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Laboratory Research

Polymerization Shrinkage Stress
Kinetics and Related Properties
of Bulk-fill Resin Composites

HM El-Damanhoury ® JA Platt

Clinical Relevance

While achieving adequate curing at 4-mm thicknesses, not all bulk-fill composites are
characterized by low-shrinkage stress. Clinicians should be cautious with these material

selections for high C-factor applications.

SUMMARY

The present study assessed the polymerization
shrinkage stress kinetics of five low-shrinkage
light-cured bulk-fill resin composites: Surefil
SDR flow (SF, Dentsply), Tetric EvoCeram
Bulkfil (TE, Ivoclar Vivadent), Venus Bulk Fill
(VB, Heraeus Kulzer), x-tra fil (XF, Voco), and
experimental bulk fill (FB, 3M ESPE). Filtek
7250 (FZ, 3M ESPE) was used as a control.
Real-time shrinkage stress of investigated
composites was measured using a tensometer;
maximum shrinkage stress, stress rate (R__ ),
and time to reach maximum stress rate (t_ )
were recorded. Flexural strength and modulus
were measured using a standard procedure,
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and curing efficiency of 4-mm long specimens
was determined using bottom/top percentage
Knoop microhardness. Data were analyzed
using one-way analysis of variance and Bon-
ferroni multiple range tests at a significance
level of 0=0.05. Results of shrinkage stress,
R .. and t___ of all bulk-fill materials were
significantly lower (p<0.05) than those of the
control except for XF. All tested bulk-fill mate-
rials were able to achieve acceptable curing
efficiency (>80% bottom/top percentage) at 4-
mm depth. In conclusion, this study reports a
significant reduction in polymerization
shrinkage stress while maintaining compara-
ble curing efficiency at 4 mm for some bulk-fill
composites and supports their potential use in
posterior clinical situations.

INTRODUCTION

A significant concern for dental clinicians when
placing direct resin-based posterior composite resto-
rations is reducing polymerization shrinkage stress.
Polymerization of dimethacrylate-based composites
is accompanied by substantial volumetric shrinkage
ranging from 1%-3% in packable composite and up to
6% in flowable composite.! Shrinkage develops
during polymerization due to reduction in distance
between monomer molecules as a result of short
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covalent bond formation, reducing the overall free
volume within the monomer structure and producing
densely packed polymer molecules.?

During polymerization, the viscosity of the resin
increases as the gel point is approached, accompa-
nied by a rapid increase in stiffness. As the
lengthening chains become entangled and a cova-
lently bonded cross-linked network is formed, con-
traction stress occurs within the material.®

Shrinkage stress may be relieved in the early
plastic stage (before the polymerization gel point)
through flow. Subsequent shrinkage is obstructed,
and the material becomes rigid enough to resist
significant plastic flow, dramatically decreasing
stress relief.* In addition, shrinkage manifests itself
as stress when the material is confined within a
prepared cavity and bonded to preparation walls.
Thus, the material is restrained from changing its
shape, except at the free surfaces, and further
internal stresses will result.”

Previous studies have shown that the magnitude
of generated stress depends on a combination of
material properties and characteristics of the pre-
pared cavity. In particular, confinement conditions
imposed on the composite, the restoration’s volume,
utilized restorative techniques, and the compliance
of the bonding substrate have been identified as
contributing factors.®’ The cavity configuration
factor (C-factor) is the ratio of the bonded surface
area to the unbonded or free surface area. When
restoring cavities with high C-factor, the resultant
stresses put resin-tooth interfaces under increased
tension as there is less chance for relaxation of
shrinkage stress.® It has been reported by several
investigators®'® that the increase in C-factor is
associated with a progressive decrease in bond
strength and a potential deleterious effect on
marginal integrity and gap formation.'* Alternative-
ly, high bond strengths may cause cusp deflection
and enamel cracking.!®16

The amount of induced polymerization stress is
influenced by many characteristics of the composite
formulation, such as matrix type, filler content,
polymerization kinetics, degree of conversion, and
modulus of elasticity.'”!'® Therefore, several at-
tempts have been made to minimize the amount of
generated polymerization stress through changing
this formulation. Strategies to reduce polymerization
shrinkage have included reduction of reactive sites
per unit volume by increasing the filler load with
nanometer size fillers,'®?° increasing the molecular
weight per reactive group through the replacement

of some of the lower-molecular-weight triethylene
glycol dimethacrylate (TEGDMA) with a blend of
higher-molecular-weight urethane dimethacrylate
(UDMA) and bisphenol A polyetheylene glycol
diether dimethacrylate (Bis-EMA),?1?2 or using ring
opening polymerizations based on siloranes.?%26

