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Evaluation of polymerization shrinkage
stress and cuspal strain in natural and
typodont teeth

Abstract: To evaluate the polymerization shrinkage stress and cuspal
strain (CS) generated in an artificial (typodont) and in a natural tooth
using different resin composites. Twenty artificial and 20 extracted
natural molars were selected. Each tooth was prepared with a 4x4 mm
MOD cavity. The natural and typodont teeth were divided into four
experimental groups (n=10), according to the resin composite used:
Filtek 7100 (3M Oral Care) and Beautifil II LS (Shofu Dental). The
cavities were filled using two horizontal increments and the CS (uS)
was measured by the strain gauge method. Samples were sectioned
into stick-shaped specimens and the bond strength (BS) (MPa) was
evaluated using a microtensile BS test. Shrinkage stress and CS were
analyzed using 3D finite element analysis. No difference was found
between the type of teeth for the CS as shown by the pooled averages:
Natural tooth: 541.2 A; Typodont model: 591.4 A. Filtek Z100 CS values
were higher than those obtained for Beautifil II LS, regardless of the
type of teeth. No statistical difference was found for the BS data.
Adhesive failures were more prevalent (79.9%). High shrinkage stress
values were observed for Filtek Z100 resin, regardless of tooth type.
The CS of typodont teeth showed a shrinkage stress effect, generated
during restoration, equivalent to that of natural teeth.

Keywords: Dental Stress Analysis; Polymerization; Finite Element
Analysis; Composite Resin.

Introduction

During the placement of direct posterior restorations using resin
composite, the polymerization process results in volumetric shrinkage,
which is an inherent characteristic of resin-based restorative materials
that occurs as a result of the formation of a polymeric network during
the polymerization reaction."® This factor generates shrinkage stress,
compromising the integrity of the restoration.*

The resin composite adhered onto cavity walls causes cuspal flexure
and strain, and it is related to shrinkage stress.! These phenomena
have been associated with the intrinsic characteristics of the resin
composite, such as post-gel shrinkage and elastic modulus, and
with other factors, e.g., filling technique, cavity design, light-curing
process, and operator’s skill.>” Shrinkage can generate stresses
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that have been associated with clinical problems
such as cuspal flexure and strain, enamel crack
propagation, postoperative sensitivity, gaps, and
secondary decay.®" The residual shrinkage stress
may compromise bonding.* Another factor often
associated with high residual shrinkage stress is
marginal staining.'>"?

Finite element analysis is the most comprehensive
method to calculate this complex stress and strain
condition generated by resin composite shrinkage .**
Furthermore, cuspal strain, generated during the
restoration, can also be measured by the strain
gauge method.”® The strain gauge is an electrical
resistance that can be attached to the external tooth
surface to monitor and collect, through a data
acquisition device, the strain developed during
the restoration.’>

The application of natural teeth in dental research
to measure cuspal flexure and strain during the
placement of a resin composite restoration is a
common practice, but it is susceptible to variation
in the anatomical aspects of the dental elements
and relies on the complex acquisition of extracted
teeth. The use of human teeth without proper sample
standardization may jeopardize the accuracy of the
results and the validity of the study.” To solve this
problem, the geometric standardization offered
by artificial teeth (typodont) is promising and an
alternative, as shown by Enochs et al.'” Such geometric
standardization of the cavity makes it easier to study
the stresses and strains generated during restoration
with different commercial composites. However, the
promising results of this study evaluated only the
cuspal flexure generated by different composites.
Since the development of new resin composites,
monomers, and restorative techniques is continuous
in dental research, the application of the typodont

Table 1. Composition of the resin composites used.

Material Batch Shade Classification
Filtek Z100 2028300472 A2 Microhybrid
Beautifil Il LS 12036 A2 Nemofybiel, Hieedive

Composite (Giomer)
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model to different shrinkage analyses such as CS by
the strain gauge method is pertinent. Therefore, the
aim of this study was to evaluate whether the use of
artificial teeth (typodont) is an effective alternative
to natural teeth for the analyses of the effects of
polymerization shrinkage and CS. The null hypothesis
tested was that the CS and bond strength (BS) values
would not be affected by the type of tooth (natural or
typodont) and type of resin composite (conventional
or low-shrinkage).

