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Biomechanical Behavior of Extensively Restored 
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Bruno de Castro Ferreira Barretoa / Bart Van Meerbeekb / Annelies Van Endec /  
Silas Junior Boaventura de Sousad / Gisele Rodrigues da Silvae / Paulo Vinícius Soaresf / 
Carlos José Soaresg

Purpose: To study the biomechanical behavior of extensively restored premolars by determining the effect of the 
composite type, presence of cusp weakening, and compressive loading on the cusp deformation (CD), marginal 
integrity (MI), and fracture resistance (FR) of directly restored premolars.

Materials and Methods: Forty premolars received Class II mesio-occlusal-distal (MOD) cavities and were divided 
into 4 groups (n = 10) in accordance with the two study variables: composite type (conventional: Filtek Z250 
XT [Z250], 3M ESPE; low shrinkage: Venus Diamond [VD], Heraeus-Kulzer) and the presence of cusp weaken-
ing (with/without). Cusp deformation upon restoration was assessed using strain gauges during the restorative 
procedure and thereafter when the restorations were subjected to an occlusal load of 100 N. The samples were 
subjected to thermal and mechanical cycling. Epoxy resin replicas of the proximal tooth/restoration interfaces 
were made to analyze the marginal integrity (MI) using scanning electron microscopy. To determine the fracture 
resistance (FR), the teeth were loaded at a crosshead speed of 0.5 mm/min until fracture. 

Results: The conventional composite Z250 had higher CD, lower MI, and lower FR than the low-shrinkage com-
posite VD. Cusp weakening had no influence on CD, but MI and FR decreased. 

Conclusion: The low-shrinkage composite VD performed better in restoring extensively destroyed premolars than 
did Z250.
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The choice of the most suitable material to restore 
large cavities in posterior teeth still generates doubt 

among clinicians, particularly when the cusps are weak-
ened. Direct composite restorations are placed mostly 

thanks to their favorable physical, mechanical, and es-
thetic characteristics.9 These materials have an elastic 
modulus (E) similar to that of dentin and can be bonded 
to dental substrates. They can mimic the biomechan-
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ical behavior of unrestored teeth, thereby improving the 
overall strength of the tooth-restoration biomechanical 
unit.18-20 Composite restorations can reduce the occur-
rence of fractures of partially destroyed teeth, primarily 
in maxillary premolars, which due to their anatomy pres-
ent an elevated rate of catastrophic failures.8 

The polymerization shrinkage inherent in dental compos-
ites generates stress within the restored tooth, especially 
at the tooth/composite interface.3,4,15 Shrinkage stress 
has been associated with cusp deformation, loss of mar-
ginal integrity, crack propagation, microleakage, and post-
operative sensitivity.24 Shrinkage stress is not a material 
property, but depends on the combination of many factors, 
such as composite material characteristics, restoration ge-
ometry, and restorative technique.14,18,19 When collective 
stress from polymerization shrinkage and occlusal chewing 
forces exceeds the maximum stress the tooth-restoration 
complex can endure, it must contribute to the fracture of the 
tooth-restoration complex, although the current literature is 
not clear on the effect of the association of stresses gener-
ated by polymerization shrinkage and chewing forces.1,2

Dimethacrylates, such as bis-GMA (bisphenol-A glyci-
dyl methacrylate), have been the most commonly used 
monomers in dentistry for more than 50 years.6 Diluent 
co-monomers, such as TEG-DMA (triethyleneglycol dimeth-
acrylate), are added in order to reduce the paste viscosity, 
but they increase the volumetric shrinkage.10 In order 
to minimize polymerization shrinkage and its undesira-
ble effects, novel low-shrinking monomers, such as TCD 
urethane (tricyclodecane-urethane dimethacrylate), have 
been synthesized.5 This monomer consists of three ring 
structures connected in the center of a backbone, mak-
ing the polymer more flexible and thus helping to control 
shrinkage, yet not increasing the viscosity and therefore 
reducing the need for diluents.5 However, studies on the 
performance of this new composite with respect to its 
biomechanical behavior in the tooth-restoration unit are 
lacking to date.