A different approach to minimizing shrinkage
stress is placing composite in small increments
toward fewer bonded surfaces to minimize material
constraint and allow flow of the shrinking composite
from available free surfaces.?? Although incremental
placement techniques may have the advantage of
maximizing polymerization of each increment due to
less light attenuation through smaller increments of
material and increased adaptation of the composite
to cavity walls, the value of incremental placement in
reducing shrinkage stress has been questioned.?’

Recently, many products have been marketed as
low-shrinkage stress materials that have modified
initiation systems, potentially allowing placement
of these materials in one layer (bulk-fill) of up to 4
mm in thickness with adequate polymerization and
short activation times. These materials vary in
their rheologic properties and are indicated for use
as flowable base materials to be veneered with 2
mm of posterior hybrid composite or as a final filling
that does not require veneering.?**? Insufficient
data are available regarding the shrinkage stress
behavior of these bulk-fill low-shrinkage compos-
ites. Consequently, the objective of this in wvitro
study was to investigate the shrinkage stress
kinetics and some related properties of this new
class of materials. The null hypotheses tested were
1) there is no difference in polymerization shrink-
age stress, stress kinetics, flexural strength, or
flexural modulus between bulk-fill and a micro-
hybrid resin-composite control; and 2) placing this
class of material in 4-mm bulk will not compromise
its curing efficiency.

METHODS AND MATERIALS
Shrinkage Stress Test

A tensometer (American Dental Association Foun-
dation, Paffenbarger Research Center, Gaithers-
burg, MD, USA)*® was used to measure shrinkage
stress of five bulk-fill materials: Surefil SDR flow
(SF, Dentsply), Tetric EvoCeram Bulkfil (TE, Ivoclar
Vivadent), Venus Bulk Fill (VB, Heraeus Kulzer), x-
tra fil (XF, Voco), and experimental bulk fill (FB, 3M
ESPE). The methacrylate-based microhybrid com-
posite Filtek Z250 (FZ, 3M ESPE) was used as a
control material (Table 1).
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Table 1: Materials Used in This Study
Code Product Type Manufacturer Lot No. Composition Filler Type Filler Loading
SF Surefil SDR flow  Bulk-fill base  Dentsply, Konstanz, 11281 UDMA, TEGDMA, Barium/strontium- 68% by wt and
Germany EBPDMA aluminofluoro- 44% by vol
borosilicate glass
VB Venus Bulk Fill Bulk-fill base  Heraeus Kulzer, 010031 UDMA, EBPDMA Barium alumino- 65% by wt and
GmbH, Hanau, fluorosilicate glass,  38% by vol
Germany YbF,, and SiO,
FB Experimental Bulk-fill 3M ESPE, St Paul, N310870 Bis-GMA, Bis-EMA, zirconia/silica 64.5% by wt
flowable restorative MN, USA (EXD-784) Procrylat, UDMA ytterbium trifluoride  and 42.5% by
vol
TE Tetric EvoCeram  Bulk-fill Ivoclar Vivadent, P72398 Dimethacrylate co- Barium glass, 80% by wt and
bulk fill restorative Schaan, monomers YbF3, oxides, and 60% by vol
Liechtenstein prepolymers
XF x-tra fil Bulk-fill Voco, Cuxhaven, 1147096 MMA, Bis-EMA Inorganic fillers 75% by wt and
restorative Germany 58% by vol
Fz Filtek Z250 Microhybrid 3M ESPE, St Paul, N222162  Bis-GMA, Bis-EMA, Zirconia/silica 82% by wt and
restorative MN, USA UDMA, and TEGDMA 60% by vol
MMA: Methyl methacrylate, Bis-GMA: Bisphenolglycidy! dimethacrylate, Bis-EMA: Bisphenol A polyetheylene glycol diether dimethacrylate, TEGDMA:
Triethyleneglycol dimethacrylate, UEDMA: Urethane dimethacrylate, EBPDMA: Ethoxylated bisphenol A dimethacrylate.

