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composites using the aluminium tooth model with a MOD cavity
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This study evaluated the cusp tip deflection of aluminium tooth models with a mesial-occlusal-distal (MOD) cavity filled with three
bulk-fill resin-based composites (RBCs), Aura Ultra Universal (Aura), Admira Fusion x-tra Universal (Admira), and Filtek One shade
A2 (Filtek One), to assess the level of shrinkage stress they could produce. The models were prepared using a primer, adhesive and
a single RBC increment photo-cured for 20 s at a radiance exitance 1.25 W/cm?. The RBC axial shrinkage strain (¢) and stress (S)
were also measured. Micro-computed tomography in combination with silver nitrate infiltration showed no interfacial debonding.
The mean cusp tip deflection for Admira was found to be smaller than those for the other two RBCs. Although ¢ and S for Aura were
higher than those for Filtek One, their mean cusp tip deflections were not significantly different. These results could be explained by

the temporal behavior of their elastic modulus.
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INTRODUCTION

There is abundant evidence demonstrating that
polymerization shrinkage induced stress within the
restored tooth structure occurs as the resin-based
composites (RBCs) polymerize!™V. From in-vitro studies,
it is known that the degree of cuspal movement is
significantly influenced by the size and volume of the
cavity, particularly its depth, which in turn affects the
compliance of the cavity wall*'?. Due to the absence
of marginal ridges, deep mesio-occluso-distal (MOD)
cavities are particularly prone to significant cuspal
flexure'?.

An important clinical use of bulk-fill RBCs is the
restoration of Class IT MOD cavities in premolar and
molar teeth'¥. To reduce RBC shrinkage induced
stress as the RBC polymerizes, the material properties
of RBCs are continually being optimized by the
manufacturers'. In particular, novel monomers!$!9,
novel  photoinitiators?*2?”, and  different filler
technologies®*?? have been developed to minimize the
inherent RBC shrinkage strain®® upon curing and the
resulting shrinkage-induced stress®?. Bulk-fill RBCs has
been introduced where the increment layer can be twice
as thick (up to 4-5 mm) compared to conventional RBCs
(1.5-2 mm)*>%. Thus, bulk-fill RBCs can potentially
reduce the number of defects in a restoration®® by
reducing the number of increments and hence potentially
increase the viability of the restoration.

Many studies™ have been carried out to measure
the deformation of teeth with Class I MOD restorations,
comparing different filling and curing techniques and
different RBCs. In these studies, the deflection of the
cusp tip was used to predict the degree of shrinkage
stress along the tooth wall. However, when human
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teeth were used, there was a large scatter in the cusp
tip deflection data, due mainly to the variability in tooth
shapes, tooth composition, and cavity dimensions. The
large scatter in the human teeth data can be reduced
by using nominally identical typodont teeth of epoxy
resin that has an elastic modulus comparable to that of
dentin®®. However, due to the limited spatial resolution
of the optical scanner used in this study to determine
the deflection of the cusp tips, the experimental error
was substantial (up to 3.9 um as interpreted from the
graphs in the publication). This made it challenging to
differentiate the deflections induced by different RBCs.
As a result, it may be difficult to use human or artificial
typodont teeth to evaluate the impact of different types
of RBCs on the cusp deflection.

The cusp tip deflection has also been measured using
aluminium tooth models®”*®. The elastic modulus of
aluminium grade 2024-T351 of 72 GPa is comparable to
that of dental enamel of approximately 80 GPa%). Most
importantly, the variability in results observed with
human teeth can be significantly reduced if standardized
aluminium tooth models with identical dimensions and
identical material properties are used. Regardless of the
tooth materials used in these studies, the data in many
past studies were collected only for a short duration
(10-33 min) after light irradiation, whereas it is well
known that the conversion, shrinkage strain and stress
can continue to increase hours or even days later3031:40-42),
For example, one study found that the shrinkage stress
measured using a tensometer for different RBCs was
still increasing 12 h after light exposure®?. Furthermore,
most previous studies used position sensors that are
known to be susceptible to electronic drift and are
therefore unsuitable for experiments lasting several
hours. To the best of the authors’ knowledge, only one
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study measured the cusp tip deflection of aluminium
tooth models up to seven days after light exposure*®
using a micrometer with a resolution of one micron.
This study showed a correlation between the cusp tip
deflection and the content of addition fragmentation
monomers (AFMs)'® in the RBC. However, the cusp tip
deflection data presented had a standard deviation of up
to seven microns.

Thus, although the use of cusp deflection to study
the consequences of polymerization shrinkage is well
established, the authors believe that previous studies
have used imprecise experiment designs or equipment.
Therefore, this in vitro study examined the cusp tip
deflections of standardized aluminium tooth models
with Class IT MOD restorations of three selected bulk-
fill RBCs using a stylus-based profilometer. In addition,
the axial shrinkage strain and stress given by thin disc
specimens were also measured for the three RBCs using
established methods to assess the temporal increase of
their elastic modulus. The latter property, together with
the shrinkage strain, plays a crucial role in the buildup
of shrinkage stress in the tooth. The data collected in this
study will provide a more fundamental understanding of
the shrinkage mechanics of RBCs.

The research null hypotheses are that:

(1) The differences in the mean cusp tip deflection
among the groups are not statistically significant,
irrespective of the RBC composition, chemistry,
stiffness, and time after irradiation.

(2) The differences in the mean shrinkage-induced
strain and stress among the groups are not

statistically significant, irrespective of the RBC
composition, chemistry, stiffness, and time after
irradiation.