Since shrinkage stress cannot be measured directly,23 
only laboratory tests can demonstrate its effects.24 A 
destructive mechanical test used to determine fracture 
resistance enables the analysis of tooth behavior in situa-
tions of high-intensity loading.18 However, this test has lim-
itations with regard to obtaining information on the internal 
behavior of the tooth-restoration complex.18 Therefore, 
the addition of an experimental nondestructive method, 
such as strain gauges, is highly desirable. Strains caused 
by cusp deformation can be recorded with strain gauges, 
which use electrical conductors that can be adhered to 
external tooth surfaces to record the local strains on de-
formed cusp surfaces during polymerization.14 Another 
nondestructive method involves the use of epoxy resin rep-
licas to semi-quantitatively evaluate the marginal integrity 
using scanning electron microscopy (SEM).7

Therefore, the aim of this study was to examine the bio-
mechanical behavior of extensively restored premolars by 
determining the effect of the composite type, as well as the 
presence of cusp weakening and compressive loading on the 
cusp deformation (CD), marginal integrity (MI), and fracture 
resistance (FR) of directly restored premolars. The null hy-

pothesis was that neither the composite type, the presence 
of cusp weakening, nor the compressive loading have an 
influence on the CD, MI, and FR of the restored premolars.

MATERIALS AND METHODS

Preparation of Samples

Forty sound human maxillary premolars with similar 
crown size and shape were selected (approved by the 
Ethics Committee of Piracicaba Dental School, UNI-
CAMP, #168/2009) and stored in 0.5% aqueous chlor-
amine solution at 4°C for a maximum of 3 months. 
The teeth were selected to have an intercuspal width 
within a maximum deviation of not more than 10% of 
the determined mean. The measured intercuspal width 
ranged from 6.5 to 7.9 mm. The teeth were embedded 
in polystyrene resin (Cristal; Piracicaba, SP, Brazil) up 
to 2 mm below the cementoenamel junction to simulate 
the alveolar bone. Periodontal ligaments were simulated 
inside the cylinder using a polyether impression mater-
ial (Impregum F, 3M ESPE; St Paul, MN, USA) following 
the protocol of Soares et al.17 Mesial-occlusal-distal 
(MOD) Class II cavities were cut using a standard prep-
aration machine16 equipped with a cylindrical diamond 
bur (#3099, KG Sorensen; Cotia, SP, Brazil). The width 
of the cavity was determined as 3/4 of the intercuspal 
distance; the occlusal preparation was 2 mm deep and 
the proximal boxes were 3.5 mm deep. 

The prepared teeth were divided into 4 groups (n = 10) 
according to combinations of the two study factors: the 
composite used (conventional composite Filtek Z250XT 
[Z250], shade A2, 3M ESPE, vs low-shrinkage composite 
Venus Diamond [VD], shade A2, Heraeus Kulzer; Hanau, 
Germany) and the cavity conditions (sound cusps [S], or 
weakened cusps [W]). In group W, the buccal and lingual 
cusps were both undermined using a pear-shaped dia-
mond bur (#3168, KG Sorensen), resulting in an undercut 
with a width of approximately 1.2 mm (Fig 1a). 

Cusp Deformation Measurement

Cusp deformation was measured with strain gauges (PA 
125AA-120Ω, Excel Sensores; São Paulo, Brazil), which 
had an internal electrical resistance of 350 Ω, a gauge 
factor of 2.07, and a grid size of 10.11 mm2. The gauge 
factor is a proportional constant between the electrical 
resistance variation and strain. The strain gauges were 
bonded to the cervical area of the buccal and lingual sur-
faces with cyanoacrylate glue (Super Bonder, Loctite; São 
Paulo, Brazil), and the wires were connected to a data ac-
quisition device (ADS0500IP, Lynx Tecnologia Eletrônica; 
São Paulo, SP, Brazil) equipped with the data analysis 
software AqDados 7.02 and AqAnalisys (Lynx Tecnologia 
Eletrônica). Strain gauges were placed at the middle area 
of the enamel cusps. In addition, two strain gauges were 
fixed to another intact tooth to compensate for dimen-
sional deviations due to temperature effects.

