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A B S T R A C T

The aim of this study was to verify the effect of loading frequency during mechanical cycling on the microtensile
bond strength between tooth and ceramic inlays. Twenty-four extracted permanent maxillary molars were
standardly prepared (3mm wide × 4mm deep) to receive lithium disilicate-based ceramic inlays. After the
adhesive cementation, the restored teeth were divided into three groups (n = 8), according to different range of
mechanical cycling frequency: control group – water storage, 2.0 Hz group – mechanical cycling at frequency of
2.0 Hz (0–100 N, 1.2 × 106 cycles, water 37 °C), and 6.7 Hz group – mechanical cycling at frequency of 6.7 Hz
(0–100 N, 1.2 × 106 cycles, water 37 °C). The teeth were then cut into microbars (1 × 1mm, non-trimming
method), which were tested under microtensile (MTBS) loading. The failure mode was classified and the data
were analyzed by one-way ANOVA. The mean bond strength value of the control group was the highest and the
values of the cycled groups were 15% lower, however the groups were statistically similar (p=0.58). Chi-square
test showed no statistical difference among the groups regarding the pre-test failures (p = 0.17). For all groups,
the most frequent failure type was mode 1 (adhesive at the interface ceramic/cement) and mode 2 (mixed
failure). Loading frequencies up to 6.7 Hz had no effect on the lithium disilicate glass ceramic inlay-dentin bond
strength.

1. Introduction

Since the 1980s the use of ceramic inlays for posterior restorations
have been increasing [1–3]. Among the ceramic systems available, the
lithium disilicate-based material is even more indicated due to its
properties like translucency [4], good adhesion to tooth substrate [5]
and higher strength compared to other glass-based ceramics [6].

The lithium disilicate-based ceramic has a well-defined cementation
protocol with hydrofluoric acid etching, silanization, and resin cement
[7]. In partial restorations, the adhesive cementation promotes a better
bond strength between tooth and ceramic, which leads to enhanced
marginal adaptation [8] and lower microleakage [9]. Besides that, a
good adhesion between tooth and ceramic would enable less possibility
for cusp deflection [9] and increases fracture strength [10]. However,

the cusp deflection – which is caused by poor bond strength with the
tooth, a smaller amount of remaining tooth structure, among other
factors – is the main origin of catastrophic failures of teeth restored
with inlays. Therefore, in vitro studies must use some fatigue method to
attempt to mimic the physiological cyclic stresses caused by the mas-
tication.

Several in vitro studies using mechanical cycling have been per-
formed to predict the survival rate of the materials and restored teeth.
However, the parameters used to execute the mechanical cycling, such
as occlusal loading, frequency of mechanical pulses and number of
cycles, vary a lot among the studies, and there is no consensus re-
garding these parameters in the literature. Besides that, the correlation
between the in vitro chewing simulation and the clinical situation has
been widely discussed [11–16]. According to Boever et al. [17],
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chewing frequency is around about 1 Hz, ranging from 0.5 to 1.3 Hz,
while other studies reported frequency rates varying from 1 to 2 Hz
[18–20]. Furthermore, these authors states that the frequency rate
during chewing can be influenced by the day, the individual, and the
type of food, its consistency and viscosity. Additionally, Jemt et al. [21]
observed that the length of the masticatory cycle reduces over the cy-
cles and the maximum vertical movement of the mandible decreased
throughout the chewing period. These findings shows how the chewing
parameters may vary widely, making difficult to reproduce them ac-
curately on in vitro tests.

Since the correlation between in vitro and in vivo situations is dif-
ficult to make, the in vitro simulation of the normal and physiological
functional chewing parameters is still a challenge. However, re-
searchers have been trying to mimic them on their in vitro tests by
using values of occlusal loading and frequency rate as close as possible
to the physiological parameters to produce more clinically relevant
results [14,22–28]. Studies [23,25,28–30] involving mechanical cy-
cling (aging protocol) and bond strength degradation of adhesive in-
terfaces have used a frequency rate between 1 to 4 Hz.

However, there is still limited information in the literature re-
garding the effect of frequency rate on the results of in vitro studies
involving mechanical cycling or fatigue tests and bond strength de-
gradation, especially concerning the influence of a higher and non-
physiological frequency. Therefore, since there is no consensus in the
literature about the frequency rate that should be used in mechanical
cycling methodology and there is a great variety on the frequency rate
protocol, the present study aimed to evaluate the effect of different
loading frequencies - 2 Hz compared to a higher one (6.7 Hz) – of me-
chanical cycling, on the microtensile bond strength between tooth and
lithium disilicate glass ceramic inlays cemented to molars. The null
hypothesis was that the loading frequency would not affect the bond
strengths results.