MATERIALS AND METHODS

Materials

Three commercial bulk-fill RBCs were selected for this
study: Aura bulk-fill ultra universal restorative (SDI,
Bayswater, Australia), Filtek One bulk-fill restorative
A2 shade (B3M Oral Care, St. Paul, MN, USA) and
Admira fusion x-tra universal shade (VOCO, Cuxhaven,
Germany). The RBC compositions, as reported by the
manufacturers, together with the abbreviations used
in this study, are given in Table 1. Aura is formulated
using conventional methacrylate group monomers such
as Bis-GMA, TEGDMA, and UDMA. Filtek One uses
nanofiller technology and contains two novel addition
fragmentation methacrylate monomers designed to
partially relieve polymerization stress. Admira is based
on a novel organically modified ceramics (ORMOCERSs)
nanohybrid filler in a resin matrix that contains no
conventional monomers. Filtek One was used as the
control as this RBC is regularly employed in clinical and
material property studies for comparison purposes***9.

Aluminium (Al) tooth model and surface preparation

A schematic diagram of the Al tooth model is depicted in
Fig. 1. The tooth models were machined using aluminium
grade 2024-T351 to an accuracy of 25-50 um. The Class
II MOD cavity had a 4.00 mm depth, 4.00 mm width and

Table 1 Composition of the RBCs and adhesive as provided by the manufacturers
Product .
(Abbreviation used Manufacturer Resin matrix Filler Filler
. . (lot Number) (Wwt%/vol%)
in this work)
ﬁr‘f aefsu;lkrf;lslt(l)ii? . SDI UDMA, Bis-EMA, Bis-  barium alumino-borosilicate o ..
v v (180364, 180541) GMA, TEGDMA glass, silica
(Aura)
Filtek One bulk fill 3M Oral Care proprietary AUDMA tlfi(f)l;l(iligzt?glr?rﬁlsilica A
restorative A2 shade (N942361, N948431, and AFM, DDDMA and to 11 nm z’irconia zircor71ia/ 76.5/58.4
(Filtek One) N961097) UDMA - ’
silica cluster filler
Admira fusion x-tra VOCO nanohybrid ORMOCER®,
universal shade (1651326, 1711125, MA, ORMOCER, BHT 20-50 nm SiOg, ~1 um SiO- 84/69
(Admira) 1732094) based ceramic hybrid fillers
MDP Phosphate
Monomer, Bis-GMA
Scotchbond Universal ~ 3M Oral Care Dimethacrylate, HEMA,  Nanosilica filler 11/--

Vitrebond™ Copolymer,
Ethanol, Water, silane

proprietary AUDMA: high molecular weight aromatic dimethacrylate, proprietary AFM: addition fragmentation monomers,
DDDMA: 1, 12-Dodecanediol dimethacrylate, UDMA: urethane dimethacrylate, MA: Methacrylate, ORMOCER®: Organically
Modified Ceramics, BHT: Butylated hydroxytoluene, Bis-EMA: Ethoxylated bis-phenol A dimethacrylate, Bis-GMA: Bisphenol
A glycidyl methacrylate, TEGDMA: triethylene glycol dimethacrylate, HEMA: 2-hydroxyethyl methacrylate.
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Fig. 1 Schematic diagram of the aluminium tooth model
with a 1.45 mm cusp wall thickness.
Note that two walls surrounding the cavity are
appreciably thicker than the third cusp wall where
most of the deformation occurred. The black, red
and green lines indicate the paths taken by the
profilometer. The scribed black line across the
face of the model serves as the profilometer traces
related origin while the three small notches define
the trace locations. The origin—cavity floor distance
is used to locate the trace origin relative to the floor.
Note that the cavity floor and cusp tip are located
10.00 mm and 14.00 mm relative to the absolute
origin 0.00 mm, respectively. (b) shows the cavity
floor and RBC in the restored tooth model.

6.00 mm length. The inside corners of the MOD cavity
had a 1 mm radius equivalent to that generated by a fine
diamond round dental bur (no. 8801.31.018, Brasseler
Canada, Quebec city, Canada). To limit the deformation
produced by the curing RBC around the cavity except
along the measured cusp wall, Fig. 1 shows that the
thickness of the measured cusp wall was much smaller
than the other dimensions of the model. The cavity
walls were air abraded using 50 pum particle size 99.6 %
aluminium oxide (Korox 50, BEGO, Bremen, Germany).

The external tooth model cusp wall surfaces were

polished manually. The tooth model cusp wall surfaces
were first sanded using 360, 600, and 1200 SiC paper
using water as lubrication. Then, they were polished on
a pad (UltraPad™, PSA, 8 in, Buehler, Lake Bluff, IL,
USA) using 9 um size polycrystalline diamond particles
in suspension (MetaDi™ Supreme, Poly, 9 pm, Buehler)
for 10 min, then on a pad (Trident™, PSA, 8 in, Buehler)
using 3 um size polycrystalline diamond particles in
suspension (MetaDi™ Supreme, Poly, 3 um, Buehler)
for 10 min, and finally on a pad (Trident™, PSA, 8
in, Buehler) using 1 pm size polycrystalline diamond
particles in suspension (MetaDi™ Supreme, Poly, 1 um,
Buehler) for 15 min. A travelling microscope was used
to measure the tooth model’s final dimensions to an
accuracy better than 100 um. The tooth models selected
for this study had a maximum undulation less than 0.3
um in the cusp wall surface topography, and the final
cusp wall thickness from tooth model to tooth model
was between 1.59 and 1.81 mm. Eleven tooth models
were selected to be filled with Aura and Filtek One, and
ten tooth models were chosen for Admira with a mean
cusp wall thickness (standard deviation) of 1.68 (0.06)
mm, 1.66 (0.04) mm, and 1.69 (0.08) mm, respectively.
Among the three groups of tooth models, the mean cusp
wall thickness differed by 1.8%, and the coefficient of
variation was less than 4.7%.

