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Abstract The formation of a superficial layer of tiny flakes
has been observed on teeth prepared by Erbium lasers. It
has been suggested that removing this layer (mechanically
or chemically) may increase the bond strength of the resin
composite. The purpose of this study is to evaluate the
effect of various etching times on bond strength of resin
composite to enamel and dentin prepared by Er,Cr:YSGG
laser. Sixty previously flattened human molars were
irradiated for 10 s by an Er,Cr:YSGG laser. Enamel (E)
specimens were etched with 37% H3PO4 for 20, 40 or 60 s
and dentin (D) specimens were etched for 15 or 30 s. All
specimens were prepared for a standard shear bond strength
(SBS) test (1 mm/min). Data were analyzed [ANOVA,
Tukey post-hoc, a<0.05)] and the failure mode was studied
under SEM. Mean SBS±sd (MPa) for each group was
16.97±7.77 (E20s), 21.34±3.55 (E40s), 14.08±4.77
(E60s), 13.62±7.28 (D15s) and 13.15±6.25 (D30s). SBS

for E40s was significantly higher than E60s (p=0.023). No
difference was noted between the dentin groups. SEM
evaluation showed predominantly cohesive failure. Within
the limits of this study, etching time significantly influenced
the SBS of composite resin to laser-prepared enamel. SEM
showed subsurface cracks, fissures, and deformities leading
to predominantly cohesive failure in both enamel and
dentin.
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Introduction

Erbium (Er.) lasers were introduced into dentistry specifically
as an alternative to traditional mechanical instrumentation for
the preparation of tooth structure [1]. These lasers emit
energy in the wavelength range of 2.6 and 3 µm. This range
coincides with the strongest absorption peak of water, an
important component of dental hard tissues [2]. The sudden
evaporation of bound water (2–4% by weight in enamel)
causes micro-explosions that blast away tiny particles of the
tooth [2]. In addition to the selective removal of carious
enamel and dentin, the advantages of using lasers for hard
tissue preparation include bactericidal effects and less noise,
vibration, and discomfort for the patient than a rotary
handpiece [3, 4].

A member of the Er laser family, the Er,Cr:YSGG pulsed
laser used with an air-water spray may be used to prepare
enamel, dentin, cementum, and bone efficiently and cleanly
without leaving a smear layer [5, 6].

Despite its efficiency, reported bond strengths of
composite resin to tooth substrate prepared by erbium laser
are often confusing and contradictory. Some studies have
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reported higher bond strengths to laser-prepared than to
acid-etched dentin [7, 8]. Others have reported significantly
lower bond strengths [9–12] and others have reported no
significant differences [13, 14].

Since its introduction by Buonocore in 1955 [15], the
acid-etch technique has been the subject of many inves-
tigations. Major topics of concern among these studies have
been the type and concentration of acids [16], etching
interval [17], the influence of air drying [18], and the effect
of enamel contamination [19].

Early observations of enamel and dentin surfaces prepared
by erbium lasers demonstrated a similarity to acid-etched tooth
structure [8, 14]. These findings motivated clinicians to use a
laser as an alternative to chemical etching [7, 14]. Later
investigations showed patterns of micro-irregularities, often
accompanied by micro-fissure propagation, fusion, or re-
crystallization areas and absence of smear layer [1]. Hibst
demonstrated the formation of a superficial layer of tiny flakes
with laser tooth preparation. These flakes can easily break and
reduce bond strength. Hibst suggested that this layer should be
removed before any application of the filling material [1]. To
overcome this problem, mechanical or chemical removing of
this layer has been suggested. Gutknecht et al. and Carvalho
et al. suggested acid-etching the laser-prepared cavity [20, 21].

Morphological changes to tooth structure resulting from
laser irradiation may affect the performance of dental
restorative materials, especially adhesive systems. Since
many bonding systems now recommend an etching step
prior to adhesive placement, the aim of the current study is
to investigate the effect of different etching time on the
shear bond strength of composite resin bonded to enamel
and dentin using a current-generation bonding system.

Materials and methods

Sixty freshly extracted caries and restoration-free permanent
human molars stored in sodium azide solution (0.4%) were
selected after scaling to remove residual tissues and calculus.
The samples were embedded in an acrylic resin with the
occlusal surface of the crown exposed and parallel to the
base of the resin block. Specimens were randomly divided
into two groups, enamel (E, n=36) and dentin (D, n=24).

Sample preparation

Samples were wet-ground with 320-grit and polished with
600-grit to obtain a flat enamel or dentin surface. Surfaces
were evaluated under a laboratory magnification lens to
confirm that no dentin was exposed in enamel group and no
enamel remained in the dentin group (except at the periphery).
The specimens were stored in distilled water at 37°C and
100% humidity in a controlled incubator.