Methods

Composite mechanical characterization

Filtek Z100 (3M Oral Care) and Beautifil II LS
(Shofu Dental) were chosen for the experimental tests
(Table 1) because they express different shrinkage
behaviors: high (Filtek Z100)"® and low shrinkage
(Beautifil II LS).

Post-gel shrinkage

Post-gel shrinkage was determined using the strain
gauge method.” The restorative material (n = 10) was
shaped into a hemisphere on a biaxial strain gauge
(PA-06-060 TH-120L, Excel Sensores). The composite
was light-cured for 40 seconds using RadiiCal (SDI).
The strain gauge was connected to a data acquisition
device (ADS1800, Lynx Electronic Technology). The
mean shrinkage strain was converted into linear
volumetric post-gel shrinkage (%).

Elastic modulus determination

The resin composite (n = 10) was placed in a circular
silicon mold, 2 mm deep and with a 4 mm diameter,
and was light-cured for 20 seconds. Five Knoop
indentations were made (HMV-G 21DT Shimadzu)
in each specimen.”

Organic matrix Filler type % Wt F% Vol
?EGCE)I\I/\)\AA’ Zirconia and silica 85 66
Multifunctional glass
Bis-GMA, and S-PRG filler based
TEGDMA on fluoroboralumino e el

silicate glass
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Compressive tensile and diametral tensile
strengths

For compressive strength (n = 10), the specimens
were fabricated with a matrix of metal (3 mm-diameter,
6 mm-height). For the diametral tensile strength
(n=10), the specimens were fabricated using a silicone
mold with 6 mm-diameter and 3 mm-height. The
specimens were subjected to tests on a universal
testing machine (Instron 5965).

Tooth selection and cavity preparation

Twenty extracted intact caries-free natural
mandibular molars were used after approval by
the local Research Ethics Committee (Process:
42164821.8.0000.5083). The molars had a mesiodistal
width of 11 mm and a buccolingual width of
10 mm, with a maximum deviation of 10% from the
determined mean.

For typodont selection, the Knoop microhardness
test was performed to determine the elastic
modulus of three different commercial brands:
MOM (Manequins Odontolégicos Marilia Ltda)
with 32.0 GPa; P-oclusal (P-Oclusal Prod. Odont.
Ltda) with 2.53 GPa; and Prodens (Prodens Prod.
Odont. Ltda) with 2.09 GPa. The MOM typodont
was chosen because it has a higher elastic modulus.
This typodont has Araldite MY 750 epoxy resin in
its composition. Furthermore, the anatomy is similar
to the lower first molars and average dimensions of
10.8 mm on the mesiodistal surface and 10.2 mm on
the buccolingual surface used for size standardization
of the selected natural teeth.

Class 1II cavities (mesio-occlusal-distal) were
prepared with diamond burs #3099 (KG Sorensen),
with 4 mm deep from the highest cusp and 4 mm
wide (buccolingual).

Typodont and natural teeth bond procedures
Artificial teeth differ from natural teeth in their
composition; therefore, they do not enable the
demineralization that occurs in enamel and dentin
hybridization . As an alternative, a 50 pm aluminum
oxide microjet was used for 30 seconds (Bio-Art) to
promote micromechanical retention and favor the
adhesion process. The enamel of the natural teeth
was etched with 37% phosphoric acid (Condac, FGM).

A universal adhesive system (Single Bond Universal,
3M Oral Care) was applied.

Restorative filling technique

The artificial and natural teeth were randomly
divided into four groups (n = 10) according to the
composite and type of tooth: Filtek Z100 and natural
teeth, Filtek Z100 and typodont, Beautifil II LS and
natural teeth, and Beautifil II LS and typodont. The
resin composites were placed using two horizontal
increments in the prepared cavity joining three
walls (two opposite surrounding walls and one at
the bottom). Each increment of resin composite was
light-cured for 20 seconds (RadiiCal, SDI) according
to the manufacturer’s instructions. This device has
a 10-mm active tip, adequate irradiance (radiant
exposure fixed at 1,200 mW/cm?2), and a collimated
light beam that maintains the adequate intensity for
the dimension adopted.?