Restoration and photo-curing conditions

One layer of primer (Monobond Plus primer, Ivoclar
Vivadent, Schaan, Liechtenstein) and three layers of
adhesive (Scotchbond™ Universal Adhesive, 3M Oral
Care) were applied to the cavity surfaces. Each coat was
air dried and photo-cured for 10 s to enhance the bonding
between the cavity walls and RBC. Based on a pilot
study, this surface preparation was required to obtain
high reproducibility in the deflection data along the cusp
wall collected on tooth models restored under the same
experimental conditions. The adhesive composition, as
provided by the manufacturer, is given in Table 1.

Two layers of transparent tape were used to cover
the two opposite large open faces of the tooth model,
and then the cavity was completely filled with the RBC.
A third layer of transparent tape was placed over the
remaining open face to confine the RBC within the
cavity.

The filled tooth models, RBC samples for the
axial shrinkage strain and stress measurements were
photocured in the dark at a distance of 0.5-1 mm
from the light guide tip using a single emission peak
wavelength LED-based light-curing unit (Paradigm
Deep Cure LED unit, 3M Oral Care) for 20 s. The light-
curing unit (LCU) delivered a radiant power of 800 mW
and a radiant exitance of 1.25 W/ecm? to the specimens.
The LCU radiant power at 0.5 mm from the tip was
measured using a calibrated thermopile and meter (PM-
10 detector and FieldMax meter, Coherent, Santa Clara,
CA, USA)>*%), Between profilometry measurements, the
restored tooth models were stored in the dark and in air
at a room temperature of 24+1°C.
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Assessment of interfacial debonding between the primer-
adhesive-RBC and Al tooth model walls
Micro-computed tomography (micro-CT), in combination
with a radiopaque dye (silver nitrate, AgNOj;), was used
to assess the interfacial debonding along the restoration
margins. The methodology was fully described®® and
is briefly summarized here. The groups consisted of
an unrestored Al tooth model with the cavity walls
air abraded, but without any surface treatment; two
Al tooth models were restored with Aura without,
and with primer and without any adhesive, and three
Al tooth models were restored with Aura, Filtek One,
and Admira with primer and the adhesive. The models
were scanned using a micro-CT instrument (XT H 225,
Nikon Metrology, Brighton, MI, USA). The scanning
parameters were 115 kV acceleration voltage, 100 pA
tube current, 720 ms exposure time, 720 projections
with 2 frames per projection, and a resolution of 13
pm. After scanning, the restored Al tooth models were
stored in a 50 % (w/w) aqueous solution of AgNO; at
room temperature for either 14 h (tooth models with
no adhesive) or 48 h (tooth models with adhesive) and
then they were re-scanned using the same parameters.
Reconstructions were performed using CT Pro 3.1.11
(Nikon metrology) software, and the volumetric analysis
was done using VGStudio MAX 3.4 (Volume Graphics,
Heidelberg, Germany).

Deflection Measurements at 1 h, 24 h, and 7 days

A novel approach was used to measure the cusp deflection
in the restored Al tooth models up to 7 days after light
exposure. A stylus-based profilometer (DEKTAK 8,
Veeco, Plainview, NY, USA) was employed to measure
the surface topography of the tooth model cusp wall
lengthwise before restoration and 1 h, 24 h, and 7 days
after photo-curing of the restored model. The diameter
of the stylus tip was 12.5 pm, and the stylus tracking
force was 3 mg. The profilometer data were highly
reproducible with a high signal-to-noise ratio. A single
trace was recorded in only 30 s. The profilometer data
was immune to any long-term electronic or mechanical
drift that are present in experimental design that uses
position sensors to monitor the cusp deflection at a single
point with time. The profilometer trace measurements
were collected along the black, red, and green lines
centered at the three small notches depicted in Fig. 1.
The traces spanned an origin groove scribed across the
sample to a target distance near the edge of the sample.
The distance from the origin groove to the cavity floor
was measured using a travelling microscope. As a result,
the trace position relative to the cavity floor was known
to within 100 um. The position axis was translated so
that the cavity floor position was set at 10.0 mm in
agreement with the diagram shown in Fig. 1. Any small
differences in the inclination of the tooth model cusp
wall surface relative to the profilometer translation
stage were accounted for so that the average sample
topography was zero within 2-mm around the origin
groove. For this position interval, the deformation of the
Al tooth model caused by the restoration was negligible.

The net tooth model cusp deflection induced by the
photo-cured RBC was given by the difference between
the profilometer traces recorded at various times after
photo-curing and the traces collected before restoration.
The mean cusp tip deflection was obtained by averaging
the cusp tip measurement along the three traces on the
same restored tooth model while the standard deviation
(SD) was calculated using the same three measurements.
A typical SD value was only 0.15 pm.

Axial shrinkage strain and stress measurements for 24 h
The axial shrinkage strain and stress were collected
continuously for up to 24 h from the start of light
exposure. A modified version of the bonded disk
method®**" was used to measure the axial shrinkage
strain where the reflecting top surface of the 100 um thick
glass coverslip placed on top of the RBC sample acted
as the “moving mirror” in a Michelson interferometer.
The interferometer was temperature stabilised to within
0.001°C using a temperature controller (Lake Shore
Cryotronics, Westerville, OH, USA) to ensure thermal
and mechanical stability of the equipment during the
experiment. The RBC samples were 1.00 mm thick by 10
mm in diameter, and they were held at T=23°C. Three
replicates were made for each RBC.

