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Clinical Relevance

The application of flowable composite as a liner may not improve marginal adaptation and
is product dependent. Lining the cavity with a 1-mm-thick layer of a bonding agent
improves marginal adaptation but, clinically, may be problematic.

SUMMARY

The aim of this study was to evaluate how
cavity linings with different elastic modulus
can influence the marginal adaptation (MA) of
Class II composite restorations before and
after thermo-mechanical loading.

Materials and Methods: Forty Class II cavities
with margins extending 1 mm below the ce-
ment-enamel junction were prepared in ex-
tracted human third molars. In each group
except the control group, a lining material of 1-
mm thickness was applied to the bottom of the
cavity and polymerized before placing the

resin composite Herculite XRV Ultra (group

A: control; group B: Premise Flowable lining;
group C: Herculite XRV Ultra lining; and group

D: Optibond FL lining). MA was evaluated

(with a scanning electron microscope) before
and after loading (200,000 loading cycles).

Statistical analysis was done using the Sha-
piro-Wilks test, the analysis of variance test,

and Duncan post hoc test at p,0.05.

Results: Before loading, the percentages of

continuous margins in dentin were superior
(p,0.05) for groups C and D (71.1% and 87.2%,

respectively) compared to groups A and B
(55.7% and 48.3%, respectively). After loading,

group D (79.8%) was statistically superior in
dentin compared to all of the other groups

(43.6%, 35.9%, and 54.4%, respectively). In oc-
clusal enamel, no significant difference was

found between groups. The percentage of

enamel fractures and the percentage of non-
continuous margins in proximal enamel were

high, with no significant difference between
liners. It can be concluded that for the mate-

rials used in this study, a 1-mm-thick lining
with an extremely low elastic modulus (2-3

GPa) could redistribute shrinkage stress. The
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use of a flowable composite did not signifi-
cantly improve MA.

INTRODUCTION

Light-cured resin composites (RCs) benefit today by
an increasing spectrum of indications; their applica-
tion has been expanded to include the restoration of
anterior tooth wear1-6 and noncarious cervical
lesions.7-10 Therefore, RCs continuously face chal-
lenges associated with specific environments, such
as high tensile stresses in cervical areas as well as
increased expectations with regard to longevity.
Long-term stability is considered to be affected to a
significant degree by marginal integrity.11-13

The marginal seal of composite restorations rep-
resents an increasing concern. Over the years, in
vitro evaluations of the performance of resin adhe-
sives revealed that microleakage and gap formation,
mainly at the dentin-composite interface, did not
improve at the same rate as did bond strength
values.13-16 Independent of the bonding capacity of
an adhesive system, it seems that adhesive restora-
tions are far from assuring a perfect marginal seal,
with degradation in time occurring regardless of the
product used.17 Marginal integrity is considered to
be the result of several parameters related to the
forces created by curing contraction, as bond
strength alone could not be correlated to marginal
adaptation (MA) in a study undertaken by Kemp-
Scholte and Davidson.18

A consensus can be found in the literature with
regard to the effect of curing contraction in restora-
tion performance. As a result of the confinement of
the restoration, curing contraction has been shown
to generate strain along the tooth restoration
complex, leading to pre-stressed obturations, which
are more prone to long-term degradation. The
unfavorable effects of polymerization contraction
forces can be evaluated effectively by marginal
analysis, as marginal gaps offer proof of the forces
generated by polymerization shrinkage or by ther-
mo-mechanical strain, exceeding the bond
strength.15 Other methods of assessing the effects
of polymerization contraction are finite element
analyses (FEA) of the stress distribution,10,19-21

measurements of tooth deformation22-27 and, recent-
ly, a three-dimensional (3D)-deformation analysis.28

