
SUMMARY

This study investigated the effect of three equiv-
alent radiant exposure energy application
sequences (EASs): high intensity power (HIP:

1,177 mW/cm2, 40 seconds), low intensity power
(LOP: 573 mW/cm2, 71 seconds) and ramp (RMP:
650 mW/cm2, 5 seconds, then the irradiance
increases to 1047 mW/cm2, 37 seconds) on the
microtensile bond strength (MTBS) in both low
and high C-factor cavity preparations. Thirty
Paradigm blocks (Z100) were mounted in stone,
with their top surfaces parallel to the mounting
block. High C-factor (HC=3.8) Class I cavity
preparations were then prepared in 15 of the
Paradigm blocks using a computer-controlled
specimen former. Low C-factor (LC = 1.8) Class II
cavity preparations were prepared in the
remaining 15 blocks by sectioning them perpen-
dicularly using a slow-speed diamond saw. Five
samples, one from each experimental group (3
EASs x 2 C-factors), were prepared and stored in
the dark for 48 hours in distilled water at 37°C
prior to MTBS testing on the third day and on the
remainder of the samples (n=30). Mode of frac-
ture was determined with a stereomicroscope at
20-40x magnification. The findings of this study
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indicated that HC, in combination with HIP, had
significantly lower bond strength (27.54 MPa)
than LC with HIP (51.39 MPa). On the other
hand, there was no significant difference
between high and low C-factors with the other
EASs (LOP or RMP). There was also no signifi-
cant effect for EAS (HIP, RMP and LOP), with C-
factor (HC or LC) held constant. The HIP-HC
group had the highest percentage of adhesive
(20%) and mixed adhesive (50%) failures (70%
total). Adhesive and mixed adhesive failures
occurred in other groups, but with lower per-
centages (RMP-LC: 40% total) (LOP-HC: 40%
total).

INTRODUCTION

Polymerization shrinkage is one of the most important
and clinically relevant problem associated with pho-
topolymerization. For every mole of carbon-carbon dou-
ble bond conversion of the methacrylate-based resin
composite monomer into carbon-carbon single bond to
form the polymer, there is 23 cubic centimeters of
shrinkage.1 The amount of conversion of monomer into
polymer depends on the total energy applied to the
resin composite. Total energy or radiant exposure (for-
merly referred to as energy density) is the product of
irradiance (units = mW/cm2, formerly referred to as
power density) and time (units = s) and is expressed in
J/cm2 or mJ/cm2.

Polymerization shrinkage of resin composites is of
clinical importance because of transient and residual
stresses that are introduced during restoration of the
tooth. Polymerization shrinkage stress does not depend
solely on the volumetric contraction of the resin com-
posite, but also on the elastic modulus of the composite
and the tooth,2 cavity design3 and the extent to which
the restoration remains bonded to the tooth.
Polymerization shrinkage stress is positively correlated
with irradiance,4 and the rate of force development is
also linearly related to irradiance.5 High irradiance cur-
ing lights, with their resulting higher forces and force
rates, have been found to have a negative effect on the
integrity of the restoration-cavity interface.6-7

Several strategies have been proposed to decrease
polymerization shrinkage, including placement of low-
modulus liners or bases, incremental placement of
resin composite and placement of initial increments of
chemically cured composites. There is no conclusive
data on the efficiency of the incremental placement
technique in reducing the contraction stresses of resin
composite. A finite element analysis study conducted by
Versluis and others suggests that the incremental com-
posite restoration filling technique may actually result
in higher polymerization shrinkage effects than the
bulk filling technique.8

New methodologies of light application, so called
“soft-start” methods, have been developed in order to
overcome problems associated with polymerization
shrinkage. These strategies include a low initial irradi-
ance followed by a stepped or ramped increase to high-
er irradiance or a short, low irradiance pulse followed
several minutes later by a longer exposure to high irra-
diance. Extended exposure times at low irradiance
have also been shown to result in decreased shrinkage
stress9 and improved marginal fidelity.6 These energy
application sequences (EASs) describe the application
sequence, timing and irradiance for each step or steps
used in the light application. The purported reason for
using these techniques is to lengthen the pre-gelation
phase by lowering the polymerization rate, thus pro-
viding more time for the resin composite to flow, relieve
stress10 and, subsequently, result in an improved adap-
tation of the resin composite. When comparing differ-
ent EASs, one must be sure that similar degrees of con-
version have been achieved, since contraction force is
proportional to the degree of conversion.11 The exposure
duration of the EASs being evaluated can be modified
so that equivalent radiant exposures result in similar
degrees of conversion for proper light-curing of the
resin composite.12-13