A redesigned cantilever-based tensometer was
used to collect shrinkage stress data. The tensometer
was similar in design to that used previously®” except
that it was made using a single metal (stainless steel
304) to virtually eliminate the effect of the small
temperature drift (A7<0.6°C) on the stress data. In the
new tensometer, the bottom quartz rod was replaced by
a 3 mm thick by 25.4 mm diameter quartz disk clamped
to the base of the instrument while the top quartz rod
was replaced by a 10.00 mm diameter stainless steel
rod. The compliance of the tensometer was 0.20 pm/N.
The RBC samples tested were 1.00 mm thick and 10.0
mm in diameter. The sample temperature was 24°C.
Three replicates were collected for each RBC.

Statistical analysis
All tests were performed at a pre-set 0=0.05.

The cusp tip deflection data was analyzed using a
Mixed One-Factor ANOVA with Repeated Measures
using SPSS 25.0.0.2. The RBC is the main factor, with
each replicate measured at three times (1 h, 24 h, and 7
days). Tukey post-hoc pairwise and multiple comparisons
were then performed to estimate the differences in the
data between different times and between different
RBCs. Normality was checked using the Shapiro-Wilk
test for normality. The sphericity assumption for this
test was checked using Mauchly’s test of sphericity.
Post-hoc power analysis to determine achieved power
was computed using G*Power 3.1.9.6°%9).

The axial shrinkage strain and stress data were
analyzed using a Mixed One-Factor ANOVA with
Repeated Measures using SPSS 25.0.0.2. The RBC
is the main factor, with each replicate measured at
two times (1 h and 24 h). Tukey post-hoc pairwise and
multiple comparisons were then performed to estimate
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the differences in the data between different times and
between different RBCs. Normality was checked using
the Shapiro-Wilk test for normality. Homogeneity of
variances for each combination of time and RBC was
checked using Levene’s test for homogeneity of variances.
Post-hoc power analysis to determine achieved power
was computed using G*Power 3.1.9.6°%9.

RESULTS

Micro-CT imaging
Figures 2 and 3 report the micro-CT examination that
looked for interfacial debonding along the margins of
five Al tooth models restored with Aura, Filtek One and
Admira using different surface treatments to the Al
tooth model walls.

Figure 2 displays micro-CT images of the Al tooth
models restored using Aura without any surface
treatment as the positive control (a) and with primer and
no adhesive (b) after storage in silver nitrate. The silver
nitrate detected by micro-CT is depicted in red. Figures
2(c) and (d) display the corresponding images (a) and
(b), respectively, as high contrast 3D images where the
silver nitrate is displayed in yellow and the background
in black. Note the leakage of silver nitrate along the
walls of the positive control Al tooth model deep into
the restoration in Fig. 2(c), while it was detected only
along the outer margins of the restoration treated with
primer but no adhesive in Fig. 2(d); no silver nitrate was
detected along the cavity walls within this restoration.

Figure 3(a) is a micro-CT image of the central part
of the Al tooth model. The tooth model walls are clearly
defined together with the rounded internal line angles
mimicking the round corners of a Class II MOD cavity

made by a dental bur. Figures 3(b), (c), and (d) display
the regions around the restorations before storage in

After storage in AgNO; aqueous solution

Primer and no adhesive

No primer and no adhesive

Fig. 2  Micro-CT images of the Al tooth models restored
using the Aura without any surface treatment as
the positive control (a), and with primer but no
adhesive (b) after storage in silver nitrate. The
silver nitrate detected by micro-CT is depicted in
red. (c) and (d) display the corresponding images
(a) and (b), respectively, but using high contrast
3D images where the silver nitrate is displayed in
yellow and background in black. Note the leakage
of silver nitrate along the walls of the tooth model
deep within the restoration in (a) and (c) while it
is detected only along the outer margins of the
restoration in (b) and (d). The low contrast features
within the restorations [(a) and (b)] are attributed
to small voids.

Before storage in AgNO; aqueous solution

SDI Aura

Unrestored tooth model

3M Filtek One

Voco Admira Fusion xtra

Fig. 3 Micro-CT image of the central part of an unrestored Al tooth model that had not received any surface treatment.
(b), (c), and (d) display the regions around the restorations using Aura, Filtek One and Admira with primer and
adhesive before storage in silver nitrate. The low-density regions are highlighted. (e), (f), and (g) depict the micro-CT
image analysis after storage in silver nitrate solution. Note that for each restoration, the silver nitrate (depicted in
red) was detected only at the outer surface of the restored tooth model.
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silver nitrate, with the low-density regions highlighted.
Note that these regions extend along a large fraction of
the cavity walls to the outer edges of the models. Due
to the high translucency of the adhesive to X-rays, it is
impossible to differentiate between it and any voids or
gaps created along the Al tooth model walls. Figures
3(e), (), and (g) depict the micro-CT image analysis
after storage in silver nitrate solution. Due to the high
radiopacity of the silver nitrate solution to X-ray, its
penetration along any gaps between the RBC and the Al
wall can be easily detected. Note that for each restoration,
the silver nitrate (depicted in red) was detected only at
the outer surface of the restored tooth model. No silver
nitrate can be seen along the cavity walls within each
restoration. These results show that the highlighted
low-density regions observed in Figs. 3(b), (c), and (d)
are solely due to the adhesive and that there was no
contribution from voids or debonding.

Cusp deflection data

Figure 4 displays the net cusp deflection along the cusp
wall for tooth models restored using Aura (a), Admira
(b), and Filtek One (c), at 1 h, 24 h, and 7 days after light
exposure.

For all three RBCs, most of the cusp deflection occurs
within 24 h after light exposure. At seven days after
light exposure, the magnitude of the cusp deflections
observed in (a), (b), and (c) at a position of 13.4 mm were
13.33 um, 10.43 um, and 13.85 um, respectively.