The phenomenon of force development in contract-
ing materials was first described in the dental
literature by Bowen.29 Later, the subject of polymer-
ization contraction stress was studied in depth in an
attempt to clarify the complex interaction among the

many factors involved. An interplay of polymeriza-
tion shrinkage, elastic modulus (E-modulus), viscous
flow capacity, and conversion degree of the material
as well as adhesive ability, cavity configuration, and
tensile stresses exerted on the restoration12,14,19,30-33

is considered responsible for the marginal integrity.
The combined action of several factors creates
various stresses on the restoration-tooth interface,
with consequences such as debonding or strain on
the remaining tooth structure creating enamel
fissures, fractures,34 and cuspal movement.22,25,35

Authors of studies20,23,27 employing the FEA method
also developed maps of polymerization stress accu-
mulation, showing the distribution patterns of the
forces and the effect on remaining tooth structures.

The dimensional modification due to shrinkage
depends on the number, size, and functionality of the
monomers as well as on the filler load. The
volumetric contraction undergoes two phases: the
phase before and the phase after the gel point.
During the first phase, the resin retains its capacity
to flow, and, therefore, it compensates the contrac-
tion forces by rearrangement of the molecules by
preventing strain that would otherwise develop at
the interfaces. During the second phase, however,
the contraction forces are directed toward the
bonded surfaces, leading to, among other things,
defects in the MA. These defects occur when the
elasticity of the material is not sufficient to compen-
sate for the contraction forces, thus allowing for
stress to develop at the interface of the tooth
restoration complex. High strain capacity (reduced
E-modulus), high viscous flow, and small amounts of
polymerization shrinkage lead to reduced gap for-
mation.19

Extensive research was done on the implications
associated with the E-modulus of the restorative
material. Flexibility is defined as the ability of a
material to strain without becoming permanently
deformed.36 The higher the E-modulus and the
polymerization shrinkage of the composite, the
higher the contraction stress will be.12,20,23,37 Ac-
cording to physical laws and in vitro observations, a
low E-modulus is supposed to play an important role
in stress relief, becoming, therefore, a desired
property of the material.19,20 It is assumed that an
increased flexibility would lower stress values on the
interface.19,20 However, both the E-modulus and
contraction are related to the filler content: a higher
filler load would lead to a lower contraction but to an
increase in stiffness as well.12,14,31,36,38 A way to
overcome this difficulty within material composition
involves the use of a flexible material as liner under
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the restorative material, giving rise to the ‘elastic
wall’ theory. Based on the hypothetical benefits of
increasing the compliance of the prepared cavity
artificially, low-modulus intermediate layers such as
flowable RCs and unfilled adhesives were presented
as stress breaking materials.33,36,38,39

Different studies18,20,37,40 measured stress relief
when an unfilled resin with increased thickness was
used as intermediate stress breaker, and an FEA
study20 was able to create a stress map of the tooth-
restoration complex measuring different stress relief
values for different thicknesses of the adhesive
layers. However, studies evaluating the influence
of flowable composites placed as intermediate layers
on marginal integrity show conflicting results. Based
on previous research, a general opinion prevails
indicating that the behavior of a material as a stress
absorber cannot be predicted using the E-modulus
alone, as polymerization kinetics is a complex
material-specific phenomenon.12,38,41 Therefore, con-
troversy is still present in the literature regarding
the supposed positive effect of flowable composites on
stress relief and marginal integrity.

Despite this high relativity, some hypotheses have
been promoted and need further investigation.
Accordingly, some authors19,37,42 suggest the use of
an extremely low E-modulus in order to obtain a
significant effect, while others37,42 suggest placing a
pre-cured layer on top of the adhesive regardless of
the composition (restorative or flowable RC).

The null hypothesis tested was that no difference
in terms of percentage of continuous margin (% CM)
exists among restorations with liners of different
elasticity. The independent variables that were kept
constant were loading condition (before and after
loading), cavity lining (no lining; Optibond FL liner;
Herculite XRV Ultra; and Premise Flowable) and
tooth substrate (occlusal enamel [OE]; proximal
enamel [PE]; and cervical dentin [D]). The only
tested variable was MA, expressed in % CM.