Several studies have found that the soft-start poly-
merization technique was effective in reducing gap for-
mation in resin composite restorations.14-17 It is
assumed that improved marginal fidelity in prior stud-
ies is a result of lower shrinkage stress, and several
studies have found that soft-start light curing can
reduce the polymerization contraction stresses trans-
ferred to the tooth-restoration interface.5,18-21

Another factor that may play a role in the develop-
ment of contraction stresses and, thus, the adaptation
of the resin composite to the bonded cavity walls, is the
C-factor, which is the ratio of the bonded to unbonded
surface area.3 Increasing the C-factor has been associ-
ated with an increase in the development of shrinkage
stresses3 and, subsequently, an adverse effect on bond
strength.22-24

Most of the studies that investigated the effect of the
light-curing mode on bond strength have utilized shear
bond strength tests with low C-factor configurations.25-26

The use of microtensile bond strength allows sampling
of a specific interface in cavity preparations with high
or low C-factors. e Silva and others utilized microten-
sile bond strength testing to investigate the effects of
EAS on bond strengths in high C-factor preparations.
This study found that stepped light intensity resulted
in higher MTBS values compared to a conventional sin-
gle-intensity curing mode. There was no significant dif-
ference between the pulse-delay and conventional light-
curing modes.27
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This study investigated the
effect of low, high and ramped
irradiance energy application
sequences on microtensile bond
strength in both low and high C-
factor preparations. The work-
ing hypotheses studied were: (1)
The bond strength of resin com-
posite to Paradigm substrate
will be higher when the initial
irradiance is lower, as with the
ramped cure mode or, if the
entire exposure is at a lower
irradiance (mW/cm2), as the rate
of stress formation is slower and
may potentially be compensated
for by flow. Initial or continued
low irradiance was compensated
for by increased irradiation
time(s), so that all EASs resulted
in equivalent radiant exposure
(mJ/cm2). (2) The bond strengths
of resin composites to Paradigm
substrate will be improved irre-
spective of EAS (assuming equal
radiant exposure) as the C-factor
(resultant stress) decreases.
While the interaction effect of C-
factor on EAS is unknown, it
would be expected that, if EAS
has an effect, it would be more
pronounced with a higher C-fac-
tor.

Paradigm blocks with highly-
reproducible machined preparations were used as the
bonding substrate to decrease the variability that is
associated with bonding to dentin. Bonding to dentin
has been found to be both adhesive and substrate
dependent.28-29

METHODS AND MATERIALS

Three user-selectable cure modes (HIP, LOP, RMP) of a
commercially available LED curing light (Bluephase,
serial #1538474, Ivoclar Vivadent, Schaan,
Liechtenstein) were modified to provide three energy
application sequences (EASs) with equivalent radiant
exposures (J/cm2) and, therefore, similar degrees of con-
version. An equivalent radiant exposure (J/cm2) is criti-
cally important to the study design, since contraction
stress is proportional to the degree of conversion.13 Only
one resin composite was tested, since, even with equiv-
alent radiant exposures, stress and the degree of con-
version would vary with different formulations.
Heliomolar, which is generally considered a hard to
cure composite, was tested, as a more highly photosen-
sitive composite with too efficient a photoinitiator sys-

tem may not result in a lower rate of polymerization or
stress formation.17-18

Radiant exposure delivered from the high irradiance
(1177 mW/cm2) light-curing mode (HIP) over 40 seconds
was used as the control. Radiant exposure for HIP EAS
(46.9 J/cm2) was calculated by dividing the power meas-
ured over 40 seconds by the spot size (0.43 cm2). A rela-
tively high radiant exposure was chosen, as Heliomolar
is often viewed as a low stress material, because it is
hard to cure and the level of conversion and the result-
ing stress is low with lower radiant exposures.
Equivalent radiant exposures for the other EASs,
which required more extended exposure durations,
were calculated and verified experimentally using the
Ophir NOVA Laser Power/Energy monitor and
StarCom Software (version 2.04). These exposure dura-
tions (Table 1) were used to irradiate all subsequent
samples.