2. Materials and methods

The materials (brand, and chemical composition) used are sum-
marized in Table 1.

2.1. Experimental design

Maxillary molars and respective inlay restorations were assigned
into 3 groups according to the frequency used for mechanical cycling of
the assembly: a control group without applying repeated loading; fre-
quency of 2.0 or 6.7 Hz. After the microtensile test, the ‘tooth’ was
considered as the experimental unit.

2.2. Cavity preparations and ceramic inlay production

Twenty-four permanent maxillary molars, without visible cracks,

were selected and randomly divided into three groups (n = 8). The
roots of each specimen were embedded in a plastic cylinder filled with
chemically cured acrylic resin (Dencrilay, Dencril, Caieiras, SP, Brazil)
up to 2mm from the cervical line in the apical direction. A surveyor
was used to place the root perpendicularly to the y-axis. Standardized
inlay preparations (3.0 mm wide × 4.0mm deep), with a rectangular
shape and a non-proximal box, were created in all teeth (Fig. 1). A high-
speed hand piece with a conical trunk diamond bur with rounded an-
gles (KG Sorensen 3131, Barueri, Brazil) fixed to a modified optic mi-
croscope was used for optimal standardization of preparations (Fig. 1).
This device (modified optical microscope), limited the movements of
the high-speed hand piece, which prevented differences in buccal-pa-
latal width and cusp thickness of the teeth, and all cavities could be
created on a standardized and reproducible manner. Impressions of the
prepared teeth were made using polyvinyl siloxane (Elite, Zhermack,
Badia Polesine, Italy) and stone master dies were created. Ceramic in-
lays were made of IPS e-max Press (Ivoclar Vivadent, Schaan, Liech-
tenstein).

2.3. Inlays cementation

Firstly, the inner surfaces of the inlays were etched with 10% hy-
drofluoric acid (Dentsply, Petrópolis, RJ, Brazil) for 20 s, while teeth
preparations were etched with 35% phosphoric acid (Adper Scothbond,
3M/ESPE, St Paul, MN, USA) for 15 s. The treated surfaces were rinsed
with water, dried and a silane coupling agent (RelyX Ceramic Primer,
3M/ESPE) was applied on the ceramic surfaces and two layers of an
adhesive system (Adapter™ Single Bond, 3M/ESPE) on the dentin sur-
face. The resin cement (Rely X ARC, 3M/ESPE) was mixed and applied
to the inner surfaces of the inlays and seated using finger pressure.
Excess cement was removed and each specimen was light cured (Elipar
FreeLight 2, 3M/ESPE) at the buccal, lingual and occlusal surfaces (3 ×
40 s). All procedures were carried out according to manufacturers in-
structions.

2.4. Mechanical cycling

The specimens were stored for 24 h in distilled water at 37 °C and
then subjected to mechanical cycling using a chewing simulator
(Fatigue Tester, ACTA, University of Amsterdam, Netherland). The
specimens were placed inside this machine, which is composed by a tub
bath containing distillated water at 37 °C and 10 metallic cylinder
pistons with a 6mm round shape tip. The load was applied vertically on
the specimens, specifically positioning on both cusps, at the area be-
tween the top of the cusp and the restoration margin, without direct
contact to the ceramic restoration (Fig. 2). A load of 10 to 100 N was
applied at a frequency of 2.0 or 6.7 Hz for 1,200,000 cycles (167 h or
50 h). All groups were kept stored in water at 37 °C for the same period
(a total of 167 h) before cutting them into microbars.

Table 1
Type, brand, and main chemical composition of the materials used.