MATERIALS AND METHODS

Cavity Design

Forty Class II occluso-mesial cavities, with margins
extending 1 mm below the cemento-enamel junction,
were prepared in extracted human third molars (for
each tooth only one cavity was prepared). The teeth
were stored in 0.1% thymol solution, and after
scaling and pumicing, teeth were randomly assigned
to four experimental groups (n=10) and mounted on
custom-made specimen holders using a cold poly-
merizing resin (Technovit 40721, Haereus Kulzer,

Wehrheim, Germany). Prior to the mounting, the
apices were sealed with an adhesive system (Opti-
bond FL, Kerr, West Collins, CA, USA). Diamond
burs (80 lm; Universal Prep set, Intensiv SA,
Lugano, Switzerland) were used under continuous
water spray. The standardized dimensions for the
proximal cavity were as follows: width = 5 mm,
height = 6 mm (measured from the tip of the palatal
cusp to the gingival margin), depth = 2 mm (mesio-
distal width of the gingival floor). For the occlusal
cavity, the dimensions were as follows: depth = 3.5
mm (measured from the tip of the palatal cusp) and
width (vestibule-oral dimension) = 5 mm.

Materials

For all groups, a nano-hybrid composite (Herculite
XRV Ultra) was used for the restoration. A three-
step etch-and-rinse system (Optibond FL) with a
proven bonding capacity, a 48% filler load, and a
very low E-modulus was used as the adhesive. The
flowable composite Premise Flowable was chosen for
its low polymerization shrinkage relative to other
flowable composites and for its high percentage of
filler load, assuring good mechanical properties as
the lining material is in direct contact with the oral
environment (Figure 1). All of the above-mentioned
materials were provided by the same manufacturer,
therefore assuring compatibility. The properties of
the mentioned materials are listed in Table 1.

Restorative Procedures

Restoration was performed immediately after cavity
preparation in order to avoid alteration of dental
tissues. All cavities were beveled in the occlusal box.

Figure 1. Application of the liner and layering technique of the RC.
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The teeth were randomly assigned to one of the four
groups, as follows.

Group A (Control Group)

The cavities were encircled with a metallic matrix
band after conditioning enamel and dentin with a
37% H

3
PO

4
gel (Gel Etchant, Kerr) for 45 seconds

and 15 seconds, respectively. Dental tissues were
rinsed and nearly dried with a light air pressure
spray (two to three seconds) before the application of
the two adhesive components (Primer and Adhesive),
following the manufacturer’s instructions. The bond-
ing resin was light-cured (Bluephase, Ivoclar Viva-
dent, Schaan, Liechtenstein) for 40 seconds. This
step was preceded by the buildup of the proximal
wall with a unique vertical increment of less than 1-
mm thickness (centripetal layering technique). The
vertical increment of the proximal box was cured for
40 seconds from the occlusal direction. The matrix
band was then removed, and the composite resin was
applied using a three-increment layering technique
for the occlusal cavity (Figure 1). Each increment in
the occlusal cavity was 1.5 mm thick and was
individually cured for 40 seconds (light intensity
produced by the curing device = ;1000 mW/cm2).

Group B

The same steps were performed as for group A. After
polymerization of the adhesive system, a thin lining
layer of Premise Flowable (1-mm thickness) was
applied on the bottom of the occlusal cavity and the
proximal box (exposed to external environment) and
polymerized before the buildup of the proximal wall.
The occlusal cavity was further filled, after removal
of the matrix band, using the same composite,
Herculite XRV Ultra, and the same layering tech-
nique as described for group A (Figure 1).

Group C

The same steps were performed as for group A until
cavity restoration. After polymerization of the
adhesive system, a thin lining layer of the restor-
ative composite Herculite XRV Ultra (1-mm thick-
ness) was applied on the bottom of the occlusal cavity

and the proximal box and was polymerized before
buildup of the proximal wall. The occlusal cavity was
further filled after removal of the matrix band using
the same composite, Herculite XRV Ultra, and the
same layering technique as described for group A
(Figure 1).

