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Abstract
We aimed at examining the effects of a percentage of air/water in spray on the cutting efficiency of Er,Cr:YSGG laser for enamel
and dentin. The intensity and frequency of irradiation were 3.0 Wand 20 Hz for the enamel surface and 2.0 Wand 20 Hz for the
dentin surface, respectively. Flattened surfaces of enamel and dentin were irradiated at nine points for approximately 1 s under
various percentages of air/water in spray using Er,Cr:YSGG laser. A high-speed video microscope was used to record each laser
irradiation on the tooth surface. A slow video image was used to count the number of water micro-explosions yielded on the tooth
surface during laser irradiation. A surface roughness tester was used to measure the depth of the dimple prepared with laser
irradiation on each specimen. Each individual depth of dimple was divided by the number of water micro-explosions (pulse).
This allowed for the calculation of the cutting depth per pulse. Following laser irradiation, several representative specimens were
observed using an SEM. Two-way ANOVAwas used as the statistical analysis. This revealed that there was no significant effect
of the percentage of air/water in spray on the cutting depth for enamel surface (p > 0.05). On the contrary, a significant effect was
observed in air-ratio for dentin cutting (p < 0.05). Both enamel and dentin were characterized by the presence of rough surfaces,
as shown by the SEM images of the dimples. The percentage of air/water in spray was not significantly effective in laser cutting
for enamel. Air-percentage was significantly effective in laser cutting for dentin.
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Introduction

Several past studies have evaluated the laser tooth cutting
[1–10]. It has been shown that Er:YAG, Er:YSGG, and
Er,Cr:YSGG lasers all possess a high efficacy of tooth abla-
tion with respect to other lasers. Furthermore, Er,Cr:YSGG
laser has shown an excellent cavity preparation time, resem-
bling the rotary cutting instruments with air-turbine handpiece
[2, 6]. Compared with the rotary tooth-cutting method, the
other benefits of cavity preparation with Er,Cr:YSGG laser

included reduction in the thermal damage for the tooth tissues,
no smear layer on the prepared tooth surface, and less vibra-
tion caused to the micro-crack formation [2, 6].

The tooth-cutting mechanism by means of a mid-infrared
laser differs from that using a rotary cutting device. Mid-
infrared laser wavelengths, such as Er,Cr:YSGG (2780 nm)
or Er:YAG (2940 nm), are well absorbed into water. The water
absorption coefficients of Er,Cr:YSGG and Er:YAG are
1200 mm−1 and 400 mm−1, respectively [11]. The Er:YAG
laser penetrates approximately 7 μm in enamel and 5 μm in
dentine [11]. The Er,Cr:YSGG laser penetrates three times
deeper than the Er:YAG laser does. Therefore, the earlier the-
ory for the mechanism of action of laser tooth ablation de-
scribes the absorption of the laser beam by the aqueous com-
ponents in the tooth substrate, followed by a blast of tooth
structure due to evaporation of the water. However, this earlier
theory appears to be not probable. This is due to the fact that
approximately one half of the water in tooth substrates is dif-
fusible. Furthermore, the water diffusion is very slow (i.e.,
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taking several hours to days) and temperatures of up to 800 °C
would be required to remove water from the tooth structure
[12–14]. The wavelength of the CO2 laser group (far-infrared)
is also absorbed into water and hydroxyapatite. The enamel
absorption coefficients and depths of 9300 nm, 9600 nm,
10,300 nm, and 10,600 nm CO2 laser were 5500 cm−1 and
2 μm, 8000 cm−1 and 1 μm, 1125 cm−1 and 9 μm, and
825 cm−1 and 12 μm, respectively [15]. Therefore, the wave-
lengths 9300 nm or 9600 nm were more suitable for enamel
ablation than other wavelengths. Not only the function of
hydroxyapatite’s absorption but also its reflection and trans-
mittance have to be considered when determining the wave-
length at which the peak energy is transmitted into the enamel.
When considering both the reflection and absorption, the total
energy transferred into hydroxyapatite was maximum at
9300 nm, where the reflection coefficient was low but the
absorption coefficient was fairly high [16]. Thus, the maxi-
mum energy transfer may realize the rapid ablation and vapor-
ization of tooth substances.