Material type Name/Brand Chemical compositiona

Ceramic blocks e.Max Press (Ivoclar Vivadent, Schaan,
Liechtenstein)

Lithium-disilicate based glass ceramic

Hydrofluoric acid 10% Hydrofluoric acid (Dentsply, Petrópolis,
Brazil)

10% Hydrofluoric acid by weight, water, stabilizers

Phosphoric acid Adper Scotchbond 35% (3M/ESPE, St. Paul, MN,
USA)

35% Phosphoric acid by weight, water, stabilizers

Adhesive resin Adper™ Single Bond (3M/ESPE, St. Paul, MN,
USA)

bis-GMA, polyalkenoic acid, copolymer, dimethacrylates, HEMA, photoinitiators, ethanol, water

Silane coupling agent RelyX Ceramic Primer (3M/ESPE, St. Paul, MN,
USA)

hydrolyzed y-methacryloxypropyltrimetoxy-silane

Resin cement RelyX ARC (3M/ESPE, St. Paul, MN, USA) Bis-GMA, TEGDMA, dimethacrylate polymer, zirconia/silica glass (67.5 wt%), chemical, and
photoinitiators.

a Data from manufacturer.
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2.5. Microtensile test

The crowns were sectioned in longitudinal (bucco-lingually) and
transversal (mesio-distally) axes, using a cutting machine (Isomet 1000,
Buehler, Lake Bluff, IL, USA) and 0.3 mm thick diamond disc to produce
microbars specimens (1 × 1mm). The microbars specimens were
composed of buccal dentin, ceramic in the middle and lingual dentin
(Fig. 3). An average of 6 microbars were obtained from each tooth,
which were submitted to the microtensile bond strength test [31]. The
load at failure was recorded using a universal testing machine (EMIC
DL-2000, EMIC, São José dos Pinhais, PR, Brazil) at a crosshead speed
of 0.5 mm/min. The bond strength “R” (MPa) was calculated by di-
viding the maximum load for the specimen failure (N) by the cross
sectional interfacial area (mm²), measured with a digital caliper before
test (R=F/A), for each specimen.

2.6. Failure analysis

After the microtensile test, the fractured surfaces were examined
under a stereomicroscope (50 × magnification; Discovery V.20, Carl-

Zeiss, Gottingen, Germany) and the failure mode was classified as one
of the following:

1. Interfacial adhesive at ceramic/cement interface (more than 75%);
2. Mixed failures, in which the failures were recorded as the surfaces

comprising the dominance of failure of each substrate;
3. Interfacial adhesive at cement/dentin interface (more than 75%).

2.7. Data analysis

For the statistical analysis, the experimental unit considered in this
study was the tooth. Therefore, the values obtained by each microbar
were averaged to provide a single value per tooth. The bond-strength
mean values in each group were represented by the sum of the eight
experimental units. The specimens that failed prior to testing were
considered in the statistical analysis to provide a fair comparative
evaluation among the groups. For this purpose, an arbitrary number,
which was the minimum value of microtensile obtained in each group,
was assigned to each prematurely debonded specimen [30,32–35]. Data
were subjected to normality (Shapiro-Wilk) and homoscedasticity
(Barllet's) test. Since data presented a normal distribution and equality
of variances, parametric test was performed. The effect of frequency on
bond strength among the groups was analyzed by one-way ANOVA with
a post hoc Tukey test (α = 0.05). Differences of occurrence range of
pretest failure inside the groups were indicated by Chi-square test
(α<0.05). Differences between the groups regarding the failure mode
classification were analyzed by one-way ANOVA (by Ranks).

3. Results

The number of specimens tested, mean bond strength and their
standard deviation, besides the percentage of pre-test failures occurred
during the cutting procedures, are listed in Table 2. Although the mean
nominal bond strength value of the control group was the highest and
the values of the cycled groups was 15% lower, the groups were sta-
tistically similar (p = 0.58).

The control group showed lower percentage of pre-test failures than
mechanical cycling groups, however this difference was not statistically
significant. Fig. 4 shows the rates of pre-test failures and tested speci-
mens in each experimental group. Chi-square test showed no statistical
difference among the groups regarding these rates (p = 0.17).

For all groups, the most frequent failure type was mode 1 (adhesive
at the interface ceramic/cement) and mode 2 (mixed failure). A higher

Fig. 1. Illustration of the MOD inlay preparation.

Fig. 2. Schematic picture of the load application on the tooth. It notes that the
load is applied on the slope of the cusps (no loading on the restoration).
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percentage of mode 1 failure was observed in groups submitted to the
mechanical cycling (2.0 Hz and 6.7 Hz groups) than the control group,
however no statistical difference was indicated by one-way ANOVA (by
Rank) among the groups (p = 0.11) (Fig. 5).

