were found in EF without coating, which corresponds to the findings
of prior studies [38]. However, lower elastic modulus values for EF with coating were
observed, which conflicts with previous studies where better physio-mechanical properties
with resin coating had been reported [38]. This could be attributed to the fact that the
resin coating was softer, and the nature of nanoindentation measurements only penetrated
~4 microns below the surface.

The DC of resins is a primary factor determining their bulk physical properties.
The higher the conversion of dimethacrylates double bonds, the better the mechanical
strength [39]. The DC of a resin relies on the chemical structure of the dimethacrylate
monomer and the polymerisation conditions, which include the light intensity, atmosphere
and photoinitiator concentration [39]. A variation of the resin matrix component can
attribute to the DC of the materials with increasing order of Bis-GMA < Bis-EMA < UDMA
< TEDGMA [38,39]. The DC values of several Bis-GMA based resin composites were found
in the range of 52–75%, with most of the materials having a range of 55–60% [40]. In the
present study, CR, which has a Bis-GMA polymer matrix, was found to have the lowest
DC value of 80% at 2 mm with a 20 s curing time, as shown in Figure 6. The manufacturer
claims that all shades of BF met the 4mm DC by using ISO 4049 standard. It involved
scraping unset composite resin after irradiation, followed by dividing the remaining set
specimen length by two [41]. Other techniques, such as using optical microscopy to
visualise the boundary between cured and uncured material, can be used to determine
the DC. Having said that, scraping methods and optical microscopy may overestimate the
DC when compared with the hardness value technique as they include some partly cured
material [30,41,42]. In this study, hardness values were measured for both composite, and
the DC was calculated from the ratio of bottom surface hardness to top hardness. A ratio
of at least 80% has been said to be the minimum acceptable threshold value for DC [40].
DC with a value below 55% is not recommended for use, at least as an occlusal restorative
layer [43]. No statistical difference was found for 20 s curing time for BF at 4 mm thickness
versus CR at 2 mm thickness. Nonetheless, all materials investigated had achieved the
minimum 80% DC. By doubling the proposed curing times, the highest DC of 96.8% was
recorded with a statistical difference in 4 mm thickness with 40 s curing time as compared
to other groups (Figure 6). High DC in BF may be due to the matching refractive index
between resin and filler, promoting improved light transmission [43]. Therefore, present
results support the claim that BF can be used as a single-layer up to 4mm as it achieved
more than 80% DC values.

Wear properties are important characteristic to ensure the longevity of restorative
materials and occlusal stability [44]. As with other physical and mechanical properties, the
wear resistance of restorative materials is influenced by the properties of filler particles
and the structure of the surrounding matrix [8,45]. In this study, three methods of wear
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measurements, including mean coefficient of friction, amount of wear loss and mass
loss, were used to identify the relative wear of BF, CR, Fuji IX and EF. The mean friction
coefficient value of both BF and CR were relatively similar except in three months, but
the amount of wear loss was varied among three different time periods. There were no
changes in the mass loss for both CR and BF throughout all tested time periods. Their
relatively similar wear results might be due to their similar filler shape, size and amount.
According to Barkmeier et al. and Turssi et al., they suggest that filler features played a
major role in the wear behaviours of resin-based material [46,47]. On the other hand, EF
showed a higher mean coefficient value and wear loss as compared to Fuji IX [48]. The
overlying nanofillers resin in the EF coat might have contributed to the higher wear loss in
EF, due to its lower hardness value and elastic modulus found in the resin matrix [49,50].
The friction coefficient of all materials is comparatively similar, but the wear loss of both
CR and BF is lower to Fuji IX and EF, which correspond to the results found in previous
studies [48,51]. Nevertheless, wear is influenced by a range of conditions which include
fatigue failure, cracks and voids on the surface, and properties of the material. Interestingly,
the general trend for the coefficient of friction was highest in six months, as compared
to three months and 12 months. Further studies evaluating the possible reason for this
trend using an SEM and longer wear period might improve the understanding of wear
characteristic of these materials.

The translucency characteristic of restoration is important for aesthetic purposes to
mimic natural tooth structures [52,53]. As shown in Table 5, CR had the highest TP of 16.03,
followed by BF at 15.73 and EF at 5.30. Fuji IX had the lowest TP of 5.3, which corresponds
to its well-known opacity [52]. The incorporation of nano ytterbium trifluoride filler in BF
to improve its radiopacity may have led to lower translucency reading [54]. TP of enamel
was about 15 at the incisal, which decreased to approximately 5 at the cervical area [52].
This shows that the TP of both CR and BF are well sufficient to replace human enamel.
On the other hand, Fuji IX and EF are more suitable to use in areas with less aesthetic
consideration, such as posterior or cervical restoration.

For future studies, mechanical properties measured over a longer time period and
evaluating other properties, such as fracture toughness, will provide more insight into the
clinical performance of the material. Besides that, this study investigated the material’s
vertical wear loss using UFW V1.0 software as compared to the more widely used non-
contact profilometer to measure the materials’ mean volume loss. Additionally, clinical
studies examining the long-term performance of these material are required to measure
true performance in a clinical setting.

5. Conclusions

• Bulk-fill composites were found to have significantly higher flexural strength com-
pared to conventional composite resin, Fuji IX and EQUIA Forte.

• Fuji IX had the highest elastic modulus follow by EF no coat, CR and BF.
• Filtek bulk-fill has sufficient DC at 4 mm with both 20 s and 40 s light-curing time, but

significantly improved DC at 40 s.
• CR and BF had a TP value closest to that of enamel.

These results indicated that bulk-fill and conventional composites had improved
properties when compared to Fuji IX and EF; however, more mechanical testing and clinical
studies are required to further examine the performance of the material in a clinical setting.
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