Cuspal strain during the restorative
procedure

The strain gauges were bonded with cyanoacrylate
adhesive (Super Bonder, Loctite) in the cervical region
of the buccal and lingual external surfaces. The
strain gauges were connected to a data acquisition
device (ADS1800, Lynx Electronic Technology) to
record strains (us). The teeth were restored with the
different composites (n = 10). The frequency of 4 Hz
was used to collect the CS data during the restorative
procedure and was monitored for 10 minutes after
curing the last increment through the data analysis
software (AqDados 7.05 and AqAnalisys, Lynx
Electronic Technology).

Bond strength

For the test, 249 specimens of 40 teeth were
obtained, and pretest failures were excluded from
the sample. The cuts were performed perpendicularly
to the adhesive surface, obtaining stick-shaped
specimens with a cross-sectional area of approximately
1 mm?. Each stick-shaped specimen was actively
gripped onto a Geraldeli’s device (Od04-Plus,
Odeme Dental Research). The specimens were
pulled up to the moment of fracture at a constant
speed of 0.5 mm/min and the maximum load value
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at the moment of rupture was recorded for each
specimen.” The failure mode was classified according
to the following criteria:*>** adhesive; cohesive in
resin composite; cohesive in natural tooth; cohesive
in typodont.

Residual shrinkage stress — 3D finite
element analysis

A three-dimensional molar model was created
using the Bio-CAD modeling protocol from an intact
mandibular human molar using computer-assisted
design (CAD) software (Rhinoceros 3D 5.0). The tooth
was scanned and the external contour was saved in
stereolithography (STL) file (Figure 1A). The models
were created using NURBS surfaces (non-uniform
rational Bezier spline), using lines (Figures 1B, C). The
typodont model was created based on the external
geometry of the natural tooth (Figure 1D). The 4x4
mm MOD preparation was simulated with the same
dimensions of the experimental test (Figures 1E, F).

The models were exported as Standard for
the Exchange of Product Data (STEP) files to a
preprocessing program known as Patran Software
2010, (MSC Software Corporation) for the creation of
a finite element mesh of each structure using a four-
noded solid tetrahedral element. The mesh of each
structure was exported to the FEA program (MSC.
Marc and MSC. Mentat, MSC Software Corporation).
Boundary conditions, consisting of constrained
nodal displacement in the x, y, and z dimensions
on the bottom surface of the model, were applied.
Polymerization shrinkage was simulated by thermal
analogy (steady thermal analysis). The notional
temperature was reduced by 1 °C, while the post-
gel shrinkage strain was entered as the coefficient
of linear thermal expansion.* Each resin composite
increment was activated in the FEA software
following the same sequence of the restoration
filling technique employed in the experimental
test (Figures 1G, H). All material responses were
considered linear-elastic and isotropic, and all
interfaces between materials were bonded. Material
properties applied in the finite element analysis are
shown in Table 2. Dentin was characterized based
on the study by Rees; Jacobsen; Hickman,” whereas
enamel was characterized according to the study
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by Zarone et al.?** The estimation of the value of the
Poisson ratio of the resin composites was based on the
Versluis’ study. The residual shrinkage stresses (MPa)
were evaluated by modified Von Mises equivalent
stress,” calculated using the listed compressive and
tensile strength values.?

Statistical analysis

The averaged buccal and lingual CS values obtained
in the CS experiment and bond strength analysis
were tested for normal distribution (Shapiro-Wilk,
p > 0.05) and equality of variances (Brown-Forsythe,
p > 0.05). Two-way ANOVA was performed for the CS
and BS. The pairwise multiple comparison procedure
was performed using Tukey’s test. The significance
level was 0.05 and the analyses were performed using
Sigma Plot statistical software package (version 14,
Systat Software Inc.).

Results

Cuspal strain during the restorative
procedure

The averaged buccal and lingual CS, and the
pooled averaged values after 10 minutes with the
strain gauges are shown in Table 3. Two-way ANOVA
indicated that the resin composite isolated factor
(conventional or low-shrinkage) was significant
(p < 0.001). The type of tooth (natural or typodont)
isolated factor (p = 0.449) and the interaction between
the type of tooth and resin composite were not
significant (p = 0.064). No difference was found in
CS between the types of tooth (natural or typodont).
Filtek Z100 showed higher values of CS than the
Beautifil Il LS, regardless of the type of tooth (natural
or typodont).