Past studies demonstrated that tooth ablation with
Er,Cr:YSGG laser irradiation is produced by a transpiration
of hydration shell in hydroxyapatite due to the high absorption
levels of the laser energy into the water [2, 6]. Furthermore,
some studies discuss the hydrokinetic theory in which the
water droplets energized by the photons of a laser break the
hydroxyapatite. This had been previously proposed as the
mechanism of tooth ablation with Er,Cr:YSGG laser [3, 4].
Mir M et al. analyzed the laser ablation images obtained by a
high-tech camera and found that the external water micro-
droplets were plunged into the inter-prism of enamel during
irradiation. Furthermore, they observed that the thermal effect
of laser on injected micro-droplets led to the explosion of
tooth tissue [6]. However, Kuščer L et al. reported an opposite
opinion for the hydrokinetic theory [7]. More specifically,
they measured Er:YAG and Er,Cr:YSGG laser-ablated vol-
umes in dental hard tissues under a broad range of tested laser
parameters and water-cooling conditions. Their goal was to
verify whether the hydrokinetic effect could be a possible
alternative to the subsurface water expansion for hard-tissue
laser ablation. Following their study, the authors observed no
evidence of the hydrokinetic effect [7].

A more recent study has proposed a mechanism of tooth
ablation for erbium laser. Specifically, the authors suggest that
the rapid subsurface expansion of laser-heated water trapped
within the interstitial structure of tooth tissues causes a mas-
sive volume expansion. As a consequence, this expansion
leads the surrounding tissues to explode [17]. Moreover, they
observed that the spray during laser irradiation cleans the ir-
radiated tooth surface, and the ablation rate efficiency in-
creases by means of the ablation process [18]. Therefore, the
externally supplied water has a significant influence on lead-
ing to an effective laser tooth ablation process when the
Er,Cr:YSGG laser is used.

We previously reported on the mechanism of laser tooth
ablation by monitoring with high-speed camera. Specifically,
we observed that at the moment of laser irradiation, micro
water explosions occurred on the tooth surface [19]. The
speed of the laser cutting could be affected by numerous laser
irradiation parameters such as intensity, frequency, water-ra-
tio, and air-ratio in spray. However, the effect of these param-
eters on cutting character has not been sufficiently clarified.
Therefore, with the present study, we aimed at examining the
effects of the percentage of air/water in spray on the cutting
efficiency of Er,Cr:YSGG laser for both enamel and dentin.
Our null hypothesis was that the percentage of air/water in
spray would not influence the tooth-cutting efficiency of
Er,Cr:YSGG laser.

Materials and methods

The Human Research Committee of the Nippon Dental
University School of Life Dentistry at Niigata reviewed and
approved the present study (approval number ECNG-H-9).

Specimen preparation

Extracted human anterior teeth preserved in 0.01% thymol
solution at 4 °C were used in this study. The teeth were sec-
tioned at the cement–enamel junction to remove the roots;
next, the crowns were trimmed perpendicularly and horizon-
tally to the tooth axis to prepare sections (approximately 5 ×
5 × 3 mm) using an Isomet (Buehler Ltd., Lake Bluff, IL,
USA). The labial surfaces of the sections were ground flat to
the enamel or dentin using 600-grit silicon carbide paper
(Carbimet, Buehler, Lake Bluff, IL, USA) and finished with
1500-grit paper using a polishing machine (Lewel specimen
polisher, Kasai, Yokohama, Japan) under water irrigation.
These were then used as specimens (n = 10).