Group D

The same steps were performed as for group A until
cavity restoration. After polymerization of the
adhesive system, a thick layer of the adhesive from
the Optibond FL adhesive system (1-mm thickness)
was applied as lining material on top of the same
Optibond FL adhesive system and was polymerized
before the buildup of the proximal wall. The occlusal
cavity was further filled after removal of the matrix
band using the same composite, Herculite XRV
Ultra, and the same layering technique as described
for group A (Figure 1).

Evaluation

Seventy-two hours after polymerization, the resto-
rations were finished and polished using flexible
disks with different grain sizes (SofLex PopOn, 3M-
ESPE, St Paul, MN, USA). Immediately after
completion of the polishing procedure, impressions
were made of each restoration with a polyvinyl-
siloxane impression material (President Light Body,
Coltene, Alstätten, Switzerland). Subsequently, ep-
oxy replicas were prepared for the computer-assisted
quantitative marginal analysis in a scanning elec-
tron microscope (SEM; XL20, Philips, Eindhoven,
The Netherlands) at 2003magnification. Continuous
margins were assessed separately in D (% CM in D),
PE (% CM in PE), and OE (% CM in OE), as percent
of the total length of the analyzed margins. Total
margin length represents the data from all of the
margins of a Class II cavity, which is composed of
OE, PE, and D. Additionally, enamel fractures (EF)
parallel to the margins were documented in the
SEM.

After storage at 378C in water in the dark for two
months, the restored teeth were loaded with repeat-
ed thermal and mechanical stress in a chewing

Table 1: Material Propertiesa

Material Elastic Modulus, GPa Volumetric Polymerization Shrinkage, % Filler Load by Weight, %

Herculite XRV Ultra 9.4 2.7 78

Premise Flow 7.55 3.31 72.5

Optibond FL 1-3 — 48a

a Data provided by the Kerr Corporation.
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machine. Thermo-cycling was carried out in flushing
water with temperature changing 600 times from
58C to 508C and back with a dwell time of two
minutes at each temperature. The mechanical stress
comprised 200,000 load cycles transferred to the
center of the occlusal surface with a frequency of 1.7
Hz and a maximal load of 49 N. Epoxy replicas were
prepared for the computer-assisted quantitative
marginal analysis in a SEM, using the same
parameters as were used before the loading proce-
dure.

Statistical analysis was done using the Shapiro-
Wilks test, and differences between groups were
statistically evaluated using analysis of variance and
the Duncan post hoc test at p,0.05. The difference
between results related to loading conditions (before
and after the fatigue test) was analyzed using the
statistical method of the paired t-test. MA was the
only dependent variable.

RESULTS

Only the means and standard deviations for the
percentages of CM and EF are reported, as ‘overfilled
margins’ and ‘underfilled margins’ did not exceed 5%
in any group. The scores for the MA are displayed
separately for PE, D, and OE in Tables 2 through 5.

Before loading, the MA in cervical D was superior
(p,0.05) for groups C and D compared to groups A
and B. In PE and OE, all groups showed the same
behavior (p.0.05) and it was noticed that the % CM

in PE was relatively low compared to the % CM in
OE (Tables 2 through 5).

After two months of water storage and after
thermal and mechanical stressing, the MA decreased
considerably in all four groups at a statistically
significant level. A paired-samples test showed
significant differences (p=0.000) between both test-
ing intervals before and after loading in all of the
marginal segments tested (occlusal, proximal, and
terminal).

Significant differences between groups were found
for the criteria % CM in D and % CM in PE. In D, the
superiority of the group D was clearly outlined
(p,0.05) compared to all of the other three groups
(Table 2). In PE, significant superiority was found
only for group C compared to group A, with no
statistically significant difference between the other
liners. The % of enamel fractures (% EF) was high
after loading, the application of the liners showing
no statistically significant improvement of the MA
(Table 5).