The history plot of CS during the restoration
for the experimental strain gauge measurements
and finite element analysis is shown in Figure 2.
The analysis of the strain curves showed that the
Filtek Z100 CS values were higher than those of the
Beautifil Il LS, regardless of the type of tooth (natural
or typodont). The lingual cusp showed higher strain
values than the buccal cusp. The experimental
curves of CS exhibited a similar pattern to that of
the finite element analysis.
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A. STL file of scanned mandibular third molar; B. Polylines; C. Polylines and surfaces created in the STL file; D. Enamel, dentin surface of
the molar model; E. Occlusal view and dimensions of the MOD class Il preparation (natural tooth and typodont); F. Proximal view and
dimensions of the preparation (natural tooth and typodont); G. Natural tooth filled with two horizontal increments; H. Typodont model filled
with two horizontal increments.

Figure 1. Bio-CAD three-dimensional modeling protocol.

Table 2. Compressive and diametral tensile strengths, elastic modulus, Poisson ratio, and post-gel shrinkage applied in the finite
element analysis.

Compressive strength Diametral tensile Elastic modulus Linear post-gel

Material (MPa) strength (MPa) (GPa) IR shrinkage (%)
Beautifil I LS 305.69 (45.51)* 35.68 (8.21)* 9.5(0.7)* 0.24 0.13102*
Filtek 21002 176.3 (15.4) 51.2 (6.5) 20.8 (1.15)* 0.24 0.32151*
Typodont 125.0** 65.0** 32.0** 0.24

Dentin® 297.0 98.0 18.3 0.31

Enamel? 384.0 10.3 84.0 0.33

*Experimentally determined in this study; “Data provided by the manufacturer (MOM, Brazil).

Table 3. Mean (SD) of the averaged buccal and lingual cuspal strain values by the strain gauge method.

Variable Natural tooth Typodont model Pooled average
Filtek Z100 711.0 (173.6) 886.3 (308.1) 798.7 A
Beautifil Il LS 371.5(163.7) 296.4 (138.9) 333.48B
Pooled average 541.2 A 591.4 A

Braz. Oral Res. 2024;38:e061 5
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Strain gauge measurements 3D-Finite Element Analysis
A Natural tooth — Beautifill Il LS E Natural tooth — Beautifill Il LS
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A. Natural tooth - Beautifil Il LS; B. Typodont - Beautifil Il LS; C. Natural tooth - Filtek Z100; D. Typodont - Filtek Z100. Cuspal strain by 3D finite
element analysis: E. Natural tooth - Beautifil Il LS; F. Typodont -Beautifil Il LS; G. Natural tooth - Filtek Z100; H. Typodont - Filtek Z100.

Figure 2. Cuspal strain by the strain gauge measurements.
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Table 4. Mean (SD) of the bond strength values by the microtensile test.

Variable Natural tooth

Filtek Z100 26.5 (4.7)

Beautifil Il LS 25.1 (5.9)

Pooled average 258 A

100 ~
90 -
80 -
70
60
50 A
40 A
30 A
20 A
10

Percentage (%)

Typodont model Pooled average

28.6 (6.9) 27.5A
31.3(3.5) 28.2 A
299 A
B Adhesive

[l Cohesive Resin
Il Cohesive Tooth
[ Cohesive Typodont

Adhesive Cohesive Cohesive Cohesive

Resin Tooth

Figure 3. Bond strength failure mode.

Bond strength analysis

The mean BS and the pooled averaged values are
shown in Table 4. Two-way ANOVA indicated that
the resin composite isolated factor (conventional or
low-shrinkage) (p = 0.752), type of tooth (natural
or typodont) (p=.055), as well as the interaction
between them, were not significant (p = 0.328).
The failure mode analysis is shown in Figure 3.
Adhesive failure was the most prevalent failure
mode (79.9%), followed by cohesive failure in resin
(18.9%), cohesive failure in tooth (0.8%), and cohesive

failure in typodont (0.4%).