Tooth cutting and monitoring

The specimen surfaces were irradiated at nine points for ap-
proximately 1 s under various percentages of air/water in
spray using Er,Cr:YSGG laser (Waterlase MD, Biolase
Technology, San Clemente, CA, USA) (Tables 1 and 2). The
MX5 sapphire tip with turbo handpiece was positioned per-
pendicular to the specimen surface using a flexible arm for a
uniform focal irradiation distance of 3 mm. Irradiation with
focus mode was subsequently performed. Intensity and fre-
quency of irradiation shown in the touchscreen display were
3.0 Wand 20 Hz for the enamel surface, and 2.0 Wand 20 Hz
for the dentin surface, respectively. A high-speed video mi-
croscope (VW-5000, Keyence, Osaka, Japan) was used to
record each laser irradiation on the tooth surface. The slow
video image was used to determine the number of water
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micro-explosions yielded on the tooth surface during laser
irradiation.

We verified the actual power output using a power meter
(Nova II Display Rohs, Ophir Optronics, Jerusalem, Israel).
The actual power outputs for 3 W and 2 W displayed on the
touchscreen were 2.2 W and 1.47 W, respectively. As the
diameter of the laser beam with a focus was 0.5 mm, the area
of laser irradiation was 0.196 mm2 or 0.00196 cm2. Therefore,
the power densities for 3 W and 2 W displayed on the
touchscreen were 1122.5 W/cm2 (2.2 W/0.00196 cm2) and
750.0W/cm2 (1.47W/0.00196 cm2), respectively. The energy
densities for 3 W and 2 W displayed on the touchscreen were
approximately 1122.5 j/cm2 and 750.0 j/cm2, respectively,
because the laser irradiation time was approximately 1 s. We
also measured the actual water flow rates (in mL/min) for each
experimental group (Tables 1 and 2).

Measurement of cutting depth on the tooth surface
per pulse

A surface roughness tester (Surfcom 470A, Tokyo Seimitsu,
Japan) was used to measure the depth of dimple prepared with
laser irradiation on each specimen. In order to calculate the

cutting depth per pulse, the depth (i.e., cutting depth) was
divided by the number of water micro-explosion (pulse).

SEM observation

Following the laser irradiation, representative specimens were
selected from each group for further evaluation of the cut
surfaces using an SEM (S-800, Hitachi, Chiyoda, Tokyo,
Japan). The selected specimens were sputter-coated with pal-
ladium and platinum and subsequently observed using an ac-
celeration voltage of 15 kV.

Statistical analysis

Statistical analysis was performed using the two-way
ANOVA. The goal was to examine the effect of the percentage
of air/water in spray on the efficacy of laser cutting (Microsoft
Excel 2010 for Windows, SSRI Co. Ltd., Tokyo, Japan).

Results

The cutting depths (mean ± SD) of both the enamel and dentin
surfaces are reported in Tables 3 and 4, respectively. Two-way
ANOVA was used to perform statistical analysis. The latter
revealed that there were no significant effects of both the per-
centage of water and air on the laser cutting depth for enamel
surface (p > 0.05). On the contrary, we observed a significant
effect of air-ratio factor on the cutting depth for dentin surface
(p = 0.01). A statistically significant interaction between the
two factors was not detected. We performed Tukey’s HSD test
for the analysis of the air-ratio factor. This test revealed that
the cutting depth of the 50% air application group was signif-
icantly deeper than that of the 70% air application group (p =
0.008).

Figure 1 shows the representative stereomicroscope image
of dimples on the dentin specimen. These were prepared by
laser irradiation under various air/water ratios in spray. The
representative SEM images of the dimples prepared on both
enamel and dentin surfaces are shown in Figs. 2 and 3, respec-
tively. All of the dimples exhibited a conical shape, and their
surfaces were remarkably rough. Numerous very small cracks
and debris from melted tooth were observed on the surface of
both enamel and dentin dimples.