4. Discussion

The aim of the present study was to evaluate the influence of dif-
ferent loading frequencies of mechanical cycling, used as aging pro-
tocol, on the microtensile bond strength between tooth and lithium

disilicate glass ceramic inlays adhesively cemented to molars. After
loading the cusps with 100 N for 1,200,000 cycles, at the 2 and 6.7 Hz,
the bond strength between the tooth and the restoration did not change
significantly in comparison to the control, and no significant statistical
difference was observed between the two applied loading frequencies.
Although there was an overall trend that both fatigue groups had a
lower bond strength, more pre-failures, and more adhesive/cement
failures, compared to the control group.

The bond strength values (19.2± 7.1–22.0±5.7MPa) were similar
to other studies that evaluated MTBS between lithium-disilicate glass
ceramic and resin cement (19.3±4.2MPa to 35.0± 9.6) [5,36–38].
Guarda et al. [37], which also investigated the MTBS of lithium-dis-
ilicate glass ceramic (IPS e.max Press, Ivoclar Vivadent) to dual-cured
resin cement, under aging conditions (fatigue and thermocycling), ob-
served as results of bond strength 35.0±9.6MPa for control group and
24.3±8.9MPa for the fatigue group, even under ideal geometric si-
tuations.

Although several in vitro studies [14,22–30,33,39] using fatigue
loading have been performed to predict the survival rate of restored

Fig. 3. Schematic illustration of the cutting procedure of the teeth to produce the bar specimens. A - The crown with the longitudinal and transverse axis of cutting
procedure to produce bar specimens characterized with a non-trimmed interface and composed of buccal dentin, ceramic in the middle and lingual dentin. B - Frontal
view of the crown has been sectioned first in the longitudinal axis (bucco-lingually). C - Frontal view of the crown as sectioned second in the transverse axis (mesio-
distally). D – Occlusal view of the crown sectioned first in the longitudinal axis (bucco-lingually). E – Lateral view of the crown as sectioned second in the transversal
axis (mesio-distally).

Table 2
Mean and standard deviation (SD) of bond strength according to the groups
together with the percentage of pre-test failures.

Groups Specimens Mean±SD Pre-failure (%)

Control 52 22.0±5.7 A 5 (9.6%)
2.0 Hz 56 19.2±7.1 A 15 (26.7%)
6.7 Hz 52 19.3±5.4 A 13 (25.0%)

*Capital letters represent no statistical differences between the groups
(P> 0.05).

control 2 Hz 6.7 Hz
0

10

20

30

40

50
number of pretest failure
number of specimes tested

nu
m

be
r o

f s
pe

ci
m

es

Groups - Treatments

Fig. 4. Columns represent the pre-test failures and tested specimens’ rates in
each study group.
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Fig. 5. Columns represent the rate of each failure mode in each experimental
group.
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teeth, no consensus about its parameters can be found in the literature.
These parameters include applied load, number and frequency of me-
chanical cycles. In vivo, loading frequency at chewing is a characteristic
of each individual and varies widely from one individual to another
[20]. It also depends on the type of food [18,20], size of food bolus and
hardness and rheological characteristics of the food [20], which in
general results in a frequency rate of 1.2–1.6 Hz [18,21]. Based on this,
for laboratorial tests, it is recommended that loading should be limited
to 2 Hz in order to simulate clinically relevant damage accumulation
[40].

As result of fatigue loading, failures might occur such as fractures,
loss of compliance, or wear, which is often influenced by environmental
factors [41]. The bonded interface between material and tooth is much
more sensitive to the presence of flaws and susceptible to fatigue crack
growth that initiates from existing defects [42]. Changes in this inter-
face may be exacerbated by flexure of the restored tooth under occlusal
stresses [43], especially in inlay restorations, which are exposed to cusp
deflection. When the cusps are not completely covered by the restora-
tion, it might results in a potential production of large marginal gaps
and microleakage between remaining tooth and restorative material
[44–46]. Therefore, good adhesion between tooth and restoration could
protect the tooth from suffering microleakage and cuspal deflection
[45,47]. The damage caused by fatigue loading on bonding interface
was observed by Saavedra et al. [39]. The authors evaluate the effect of
mechanical cycling on microtensile bond strength in premolars restored
with ceramic inlays, and the bond strength was significantly reduced in
the groups submitted to fatigue loading. On the other hand, Trindade
et al. [28], which also evaluated the effect of the fatigue loading on
bonding interface in premolars restored with ceramic inlays, observed
that the mechanical cycling did not significantly reduced the micro-
tensile bond strength values.