Residual shrinkage stress — 3D finite
element analysis

The modified Von Mises shrinkage stress
distributions (MPa) on the cross-sectional plane
(Figure 4A) are shown in Figure 4. The stresses can
be visualized in the linear color scale, where blue
indicates the lowest stress values and yellow and
light gray the highest stress values.

Typodont

Stress distributions in typodont restorations and at
restoration interfaces are similar. The main difference
is that the stresses are lower in the typodont model
(Figures 4B, 4C) (note the different stress scale for
typodont and natural models). In the natural tooth
model, stresses are also concentrated in the buccal
and lingual enamel area (Figures 4D, 4E). The higher
residual shrinkage stress values were observed for
Filtek Z100, regardless of the type of tooth (typodont
(Figure 4B) or natural (Figure 4D).

Discussion

The use of typodont for shrinkage analysis was
firstly reported by Enochs et al."” in 2018. The authors
showed the typodont was a viable option as a substitute
for natural teeth for evaluation of cuspal flexure and
to study the effects of polymerization shrinkage
stress. The use of typodont applied in the cuspal
flexure methodology was proposed to replace the use
of human teeth with cuspal flexure tests given that

Braz. Oral Res. 2024;38:e061 7
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Typodont model — Filtek Z100

C

MPa D

35 90

Natural tooth — Filtek Z100
17.5 45

-_— )

Typodont model — Beautifil Il LS

Natural tooth — Beautifil I LS

A. Selected cross-sectional plane; B. Typodont model — Filtek Z100; C. Typodont model — Beautifil Il LS; D. Different stress scale for typodont and
natural models; E. Natural tooth — Filtek Z100; F. Natural tooth — Beautifil Il LS.

Figure 4. Modified Von Mises shrinkage stress (MPa) distributions on the cross-sectional plane.

their acquisition became very difficult. Moreover, the
use of standardized typodont teeth also facilitates
the execution of the method. However, the promising
results shown by Enochs'” were for one specific
methodology: cuspal flexure calculated by the optical
method. The effects of shrinkage stresses developed
by resin composites can also indirectly be assessed
using the strain gauge method. In this method, a
strain gauge with an electrical resistance is attached
to the tooth and the deformation and strain generated
during the restorative procedure can be acquired
using a data acquisition device. Therefore, the aim
of this study was to evaluate whether artificial teeth
(typodont) are an effective alternative to natural teeth
in the analysis of polymerization shrinkage and CS
by the strain gauge method.

The null hypothesis tested in this study was that
CS and BS values would not be affected by the type
of tooth (natural or typodont) and by the type of
resin composite (conventional or low-shrinkage). CS
and BS values were not affected by the type of tooth
(natural or typodont). However, the type of resin
composite (conventional or low-shrinkage) affected
CS values. Therefore, the null hypothesis (h0) was
partially accepted.

8 Braz. Oral Res. 2024;38:e061

Two different resin composites were tested in
this study. The post-gel shrinkage values of the resin
composites were determined in this study during
the characterization of the composites. Filtek Z100
showed higher linear post-gel shrinkage values
(0.32%), corroborating the findings of Oliveira et al *®
On the other hand, Beautifil II LS showed a lower
value of linear post-gel shrinkage (0.13%), which is in
accordance with the data presented by manufacturers,
who claim that it is a low-shrinkage material. The
use of two different composites with very contrasting
post-gel shrinkage values was important to observe
the effects on the different substrates (typodont or
natural tooth). Two horizontal increments were used
for comparison of our results with those obtained by
Enochs et al.”” In addition, values of elastic modulus
and tensile and compressive strengths of each resin
were determined. The results of our study show that
typodont teeth were able to express the contrast of the
polymerization shrinkage effects of different resin
composites, one with high shrinkage and the other
one with low shrinkage, similarly to the natural tooth,
considering that there was no statistical significance
regarding the type of tooth (p<.001). This contrast
is also related to the difference in elastic modulus
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values, as the elastic modulus of Filtek Z100 (20.8
GPa) is higher than that of Beautifil II LS (9.5 GPa).
Corroborating this finding, the strain curves collected
by the experimental CS method and finite element
analysis were very similar. Comparing the pattern
of history plot of CS during the restoration for the
experimental strain gauge measurements and finite
element analysis, the results of our study show that
the typodont was able to express the contrast of the
polymerization shrinkage effects of the different resins
in a similar way to the natural tooth, considering that
there was no statistical significance regarding the type
of tooth (p < 0.001), thereby validating our results.