All restorations, both with and without lining
material, presented discontinuous margins. The null
hypothesis could be rejected, as statistically signif-
icant differences could be demonstrated between
groups.

DISCUSSION

The present study was designed to test the classical
presumption about the positive effect of flowable
composite liners (Premise Flowable in this experi-

Table 2: Percentage of Continuous Margins (%CM) Located in Dentina

Group Description Before Loading (mean 6 SD) After Loading (mean 6SD)

A Control (Optibond FL þ Herculite XRV Ultra) 55.7 6 25.1 b,c 43.6 6 28.2 b

B Opotibond FL þ Premise Flowable þ Herculite XRV Ultra 48.3 6 21.8 c 35.9 6 28.6 b

C Optibond FL þ Herculite XRV Ultra þ Herculite XRV Ultra 71.1 6 27.8 a,b 54.4 6 29.6 b

D Optibond FL þ Optibond FL þ Herculite XRV Ultra 87.2 6 19.4 a 79.8 6 25.4 a

Abbreviation: SD, standard deviation.
a Different letters indicate significant differences between groups of the same column (p,0.05). The lowest values of marginal continuity were obtained for groups A
and B. Before loading, groups C and D were significantly superior compared to groups A and B but were not significantly different compared to each other. After
loading, results showed no difference in marginal adaptation (MA) among groups A, B, and C, with group C being clearly superior.

Table 3: Percentage of Continuous Margins (%CM) in Proximal Enamel (PE) Before and After Loadinga

Group Description Before Loading, mean 6 SD After Loading, mean 6 SD

A Control (Optibond FL þ Herculite XRV Ultra) 78.6 6 3.5 a 30.3 6 14.1 c,b

B Opotibond FL þ Premise Flow þ Herculite XRV Ultra 79.2 6 23.7 a 35.5 6 23.5 b,a

C Optibond FL þ Herculite XRV Ultra þ Herculite XRV Ultra 79.6 6 16.4 a 48.6 6 14.5 a

D Optibond FL þ Optibond FL þ Herculite FL 71.1 6 16.1 a 45.5 6 9.4 b,a

Abbreviation: SD, standard deviation.
a Different letters indicate significant differences between groups of the same column (p,0.05). The % of CM in PE was low before and after loading. The comparison
between groups reveals a significant difference only for group C compared to group A and only after loading. No significant difference was found among the three
different liners.

E214 Operative Dentistry

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-09-03 via free access



ment) and to gain a better understanding of the
influence of the E-modulus on marginal sealing of
composite restorations before and after artificial
mechanical and thermal aging. For this purpose,
the study was designed to include a group with a pre-
cured layer of an extremely elastic material, such as
the adhesive of the adhesive system Optibond FL, as
well as a group with a thin lining (1-mm thickness)
of the same restorative composite used for the filling
(Herculite XRV Ultra). The significant difference
between the E-modulus of the three different cavity
linings could therefore add more to the knowledge of
marginal sealing of composite restorations than
could be gained by using only groups with different
flowable composites as liners.

SEM is a widely used method with which to
evaluate MA. Direct observation by SEM is difficult
as a result of the vacuum procedure utilized during
SEM, which causes cracks. By using a replica
method, artificial gap formation can be avoided.43

The specimens were polished after 72 hours and
stored for two months before thermo-mechanical
stressing in order to take into consideration the
complex post-polymerization processes, such as
ongoing contraction and stress relaxation by water
absorption.44,45

While several other studies assessed the MA of
restorative RC with and without a flowable liner
through the dye penetration method, no marginal
evaluation by SEM was done on a bonding product
placed as liner (in this case the Adhesive of the
Optibond FL adhesive system). Also unlike previous
studies, our experiment was not designed to compare

the effect of different flowable RC liners but rather to
assess the influence of an E-modulus within a broad
range (2-3 GPa and 9.4 GPa) (Table 1).