Thirty Z100 Paradigm resin blocks, E shade (3M
ESPE, St Paul, MN, USA), were mounted in stone, with
their top surface parallel to the mounting block. High
C-factor (2.00 x 2.00 x 5.00 mm, C=3.8) Class I cavity

Average Spot Size Average Exposure Radiant
EAS Power Irradiance Duration Exposure

(W) (cm2) (mW/cm2) (s) (J/cm2)

HIP 506 0.43 1177 40 46.9

LOP 246 0.43 572 71 46.4

RMP 450 0.43 1047 42 46.4

Table 1: Average irradiance and adjusted exposure times resulting in equivalent radiant 
exposure for high power (HIP), low power (LOP), and ramp (RMP) energy appli-
cation sequences (EAS).

Figure 1. Specimen preparation to obtain tensile specimens. A: Paradigm cylinder with 2.00 x 2.00 x 5.00
machined preparation. B: High C-factor cavity preparation (HC, C=3.8). C: Low C-factor cavity preparation
(LC, C=1.8) with vertical sectioning of cylinder to allow insertion of Mylar strip, which reduces bonded sur-
face area. D: 2.00 mm thickness sectioned from top of specimen. E: Top view of sectioning to obtain sticks.
F: Sectioned sticks G: Trimmed sticks.
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preparations were prepared in 15 of the Paradigm
blocks using the University of Iowa CNC Specimen
Former with a flat cylindrical medium grit diamond
bur, #835. Low C-factor (2.00 x 2.00 x 5.00 mm, C= 1.8)
Class II preparations were prepared in the other 15
blocks by sectioning them perpendicularly using a
slow-speed diamond saw (Isomet 1000 Precision Saw,
model #11-2180, Buehler, Lake Bluff, IL, USA) prior to
machining the cavity preparations (Figure 1). As both
the Class I and Class II preparations had similar
dimensions and geometry, an equivalent volume of
composite was used for both cavity preparations, and
the same interface was tested for both C-factors.

The bonding surface of the Paradigm block was sand-
blasted for 2-3 seconds immediately before bonding
using Precision Sandblaster, Model er/erc, (Danville
Engineering Inc, Danville, CA, USA). The surface was
acid etched with 35% H3PO4 for 15 seconds, rinsed for
30 seconds, then dried for 60 seconds. One drop of
ceramic primer, RelyX (3M ESPE), was applied direct-
ly to the bonding surface and left to dry for 30 seconds.
The Heliobond Syntac adhesive (Ivoclar/Vivadent) was
applied with a brush and light cured for 10 seconds
with HIP.

A C-clamp was used to hold a rectangular block and
celluloid strip against the unbonded surface corre-
sponding to the proximal surface of a Class II prepara-
tion in the low C-factor samples. This allowed for use
of a similar condensation technique for the high and
low C-factor groups and similar light orientation for
equivalent irradiation of the resin composite surfaces.
Shade A2 resin composite (Heliomolar,
Ivoclar/Vivadent) was light-cured in bulk with each
respective EAS.

All samples were light cured from the top using a cel-
luloid strip between the light guide and the resin com-
posite to prevent degradation of
the radiant exitance. Irradiance
was monitored throughout the
experiment using an LED
Demetron Radiometer (Kerr,
Danbury, CT, USA).

Five samples, one from each
experimental group (3EAS x 2C-
factor), were prepared, then
stored in the dark for 48 hours
under distilled water at 37°C
prior to sectioning and testing on
the third day. The order of sam-
ple fabrication, sectioning and
testing/sectioning/testing was
reversed for each subsequent set
of five samples, respectively, for
all 30 samples.