A 4-mm, prefabricated, nylon gauge block was
used to adjust the space between two quartz rods
attached to the base and cantilever beam of the
machine. The C-factor was calculated to be 0.75 for
all specimens. The specimens were cured for 20
seconds through the lower rod using a light-emitting
diode curing unit (Demetron A.1, Kerr/Sybron,
Orange, CA, USA) in standard mode. Output
intensity was confirmed to be 1000 * 50 mW/cm?
following every five specimens using a hand-held
dental curing radiometer (Demetron LED radiome-
ter Model 100, Demetron Research, Orange, CA,
USA). As the composite shrinks, it pulls the two ends
of the quartz rods closer together; and as the upper
rod moves, the frame and beam bend and the amount
of movement is measured with a linear variable
differential transformer (LVDT). This measurement
was used to calculate a corresponding load from a
previous calibration curve. The corresponding
shrinkage stress was then obtained by dividing the
measured tensile force by the cross-sectional area of
the sample. The stiffness of the beam was controlled
by the location of the upper collet that holds the
quartz rods. The location of the beam and the
resulting stiffness was determined from the calibra-
tion curve provided by the manufacturer.

The shrinkage stress was monitored continuously
for 30 minutes from the start of light activation to
yield real-time shrinkage stress during polymeriza-
tion. The mean maximum shrinkage stress was
calculated from five samples for each material
(n=>5). Using the tensometer software, an average

stress curve was generated for each material, and
stress rate (first derivative of real-time stress),
maximum stress rate R (peak value in first
derivative), and time to achieve maximum stress
rate (t__ ) were calculated.

Flexural Strength and Modulus Test

Flexural strength and modulus were determined
using standard procedures in accordance with ISO
4049.3* Five identical bar-shaped specimens (25 mm
in length, 2 mm in width, and 2 mm in height) of
each tested material were fabricated using a stain-
less steel mold. Specimens were light-cured using a
light-emitting diode curing unit (Demetron A.1,
Kerr/Sybron) at the top and bottom surfaces with a
12-mm diameter curing light tip in standard mode.
The central portion of each bar-shaped specimen was
subjected to an initial irradiation of 20 seconds. Two
subsequent overlapping positions (by half the diam-
eter of the curing light tip) were then irradiated for
20 seconds to cure the entire length of the bar-
shaped specimen. Output intensity confirmation was
done every five specimens. Specimens were stored
for 24 hours in double distilled deionized water at
37°C = 1°C. Flexural strength and modulus of the
material were determined using a universal testing
machine (Sintech Renew 1123, MTS, Eden Prairie,
MN, USA, with TestWorks 4.08 software) with a 2.5-
kg load cell at a crosshead speed of 1 mm/min and a
support span length of 20 mm. Flexural modulus (E)
was determined using the initial slope of the load
displacement curve. Flexural strength (o) and E
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Table 2:  Mean Values and SD for Shrinkage Stress, Maximum Stress Rate (R __ ), Time to Achieve Maximum Stress Rate (t
Flexural Strength, Flexural Modulus, Top Hardness, Bottom Hardness, and Bottom/Top Hardness % of the Investigated

max max) ’

XF 2,135 (0.07)°  0.11 (0.02)®

Materials?
Code Shrinkage R toax S Flexural Flexural Top Bottom Bottom/
Stress, MPa/s Strength, Modulus, Hardness, Hardness, top, %
MPa MPa GPa KHN KHN
VB 1.607 (0.04  0.06 (0.01)*  13.30 (1.72)* 107.4 (3.8)" 4.48 (1.08*  36.60 (0.97)" 35.53(1.32)" 97.08 (2.31)"
FB 1.649 (0.06)5  0.07 (0.02)" 9.82 (1.87)®  109.8 (9.2)" 547 (2.02)"B  39.37 (3.20)* 34.31 (2.60)* 87.21 (3.01)¢
SF 1.710 (0.03)%¢  0.08 (0.01)* 8.91 (1.60)® 1255 (9.4)B 6.76 (1.26)® 4853 (2.38)2 4427 (2.78)2  91.31 (5.93)"B
TE 1.883 (0.09)°  0.09 (0.01)"®  9.67 (2.00)® 85.28 ( 8.98 (3.87)° 5540 (3.27)° 44.13 (2.26)® 79.73 (2.59)°P
( ) ) ( (8.20) ( (7.61)