The teeth were restored following the manufacturer’s 
recommendations, using a two-step etch-and-rinse adhe-
sive (Single Bond, 3M ESPE) in all groups. A Teflon matrix 
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encompassing a cylindrical space of 13.8 mm3 was used 
to standardize the volume of each composite increment 
before insertion into the cavity. The teeth in the S group 
were restored in eight increments and the ones in the W 
group in ten increments using an oblique layering tech-
nique. Each increment was cured for 40 s using a halogen 
light source with an output of 600 mW/cm2 (Optilux 500, 
Demetron, Kerr; Orange, CA, USA), which was measured 
with the light meter that was part of the light curing unit. 
The total energy output for each restoration was 192 J/
cm2 in the S group and 240 J/cm2 in the W group. The 
strain values were recorded at a frequency of 4 Hz during 
the restorative procedure and the recording was continued 
for 10 min after curing the last increment.

Next, the specimens were submitted to compressive 
loading applied with an 8 mm sphere which contacted the 
tooth structure solely at the ridges of buccal and lingual 
cusps at a speed of 0.5 mm/min, up to a maximum of 
100 N in a mechanical testing machine (EMIC DL 2000, 
EMIC Equipamentos e Sistemas de Ensaio; São José dos 
Pinhais, PR, Brazil) (Fig 1b). The strain measurement re-
sults of each group were submitted to statistical analysis 
using 3-way ANOVA and Tukey’s test (α = 0.05), consider-
ing the additional factor compressive loading (with/with-
out), for buccal and lingual cusps independently.

Thermal and Mechanical Cycling

After the cusp-deformation measurement, the samples 
were finished with fine diamond burs (#2135FF, KG So-
rensen) at low speed under water spray and polished with 
Sof-Lex disks (3M ESPE). The teeth were then submitted 
to 6000 thermal cycles using a thermocycling machine 
(Thermal Cycler ER- 26000, ERIOS Equipamentos; São 
Paulo, SP, Brazil).11,22 Thermocycling was performed in 

bath temperatures of 5°C, 37°C, and 55°C. The dwell 
time was 30 s and the transfer time 10 s, resulting 
in 2 min for each cycle. Afterwards, the samples were 
submitted to 300,000 mechanical loading cycles at a 
frequency of 4 Hz (LRP 3000, Mechanical loading cycle 
device, ERIOS Equipamentos) with a vertical load of 50 N. 
The samples remained in distilled water at 37°C during 
the whole mechanical cycling process (Fig 1c). 

Marginal Integrity

Impressions of the restorations were next taken using 
a polyvinyl siloxane impression material (Aquasil Ultra 
LV, Dentsply; Konstanz, Germany) and replicas of the 
proximal mesial and distal boxes were made using epoxy 
resin (Epoxide, Buehler; Lake Bluff, IL, USA). The replicas 
were mounted on aluminum stubs, gold sputter coated 
(Leica EM, SCD050, Leica; Wetzlar, Germany), and exam-
ined with SEM (EVO NA 10, Carl Zeiss; Jena, Germany) 
(Fig 1d). The adhesive margins were divided into nine 
regions per surface (Fig 2a) and analyzed at 200X mag-
nification. Each region was classified as gap, continuous 
margins, or artifact (Figs 2b to 2d); the result was semi-
quantitatively classified per region and expressed as a 
percentage using Image J Software (public domain, Java-
based image processing and analysis software, National 
Institutes of Health; Bethesda, MD, USA).

Fracture Resistance 

Afterwards, the specimens were submitted to compres-
sive loading in a mechanical testing machine (EMIC DL 
2000) using an 8-mm diameter metal sphere at a cross-
head speed of 0.5 mm/min until fracture (Fig 1e). The 
results were statistically analyzed with two-way ANOVA 
and Tukey’s test (α = 0.05).

Fig 1  Set-up of experiment. 
(a) Preparation of sample. 
(b) Cusp deformation mea-
surement. (c) Thermal and 
mechanical cycling. (d) Mar-
ginal integrity examination. 
(e) Fracture resistance. Ab-
breviations: S, sound cusps; 
W, weakened cusps; Z250, 
conventional composite Filtek 
Z250XT; VD, low-shrinkage 
composite Venus Diamond.
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RESULTS 

Cusp deformation for the two composites (Z250, VD), 
the two cavity preparation conditions (with/without cusp 
weakening), and the two loading conditions (with/without 
compressive loading) are shown in Tables 1 and 2 for the 
buccal and lingual cups, respectively. Results of testing 
for interaction effects between groups are shown in Ta-
bles 3 and 4. Cusp weakening only influenced the buccal 
cusp deformation when the composite VD was used and 
the teeth were not loaded. The low-shrinkage composite 
VD resulted in significantly lower CD than did the con-
ventional composite Z250, except on buccal cusps when 
the specimens were compressively loaded. Compressive 
loading decreased CD significantly for all groups.