Two sticks, 2.00 mm x 2.00 mm in cross-section, were
sectioned from each sample using a slow-speed (100
rpm) diamond saw under constant water cooling
(ISOMET 1000 Precision Saw, model No 11-2180,
Buehler, Lake Bluff, IL, USA). The sticks were
trimmed at the center of the paradigm/resin composite
bonding interface with an 8-micron cylindrical dia-
mond bur running longitudinally at 200,000 rpm with
constant water cooling mounted in the University of
Iowa CNC Specimen Former. The cross-sectional
diameter of each specimen was measured with a digi-
tal caliper (Mitutoyo Corp, Kawasaki-shi, Japan) to
the nearest 0.01 mm and ranged from 0.49 to 0.52
mm2, with a gauge length of 1 mm. A passive gripping
system (Dircks device), which possesses a matched
radius of curvature to the test specimen (0.60 mm),
was used to apply a tensile load. Each specimen was
tested at 1 mm/minute until failure in a material test-
ing machine (Zwick/Roell Model BZ2.5/TN1S, Zwick
GmbH & Co, Ulm, Germany), with the stress to failure
expressed in MPa.

After testing, the mode of fracture was determined
by examining the specimens with a stereomicroscope
under a range of 20 to 40x magnification. The mode of
fracture was categorized as: 1) cohesive within
Paradigm, 2) cohesive within resin composite, 3) with-
in adhesive, 4) mixed with > 50% in Paradigm, 5)
mixed with >50% in resin composite, 6) mixed with
>50% in adhesive.

Descriptive statistics were calculated, and analysis of
variance (ANOVA) and the post-hoc Tukey’s studen-
tized range (HSD) test were used to determine differ-
ences in bond strength among the groups, including
assessment of possible interaction. All tests had a 0.05
level of statistical significance. SAS (version 9.1) soft-
ware was used for the data analysis.

C-factor MPa (SD) Tukey’s Group Comparison

A: Mean microtensile bond strength for the C-factors with the high energy application sequence
(HIP).

LC 51.4 (27.5) A

HC 27.5 (20.0) B

B: Mean microtensile bond strength for the C-factors with the ramp energy application sequence
(RMP).

LC 58.7 (24.9) A

HC 34.9 (26.8) A

C: Mean microtensile bond strength for the C-factors with the low power energy application
sequence (LOP).

LC 33.2 (22.2) A

HC 52.4 (32.5) A

*Means with the same letter are not significantly different. Comparisons significant at the 0.05 level.

Table 2: Mean microtensile bond strength for the C-factors with A: High power energy 
application sequence (HIP), B: Ramp energy application sequence (RMP) and
C: Low power energy application sequence (LOP).
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RESULTS

Based on two-way ANOVA, the
data showed a significant interac-
tion effect between the EAS and C-
factor on MTBS (p=0.0147). The
results revealed that there was a
significant effect for the level of C-
factors (p=0.0398) on MTBS in the
high power (HIP) group. Tukey’s
HSD tests showed that the mean
MTBS for high C-factor (HC)
(mean=27.54 MPa) was signifi-
cantly lower than the mean MTBS
for low C-factor (LC) (mean= 51.4
MPa), (Table 2A).

The difference in
MTBS between low C-
factor (58.7 MPa) and
high C-factor (34.9
MPa) for the ramp
(RMP) EAS
approached signifi-
cance (p=0.0543)
(Table 2B). There was
no statistical differ-
ence between low C-
factor and high C-fac-
tor with the low power
( L O P ) - E A S
(p=0.1413), (Table 2C).

The data also provid-
ed evidence that there
was no significant dif-
ferences among HIP,
RMP and LOP EASs
for either high C-fac-
tor (HC) (p=0.1248),
(Table 3A) or Low C-
factor (LC) (p=0.0813),
(Table 3B).

Figure 2 summarizes
the failure mode percentages of the debonded speci-
mens in each EAS-C-factor group and their correspon-
ding microtensile MTBS (SD) values. Most of the fail-
ures tended to occur cohesively in the resin composite.
Pure or mixed failures (>50%) within Paradigm were
the least common failure mode.