Obviously, there is no stress and strain
development if the composite is not bonded to the
tooth structure or substrate.” To assess the adhesion
between the composite and the typodont, all samples
were sectioned and subjected to the microtensile bond
strength. For this test, the stick-shaped specimen was
used, which has good acceptance, mainly because
it does not require constrictions at the adhesive
interface, for example, in the hourglass-shaped
specimen. However, this type of specimen is more
vulnerable to failures during the cutting process with
the diamond disc, in addition to having sharp angles
that concentrate more stresses.” Failure modes were
categorized into adhesive failure, cohesive natural
tooth failure, cohesive typodont failure, and cohesive
resin failure. The results demonstrate a similar
pattern of bond strength values in MPa between
natural and typodont teeth and predominance of
the adhesive failure mode (79.9%). The results of the
study show that there was no statistical difference in
bond strength between the types of teeth; therefore,
there was satisfactory adhesion. It is very important
for the validation of the CS data that the adhesions
between the substrates be well established.”® Because
the typodont is made of epoxy resin, the surface
was sandblasted with 50 pm aluminum oxide for
30 seconds. As shown by the results, sandblasting
was effective, ensuring bond strength levels when
associated with the universal adhesive system,
compared to the enamel and dentin substrate. The
single bond universal adhesive is composed of
phosphate acid monomers (MDP) and silane, which
favored the bond strength in typodont.

The use of typodont has advantages over natural
teeth. The typodont model allows better geometry
standardization and, as consequence, isolation of the
effects of the resin composite. Typodont acquisition
is also easy because it can be purchased from a
typodont manufacturing company. Typodont may
facilitate the testing of new materials because it
does not require time to collect teeth and there is a
greater power of sample standardization. Typodonts
resemble natural teeth in terms of morphology but
differ in their constitution, not accurately reflecting
the properties of natural teeth. Typodont is made
of epoxy resin, whose elastic modulus is 32 GPa.
Before implementing the methodology, tests were
carried out with different brands of typodont.
Obviously, we found differences in their mechanical
properties. The MOM typodont showed better elastic
modulus results, similar to the dentin values. On
the other hand, enamel and dentin are considered
orthotropic and present variations in their values.
The reported averages were 18.3 GPa* for dentin
and 84 GPa for enamel.”® The differences in these
mechanical properties are clearly exhibited in the
stress distributions observed in the finite element
analysis (Figure 4). The main difference is that
the stresses are lower in the typodont model (note
the different stress scale for typodont and natural
models). While natural teeth are concentrated in
the cusp base region, typodont teeth are more
concentrated at the restoration site (Figures 4B
and 4C). This difference is expected due to the
lower elastic modulus and higher compliance
of the typodont teeth. Therefore, the typodont
is not a good alternative when the factor under
study is the evaluation of the stress distribution on
the tooth structure because it does not reflect the
natural characteristics of enamel and dentin. On
the other hand, stresses on the composite and at
the interfaces are easily comparable, but also with
lower values for the typodont. This can also be
explained by the differences in the elastic modulus
and higher compliance of the typodont. Finite
element analysis also expressed the differences in
the stresses generated by the different composites,
given that Filtek Z100 showed higher stress values,
regardless of the type of tooth. In natural teeth,

Braz. Oral Res. 2024;38:e061 9
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the lingual cusp concentrated more stress than the
buccal cusp, corroborating the results presented by
other authors.'**? These data can be explained by
the fact that the lingual cusp has less morphological
structure and the fact that the preparation weakens it.

Conclusion

The CS of typodont teeth caused by different resin
composites (conventional or low- shrinkage) showed a
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of resin composites.

Acknowledgments

This research was carried out at the Biomechanics
Laboratory of the Federal University of Goids. Study
supported in part by CAPES, CNPq.