Figure 5 shows a composite of nine histograms
showing the magnitude of the cusp tip deflection at a
position of 13.4 mm, measured 1 h (a, d, g), 24 h (b, e,
h), and 7 days (c, f, i) after light exposure for the three
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days (c, f, 1) after LCU light exposure for the three RBCs examined.
The solid lines were normal distribution functions fitted to the data. The vertical down arrows and numerical values
indicate the medians and s stands for the standard deviation. Eleven replicates were used in each of the histograms
for the Aura and Filtek One while ten replicates were utilized for the Admira.

Histograms of the tooth model cusp tip deflection at the 13.4 mm position measured 1 h (a, d, g), 24 h (b, e, h), and 7
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RBCs. Eleven replicates each were used to make the
histograms for Aura and Filtek One while ten replicates
were utilised for the Aura histograms. The cusp tip
deflection interval along the x-axis in each histogram is
the same. The Shapiro-Wilk test for normality showed
that the histograms are normally distributed (all nine
p-values at least 0.268), as depicted by solid lines fitted
to the data in Fig. 5. For each post-irradiation time,
the vertical downward arrow indicates the median
value, which is close to the mean, and the standard
deviation (s). The ANOVA showed that the mean cusp
tip deflection differs significantly both between the
three RBCs [F(2,29)=22.429, p=0.000] and across time
[F(2,58)=183.692, p=0.000]. There were 32 observations,
the result of 11 replicates for each of Aura and Filtek One
and ten replicates for Admira, with repeated measures at
each of three-time levels. Using a significance level 0=0.05,
assuming a correlation of 0.7 among repeated measures,
and no sphericity correction, the achieved power of this
repeated measures ANOVA to detect a medium effect
size of 0.25 is 98.35%. Table 2 summarizes comparisons
both over time and between composites for mean cusp
deflection. The post-hoc Tukey intervals show that mean
cusp tip deflection for Admira is significantly lower than
both Aura and Filtek One. In contrast, mean cusp tip
deflection for Aura and Filtek One do not significantly
differ. Bonferroni-corrected pairwise comparisons show
that mean cusp tip deflection at 1 h is significantly less
than at 24 h, and that mean cup tip deflection at 24 h is
significantly less than at 7 days. For all three RBCs, the
mean cusp tip deflection at 24 h was significantly greater
than at 1 h. However, the mean cusp tip deflection at 7
days was significantly greater than that at 24 h only for
the Filtek One while there were no significant differences
in the mean cusp tip deflection at these two times for
the other two RBCs. Mauchly’s test of sphericity showed
that, for each RBC, there were no significant differences
in s between all possible combinations of 1 h, 24 h, and
7 days in each RBC. A wide range in cusp tip deflections
was observed for the Filtek One, where at seven
days post-irradiation s=1.90 pm while a very narrow

distribution was observed for the Admira with s=0.63
um at the same time. Levene’s test for homogeneity of
variances confirmed this observation and it detected a
significant difference in variances across the three RBCs
[L(2,29)=5.023 and p=0.013 for 1 h, L(2,29)=4.933 and
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Fig. 6 Axial shrinkage strain (a) and stress (b) as a
function of time for the three RBCs examined.
The tensometer compliance was 0.20 pm/N. Three
replicas were collected for each condition. Note
that the relative ordering for the strain and stress
data are the same for the three RBCs.

Table 2 Comparisons over time and between composites estimating differences in mean cusp tip deflection

Bonferroni-corrected time comparisons, 95% confidence

Difference Estimate Lower bound Upper bound p-value
24h—-1h 1.879 1.548 2.209 0.000
7 days—1h 2.277 1.912 2.642 0.000
7 days—24 h 0.398 0.135 0.661 0.002

Tukey-corrected multiple comparison between composites, 95% confidence

Difference Estimate Lower bound Upper bound p-value
Aura—Admira 2.839 1.624 4.055 0.000
Filtek—Admira 2.914 1.698 4.129 0.000
Filtek—Aura 0.075 -1.111 1.261 0.987
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p=0.014 for 24 h, 1.(2,29)=4.007 and p=0.029 for 7 days].
Based on the Levene’s test and the standard deviations
calculated from the histograms displayed in Fig. 5,
s(Filtek One) is significantly larger than s(Aura) and
s(Admira). In addition, it would appear that s(Aura) is
not significantly different than s(Admira).

Axial shrinkage strain and stress data

Figure 6 displays the axial shrinkage strain (a) and
stress (b) as a function of time up to 24 h post-irradiation
for the three RBCs used in this study. Note the same
relative ordering for the axial strain (¢) and stress (S)
for the three RBCs where the lowest ¢ and S values were
obtained for the Admira. The Shapiro-Wilks test for
normality was applied to the six distributions of strain
and stress, showing that normal distribution functions
can describe them. Levene’s test for homogeneity of
Variances showed that we can assume equal variance
across the three RBCs for both strain and stress, except
for the shrinkage stress at 24 h [1.(2,6)=5.480, p=0.044].
Given the small number of degrees of freedom, this small
violation was ignored in this case, and the assumption
of homogeneity was made. The ANOVA with repeated
measure models showed that both mean axial shrinkage
strain and stress differ significantly over both RBC type
[F(2,6)=316.331 and p=0.000 for strain, F(2,6)=85.540
and p=0.000 for stress] and time [F(1,6)=86,715.372
and p=0.000 for strain, F(1,6)=2292.347 and p=0.000
for stress]. Table 3 summarizes comparisons both over