The HIP-HC group, which had the lowest bond
strength, also had the highest percentage of adhesive
(20%) and mixed adhesive (50%) failures (70% total).
Adhesive and mixed adhesive failures occurred in other
groups, but with lower percentages, (RMP-LC: 40%
total), (LOP-HC: 40% total), (Table 3). All groups with
higher bond strengths had 50% or more of their failures
occur within the resin composite. There were no cohe-

sive failures entirely within Paradigm and only one
group (LOP-HC) had mixed failures of more than 50%
within Paradigm.

DISCUSSION

The Paradigm CEREC blocks were used in this study
as a substitute for dentin, as bonding to dentin has
been shown to be material- and substrate-dependent. It
is well known that bonding to superficial dentin has
higher bond strength values compared to deep dentin.29-31

Bonding to dentin is also technique sensitive and sub-
ject to operator variability.32 A prefabricated material,
such as Paradigm CEREC blocks that are fabricated
under controlled and optimized manufacturing condi-

Figure 2: Percentages of failure mode for each group of energy application sequence and C-factor (EAS-C- factor) and
their corresponding mean microtensile bond strength [MPa (S.D)].

EAS MPa (SD) Tukey’s Group Comparison

A: Mean microtensile bond strength of the energy application sequences at the high C-factor
level (HC).

LOP 52.4 (32.5) A

RMP 34.9 (26.8) A

HIP 27.5 (20.0) A

B: Mean microtensile bond strength of the energy application sequences at the low C-factor level
(LC).

RMP 58.7 (24.9) A

HIP 51.4 (27.5) A

LOP 33.2 (22.2) A

*Means with the same letter are not significantly different. Comparisons significant at the 0.05 level.

Table 3: Mean microtensile bond strength of the energy application sequences at A:
High C-factor level (HC), B: Low C-factor level (LC).
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tions, should therefore provide a more uniform sub-
strate for bonding and was expected to reduce any vari-
ability that might be attributable to the bonding sub-
strate.

Theoretically, the microtensile bond strength test
should develop more even stress distribution than the
shear bond strength test. However, stress distribution
in the microtensile bond strength test has also been
shown to be non-uniform. According to finite element
analysis studies by Van Noort and others, the proba-
bility that defects in the adhesion interface may domi-
nate the propagation of fracture during testing is very
high due to interfacial stress distribution, especially at
the edge of the interface.33-34 Additional potential con-
tributions to non-uniform stress distribution and the
subsequent variability in observed results include:
specimen geometry, gripping method and substrate
properties. The dumbbell specimen used in this study
has been demonstrated to have a superior stress dis-
tribution over the testing region as compared to an
hourglass, and certainly, an untrimmed stick.35 Also,
the passive gripping device (Dircks device) used in this
study does not employ any glue for fixation, which
should reduce the possibility of any bending effect dur-
ing tensile loading. However, it is unknown whether
the testing methods employed exceeded customary
allowable percent bending (<5%).36 It is known that
both the resin composite and Paradigm are relatively
brittle substrates and, therefore, the reported strength
values will be greatly influenced by any intrinsic flaws
or defects in the bonded assembly.

Although there was a large numerical difference
among means, this high variability may have con-
tributed to the lack of significant differences among
groups other than HIP-HC (p=0.0398). The test for
simple effects for the C-factor with RMP-EAS
approached significance (p=0.0543), as did the test for
simple effects for EAS at low C-factor (p=0.0813).
Paradigm, a supposedly more uniform substrate, failed
to reduce bond strength variability. Although an
attempt was made to reduce the occurrence by using
CNC fabrication, it is possible that machining the
preparations introduced defects such as microcracks or
surface irregularities which influenced the results.
Despite this, the microtensile bond strength test has
been found to be reliable for testing resin cements
bonded to processed composite substrate, such as
Paradigm blocks.37

