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Abstract
Femtosecond laser is a promising surface treatment tool for zirconia implant. In this study, the fatigue behavior of zirconia 
specimens with microgrooved surfaces formed by femtosecond laser is reported. One hundred sixty CAD/CAM zirconia bars 
(20 mm × 4 mm × 1.4 mm) were evenly divided into four groups with different surface: as sintered; sandblasted with 110 μm 
Al2O3; femtosecond laser produced microgrooves having 50 μm width, 30 μm depth, and 100 μm pitch; microgrooves having 
30 μm width, 20 μm depth, and 60 μm pitch. The femtosecond laser formed micro/nanostructured microgrooves with precise 
size on zirconia surfaces. XRD analysis indicated that microgrooved surface showed no obvious tetragonal-to-monoclinic 
phase transformation. The fatigue strength of sandblasted specimens (728 MPa) was significantly higher than that of as 
sintered specimens (570 MPa). However, the fatigue strength of specimens with microgrooved surface decreased to about 
360–380 MPa. The results suggest femtosecond laser is an effective technique to regulate the surface microtopography of 
zirconia, while further investigations are needed to improve its fatigue behavior.
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Introduction

Yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) 
is a promising alternative to titanium for producing den-
tal implants [1]. It has excellent biocompatibility com-
parable to that of titanium [2]. In addition, compared to 
other stabilized-zirconia systems, 3Y-TZP has superior 
mechanical properties, including a high flexural strength 
(900–1100 MPa), fracture toughness (4.5–6 MPa/m2), and 
elastic modulus (200–210 GPa) [3, 4].

Zirconia implants have been subjected to many surface treat-
ment methods, including sandblasting, acid etching, and coating, 
to improve osseointegration [5]. These procedures often require 
chemical solvents and introduce contaminants; moreover, they 
cannot precisely control surface micro-topography [6]. In recent 
years, femtosecond laser irradiation has been proved to be a 
viable zirconia surface microstructuring method. Femtosecond 
laser treatment is a noncontact, contaminant-free, and repeatable 
procedure, and it can be used to fabricate complex microstruc-
ture features with a high precision [7, 8]. The mechanism of 
femtosecond (10−15 s) laser ablation is ionization. Atoms under 
very short and intense pulses directly transform into plasma, 
thereby resulting in the removal of material without the melting, 
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evaporation, and solidification steps seen in nanosecond (10−9 s) 
or picosecond (10−12 s) laser fabrication processes [9]. The non-
linear absorption of femtosecond laser can minimize thermal 
damage—even realize so-called cold ablation—and causes less 
collateral damage than conventional lasers such as Er: YAG and 
CO2 lasers [10, 11]. The femtosecond laser can form micro-
scale microgrooves on zirconia with nanostructures inside the 
microgrooves; this improves cell adhesion, migration, and pro-
liferation [11]. Microgrooves enable the regulation of extracel-
lular matrix orientation, and increase bone–implant contact and 
their mechanical interlocking [12, 13], which can be ascribed 
to “contact guidance.” Most previous studies have shown that 
microgrooves with 10–80 μm width and 3–50 μm depth are 
most favorable for osteoblast proliferation [11, 14–16]. The 
nanostructures enhance protein adsorption, osteoblast migra-
tion, and bone matrix formation [17].

Many studies have reported that microgrooved zirconia 
has excellent biological performance [18, 19]. However, 
unlike titanium, zirconia is a brittle material that can sud-
denly fracture without significant plastic deformation [20]. 
In addition, the mechanical strength of zirconia is reported 
to be sensitive to surface defects and structural flaws, and 
susceptible to fatigue under cyclic loading [21]. Surface 
treatments sometimes cause surface defects, leading to a 
decrease in the strength of the zirconia specimen. Moreo-
ver, the fracture origin in clinically failed zirconia implants 
was found to be directly related to surface defects formed 
by sandblasting, porous coatings, and machining [22, 23]. 
Microgrooves on the surface may also act as surface defects 
and decrease zirconia fatigue strength.

Mechanical strength is a crucial clinical consideration for 
zirconia implants. A retrospective clinical study reported that 
the first-generation zirconia implants had a 77.3% survival rate 
after 7 years of loading, and half of the failures were caused by 
implant fracture [24]. Although previous studies have mainly 
focused on the biocompatibility of laser-microgrooved zirco-
nia, to the best of our knowledge, their mechanical strength and 
safety have no previous report and needed to be explored. To 
improve the biological performance with ensuring the mechani-
cal performance, it’s worthwhile to understand the effect of 
microgrooves on the mechanical performance of zirconia 
implants in detail. The purpose of our study was to demonstrate 
the fatigue behavior of zirconia bars with microgrooved surfaces 
produced using femtosecond laser. The dimensions of micro-
grooves were designed according to the results of previous stud-
ies that reported satisfactory osseointegration [15, 16].