1. Versluis A, Tantbirojn D. Dental Computing and Applications: Advanced techniques for clinical dentistry. [Place unknown: publisher

unknown]; 2009. Chapt 3: Relationship between shrinkage and stress, p. 45-64.

2. Clifford SS, Roman-Alicea K, Tantbirojn D, Versluis A. Shrinkage and hardness of dental composites acquired with different curing light

sources. Quintessence Int. 2009 Mar;40(3):203-14.

3. Soares CJ, Bicalho AA, Tantbirojn D, Versluis A. Polymerization shrinkage stresses in a premolar restored with different composite resins
and different incremental techniques. J Adhes Dent. 2013 Aug;15(4):341-50. https://doii.org/10.3290/j.jad.a29012
4. Braga RR, Ferracane JL. Alternatives in polymerization contraction stress management. Crit Rev Oral Biol Med. 2004 Jun;15(3):176-84.

https://doi.org/10.1177/154411130401500306

5. Braga RR, Ballester RY, Ferracane JL. Factors involved in the development of polymerization shrinkage stress in resin-composites:
a systematic review. Dent Mater. 2005 Oct;21(10):962-70. https://doi.org/10.1016/j.dental.2005.04.018

6. Lee MR, Cho BH, Son HH, Um CM, Lee IB. Influence of cavity dimension and restoration methods on the cusp deflection of premolars in
composite restoration. Dent Mater. 2007 Mar;23(3):288-95. https://doi.org/10.1016/j.dental.2006.01.025

7. Pires-de-Souza FC, Drubi Filho B, Casemiro LA, Garcia LF, Consani S. Polymerization shrinkage stress of composites photoactivated by
different light sources. Braz Dent J. 2009;20(4):319-24. https://doi.org/10.1590/50103-64402009000400010

8. Tantbirojn D, Versluis A, Pintado MR, Delong R, Douglas WH. Tooth deformation patterns in molars after composite restoration. Dent
Mater. 2004 Jul;20(6):535-42. https://doi.org/10.1016/j.dental.2003.05.008

9. Versluis A, Tantbirojn D, Pintado MR, Delong R, Douglas WH. Residual shrinkage stress distributions in molars after composite
restoration. Dent Mater. 2004 Jul;20(6):554-64. https://doi.org/10.1016/j.dental.2003.05.007

10. Takahashi H, Finger WJ, Wegner K, Utterodt A, Komatsu M, Wéstmann B, et al. Factors influencing marginal cavity adaptation of

nanofiller containing resin composite restorations. Dent Mater. 2010 Dec;26(12):1166-75. https://doi.org/10.1016/j.dental.2010.08.189

11. Tantbirojn D, Chongvisal S, Augustson DG, Versluis A. Hardness and postgel shrinkage of preheated composites. Quintessence Int.

2011 Mar;42(3):¢51-9.

12. Bicalho AA, Lima AF, Sousa SBJ, Tantbirojn D, Versluis A, Soares CJ. Restauragées de resinas compostas em dentes posteriores. Cln Int J

Braz Dent 2015 jul/set;11(3):272-79.

13. Soares CJ, Faria-E-Silva AL, Rodrigues MP, Vilela AB, Pfeifer CS, Tantbirojn D, et al. Polymerization shrinkage

stress of composite resins and resin cements. What do we need to know? Braz Oral Res. 2017 Aug;31 suppl 1:e62.

https://doi.org/10.1590/1807-3107bor-2017.vo0l31.0062

14. Versluis A, Douglas WH, Cross M, Sakaguchi RL. Does an incremental filling technique reduce polymerization shrinkage stresses? J Dent
Res. 1996 Mar;75(3):871-8. https://doi.org/10.1177/00220345960750030301

15. Sakaguchi RL, Sasik CT, Bunczak MA, Douglas WH. Strain gauge method for measuring polymerization contraction of composite
restoratives. J Dent. 1991 Oct;19(5):312-6. https://doi.org/10.1016/0300-5712(91)20081-9

16. Bicalho AA, Pereira RD, Zanatta RF, Franco SD, Tantbirojn D, Versluis A, et al. Incremental filling technique and composite material.Part I:
cuspal deformation, bond strength, and physical properties. Oper Dent. 2014;39(2):E71-82. https://doi.org/10.2341/12-441-L

17. Enochs T, Hill AE, Worley CE, Verissimo C, Tantbirojn D, Versluis A. Cuspal flexure of composite-restored typodont teeth and correlation
with polymerization shrinkage values. Dent Mater. 2018 Jan;34(1):152-60. https://doi.org/10.1016/j.dental.2017.09.019

10 Braz. Oral Res. 2024;38:e061



20.