The results of the SEM semi-quantitative marginal analy-
ses are shown in Fig 3. Clear gaps were recorded when the 
cusps were weakened, irrespective of the composite used.

The fracture resistance is shown in Table 5 for the 
four experimental groups. Weakening of the cusps sig-
nificantly decreased the fracture resistance, irrespective 
of the composite used (p < 0.05). A significantly higher 
fracture resistance was recorded for the teeth with the 
low-shrinkage composite VD than for those restored with 
the conventional composite Z250 (p < 0.05). 

DISCUSSION 

All study variables – namely, the composite type, cusp 
weakening, and compressive loading – influenced the 
biomechanical performance of premolars extensively 
restored with composite; hence, the null hypothesis 
was rejected. Cusp deformation, measured using strain 
gauges, was influenced by composite type, yielding 
higher values for the conventional composite Z250 than 

for the low-shrinkage composite VD (Tables 1 and  2). 
The conventional composite Filtek Z250 XT contains bis-
GMA monomers with high molecular-weight oligomers.21 
Due to its high viscosity, bis-GMA requires the addition 
of diluent co-monomers, such as bis-EMA (bisphenol 
A polyethylene glycol diether dimethacrylate), that re-
sult in an increase in volumetric shrinkage.10 The low-
shrinkage composite Venus Diamond (Heraeus Kulzer), 
on the other hand, contains the novel tricyclodecane 
(TCD) monomer TCD-DI-HEA, bis-(acryloyloxymethyl) tri-
cyclo[5.2.1.02.6]decane),12 which is the basis of the 
new TCD-urethane cross-linking technology. This avoids 
the need for bis-GMA and short diluent cross linkers, 
thereby reducing shrinkage and its consequent stress.5

The low-shrinkage composite VD suggested better mar-
ginal integrity than did the conventional composite Z250 
(Fig 3). This is possibly attributed to the higher shrinkage 
stress imposed by Z250 than by VD. This shrinkage stress 
may have compromised the early marginal integrity during 
the restorative procedure.

The conventional composite Z250 resulted in a lower 
fracture resistance of the premolars than did VD (Table 5). 
This fact may be due the differences in material properties, 
for instance, the elastic modulus and post-gel volumetric 
shrinkage. The resin Filtek Z250 XT has a higher elastic 
modulus and post-gel volumetric shrinkage than does Ve-
nus Diamond.5 This fact might have created wider, deeper 
marginal gaps for Z250 groups; these gaps could be prone 
to crack initiation by fatigue and subsequent crack growth 
by coalescence of microscopic defects evolving into mac-
roscopic defects under the continuous mechanical loading. 

The type of composite plays an important role in the 
stress distribution within the tooth-restoration complex. 
Shrinkage stress is closely related to the volumetric 
shrinkage of composites, since the former only occurs in 
the presence of the latter.23 Based on the findings of this 

Fig 2  (a) Examples of marginal integrity 
(MI) in the 9 regions subjected to semi-
quantitative marginal analysis (%). (b) 
MI recorded as gap; (c) MI recorded as 
continuous margins; (d) MI recorded as 
artifact.
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study, it is possible to speculate that the composite type 
and its polymerization shrinkage have a significant effect 
on the restoration-tooth biomechanical unit.

Cusp weakening had no significant influence on CD 
during the restorative procedure. However, the marginal 
integrity decreased and the fracture resistance was sig-
nificantly reduced in all groups. The thermal/mechanical 
cycling may have induced crack growth at the interface or 
within the tooth structure.

Masticatory loading can generate stress within the 
tooth-restoration complex. The strain gauge test showed 
that compressive loading reduced CD. The opposing 
movement of cusps subjected to composite shrinkage 
and compressive stress may have compensated for the 
cusp deformation generated during the restorative proced-
ure. This effect may have decreased the marginal integrity 
(Fig 3) and fracture resistance after the mechanical and 
thermal cycling (Table 5).