time and between composites for mean axial shrinkage
strain. Bonferroni-corrected pairwise comparisons
show a significant increase in mean axial shrinkage
strain from 1 h to 24 h. Tukey post-hoc comparisons
show that the mean axial shrinkage strain for Aura is
significantly larger than Filtek One, and for Filtek One
is significantly larger than Admira. Table 4 summarizes
comparisons both over time and between composites
for mean axial shrinkage stress. Bonferroni-corrected
pairwise comparisons also show a significant increase in
mean shrinkage stress from 1 h to 24 h. Tukey post-hoc
comparisons show that mean shrinkage stress for Aura
is significantly larger than Filtek One, and for Filtek
One is significantly larger than Admira. There were
9 selected observations out of a series of observations
covering a time span of 24 h, the result of 3 replicates for
each of the three RBCs, with repeated measures at each
of two-time levels. Using a significance level ¢=0.05,
assuming a correlation of 0.7 among repeated measures,
and no sphericity correction, the achieved power of this
repeated measures ANOVA to detect a medium effect
size of 0.25 is 37.1%.

To better illustrate the time evolution of the
shrinkage-induced strain and stress, Fig. 7 depicts, for
each RBC, the average value for each group of three
repeats of the strain (a) and stress (b) at selected times
normalized to the mean values at 24 h. The standard
deviations were less than or equal to the symbol size.
The vertical dashed lines are located at 5 min, a time at

Table 3 Comparisons over time and between composites estimating differences in mean shrinkage-induced strain

Bonferroni-corrected time comparison, 95% confidence

Difference Estimate Lower bound Upper bound p-value
24h—1h 0.215 0.213 0.216 0.000
Tukey-corrected multiple comparison between composites, 95% confidence
Difference Estimate Lower bound Upper bound p-value
Aura—Admira 0.495 0.434 0.555 0.000
Aura—Filtek 0.213 0.152 0.273 0.000
Filtek—Admira 0.282 0.221 0.343 0.000

Table 4 Comparisons over time and between composites estimating differences in mean shrinkage-induced stress

Bonferroni-corrected time comparison, 95% confidence

Difference Estimate Lower bound Upper bound p-value
24h-1h 0.104 0.099 0.109 0.000
Tukey-corrected multiple comparison between composites, 95% confidence
Difference Estimate Lower bound Upper bound p-value
Aura—Admira 0.375 0.285 0.464 0.000
Aura—Filtek 0.128 0.038 0.217 0.011
Filtek—Admira 0.247 0.158 0.336 0.000
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which the data from several past studies are cited. The
horizontal dashed lines located at 90% of the maximum
strain and stress show the time values for which the
strain and stress reach 90% of their maximum values.

100 -

90 -

—=— SDI Aura
*— 3M Filtek One
—— Voco Admira

Strain(t)/Strain(24 h)*100 %

100 1

Stress(t)/Stress(24 h)*100 %
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1

10" 102 10° 10 108
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Fig.7 Mean value of the strain (a) and stress (b) at
selected times normalized to the mean values at 24
h for the three RBCs examined.
The mean values were calculated from the three
repeats within each group obtained from the data
shown in Fig. 6. The standard deviations were less
than or equal to the symbol size.

For the three RBCs investigated, at a time of 5 min, the
strain reached values between 78% and 84% of their
values at 24 h, while the stress values ranged between
74% and 80% of their values at 24 h. On the other hand,
the time required to reach 90% of their values at 24 h
varied between 40 min and 113 min for the strain and,
between 51 min and 118 min for the stress.

As displayed in Fig. 7, the time evolution of the
shrinkage stress lags behind that of the shrinkage
strain for each RBC. To better illustrate the different
time evolution of these two quantities, Fig. 8 depicts the
ratio of the normalized stress over the normalized strain

O % ,,;,‘,‘%; ffffff -
B} i
Az o
A=z b
E f I
2% =
BB E 1
S5 091 I J
©
ElE
S|lo
Zzlz
Aura
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10" 10? 10° 10* 10%
TIME (s)

Fig. 8 Ratio of the normalized shrinkage stress over

normalized shrinkage strain at selected times up
to 24 h after light exposure.
The horizontal dashed line corresponds to the case
when the stress and strain have the same time
development. Note that the time delay for the
Admira is significantly greater than those for the
Aura and Filtek One.

Table 5 Mean (standard deviation) for the cup tip deflection (D) at the 13.4 mm position at 1 h, 24 h, and 7 days after light
exposure, and axial shrinkage strain (¢) and stress (S) at 1 h and 24 h, after light exposure for the three RBCs

investigated in this work

RBC/Data Aura bglk fill ultra Filtek One bulk fill Admira .fusion x-tra

universal A2 shade universal

D(@m)1lh 11.08 (0.77) 10.47 (1.56) 7.81 (0.58)

D (um) 24 h 12.58 (0.80) 12.53 (1.89) 9.90 (0.58)

D (um) 7 days 12.63 (0.84) 13.52 (1.90) 10.06 (0.63)

Axiale (%) 1 h 2.011 (0.009) 1.77 (0.02) 1.52 (0.04)

Axial e (%) 24 h 2.206 (0.009) 2.02 (0.02) 1.71 (0.04)

S(MPa)1h 0.98 (0.03) 0.84 (0.05) 0.608 (0.009)

S (MPa) 24 h 1.08 (0.03) 0.96 (0.06) 0.699 (0.006)

E (GPa) 8.7 (0.2) 11.3 (0.3) 10.1 (0.1)

The flexural modulus (E) as provided by the manufacturers is also reported. The irradiance incident on the sample surface
was 1.25 W/ecm?. For the axial ¢ and S the sample dimensions were 1.00 mm thick by 10 mm diameter. The tensometer

compliance was 0.20 pm/N.
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at selected times up to 24 h after light exposure. Such a
ratio from a direct comparison between the time evolution
of the shrinkage strain and stress data is meaningful
and informative on the time evolution of the stiffness
because the RBC sample dimensions and configuration
factors (of 5), sample temperatures, and photocuring
conditions were approximately the same between the
strain and stress measurements. The horizontal dashed
line indicates the case when the time evolution of the
stress is the same as the strain. Note that the time lag
between the stress and strain is comparable for Aura
and Filtek One while it is much larger for Admira.