Energy application sequence (EAS) is a term used to
describe the integrated area under the curve of irradi-
ance, or power, (y-axis) plotted as a function of time (x-
axis) that defines radiant exposure or product of irra-
diance and exposure duration. Soft-start curing meth-
ods have a reduced initial irradiance that supposedly
allows the composite to flow before reaching the gel-
point, thereby reducing the final polymerization

stress.38 User-selectable EAS sequences would have
resulted in differing radiant exposures with differing
degrees of conversion and, hence, differing amounts of
shrinkage stress. The exposure durations of the four
energy application sequences used in this study deliv-
ered equivalent radiant exposures, which should result
in equivalent degrees of conversion13 and thus equiva-
lent total shrinkage stress.5,39 Any reduction in shrink-
age stress and associated improvement in bond
strength should then be attributable to lower irradi-
ance of the RMP and LOP EASs.

In this study, the bond strength of ramp EAS was not
significantly lower than the standard high power EAS
under both high and low C-factors. Those findings are
in line with Caldwell and others, who found that there
is no difference in shear bond strength between
stepped and continuous light-curing modes.26 Price and
others, however, found that the shear bond strengths
obtained with standard light were significantly greater
than those obtained with stepped curing light using
the Elipar Highlight light-curing device.25 On the other
hand, e Silva and others found that microtensile bond
strength was higher when the soft-start light-curing
mode was used compared to the conventional continu-
ous light-curing mode.27

However, the radiant exposure of EASs is not always
equivalent, as in the previously mentioned studies
which evaluated the effect of EAS on bond strength.25-26

This may be clinically relevant, as most clinicians do
not compensate for an EAS with a lower overall radi-
ant exposure by increasing exposure time. As a result,
user-selectable EASs may result in a lower degree of
conversion and lower stress, which would theoretically
improve bond strength with soft-start EASs, or alter-
natively, they might improve bond strength with stan-
dard EASs due to improved degree of conversion.

Studies on the efficacy of soft-start light curing in
reducing polymerization shrinkage vary and depend on
the type of soft-start used in each particular study.
While Yap and others found that pulse activation did
not significantly reduce post-gel shrinkage,20 Lim and
others found that polymerization of resin composite
using an initial low irradiance followed by a lag period
before a final high irradiance resulted in reduction in
polymerization shrinkage stress.19 Stepped light-curing
did not influence the rate and maximum polymeriza-
tion shrinkage forces in studies by Bouschlicher and
others and Yap and others.40-41 Bouschlicher and
Rueggeberg found that the rate of development of poly-
merization contraction stress and final shrinkage
stress were effectively reduced using ramped light-cur-
ing.18 Similarly, Ernst and others found that ramp
light-curing reduced final polymerization contraction
stresses.
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It should be taken into consideration that the aver-
age radiant exposure used in this study (46.9 J/cm2) is
relatively high compared with other studies that have
shown a reduction in shrinkage stress. In addition, the
results of this type of study are highly dependent on
irradiance and photoinitiator concentration, and there
is a narrow range within these variables where stress
reduction can be achieved.42 The effect of EAS was
expected to more likely show up with a hard-to-cure
composite, such as Heliomolar, which was selected for
use in this study. A resin composite with higher pho-
toinitiator concentration and/or greater light transmis-
sion in combination with a high irradiance light may
defeat the stress relieving effects of soft start EASs.
The effects of reduced curing rates on contraction
stress are limited, and significant reductions in stress
can be obtained if the curing rate drops below a certain
threshold, with reduced irradiance in the early stages
of photoinitiation.17-18,42 It should be noted that, while
Heliomolar is generally regarded as a low stress mate-
rial, the high radiant exposure used in this study
results (46.9 J/cm2) in higher stress levels than those
typically obtained with lower irradiance lights using a
similar 40-second exposure.