A group with the Herculite XRV Ultra used as a 1-
mm pre-cured layer was introduced with the purpose
of determining to which degree the improvement in
MA is due to the pure layering procedure rather
than to the properties of the lining materials.

Knowing the unpredictable effect on MA of a
flowable composite placed as a liner, regardless of its
E-modulus,12,38,41,46 we preferred to use a flowable
RC with rather optimized mechanical properties
(high filler load), which could be beneficial to clinical
use. Among other flowable RCs, the Premise Flow-
able has one of the lowest polymerization shrinkage
rates, and the filler load is close to that of a
restorative RC (72.5%).

The composite placement technique was chosen in
order to minimize the polymerization shrinkage
stress, especially at the cervical D wall. Therefore,
a unique vertical layer was considered to have a
minimal contact with the walls of the proximal box
and a favorable ratio of unbonded to bonded surface.

The cavity configuration, the adhesive, and the
restorative composite were kept constant, with the
focus remaining on those parameters related to
lining materials.

MA in Dentin

In dentin, the lowest values of marginal continuity
were obtained for groups A (no liner) and B (Premise
Flowable liner). The application of a thin liner (1

Table 4: Percentage of Continuous Margins (%CM) in Occlusal Enamel (OE) Before and After Loadinga

Group Description Before Loading, mean 6 SD After Loading, mean 6 SD

A Control (Optibond FL þ Herculite XRV Ultra) 92 6 13.7 84.5 6 21.8

B Optibond FL þ Premise Flow þ Herculite XRV Ultra 94 6 10.4 87.3 6 20.1

C Optibond FL þ Herculite XRV Ultra þ Herculite XRV Ultra 98.5 6 2 92.2 6 6.7

D Optibond FL þ Optibond FL þ Herculite XRV Ultra 97.3 6 3.6 88.6 6 8.3

Abbreviation: SD, standard deviation.
a No significant difference in %CM in OE was found between groups either before or after loading.

Table 5: Percentage of Enamel Fractures (%EF) Before and After Loadinga

Group Description Before Loading, mean 6 SD After Loading, mean 6 SD

A Control (Optibond FL þ Herculite XRV Ultra) 4.4 6 4.8 a 20.6 6 17.4 a

B Optibond FL þ Premise Flow þ Herculite XRV Ultra 4.9 6 7.7 a 38.8 6 24.1 b

C Optibond FL þ Herculite XRV Ultra þ Herculite XRV Ultra 9.5 6 18.7 a 25.6 6 16.3 a

D Optibond FL þ Optibond FL þ Herculite XRV Ultra 10.7 6 11.6 a 30.7 6 14.8 a
a Different letters indicate significant differences between groups of the same column (p,0.05). The %EF in proximal enamel (PE) was high after loading. The
comparison between groups reveals no differences before loading. After loading, group B was significantly worse (p=0.05) compared to groups A, C, and D, which
were not significantly different to each other. A high standard deviation is to be noted as well as a significance level of only p = 0.05.
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mm) of Herculite XRV Ultra led to significantly
superior MA in dentin only before loading and only
compared to the control group, but this finding was
not significantly different compared to group D
(p.0.05). This result is probably due to the benefits
of placing a pre-cured layer, as previously de-
scribed.37,42 It is worth noting that, while not always
statistically significant, the group with Herculite
XRV Ultra lining showed generally better MA than
did the control group. However, group D was
significantly better than all of the groups after
loading, indicating that layering is not the only
factor contributing to the stress relief (Table 2).

Applying the flowable RC as a liner did not achieve
better MA. Before loading, group B was significantly
worse than group C. After loading, results showed no
difference in MA by using the flowable liner
compared to the results achieved by layering the
composite (group C) or compared to the control group
results (group A). Both before and after loading,
group B was significantly worse than group D. A
possible explanation, presented by other au-
thors12,38,41 as well, indicates that the benefits of
the elasticity of the flowable liner were probably
surpassed by its contraction.