Discussion

We initially performed a pilot study, in which the mechanism
of laser ablation with an Er,Cr:YSGG laser was confirmed,
with the aid of a high-speed video microscope. In order to
obtain a clear video image of laser ablation for enamel, in
the pilot study, the conditions of laser irradiation were set to

Table 1 Experimental groups for enamel cutting

Group Air-ratio (%) Water-ratio (%) Water flow
rate (mL/min)

70A-60W-E 70 60 15.0

70A-70W-E 70 70 17.0

70A-80W-E 70 80 18.6

80A-60W-E 80 60 15.8

80A-70W-E 80 70 16.4

80A-80W-E 80 80 17.5

90A-60W-E 90 60 14.6

90A-70W-E 90 70 15.4

90A-80W-E 90 80 16.7

Table 2 Experimental groups for dentin cutting

Group Air-ratio (%) Water-ratio (%) Water flow
rate (mL/min)

50A-60W-D 50 60 8.6

50A-70W-D 50 70 17.4

50A-80W-D 50 80 18.8

60A-60W-D 60 60 12.6

60A-70W-D 60 70 18.2

60A-80W-D 60 80 19.4

70A-60W-D 70 60 15.0

70A-70W-D 70 70 17.0

70A-80W-D 70 80 18.6
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be 4 W, 20 Hz, 60% air, and 40% water. During the laser
ablation, light was irradiated to the enamel surface with spray.
At this time, a video image was recorded at the enamel surface
for a few seconds using the high-speed video microscope (×
50 magnifications). Following the analysis of the recorded
video image (flame rate 250), we observed a flash explosion
of the water at the enamel surface, where the laser light of one
pulse was irradiated. We speculated this phenomenon as a
water micro-explosion. When the water micro-explosion took
place, the enamel surface was excavated and led to the forma-
tion of a crater-like tiny dimple. The results of this pilot study
indicated that the tooth surface was excavated and led to for-
mation of a crater-like tiny dimple when the water micro-
explosion occurred on the laser-irradiated tooth surface.
These findings supported Brapid subsurface expansion of
laser-heated water^ as the theory of laser tooth ablation (sug-
gested by Van As G) [17].

In the present study, the high-speed video microscope was
used to analyze the water micro-explosions during laser cut-
ting. The analysis was performed both qualitatively and quan-
titatively using the playback slow video image. To calculate
the cutting depth per pulse, the depth of a dimple was divided
by the number of water micro-explosions. This calculation
allowed us to obtain a comparison between tooth-cutting

ability for each laser irradiation and various percentages of
air/water in spray.

When analyzing the results for enamel laser cutting, we
observed that neither the percentage of water nor the per-
centage of air in the spray significantly influenced the effi-
ciency of laser cutting. In clinic, when using Waterlase MD
60% air in spray is generally recommended for cutting tooth
substrate. However, in the present study, the percentages of
air/water in spray for enamel cutting were 60, 70, and 80%
and 70, 80, and 90%, respectively. These settings were se-
lected to analyze in a definitive manner the effects of air
rates on the cutting efficacy. Of note, in previous studies
85% air in spray was used to investigate the morphological
changes and bond strength of resin composite in prepared
cavities with Er,Cr:YSGG laser [19, 20]. We hypothesized
that the above-mentioned percentages of air/water in spray
for enamel cutting were too high to define statistical signif-
icances among the experimental groups. On the contrary,
the condition of 70% water was the deepest among all the
percentages for air group. The percentage of water may be
more significant for laser cutting efficacy than the percent-
age of air. Mir et al. examined the influence of water-laser
interaction on the enamel surface during irradiation with an
Er:YAG laser. Furthermore, the authors evaluated the ef-
fects of different distances between the laser tip and the
enamel surface. They concluded that the volume of cuts
per pulse depended significantly on the variability of the
water thickness, and showed a tendency to decrease with
the thickening of the water layer [5]. In the present study,
a high percentage of air lead to a fairly thinner water layer on
the enamel surface. As a result, the percentage of water

Fig. 1 Stereomicroscopic image of dimples prepared with the laser
irradiation accompanied by each percentage of air/water in spray on the
dentin surface

Table 3 Mean and SD of enamel cutting depth for one laser pulse

Group Cutting depth (mean ± SD, μm)