21.

22.

23.

24.

25.

26.

27.

28.

Cardoso LS, Oliveira AA, Barbosa GPM, Ribeiro MILP, Firmiano TC, Verissimo C

. Oliveira LR, Braga SS, Bicalho AA, Ribeiro MT, Price RB, Soares CJ. Molar cusp deformation evaluated by micro-CT and enamel crack

formation to compare incremental and bulk-filling techniques. J Dent. 2018 Jul;74:71-8. https://doi.org/10.1016/j.jdent.2018.04.015

. Marshall DB, Noma T, Evans AG. A simple method for determining elastic-modulus- to-hardness ratios using knoop indentation

measurements. J Am Ceram Soc. 1982;65(10):c175-6. https://doi.org/10.1111/(.1151-2916.1982.tb10357.x

Soares CJ, Braga S, Price RB. Relationship between the cost of 12 light-curing units and their radiant power, emission spectrum, radiant
exitance, and beam profile. Oper Dent. 2021 May;46(3):283-92. https://doi.org/10.2341/19-274-L

Goracci C, Sadek FT, Monticelli F, Cardoso PE, Ferrari M. Influence of substrate, shape, and thickness on

microtensile specimens’ structural integrity and their measured bond strengths. Dent Mater. 2004 Sep;20(7):643-54.
https://doi.org/10.1016/j.dental.2003.08.009

Ferreira RC, Caldas J, Paula GA, Albuquerque RC, Almeida CM, Vasconcellos WA, et al. Influence of surface area and geometry of
specimens on bond strength in a microtensile test: an analysis by the three-dimensional finite element method. J Prosthodont.

2011 Aug;20(6):456-63. https://doi.org/10.1111/j.1532-849X.2011.00743.x

Armstrong S, Geraldeli S, Maia R, Raposo LH, Soares CJ, Yamagawa J. Adhesion to tooth structure: a critical review of “micro” bond
strength test methods. Dent Mater. 2010 Feb;26(2):e50-62. https://doi.org/10.1016/j.dental.2009.11.155

Bicalho AA, Valdivia AD, Barreto BC, Tantbirojn D, Versluis A, Soares CJ. Incremental filling technique and composite material—part II:
shrinkage and shrinkage stresses. Oper Dent. 2014;39(2):E83-92. https://doi.org/10.2341/12-442-L

Rees JS, Jacobsen PH, Hickman J. The elastic modulus of dentine determined by static and dynamic methods. Clin Mater.
1994;17(1):11-5. https://doi.org/10.1016/0267-6605(94)90042-6

Zarone F, Sorrentino R, Apicella D, Valentino B, Ferrari M, Aversa R, et al. Evaluation of the biomechanical behavior of maxillary central
incisors restored by means of endocrowns compared to a natural tooth: a 3D static linear finite elements analysis. Dent Mater.

2006 Nov;22(11):1035-44. https://doi.org/10.1016/j.dental.2005.11.034

Rosatto CM, Bicalho AA, Verissimo C, Braganca GF, Rodrigues MP, Tantbirojn D, et al. Mechanical properties, shrinkage stress, cuspal
strain and fracture resistance of molars restored with bulk-fill composites and incremental filling technique. J Dent.

2015 Dec;43(12):1519-28. https://doi.org/10.1016/|.jdent.2015.09.007

Schliebe LRO, Braga SSL, Pereira RAS, Bicalho AA, Verissimo C, Novais VR, et al. The new generation of conventional and bulk-fill
composites do not reduce the shrinkage stress in endodontically-treated molars. Am J Dent. 2016 Dec;29(6):333-8.

Braz. Oral Res. 2024;38:e061 11