In the present study, it was supposed that the groups submitted to
the mechanical cycling could present lower microtensile bond strength
values compared to the control group. In fact, the loaded groups pre-
sented lower MTBS values, however, no statistical difference was ob-
served among those groups in comparison to the control group. This
result suggests that the adhesion between lithium-disilicate ceramic/
cement/dentin was sufficiently strong to tolerate the fatigue duration
and loading, or the protocol used to load the specimen was not ag-
gressive enough to produce significant degradation of the adhesive in-
terface. Saavedra et al. [39], which showed a significant decrease in
bond strength between ceramic inlays and dentin after fatigue, used
50 N of load, 8 Hz of frequency, and 1,400,000 cycles, as protocol. On
the other hand, Feitosa et al. [33], which also evaluated the micro-
tensile bond strength between ceramic inlays and dentin after me-
chanical cycling (100 N, 4 Hz, 2,000,000 cycles), observed that me-
chanical cycling did not affect the bond strength between ceramic and
dentin [33]. This result is in agreement with the results observed by
Trindade et al. [28], which also investigated the effect of mechanical
cycling (100 N, 2 Hz, 1,200,000 cycles) on the microtensile bond
strength between ceramic inlays and dentin. However, since the fatigue
loading protocol used in these studies were different from those that we
used, comparisons are difficult to make. In turn, it seems that physio-
logical or smaller loads when applied at high frequencies (8 Hz) could
cause damage to the adhesive interface. On the other hand, physiolo-
gical loads at a frequency closer to physiological would not cause sig-
nificant damage to the adhesive interface, even when a much higher
number of cycles (2,000,000 cycles) is used. In a clinical setting, it can
be speculated that, since it is not possible to increase the chewing fre-
quency rate, the damage in the adhesive interfaces could be caused by
an overloading situation.

Recently, Takamizawa et al. [48] investigated the influence of fre-
quency on shear fatigue strength (SFS) of resin composite to enamel
using both 5 and 20 Hz frequencies, for 50,000 cycles, but no significant
difference in SFS was found between both frequencies. In another re-
cent study, Scheidel et al. [49] also examined the effect of different

frequencies (5, 10, and 20 Hz) for 50,000 cycles on shear fatigue
strength between resin composite and dentin, using three self-etch ad-
hesives. The authors did not observe any significant differences in SFS
in the adhesives between the three frequencies. These results confirm
the lack of significant influence of different frequency rates on the bond
strength that was observed in the present study. However, the experi-
mental scenario of the present study was completely different from both
prior studies, in which the shear bond strength test was used on geo-
metric samples, while we used the microtensile test on molars restored
with glass ceramic inlays, preliminarily aged by mechanical cycling.
The mechanical cycling was performed on the restored molars as an
aging protocol to mimic the clinical situation that the materials are
submitted to produce more clinically relevant results. Besides that, it is
important to emphasize that the microtensile bond strength test pre-
sents the advantage of producing more reliable results than the shear
bond strength test [50]. The shear bond strength test has been criticized
due to the heterogeneity of the distribution of the stress in the adhesive
interface. The higher occurrence of cohesive failures in this kind of test
reveals that the substrate might be under greater stress concentration
than the adhesive interface [50], while the microtensile test, which was
introduced in the 90 s to evaluate bond strength to dentin using small
areas, allows better stress distribution during the test [31].

The lack of significant damage caused by fatigue on the bond
strength observed in the present study was also confirmed by the failure
mode analyses. Although an influence of the fatigue protocol seems to
have happened, with a higher rate of adhesive failure at the ceramic/
cement interface in the loaded groups, no statistical difference could be
observed. It means that the adhesive interface failure mode was affected
in a similar way by the loading regardless the frequency rate.

In summary, the fatigue protocol used was not able to cause a sig-
nificant damage in the bond strength between ceramic and restored
tooth. Therefore, based on our results, it could be possible to perform
the fatigue loading in a shorter time using a higher frequency (~10 Hz).
This experiment with 100 N for 1,200,000 cycles may represent a
clinical situation of 1–3 years [14,16]. Since there was no effect of the
fatigue loading compared to the control, it seems that failure of lithium
disilicate glass ceramic inlays is due to overloading or inadequate
bonding procedures. Furthermore, using a high frequency mode
(~10 Hz), long-term fatigue regimen can be run to predict longer life-
times of restorative conditions.

5. Conclusion

Within the limitations of this study, it could be concluded that
frequencies up to 6.7 Hz for fatigue loading had no influence in the
microtensile bond strength between tooth and lithium disilicate glass
ceramic inlays.
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