70A-60W-E 10.38 ± 2.66

70A-70W-E 10.51 ± 3.33

70A-80W-E 9.77 ± 2.59

80A-60W-E 9.24 ± 2.46

80A-70W-E 9.68 ± 1.19

80A-80W-E 8.50 ± 1.22

90A-60W-E 9.64 ± 2.79

90A-70W-E 10.22 ± 3.54

90A-80W-E 9.90 ± 3.49

Table 4 Mean and SD of dentin-cutting depth for one laser pulse

Group Cutting depth (mean ± SD, μm)

50A-60W-D 9.84 ± 2.17

50A-70W-D 9.47 ± 1.53

50A-80W-D 9.42 ± 1.61

60A-60W-D 9.29 ± 2.11

60A-70W-D 8.58 ± 1.49

60A-80W-D 8.40 ± 1.90

70A-60W-D 8.03 ± 1.23

70A-70W-D 8.10 ± 1.67

70A-80W-D 8.47 ± 1.63
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under a high percentage of air might not influence the effi-
cacy of laser cutting.

With the laser dentin cutting, we observed that the per-
centage of air in spray significantly influenced cutting effi-
ciency. Deeper dimples were observed in the 50% the per-
centage of air group compared to the 60% and 70% air-ratio
groups. We conclude that a lower the percentage of air has a
better dentin-cutting efficacy than higher the percentage of
air, when the percentage of air is between 50 and 70%. In the
past, it has been speculated that the strength of water micro-
explosions with a higher percentage of air might decrease
compared to lower the percentage of air, since high air pres-
sure might disturb water molecules laying on the dentin
surface. Colucci et al. reported that dental tissues Er:YAG
laser ablation with different water flow rates influenced the
amount of mass loss. The authors concluded that the water
flow of Er:YAG laser affected the ablation rate [21, 22].
Although the wavelength of the Er,Cr:YSGG laser
(2780 nm) was slightly different from that of the Er:YAG
laser (2940 nm), both wavelengths were well absorbed in
water. Accordingly, the dentin-cutting efficacy of the
Er,Cr:YSGG laser may be influenced by water flow rates
in the same manner as that of the Er:YAG laser.

SEM pictures, represented in Figs. 2 and 3, showed con-
siderably rough surfaces on laser-irradiated enamel and dentin
outer layers. The roughness of Er,Cr:YSGG laser-ablated
enamel and dentin surfaces have been reported in several pre-
vious studies [19, 20, 23, 24]. The percentage of air/water in
spray during laser cutting might not influence the texture of
the laser-cut surface. By observing the configuration of the
conical dimples, we conclude that the high-energy pulse laser
beams with spray repetitively excavated the central area of a
laser-irradiated tooth surface. Judging from the profile record-
ed with the surface roughness tester and the SEM observation
for the laser-ablated tooth surface, all tooth surface dimples
prepared with laser irradiation exhibited a conical shape. The
characteristic conical shape of the dimple might be due to a
Gaussian distribution of the output power of the laser used in
this study. When comparing the SEM pictures for each group
on dentin surface, we see a close resemblance in the widths of
all dimples. On the contrary, shallower dimples were observed
for the 70% air-ratio group compared to the other groups.
However, we observed that both the widths and depths of all
dimples on the enamel surface were almost the same. These
findings were in line with the results from the measurements
of cutting depth.

Fig. 2 SEM images of enamel
dimples prepared with the laser
irradiation accompanied by each
percentage of air/water in spray
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Because we used an MX5 sapphire pin, which irradiated a
laser beam with a focus of 500 μm in diameter and a focal
distance of 3–5 mm in our study, the diameters of dimples
produced after laser irradiation were assumed to be approxi-
mately 500 μm.However, from the results of dimple measure-
ment by means of the scale memory on the SEM pictures in
Figs. 2 and 3, the diameters of the dimples on the enamel and
dentin surfaces were approximately 380–400 and 400–
450 μm, respectively. The laser was irradiated with a focus
mode; nevertheless, the diameter of the dimples produced af-
ter laser irradiation was actually smaller than 500 μm. Based
on this observation, we speculated that the size of the water
micro-explosion was smaller than that of the laser beam in
focus. Moreover, the discrepancy of the dimple size among
the specimens in the same experimental group might be due to
the uneven irradiation time for each specimen, because it was
not possible to reproducibly control the irradiation time for
just 1 s.