After thermo-cycling, a significant improvement of
MA in dentin was obtained only by placing a 1-mm-
thick layer of Optibond FL on top of the same
bonding product (Table 3). A clear positive effect on
MA was observed in dentin before and after loading.
This positive influence could be explained by the
very low E-modulus of the Adhesive of the Optibond
FL system, in the range of 1 to 3 MPa, as was
predicted by some authors20,33,40 and in accordance
with other in vitro studies18,36,37 showing a positive
effect of thick layers of unfilled resins used as stress
breaking liners under restorative composites. One
FEA analysis47 revealed an interesting finding in
Class V cavities, in which only a very low E-modulus
(2 GPa) was shown to be capable of absorbing
tensions along the tooth restoration interface and
thus preserving the cohesive and adhesive integrity
of the tooth restoration complex.

MA in Enamel

In this study, the adaptation to PE was low and
decreased significantly after loading. Some consid-
erations are to be made regarding the evaluation of
marginal integrity in PE, as follows:

� In all groups, the % of CM in PE after loading was
low compared to OE (Tables 3 and 4). The most
important cause is probably the lack of beveling

PE, leading, therefore, to a weak adhesion prone to
EF.48 The comparison between groups reveals no
differences in MA before loading as well as an
almost significantly higher % EF for group B after
loading (p=0.05), although at a high standard
deviation. While the % CM in PE was generally
very low, the only significant difference between
groups was found after thermo-cycling in group C,
which scored higher % CM compared only to group
A. It should be noted that no significant difference
was found among the three different liners. It
would appear that in PE, the most influential on
MA was the lack of beveling of the margin. Less
important seems to be the type of liner, which was
not placed directly on the PE margins. In this
particular configuration, the Optibond FL liner
seems to have only a local effect in its area of direct
application, which is the cervical D margins.

� Contraction seems to contribute as well to the
degradation of the marginal integrity. The paired-
samples test showed significantly higher values for
the % EF and significantly lower % CM in
proximal cavities after thermo-cycling compared
to before thermo-cycling. It is well documented23

that areas pre-stressed by polymerization shrink-
age show failure under occlusal load. Forces due to
contraction created a residual strain within the
tooth, leading, after loading, to the formation of
cracks in the PE, a finding that is in accordance
with those of the FEA analysis of Versluis and
others.27

� Moreover, as a result of the cavity geometry, the
axial enamel in a mesio-occluso-distal (MOD)
cavity compensates less for deformation under
load, compared to OE margins.27 Under thermo-
mechanical load, sound teeth distribute applied
stresses more homogeneously compared to the
structurally modified teeth, which show a complex
biomechanical behavior due to the interruption of
tissue continuity.23,27,33 Therefore, the high per-
centage of noncontinuous margins in PE observed
after loading could also result from a differential
behavior, under load, of the PE walls compared to
the OE margins when the continuity of a tooth is
interrupted by a MOD cavity.

Therefore, the interaction between shrinkage
stress distribution patterns27,28 and biomechanical
balance23,27 of an occluso-proximal cavity under
loading condition, together with strength of adhesion
(bevel), creates a complex and differential behavior
of proximal and occlusal tooth structures.

Shrinkage stress development is a dynamic,
nonlinear process, depending on the complex inter-
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action of many material-dependent, cavity-depen-
dent, and restoration placement–dependent factors.
Contraction stress in a tooth restoration complex
reveals a distribution pattern with forces acting
differently along the interface.27 In this study, the
highest percentage of noncontinuous margins was
found in cervical D, which is in accordance with the
stress distribution pattern depicted by FEA stud-
ies.20,23,27 Polymerization stress maps showed
shrinkage stress along the interface, with maximum
stress accumulation at the cervical zone, in our case
the dentin-composite interface, also known to be the
most problematic area for adhesion.