9.96 (1.35)®  143.7 (8.04)°

16.03 (8.20)°  59.07 (6.37)° 51.20 (7.61)° 86.43 (5.17)C

FZ 2.364 (0.04)°  0.15 (0.02)°

6.54 (1.73)° 143.8 (2.6)°

11.65 (8.32)°  57.40 (1.51)° 43.10 (3.18)® 75.17 (6.57)°

2 Within a column, different superscript capital letters indicate significant differences by pair-wise Bonferroni post-hoc multiple comparison test (x=0.05).

were calculated according to equations 1 and 2,
respectively:

3PL

= % (1)
PL? 3

E= Todi? X 10 (2)

where L is the support span length (mm), b the
specimen width (mm), A the specimen height (mm),
P the load (N) at a convenient point on the straight
line portion of the curve, and d the deflection (mm)
corresponding to the load P.

Knoop Hardness Measurement

A stainless steel cylindrical split-mold, with height of
4 mm and internal diameter of 4 mm, was placed on
a glass slide covered by a Mylar strip (Hawe
Stopstrip Straight, KerrHawe, Bioggio, Switzer-
land). The mold was then filled in bulk with one of
the six resin composites. The top side of the mold was
covered with a second Mylar strip, and the resin
material made flush with the mold by use of a second
glass slide. A standardized 50-g stainless steel
weight was placed over the top glass slide for 30
seconds to ensure proper packing of the composite.
The second glass slide was removed, and the resin
composite was light-cured for 20 seconds using the
same curing unit and protocol that was used for the
shrinkage stress test. The curing light tip was kept
centered and in contact with the second Mylar strip.
After light curing, the specimens were removed from
the mold and stored for 24 hours in double distilled
deionized water at 37°C £ 1°C.

The top and bottom surfaces of each specimen
were polished with a diamond suspension (mean
grain size: 5 pm) with an automatic polishing device

(Buehler, Lake Bluff, IL, USA) under a 50-g load.
Cured composite thickness of each specimen was
verified with a digital caliper of 0.01 mm precision
(Mitutoyo IP 65, Kawasaki, Japan). Knoop micro-
hardness (KHN) of each top and bottom surface was
measured (LECO, M-400 Hardness Tester, St Jo-
seph, MI, USA) at three different points on each
surface, with a 10 N load for 15 seconds. The average
of three readings was calculated for both top and
bottom of each specimen, and the bottom to top
percentage was calculated from the average of five
specimens (n=5).

Statistical Analysis

Multiple comparisons of group means of shrinkage
stress, flexural strength, and modulus and micro-
hardness were made utilizing one-way analysis of
variance (ANOVA) and Bonferroni multiple range
tests at a significance level of 4=0.05. Correlation
between the shrinkage stress and flexural modulus
results was analyzed using regression statistics.

RESULTS

Descriptive statistics are presented in Table 2.
Statistical analysis of the shrinkage stress results
revealed that the FZ group recorded the highest
(p<0.05) mean shrinkage stress value (2.364 = 0.04
MPa) followed by the XF group, then the TE, SF, and
FB groups, respectively, while the VB group record-
ed the lowest shrinkage stress mean value (1.607 *=
0.04 MPa). The difference between groups was
statistically significant (»p<0.05) as indicated with
ANOVA. The Bonferroni post-hoc test showed that
there was a nonsignificant (p>0.05) difference in the
shrinkage stress results between the VB and FB, VB
and SF, and FB and SF groups. Also, there was
nonsignificant (p>0.05) difference between the SF
and TE groups. Figure 1 compares the shrinkage
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Figure 1. Comparison of the shrinkage stress development (aver-
aged curves, n=10) as a function of time for the five measured bulk-fill
composites and control.

stress development as a function of time for the five
measured bulk-fill composites and control.

Presentation of the rate of shrinkage stress
development of the tested materials is shown in
Figure 2. As indicated by ANOVA, the control
material FZ showed the highest (p<0.05) R ___
(0.15 = 0.02 MPa/s) and the shortest t__ (6.54 *
1.78 s), VB exhibited the lowest R __(0.06 = 0.01
MPa/s) and the longest t__ (13.30 = 1.72 s), which
was not significantly different (p>0.05) than the
recorded R for FB, SF, and TE (0.07+0.02,
0.08+0.01 and 0.09%+0.01 MPa/s respectively). No
significant difference was found between R __of TE
and XF(0.11+0.02 MPa/s). The recorded o of FB,
SF, TE, and XF were not significantly different
(p>0.05).
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Figure 2. Shrinkage stress rate development in time within the 60
seconds from composite irradiation, mean curves (n=10) of the
investigated materials.
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Figure 3.  Linear regression of shrinkage stress vs flexural moduli of
the investigated materials.