Laser exposure

An Er,Cr:YSGG laser (Waterlase, BioLase Technology Inc,
San Clemente, CA, USA) operating at a wavelength of
2,780 nm, fixed repetition rate of 20 Hz and 140-μs pulse
duration coupled with an adjustable air-water spray was
used. Parameters for enamel specimens were 4.5 W
(225 mJ/Pulse) 60% air, 80% water and 3 W (150 mJ/
pulse) 60% air, 70% water for dentin samples. The laser
energy was delivered through a fiber-optic system to a
sapphire tip terminal 600 μm in diameter (G6, BioLase
Technology Inc, San Clemente, CA, USA).

Samples were lased for 10 s in the non-contact mode
perpendicular to the flat specimen surface with a 1-mm
fixed distance from the laser tip. A sweeping motion was used
to achieve an even coverage of the surface by overlapping the
laser impacts. A surface area of approximately 4×3 mm was
prepared in this manner. The energy density delivered to the
enamel surface was 80 J/cm2 and 53 J/cm2 for the dentin
samples. To ensure consistent energy density, spot size,
distance, and handpiece angle, the laser hand piece was
attached to a modified surveyor.

Etching procedure

Enamel samples were randomly divided into three sub-
groups (E20s, E40s, and E60s) and dentin specimens into
two subgroups (D15s and D30s) with equal number of
samples per group (n=12). Prior to acid etching, the
samples were gently air dried to remove the excess water
and then 37% phosphoric acid (Patterson Brand LOT#
060278) was applied to group E20s for 20 s, E40s for 40 s,
E60s for 60 s, D15s for 15 s and D30s for 30 s. Samples
were rinsed with water spray for 30 s.

Bonding procedure

Specimens were blotted to remove excess water using a
cotton pellet to obtain a glistening surface without water
pooling. Bonding procedures recommended by the manu-
facturer were strictly followed. Two consecutive coats of
the adhesive system (Adper Single bond plus, 3 M-ESPE,
MN, USA LOT # 7LE) were immediately applied to the
exposed etched surface for 15 s with gentle agitation using
a fully saturated applicator. The surface was gently air-dried
for 5 s to evaporate bonding solvents, and light cured (LED
5, Ultradent, UT, USA) for 10 s.

A transparent plastic tube of 1.5 mm inner diameter was
filled with 3 mm of composite (Filtek Supreme Plus 3 M-
ESPE, MN, USA LOT#5BR A3 Body Shade) and placed on
the treated surface. The tube was exposed to the curing light
for 40 s (20 s from each side). Light intensity of the curing
light device was measured between every ten samples and
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was determined to be 663±60 mW/cm2 by a laser power
meter (Field Mate, Coherent Inc., OR, USA).

Subsequently, any excess material was removed with a
sharp surgical blade. Samples were left in distilled water at
37°C for 48 h. Laboratory conditions during the specimen
preparation were monitored (temperature: 24±2°C, humidity:
36±2%) and the samples were kept moist to avoid drying and
cracking.

Shear bond strength (SBS) testing

Prior to loading, the tube mold was carefully removed with a
sharp blade. The specimens were then placed in a custom-made
fixture mounted on a Universal Testing Machine (INSTRON
Model 5565, MA, USA) and were loaded to failure under
compression using a knife-edge loading head at a cross-head
speed of 1mm/min. The investigator performed the load testing
without knowledge of the group treatment. Maximum load to
failure was recorded for each sample and the SBS was
expressed in megapascals (MPa), which is derived by dividing
the imposed force (Newtons) by the bond area (mm2)

SEM study

To evaluate the failure mode, the composite cylinders were
mounted on aluminum stubs; sputter-coated with gold-
palladium and examined under a scanning electron micro-
scope (SEM) (ISI SX-30 Cambridge, MA, USA). The
failure mode was classified as adhesive (adhesive failure);
cohesive enamel, dentin, or composite substrate failure, or
mixed (adhesive and cohesive failure).

Statistical analysis

Means and standard deviation of SBS were calculated and
differences between groups were analyzed using one-way
analysis of variance (ANOVA) and Tukey-Kramer post-hoc
testing (α=.05).

Results

Shear bond strength (SBS)

Mean SBS±sd (MPa) for each group was 16.97±7.77 (E20s),
21.34±3.55 (E40s), 14.08±4.77 (E60s), 13.62±7.28 (D15s)
and 13.15±6.25 (D30s) (Fig. 1). The maximum SBS
observed enamel was in group E20s (32.85 MPa) and the
minimum was in group E60s (8.61 MPa), the maximum SBS
observed in dentin group was in group D30s (25.49MPa) and
the minimum was in group D15s (4.19 MPa).