The microtensile bond strength of the LC (C=1.8)
group was significantly greater than the bond strength
of the HC group (C=3.8) in HIP EAS, which is in agree-
ment with previous studies.22-24,43-44 As the unbonded
surface area increases, the ability of the resin compos-
ite to relieve contraction stresses by flow increases,45-46

resulting in less disruption of the interface between the
resin composite and the cavity wall.47-48

The only group that had more adhesive failure, either
pure adhesive or mixed with >50% in adhesive, associ-
ated with lower bond strength, was HIP-HC (70%).
This was expected, since the combination of high irra-
diance and high C-factor was expected to result in
more shrinkage stresses being transferred to the cavi-
ty-restoration interface.5,45 Low compliance systems,
such as high C-factor cavity preparations, are expected
to result in a higher degree of conversion.49 As higher
degrees of conversion result in greater shrinkage
stress,50 one might expect lower bond strengths due to
greater disruption of the interface prior to MTBS test-
ing. There was no general trend between lower bond
strength values and adhesive failure mode noted with-
in the other groups.

Although there was no statistically significant differ-
ence in MTBS between the EASs under high constraint
(C=3.8), low power EAS (LOP, 573 mW/cm2 x 71 sec-
onds = 46.4 J/cm2) had the highest bond strength. This
finding is in agreement with Uno and Asmussen, who
found that a significant improvement in marginal
adaptation could be obtained by polymerization at low
irradiance.10 This finding also agrees with another
study by Uno and others, where the authors found that

resin composite cured at a low irradiance with extend-
ed exposure times produced restorations that were
well-adapted to dentin cavity walls.14 Low irradiance
was found to ameliorate polymerization shrinkage by
extending the viscoelastic stage of the setting material
and resulted in improved interfacial integrity.6

Increasing exposure time to compensate for decreased
irradiance results in a similar degree of conversion,13

therefore, physical properties of the resin composite
should not be affected.

If dentin is the substrate, high water content may act
as heat sink and limits heat buildup. With Paradigm,
the temperature increases associated with light curing
and polymerization may have a greater effect on the
compliance or constraint of the surrounding bonded
substrate. Musanje and Darvell found that elevated
temperature is associated with a decline in the elastic
modulus of the resin composite; they speculated that
the relaxation mechanism may exist at a low elastic
modulus, which would allow stress relief to occur.51

Increased heat buildup in the Paradigm block may
cause relaxation of the polymer at the bonded inter-
face, and this would be expected to enhance the bond
strength of both C-factors. There was no statistical dif-
ference in bond strengths between the high and low C-
factor with LOP, but the relative values are puzzling.
While the radiant exposure for all EASs was equiva-
lent, the longer exposure duration associated with LOP
can result in greater heat buildup in the resin compos-
ite and surrounding substrate.52 The extended expo-
sure duration of the LOP EAS may have resulted in a
difference in heat buildup, with resulting differences in
thermal dimensional change of the walls adjacent to
the open side of the LC preparation compared to the
HC preparation. The open-side preparation used with
low C-factor may have increased dimensional changes
due to thermal expansion-contraction, with a resultant
increase in disruption of the bonded interface and,
hence, relatively lower bond strength. Measurements
of relative expansion contraction of the open and closed
C-factor configurations might clarify any role that dif-
ferential expansion-contraction played in these results.
Again, these factors may be unique to the use of a resin
composite substrate and may not be applicable to
dentin.

The results of this in vitro study may be specific to
the resin composite and light curing unit utilized.
Ernst and others stated that the effect of the soft-start
curing mode depends on the resin composite, itself.17

The same observation was also found by Lim and oth-
ers, who discovered that the percentage of polymeriza-
tion shrinkage reduction was different among the
three resin composites which used the same soft-start
light-curing mode.19 Tests for the simple effects of C-
factor with RMP-EAS approached significance
(p=0.0543), as did the test for simple effects for EAS on
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low C-factor (p=0.0813). In these two instances, the
conclusions drawn were based on strict interpretation
of the statistical analysis, and increasing the sample
size may have affected the results and the conclusions.

CONCLUSIONS

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

1. High C-factor resulted in significantly lower
bond strength when resin composites were
polymerized with high power EAS. There was
an associated increase in adhesive failures
within the HIP-HC group.

2. There was no significant difference in MTBS
for high or low C-factor with low power-energy
application sequences.

3. There was no significant difference in MTBS
for high or low C-factor with ramp energy
application sequences.

4. There was no significant difference in MTBS
for energy application sequence at high C-factor.

5. There was no significant difference in MTBS
for energy application sequence at low C-factor.
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