XF recorded the highest flexural modulus mean
value followed by FZ then TE, SF, and FB,
respectively, while VB recorded the lowest mean
value. A significant difference (p<0.05) was found
between all groups except between VB and FB, FB
and SF, and XF and FZ. Regression analysis
revealed a statistically significant (p=0.0001) direct
correlation between stress and flexural modulus
(r2=0.5338; Figure 3).

The top and bottom hardness results varied widely
between the tested materials. The highest mean top
hardness value was recorded for XF (59.07 = 6.37
KHN), which was not statistically different (p>0.05)
from that for TE (55.40 = 3.27 KHN) and the control
material FZ (57.40 = 1.51 KHN). The lowest mean
top hardness value was recorded for VB (36.60 +
0.97 KHN), which was not statistically different
(p>0.05) from that for FB (39.37 = 3.20 KHN).

The results of the polymerization efficiency test at 4-
mm depth revealed that VB exhibited the highest
bottom/top hardness percentage value (97.08% =+
2.31%) and was significantly higher (p<0.05) than
all other tested materials except SF (91.31% *+ 5.93%).
As indicated by the pair-wise Bonferroni post-hoc test,
no significant difference (p>0.05) was found between
the bottom/top hardness percentage of FB and SF
(87.21% =+ 3.01% and 91.31% =+ 5.93%, respectively)
and between TE and FZ (79.73% = 2.59% and 75.17%
* 6.57%, respectively); the latter group exhibited the
lowest (p<<0.05) bottom/top hardness percentage.
Regression analysis revealed a significant
(p=0.0001) positive linear correlation between top
hardness and stress (R2=0.7135; Figure 4).
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Figure 4. Linear regression of shrinkage stress vs top hardness of
the investigated materials.

DISCUSSION

This study investigated the shrinkage stress kinetics
and related properties of five recently introduced
bulk-fill materials and compared them to a hybrid
resin composite. The C-factor used in the tensometer
was comparatively low, but was standardized for all
materials and was the result of placing and curing
tested materials in a 4-mm thickness, which might
be a significant influencing factor in the shrinkage
stress of the bulk-fill material.

Statistically significant differences (p<<0.05) were
found between the shrinkage stress of the studied
materials, and accordingly, the first null hypothesis
was rejected. On the other hand, there was no
statistically significant difference (p<<0.05) between
VB, experimental FB, and SF, which exhibited the
lowest shrinkage stress; meanwhile, these materials
were significantly different from the bulk-fill mate-
rials TE, XF, and control FZ. It is worth mentioning
that the setting of this study provided a controlled
environment that allows comparing the behavior of
materials under such circumstances, but the results
may vary under different testing conditions, espe-
cially with increasing the C-factor.

VB, FB, and SF bulk-fill materials have the lowest
filler volume fraction (between 38% and 44%), and
even though their volumetric polymerization shrink-
age remains similar to other flowable resin compos-
ites (around 3-6 vol%),>® they were designed to
remarkably reduce shrinkage stress.?® It was sug-
gested that addition of high filler levels to reduce
resin volume is not an efficient approach to reduce
post-gel shrinkage and polymerization stress;?’
therefore, another approach was used, which was a
modified chemistry that slows the rate of polymer-

ization to reduce shrinkage stress. That was sup-
ported in the results of this study, as these
composites exhibited longer time to achieve maxi-
mum stress rate t __ (13.30, 9.82 and 8.91 seconds
for VB, FB, and SF respectively) in comparison to
6.54 seconds for the control FZ.

For many years, there was a general understand-
ing among clinicians and researchers that placing
resin composite in small increments significantly
reduced shrinkage stresses.?"?> This concept was
recently questioned by several researchers,?®° who
recommended the use of larger increments or even
bulk filling of the entire cavity with one increment.
One main concern raised with using the bulk filling
technique, is that the material may suffer from
reduced polymerization at the deeper layer of the
increment due to light attenuation. Recently intro-
duced bulk-fill materials were claimed to have more
potent initiator systems,® and most of the products
in this class of material are characterized by low
viscosity and high translucency.