These results demonstrate that the choice of restorative 
material may influence the mechanical behavior and long-

term survival of posterior teeth when large cavities with 
weakened cusps and loss of an enamel bridge between 
the vestibular and lingual side are restored directly with 
composite. The low-shrinkage composite VD proved to be a 
very suitable material to reduce the deformation of cusps, 
preserving the marginal integrity and maintaining a higher 
fracture resistance, as compared to the conventional 
higher-shrinkage methacrylate-based composite Z250. The 
preservation of tooth structure is also very important, since 
cusp weakening greatly decreased the fracture resistance 
of the restored teeth. Thus, whenever possible, healthy 
tooth structure should be preserved. 

CONCLUSION

It can be concluded that the low-shrinkage composite 
Venus Diamond showed less cusp deformation, better 
marginal integrity, and higher fracture resistance than 
did the conventional composite Filtek Z250 XT. Cusp 

Table 1  Means and standard deviations of cusp de-

formation (μS) for the variables composite type, cusp 

weakening, and compressive loading in buccal cusps

Composite 
type

Weakened cusps 
(W)

Sound cusps (S)

With 
loading

Without 
loading

With 
loading

Without 
loading

Filtek Z250 XT 
(Z250)

52.5 
(14.2)Aa

126.5 
(30.2)Bb

48.3 
(39.7)Aa

101.3 
(34.8)Bb

Venus Diamond 
(VD)

51.8 
(25.8)Aa

87.6 
(23.8)*Ba

33.7 
(20.1)Aa

60.4 
(26.5)*Ba

μS: microstrain. Different superscript capital letters represent statisti-
cally significant differences for compressive loading in rows and different 
superscript lower-case letters significant differences for composite type 
in columns. *Comparison for cusp weakening for the same compressive 
loading status. Tukey’s test (p < 0.05).

Table 2  Means and standard deviations of cusp de-

formation (μS) for the variables composite type, cusp 

weakening, and compressive loading in lingual cusps

Composite 
type

Weakened cusps 
(W)

Sound cusps (S)

With 
loading

Without 
loading

With 
loading

Without 
loading

Filtek Z250 XT 
(Z250)

152.6 
(34.3)Ab

226.5 
(45.8)Bb

138.9 
(50.7)Ab

195.2 
(56.3)Bb

Venus Diamond 
(VD)

76.2 
(28.4)Aa

116.1 
(24.6)Ba

59.3 
(33.7)Aa

92.6 
(36.4)Ba

μS: microstrain. Different superscript capital letters represent statisti-
cally significant differences for compressive loading in rows and different 
superscript lower-case letters significant differences for composite type 
in columns. Tukey’s test (p < 0.05).

Table 3  Results of testing for interaction effects be-

tween groups using 3-way ANOVA and Tukey’s test  

(α = 0.05) for the buccal cusp

Effect Num Den

DF DF F-balue Pr > F

Loading 1 36 199.86 <0.0001

Composite 1 36 7.48 0.0096

Weakening 1 36 4.62 0.0384

Composite × loading 1 36 23.06 <0.0001

Weakening × loading 1 36 5.02 0.0313

Composite × weakening 1 36 0.21 0.6487

Composite × weakening 
× loading 1 36 0.78 0.3843

Table 4  Results of testing for interaction effects be-

tween groups using 3-way ANOVA and Tukey’s test  

(α = 0.05) for the lingual cusp

Effect Num Den

DF DF F-value Pr > F

Loading 1 36 156.50 <0.0001

Composite 1 36 50.63 <0.0001

Weakening 1 36 2.70 0.1092

Composite × loading 1 36 12.27 0.0013

Weakening × loading 1 36 2.20 0.1470

Composite × weakening 1 36 0.01 0.9305

Composite × weakening 
× loading 1 36 0.46 0.5034



218  The Journal of Adhesive Dentistry

Barreto et al

weakening had no influence on cusp deformation, but 
thermal and mechanical aging negatively influenced the 
marginal integrity and fracture resistance.
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Clinical relevance: The low-shrinkage composite 
Venus Diamond showed less cusp deformation, bet-
ter marginal integrity, and higher fracture resistance 
than did the conventional composite Filtek Z250 XT. 
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