Some samples were dislodged and debonded during the
preparation for the shear test, thus the uneven sample

distribution. ANOVA showed a significant difference
between enamel groups (P=0.024). Further analysis using
the Tukey-Kramer test indicated that mean SBS for E40s
(21.34±3.55 MPa) was significantly higher than E60s
(14.08±4.77 MPa) (P=0.022). No difference was noted
between E20s and E40s or E20s and E60s. There was no
difference between the dentin groups (Tables 1 and 2).

Failure mode

The failure mode of each specimen is presented in Table 3.
SEM evaluation showed that the enamel samples tend to fail
more cohesively in enamel. Only one sample in group E40s
failed adhesively, the rest of the specimens had some amount
of cohesive failure; 50% in group E20s, 37% in group E40s,
and 80% in group E60s failed cohesively in enamel.

The remaining samples had a mixture of adhesive and
cohesive failures. In the latter, cohesive failure surface was
predominant except in one sample (group E20s), which
showed bigger surface area of adhesive failure. It is
noteworthy that dentin cohesive failure was seen in only a
few of the samples of group E60s. The dentin samples also
showed predominantly cohesive failure. In a few cases, a
mixture failure was seen but the remainder failed cohesively
in dentin (Figs. 2 and 3).

Discussion

The bond strength of adhesive systems is one of the major
factors to be considered when placing a restoration [4]. This
restoration parameter can be accurately measured by the
bonding test. Bonding of resin composite material to tooth
structure prepared with different type of lasers has been
reported [3, 8, 12, 22–24]. These investigations have
reported variable results comparing bond strengths of
laser-prepared and bur-prepared enamel and dentin [4, 8,
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Fig. 1 Comparison of mean shear bond strength (SBS) of enamel and
dentin groups. SBS of E40s is significantly higher than E60s (P=
0.022). No significant difference was noted between the dentin groups
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14, 25]. They suggested that acid etching after laser
preparation is recommended and may improve the bond
strength [3, 20, 21, 26]. However, there are few data
demonstrating the effect of etching time on the bonding
performance of laser-prepared enamel and dentin.

Data from this investigation demonstrated that higher
shear bond strength in enamel was observed when the
etching time was increased to 40 s, but the differences were
not statistically significant (p>0.237). The results showed
that increasing the time to 60 s had a detrimental effect.
Shear bond strength values to 20 s for acid-etched enamel
(16.97±7.77 MPa) and 15 s for etched dentin (13.62±
7.28 MPa) in this study were similar to those reported
previously [4, 10].

Conventional burs create smooth surfaces in the dentin
coated by a smear layer. Treatment with phosphoric acid
produces a repeating surface pattern, with cracks and
fissures no deeper than 12 μm that are readily filled with
resin [27, 28]. In contrast to bur preparation, the erbium
laser creates rough surfaces free of smear layer, extensive
surface fissuring, and less homogeneous and regular surface
patterns [2].

As described by Perdigao et al., it seems that the
bonding mechanism of resin to acid-etched dentin is well
understood to be micromechanical, but little is known about
the mechanism of resin adhesion to laser-etched dentin. The
formation of an inter-diffusion zone similar to that
described for acid-etched dentin seems to be unlikely [29].

It has been hypothesized that because the surface layer
of laser-prepared cavities is severely fissured and probably
denatured, micromechanical retention is likely to be
inadequate with bond strength developing solely from
penetration of resin tags into dentinal tubules [8, 12, 30].

Jassem et al. has shown that resin tags are responsible
for only a small fraction of bond strength of composite to
etched dentin [31], which may explain the reduced bond
strength with laser-prepared tooth structures.

On the other hand, commercial dental laser manufac-
turers claim that enamel and dentin can be successfully
etched at lower power settings with the erbium lasers [26].
Despite this common suggestion, this protocol was not used
to etch the enamel or dentin surfaces because sub-ablative
energies are prone to cause more cracks with subsequently
lower restoration quality.

Apel et al. investigated the ablation threshold of Er:YAG
and Er:YSGG lasers used when preparing tooth structures
and noted that there is a possibility of micro-cracks
developing in enamel below the ablation threshold. These
cracks act as starting points for fracture and failure, which
may reduce or eliminate the possible positive effect of
erbium laser irradiation [32]. Various other effects were
observed in their study, such as slight smoke evolution and
opaque, chalky, or brownish discoloration within the
enamel that occurred with radiation below the ablation
threshold [32].