With the present study, we demonstrated that the percent-
age of air/water in spray at a range of relatively high ratio
showed no significant effects on enamel cutting efficacy,
while it had a significant effect on dentin cutting, using in both

cases an Er,Cr:YSGG laser. We had stated as the null hypoth-
esis that the percentage of water/air in spray would not influ-
ence the tooth-cutting efficiency of Er,Cr:YSGG laser. Our
results show that the null hypothesis was confirmed for dentin,
but denied for enamel. Because opening the carious cavity
with laser irradiation requires intensive enamel cutting effica-
cy, the intensity and hertz of laser irradiation could be more
important than the percentage of water/air in the spray when
cutting the enamel with laser irradiation. Importantly, a careful
cutting control is required in clinical situations to excavate
numerous types of conditioned dentin including intact, affect-
ed, and infected dentin. In other words, delicate handling for
dentin cutting when using an Er,Cr:YSGG laser could be re-
alized with a fast setting of the appropriate percentage of
water/air in the spray on the operation panel. From our results,
in case of removing deep carious dentin near the pulp, a higher
percentage of air in the spray would be recommended as our
data showed that the amount of dentin ablation was less with a
high than with a low percentage of air in the spray. Therefore,
we believe that the percentage of air/water in spray should be
taken in consideration for the dentin cutting using an
Er,Cr:YSGG laser.

Fig. 3 SEM images of dentin
dimples prepared with the laser
irradiation accompanied by each
percentage of air/water in spray
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Conclusions

Taking in consideration the results as well as the limitations of
the present study, we conclude that there was no significant
effect of the percentage of air/water in spray on the efficacy of
the laser cutting for enamel. On the contrary, we observed a
significant effect of the percentage of air in spray on the effi-
cacy of the laser cutting for dentin.

Funding information This study was supported in part by Grants-in-Aid
for Scientific Research (C) from the Japan Society for the Promotion of
Science (No. 23234567).

Compliance with ethical standards

The present study was reviewed and approved by The Human Research
Committee of the Nippon Dental University School of Life Dentistry at
Niigata (approval number ECNG-H-9).

Conflict of interest The authors declare that they have no competing
interests.

References

1. Ith M, Pratisto H, Altermatt HJ, Frenz M, Weber HP (1994)
Dynamics of laser-induced channel formation in water and influ-
ence of pulse duration on the ablation of bio-tissue under water with
pulsed erbium-laser radiation. Appl Phys B Lasers Opt 59:621–629

2. Hadley J, Young DA, Eversole LR, Gornbein JA (2000) A laser-
powered hydrokinetic system for caries removal and cavity prepa-
ration. JADA 131:777–785

3. Altshuler GB, Belikov AV, Sinelnik YA (2001) A laser-abrasive
method for the cutting of enamel and dentine. Laser Surg Med
28:435–444

4. Fried D, Ashouri N, Breunig TM, Shori RK (2002) Mechanism of
water augmentation during IR laser irradiation of dental enamel.
Lasers Surg Med 31:186–193

5. Mir M, Meister J, Franzen R, Sabounchi SS, Lampert F, Gutknecht
N (2008) Influence of water-layer thickness on Er:YAG laser abla-
tion of enamel of bovine anterior teeth. Lasers Med Sci 23:451–457

6. Mir M, Gutknecht N, Poprawe R, Vanweersch L, Lampert F (2009)
Visualising the procedures in the influence of water on the ablation
of dental hard tissue with erbium: yttrium–aluminium–garnet and
erbium, chromium:yttrium–scandium–gallium-garnet laser pulses.
Lasers Med Sci 24:365–374

7. Kuščer L, Diaci J (2013) Measurements of erbium laser-ablation
efficiency in hard dental tissues under different water cooling con-
ditions. J Biomed Opt 18:108002