It has been reported that resin-based filling
materials should exhibit a minimum of 80% bot-
tom/top hardness percentage when cured in a 2-mm
increment in order to be considered as adequately
polymerized.?® Accordingly, in the current study, a
similar percentage at 4-mm depth was considered
acceptable curing , and above 90% was considered
high curing efficiency. The results revealed that all
investigated bulk-fill materials exhibited acceptable
to high curing at the deepest portion of a 4-mm
increment (bottom/top% > 80%). This is in agree-
ment with comparable studies that showed that
bulk-fill materials met the requirements stipulated
in the ISO 4049 specification, even with a light-
curing time as short as 20 seconds.***! Therefore,
the second null hypothesis was accepted, and the
reduction in polymerization shrinkage stress of the
tested bulk-fill materials cannot be attributed to
inadequate curing.*?*?

A significant difference was found between the
flexural modulus of the investigated materials
(p<0.05), which ranged between 4.0 and 9.0 GPa,
with VB exhibiting the lowest value (4.48 * 1.08
GPa). Meanwhile, the regression analysis revealed a
statistically significant correlation between stress
and flexural modulus (72=0.5338) and between
stress and filler loading by volume (R?=0.7333).
This may confirm that the main contributing factors
to the reduced shrinkage of bulk-fill materials are
their low flexural modulus and low filler loading.
This finding is in agreement with many previous
studies.?” Flexural modulus is a function of many
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factors such as filler content, monomer chemistry,
monomer structure, filler/matrix interactions, and
additives. SF, VB, and FB have similar monomer
structures based on UDMA, which is characterized
by a significant reduction in polymerization shrink-
age and higher molecular weight that contributes to
reduced shrinkage stress.

It is important to note that the flexural strength
and flexural modulus testing in the current study
was done with optimum polymerization settings and
did not simulate a gradual decrease of polymeriza-
tion that might be expected if the molds were 4 mm
in thickness. Although flexural properties of resin-
based materials would vary according to their curing
efficiency when placed in large-increment thickness-
es, the tested bulk-fill materials in this study
maintained acceptable to high curing efficiency at a
4-mm thickness. Further investigation is required to
determine if the modulus decreases dramatically in
these materials as has been reported for a nano-
hybrid composite.**

Regression analysis has also revealed a signifi-
cant (p=0.0001) direct relation between top hard-
ness and stress (R2=0.7135; Figure 4); therefore, it
can be noted that shrinkage stress, flexural modu-
lus, and hardness correlate positively and that
bulk-fill materials which exhibit lower shrinkage
stress are characterized by low hardness and
flexural moduli. Accordingly, the intended use of
bulk-fill materials may vary from one material to
another consistent with their mechanical proper-
ties. The results of TE and XF were significantly
different (p<<0.05) from those of VB, FB, and SF.
These results were expected due to the difference in
clinical application, filler loading (60 and 58 % by
volume for TE and XF respectively), and rheologic
properties of the two groups of materials; TE and
XF are designed to be used as final posterior
restorative materials in comparison to the recom-
mended use of VB, FB, and SF as base materials,
requiring a covering of universal or posterior resin
composite.*® According to the reported differences
in top hardness of the bulk-fill materials in this
study, further investigation of the wear behavior of
these materials should be conducted and would be
of high clinical value.

Although its mechanical properties are close to
those of control composites, TE exhibited significant-
ly lower stress values than XF and the control
material FZ, and stress values that were not
statistically different from those of VB, FB, and SF.
Moreover, the top hardness results of TE were
significantly higher (p<<0.05) than all of the tested

Operative Dentistry

bulk-fill materials except for XF and the control
material FZ. These results indicate that among the
investigated materials, TE is the only material that
can be considered for use as a posterior final
restoration while maintaining good mechanical
properties and reduced shrinkage stress.

CONCLUSIONS

The current study showed that in comparison with a
conventional posterior resin composite, the distinc-
tive shrinkage stress kinetics, flexural properties,
and enhanced initiation systems of only some of the
investigated bulk-fill materials resulted in signifi-
cant reduction in shrinkage stress while maintain-
ing adequate curing at a 4-mm thickness. This may
support the intended use of these materials for bulk
filling high C-factor and deep cavities.
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