Another reason not to use lower power as a laser-etching
procedure was the reports of lower bond strength when
using this technique compare to acid etching [3, 10, 11, 26].
Irradiated enamel and dentin respond differently to acid
etching than to surfaces obtained with a conventional high-
speed bur. The peritubular dentin seems to be more resistant
to acid etching; intertubular dentin became weakened and
highly demineralized after etching and if not completely
impregnated by monomers, it creates a hybrid layer more
susceptible to hydrolysis [33].

Although adjunctive use of phosphoric acid following
water-rinsing appeared to have eliminated the surface laser-
modified layer, the thermomechanical effects produced by
laser irradiation probably extend into the subsurface dentin,
undermining the integrity of the resin-dentin interface [13].
Kataumi et al. observed resin-dentin interfaces and found
micro-cracks below the hybrid layer, indicating that

Table 3 Mode of failure

Group n Cohesive Adhesive Mixed

E20s 12 6 0 6

E40s 11 4 1 6

E60s 10 8 0 2

D15s 9 6 0 3

D30s 10 6 0 4

DF Sum of square Mean square F-Value P-value

Enamel 2 282.412 141.206 4.249 0.0237

Residual 30 997.023 33.234

Dentin 1 1.065 1.065 0.023 0.8805

Residual 17 776.553 45.68

Table 1 ANOVA table for
enamel and dentin values

The difference between enamel
groups is significant (P=0.0237)
and between dentin groups is
not significant.(P=0.8805)

Table 2 Tukey test for enamel group values (S: Significant difference,
p<0.05)

Mean diff. Crit. diff

E20s, E40s −4.374 5.939

E20s, E60s 2.885 6.091

E40s, E60s 7.259 6.216 S
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subsurface damage was caused by the Er:YAG irradiation
[13]. These findings confirm our SEM observations that
demonstrate enamel and dentin cohesive fractures. By
means of transmission electron microscope (TEM) study
of laser-irradiated dentin they reported 3–4 μm of severely
altered subsurface dentin, in which collagen fibrils appeared
to have lost cross-banding and were fused together,
eliminating interfibrillar spaces [13]. This in particular
could explain the cohesive fractures of enamel and dentin
frequently observed in this and other studies. It is
noteworthy to mention that the final pattern of fracture
may not only demonstrate the resistance values but can also
be determined by stress that occurs during the test, the
material structure, the crack propagation, and the properties
and dynamics of the fracture itself [34].

When comparing the SBS of the same bonding system
(Adper Single bond, 3 M ESPE) to conventional bur-prepared
enamel and dentin as reported by other investigators [10, 35], it
is revealed that the bond strength value of E40s is relatively
close to the bond strength of bur-prepared enamel [10], but
this is not the case when comparing the bond strength of
laser-prepared dentin (both D15s and D30s) and bur-prepared
dentin [35]. Laser-prepared dentin showed lower values and
significantly weaker bond strength than conventional bur-
prepared dentin [10, 35]. The results of this investigation
suggest that chemical etching be employed for 40 s to enamel
prepared by a laser to obtain higher bond strengths. Further
work is required to improve bond strength of laser-prepared
dentin, perhaps by enhancement in the strength of dentinal
structure or increased resin penetration into micro-porosities.

Fig. 2 SEM photograph (45x) of fractured enamel–adhesive interface
in the composite bar side. a A representative of group E20s, cohesive
fracture mode. As seen in the picture, the sample interface is totally
covered by a thin layer of enamel (CC Composite cylinder). b A

representative of group E40s; despite a round cross section of the
composite bar, the fracture interface observed was irregularly shaped
in most cases (EC Exposed composite)

Fig. 3 SEM photograph (250 x) of fractured dentin–adhesive interface in the composite bar side. a Representative of D15s. b Representative of
D30s. Dentinal tubules, and resin tag remnants (white dots) are visible
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In this investigation, only one bonding system was tested.
Other bonding systems used in dentistry may yield different
results. From the laser perspective, we chose safe and
effective laser parameters within the range of the manufac-
turer’s recommendations. Different parameters could vary
shear bond strengths values. Further work is required to
determine whether the present findings apply equally to
other bonding systems, different bonding procedures, and
different laser parameters, before the laser can be established
as a reliable operative technique in dentistry.

Conclusions

Within the limits of this in vitro study, it is concluded that
etching time can significantly influence the bonding of
composite resin to enamel prepared by an Er,Cr:YSGG
laser. In this regard, it is recommended to increase etching
time to 40 s to obtain better bond strength, but not to 60 s,
which may degrade the shear bond strength of the
composite resin to the enamel. There were no differences
observed in shear bond strength when lased dentin was
etched for 15 or 30 s. Cohesive failure was the predominant
failure mode in both enamel and dentin. SEM revealed
subsurface cracks, fissures, and deformities which may
affect the integrity of the lased enamel and dentin.
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