8. Colucci V, Lucisano Botelho do Amaral F, Pécora JD, Palma-Dibb
RG, Milori Corona SA (2009) Water flow on erbium:yttrium–

aluminum–garnet laser irradiation: effects on dental tissues.
Lasers Med Sci 24:811–818

9. Dutra-Correa M, Rodrigues JR, Nicolodelli G, Kurachi C, Bagnato
VS (2010) Femtosecond LASER ablation of bovine and human
hard dental tissues: comparative morphological and physicochem-
ical analysis. J Bras Laser 2:25–32

10. Rego Filho FAMG, Dutra-Corrêa M, Nicolodelli G, Bagnato VS,
de Araujo MT (2013) Influence of the hydration state on the ultra-
short laser ablation of dental hard tissues. Lasers Med Sci 28:215–
222

11. Diaci J, Gaspirc B (2012) Comparison of Er:YAG and Er,Cr:YSGG
lasers used in dentistry. J LAHA 2012:1–13

12. Sun Y, Yuan F, Lv P, Wang D, Wang L, Wang Y (2015) Method to
control depth error when ablating human dentin with numerically
controlled picosecond laser: a preliminary study. Lasers Med Sci
30:1435–1441

13. Dibdin GH (1993) The water in human dental enamel and its dif-
fusional exchange measured by clearance of tritiated water from
enamel slabs of varying thickness. Caries Res 27:81–86

14. HolcombDW,Young RA (1980) Thermal decomposition of human
tooth enamel. Calif Tissue Int 31:189–201

15. Featherstone JDB, Fried D (2001) Fundamental interactions of la-
sers with dental hard tissues. Med Laser Appl 16:181–194

16. Fantarella D, Kotlow L (2014) The 9.3-μm CO2 dental laser: tech-
nical development and early clinical experiences. J Laser Dent 22:
10–27

17. Van As G (2004) Erbium lasers in dentistry. Dent Clin N Am 48:
1017–1059

18. Cavalcanti BN, Lage-Marques JL, Rode SM (2003) Pulpal temper-
ature increases with Er:YAG laser and high-speed handpieces. J
Prosthet Dent 90:447–451

19. Kato C, Taira Y, Suzuki M, Shinkai K, Katoh Y (2012)
Conditioning effects of cavities preparedwith an Er,Cr:YSGG laser
and an air-turbine. Odontology 100:164–171

20. Takada M, Shinkai K, Kato C, Suzuki M (2015) Bond strength of
composite resin to enamel and dentin prepared with Er,Cr:YSGG
laser. Dent Mater J 34:863–871

21. Colucci V, Lucisano MP, do Amaral FL, Pécora JD, Palma-Dibb
RG, Corona SA (2008) Influence of water flow rate on shear bond
strength of resin composite to Er:YAG cavity preparation. Am J
Dent 21:124–128

22. Colucci V, do Amaral FL, Pécora JD, Palma-Dibb RG, Corona SA
(2012) Effects of water flow on ablation rate and morphological
changes in human enamel and dentin after Er:YAG laser irradiation.
Am J Dent 25:332–336

23. Hossain M, Nakamura Y, Yamada Y, Kimura Y, Matsumoto N,
Matsumoto K (1999) Effects of Er,Cr:YSGG laser irradiation in
human enamel and dentin: ablation and morphological studies. J
Clin Laser Med Surg 17:155–159

24. Iwata A, Hayasihara H, Yasuo K, Onda K, Zennyuu K, Fukui M,
Tanaka Y, Yoshikawa K, Yamamoto K (2010) Study on dental hard
tissues irradiated by an Er, Cr: YSGG laser: surface characteristics
and cutting efficiency. Oper Dent 53:147–158

Lasers Med Sci (2019) 34:99–105 105


	Effects...
	Abstract
	Introduction
	Materials and methods
	Specimen preparation
	Tooth cutting and monitoring
	Measurement of cutting depth on the tooth surface per pulse
	SEM observation
	Statistical analysis

	Results
	Discussion
	Conclusions
	References