The results of the present study confirm recent
findings indicating that a thick adhesive layer with
extremely low modulus could relieve stress at the
interface, and they reaffirm the unpredictable
stress-absorbing effect of flowable composites as
liners. Research on properties of flowable composites
also showed substantial differences in E-modulus
and volumetric shrinkage, indicating flowable com-
posites to be a very inhomogeneous group of
materials.12,38,41,46, 50-54 One study38 situated the
E-modulus in a wide range, with values between 6.5
GPa and 12.5 GPa for 12 different flowable compos-
ites. It seems that the performance of flowable
composites as a stress buffer remains unpredictable,
as polymerization kinetics tend to be material
specific and because the optimization of the elasticity
and shrinkage, with opposing effects, is difficult to
achieve. In other words, despite their low E-
modulus, the contraction stress produced by some
flowable composites could be high because of their
high volumetric shrinkage, which approaches 6% in
some products.12,38,41 Other studies22,24,55-64 evalu-
ating the influence of flowable composites placed as
intermediate layers,49 on marginal integrity show
conflicting results as well.

Based on the present research, it seems that a
liner with a very high elasticity applied in a thick
layer could redistribute shrinkage stress and con-
tribute to maintaining integrity along the tooth
restoration interface, as indicated by previous
research.18,20,33,36,37,40

Although the % CM after load in cervical D was
higher in group D, the % EF in PE was not
significantly lower compared to the other groups,
indicating that enamel did not benefit from the same
stress relief as did the interface. Our results
correlate as well with those of other studies16,18,50,51

reporting that a layer of low modulus composite can
lead to redistribution of the forces and some strain
relief along the interface but does not improve bond

strengths and therefore does not reduce the overall
negative influence of curing contraction. In the
present study, the liner was applied only on the
cervical margin and pulpal wall, not on the buccal
and lingual proximal walls. It seems that the liner of
Optibond FL was efficient in reducing and redistrib-
uting stress at the interface predominantly in the
area of its application, where the marginal seal is
also known to be the most problematic because of the
concentration of stress, which is not uniformly
distributed along the cavity walls.20,21,23 This area
is also marked by high variation in the bond strength
along the bonded surface.37,52 In return, no benefit of
the stress-relieving effect was found on the enamel,
where the bevel seems to play a more important role
in assuring a good bonding stability after the fatigue
test.

Any attempt to predict the contraction stress
development of a material during polymerization
based on E-modulus or polymerization shrinkage
value alone seems to be misleading.12,14,27,38,53 This
hypothesis is confirmed as well by the present study,
in which the flowable composite used as liner did not
allow for the expected stress relief, while the
performance of the Optibond FL liner was more
heavily influenced by its very low E-modulus and
was less affected by the high shrinkage. Product-
specific properties such as flow capacity and pregel
and postgel shrinkage render the stress-relieving
effect unpredictable.

However, using only a composition-based ap-
proach to relieve shrinkage stress may still be too
simplistic. Ensuring optimal dentin bonding and
using incremental layers of composite in appropriate
configurations are factors within the control range of
the practitioner, which could be of importance in
assuring a better marginal seal.54 Accordingly,
marginal quality could be optimized by factors such
as guidance of the shrinkage vectors, reducing the
ratio of bonded to free unbonded restoration surfac-
es, and minimizing the mass of in situ-cured
composite.

CONCLUSION

For the materials used in this study, no improve-
ment of MA was found when the flowable composite
was used as a liner, both before and after thermo-
mechanical loading. The application of a layer of the
same restorative composite used for the restoration
with the same thickness as the flowable composite (1
mm) had a positive effect before loading, probably as
a result of the benefit of placing a precured layer on
the bottom of the cavity before stratification of the
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restoration. After thermo-mechanical loading, a
significant improvement of MA in D was obtained
only by placing a 1-mm-thick layer of the Adhesive of
the Optibond FL system on top of the same product
used as adhesive. This positive effect may be
explained by its very low E-modulus, in the range
of 1 to 3 MPa.
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