Table 5 reports the mean values of the cusp tip
deflection collected at 1 h, 24 h, and 7 days after light
exposure, axial shrinkage strain and stress, recorded at
1 h and 24 h post irradiation and the flexural modulus
(E) as provided by the manufacturers.

DISCUSSION

This work investigated the cusp deflection of
standardized Al tooth models with a MOD cavity
restored with three specially selected bulk-fill RBCs:
A conventional bulk-fill RBC (Aura) using classical
dimethacryclates such as Bis-GMA, TEGDMA, and
UDMA , the second RBC (Filtek One) was made with
stress-relieving AFM monomers in a nanofiller matrix,
and the third RBC (Admira) consisted of a ORMOCER-
based nanohybrid fillers in a resin matrix with
nonclassical monomers. For comparison purposes, Filtek
One was used as the control.

As no debonding occurred along the cavity walls
that had been treated with the primer, with or without
the adhesive, the bond strength anywhere along the
interfaces in these samples was greater than the local
shrinkage stress. As a result, the cusp tip deflections
depended only on the RBC’s shrinkage characteristics,
the configuration factor (C-factor) —or more precisely
the stiffness of the cavity wall relative to that of the
cured RBC— and the operator-related restoration
reproducibility!!°?.

The cusp tip deflections measured for the 3 groups of
samples at 1 h, 24 h, and 7 days after light exposure are
summarized in Fig. 5. The statistical analysis indicated
that, for each of the three post-irradiation times, the
mean cusp tip deflection of tooth models restored using
Aura and Filtek One were not significantly different
(0=0.05), while they were significantly greater than that
of Admira. Consequently, the first null hypothesis that
the differences in the mean cusp tip deflection among the
three RBCs are not statistically significant is partially
rejected.

Although the statistical power for the shrinkage
strain and stress data shown in Fig. 6 is only 37.1%, the
differences in strain and stress values within groups of
three repeats is attributed to small differences in sample
thickness used to collect the data. The coefficient of
variation (ratio of the standard deviation to the average)
of the strain and stress values within each group at 24
h was less than 2% and 6%, or in thickness variation of

less than 20 um and 60 pm, respectively.

The axial shrinkage strain (¢) and stress (S) data
in Fig. 6 clearly show that, for all times, the smallest
¢ and S values were those for Admira, which were
consistent with the cusp tip deflection data. The very
low mean cusp tip deflection, axial shrinkage strain
and shrinkage stress could be partly attributed to this
RBC’s nanohybrid composition that had a high 84 wt%
(69 vol%) of filler and low resin content. Furthermore,
its ORMOCER monomers occupy a much larger volume
and has a much larger molecular weight than each of the
classical monomer. On the other hand, its high flexural
modulus of 10.1 GPa should lead to greater shrinkage
stress and more cusp tip deflection. A possible reason for
the unexpected result may be that the development of
its stiffness, and hence shrinkage stress, lags behind the
development of the shrinkage strain due, for instance,
to delayed cross-linking. This tentative explanation
is consistent with the results shown in Figs. 7 and 8
where there is a large time lag in development between
shrinkage stress and shrinkage strain for Admira
compared to the time lag observed for the other two
RBCs.

The ¢ and S values for Filtek One were significantly
smaller than those for Aura. The second null hypothesis
that the differences in the mean values of ¢ and S
among the three RBCs are not statistically significant
is thus rejected. The smaller values of € and S for Filtek
One were tentatively attributed in part to its resin
chemistry. One of its monomers consists of a high-
molecular-weight aromatic urethane dimethacrylate
(AUDMA) which decreases the number of reactive
groups in the resin, resulting in a lower shrinkage
strain. The second monomer, referred to as AFM', is
designed to cleave through a fragmentation process
during polymerization to lower shrinkage stress. A
past study showed that the cusp tip deflection of Al
tooth models decreased with increasing AFM content in
the RBC*). Interestingly, despite the lower values of ¢
and S for Filtek One compared to those for Aura, the
mean cusp tip deflections for these two RBCs did not
differ significantly. These results appear contradictory.
The tensometer used for measuring the axial shrinkage
stress was compliant (a=0.20 pm/N) and, as a result, the
shrinkage stress was dictated mainly by the shrinkage
strain®®®” with the consequence that the ordering
of the shrinkage stress being the same as that of the
shrinkage strain between Filtek One and Aura. On the
other hand, while the Al tooth model has a compliance of
approximately 0.17 pm/N at the cusp tip, the compliance
decreases to approximately zero at the cavity floor. As a
result, the RBC stiffness becomes an important factor
when determining the cusp tip deflection®”. The flexural
modulus of Aura of 8.7+0.2 GPa was much lower than
that of Filtek One of 11.3+0.3 GPa. This additional
factor may have resulted in similar cusp tip deflections
for these two RBCs despite the very different shrinkage
stress values given by the tensometer. Further study is
required to elucidate this aspect.

To gain additional insight into the polymerization
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process of each RBC, it is interesting to study the time
evolution of D, ¢, and S for each RBC. The time evolution
can be illustrated by comparing the mean values of D
at 1 h relative to those at 24 h with the corresponding
relative values for ¢ and S. The mean values of D at
1 h relative to those at 24 h were 88%, 84%, and 79%
for Aura, Filtek One, and Admira, respectively. The
corresponding values for € and S, i.e. €(1 h)/e(24 h) and
S(1 h)/S(24 h), were 91.2% and 90.7%, 87.6% and 87.5%,
and 88.9% and 87.0% for Aura, Filtek One, and Admira,
respectively. Note that for the three RBCs the ratios of
£(1 h)/e(24 h) and S(1 h)/S(24 h) are similar because the
shrinkage stress was driven mostly by the shrinkage
strain due to the high compliance of the tensometer.
While the relative mean values of D for Aura and Filtek
One were comparable to those for ¢ and S, the relative
mean values of D for Admira (79%) were appreciably
lower than those for ¢ and S (87-89%). These results
suggest that additional time was required for the
stiffness of Admira to develop, which is consistent with
the results shown in Fig. 8. This difference is attributed
to the unique composition of Admira compared to the
other two RBCs. For Aura and Admira, the mean value
of D plateaued at a time between 1 h and 24 h. The mean
value of D for Filtek One further increased by 7.4% from
24 h to 7 days.

As noted above, the mean cusp tip deflection at 7
days was significantly greater than that at 24 h for Filtek
One, which was not observed for the other two RBCs.
The increase in mean cusp tip deflection at 7 days for
Filtek One may be due to the continued polymerization
produced by the interaction between the persistent
residual radicals and polymer network. Further work is
required to evaluate the role of the AFM monomers in
the development of shrinkage stress in Filtek One.

One day (or 7 days) after light exposure, the
standard deviation for the cusp tip deflection was 0.80
um (or 0.84 pm) and 0.58 pm (or 0.63 um) for Aura and
Admira, respectively, which were less than half of that
for Filtek One [1.89 pm (or 1.90 pm)]. The large standard
deviation for Filtek One’s cusp tip deflection may be
due to the role played by the AFM monomers and the
prolonged presence of the residual radicals during the
curing process. Unlike the shrinkage strain and stress
measurements that used 1 mm thick samples, the tooth
model restoration was 4 mm deep. The penetration
depth of blue light in a bulk fill RBC is about 1.3 mm®,
more than the sample thickness of 1 mm for shrinkage
stress and strain measurements, but much less than the
4 mm deep restoration. As a result, there will be a large
decrease in photoexcitation and hence in photoinitiation
across the restoration depth. In addition, there will also
be a large decrease in compliance along the restoration
depth, resulting in the AFM monomers being more active
in the higher stress region near the cavity floor than near
the cusp tip'?. The AFM random distribution and action,
similar to those of a photoinitiator in an RBC that can
lead to heterogeneity in its shrinkage strain field®, will
likely add to the variation of the cusp tip deflection.

Figures 6 and 7 indicate that, 5 min after the start of

photoexposure, the shrinkage strain and stress reached
between 72% and 81%, and between 64% and 75% of
their values at 24 h, respectively. They then reached 90%
of their values at 24 h after 40-113 min and 51-118 min,
respectively. A past study®® also showed that the order
of shrinkage stress of two RBCs switched 4.5 h after the
start of photoexposure. All these results suggest that
the shrinkage strain and stress should continue to be
measured hours after light exposure.

The challenging problem of high shrinkage stress
has been partially addressed by the manufacturers by
implementing specially designed monomers to minimize
the shrinkage strain and to relieve the associated
shrinkage stress. The comparison between the mean
cusp tip deflections among the three RBCs and the ratio
between the normalized shrinkage stress and normalized
shrinkage strain confirm that an alternative strategy to
reduce shrinkage stress is to delay the development of
the elastic modulus of the RBC relative to the shrinkage
strain.

The findings of this work indicate that the cusp tip
deflection of standardized Al tooth models is a much
more clinically relevant measurement to evaluate the
impact of the curing RBC on premolar or molar tooth
restoration with a Class II MOD cavity than either
the axial shrinkage strain or stress from simple disc
specimens. The Al tooth model provides a range of
compliance mimicking that in a human tooth with a
Class II MOD cavity, instead of the fixed compliance of
a tensometer. Because of this, the tooth model can aptly
take into account the impact of the RBC stiffness and
its time evolution on the cusp deflection or shrinkage
stress. The simple rectangular shape of the model
allowed very precise and accurate measurements of
the cusp deflection up to 7 days after light exposure.
In addition, debonding was prevented, thus making
these findings independent of the bond strength or the
microscopic mechanisms leading to its formation. The
highly precise measurement enabled the impact of the
RBCs’ polymerization kinetics on the cusp deflection to
be assessed comprehensively.

CONCLUSIONS

Within the limitations of this in vitro study, it was
concluded that:

1. The mean cusp tip deflection of restored
aluminium tooth models with standardized
dimensions and alloy type is a much more
clinically relevant measurement than data
obtained using either the axial shrinkage strain
or stress techniques. The Al tooth model mimics
the compliance of human teeth with MOD cavity.
As a result, not only the shrinkage strain and its
rate of development of an RBC play a role in the
cusp tip deflection but also the development of its
stiffness relative to its strain with time.

2. Although Filtek One bulk-fill produced a lower
shrinkage strain and stress than Aura Bulk-fill,
the mean cusp tip deflections of these two RBCs
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were not significantly different, indicating the
complex interaction of material properties in
determining clinical outcomes.

3. Admira Fusion x-tra universal shade exhibited
the smallest mean cusp tip deflection up to 7 days
post-curing. This was attributed to its unique
ORMOCER-nanohybrid filler composition, which
caused minimal shrinkage strain and delayed
development of stiffness relative to shrinkage
strain.
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