Materials and methods

By following the ISO 6872:2015 guidelines for three-
point flexural strength testing of ceramics, 160 bar-shaped 
specimens (20  mm × 4  mm × 1.4  mm) were produced. 

Specimens were CAD/CAM milled from pre-sintered 
3Y-TZP blocks (Zenostar T, Wieland, Germany) by using 
a cutting machine (Zenotec Mini, Wieland, Germany), fol-
lowed by sintering in a high-temperature furnace (Ceramill 
Therm 3, Amann Girrbach). Edges of specimens were 
rounded to prevent stress concentration.

Laser surface treatment

A femtosecond fiber laser system (Tangerine, Amplitude 
Systems, France) (Fig. S1) was used for microstructuring. 
The laser pulse wavelength was 1030 nm, with a 400 fs 
pulse duration, 200 kHz repetition rate, and 1900 mm/s 
scanning speed. The average power of the system was 8 W. 
The pulse energy was 40 μJ. The specimen was fixed on a 
sample stage. The laser path (Fig. S2) was decided using a 
computer-controlled galvanometer. The microgroove size 
was adjusted by using lenses with different focal lengths 
and different numbers of passes.

Specimens were randomly and evenly divided into 
four groups according to the type of surface treatment as 
follows:

1.	 Sintered group (CTRL): there was no surface treatment 
after sintering, taken as control.

2.	 Sandblasted group (SB): the specimens were subjected 
to sandblasting using 110 μm alumina particles for 120 s 
with 0.4–0.5 MPa from a distance of 10–20 mm at an 
angle of 90° (Ovaljet HiBlaster, SHOFU, Japan). The 
sandblasting parameter in this study was the same as the 
parameter used for zirconia implants to achieve moder-
ately rough surfaces (Ra between 1.0 and 2.0 µm) which 
is favorable for osseointegration [25].

3.	 Microgrooved group A (MG-A): microgrooves with 
50 μm width, 30 μm depth, and 100 μm pitch were 
aligned perpendicular to the long axis of the specimen. 
The laser beam was focused by a lens with 175 mm focal 
length. The number of passes was 30.

4.	 Microgrooved group B (MG-B): a lens with 100 mm 
focal length was used to fabricate microgrooves with 
30 μm width, 20 μm depth, and 60 μm pitch. The num-
ber of passes was 7.

Surface topography and roughness measurement

After surface treatment, specimens were cleaned in an 
ultrasonic bath with absolute alcohol and then with deion-
ized water for 15 min each.

Specimens (n = 2) were subjected to platinum sputter-
coating for microscopic observation with SEM (Merlin, Zeiss, 
Germany). All the specimens were scanned using a 3D laser 
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microscope (VK-9700 K, Keyence, Japan). The microgroove 
size of all the MG-A and MG-B specimens was determined 
by measuring the cross section profile of the microgrooves in 
the software package (VK analyzer, Keyence, Japan). Ten non-
repetitive 50 μm × 50 μm square areas without obvious defect 
were selected on each specimen to calculate surface roughness 
(n = 3). The following surface roughness parameters were ana-
lyzed: Ra value (the arithmetic mean deviation of a profile), 
Rq value (the root-mean-square deviation of a profile), and Rz 
value (mean height of the irregularities at 10 points). The cross 
sections of microgrooves of two additional MG-A and MG-B 
specimens were characterized by SEM.

Surface wettability

The surface wettability was determined by measuring 1 μL 
droplet of double-distilled water within 10 s after application 
on three different locations of the specimen (n = 2) using a 
contact-angle meter (OCA15Pro, Dataphysics, Filderstadt, 
Germany).

Phase analysis by X‑ray diffraction

Specimens (n = 2) were analyzed using an X-ray diffractometer 
(D/max 2500, Rigaku, Japan) to quantify the relative amount 
of the tetragonal phase to that of the monoclinic phase of the 
surface. Specimens were scanned with Cu Kα, and spectra 
were collected in the 2θ range of 25°–35° with a step interval 
of 1 s and step size of 0.02°. The monoclinic peak intensity 
ratio was obtained using the following equation [26]:

where I
m(111) , Im

(

111

) , and I
t(111) are the peak intensities 

around 31°, 28°, and 30°, respectively.
The monoclinic volume (Vm) was calculated using the fol-

lowing formula [27]:

Flexural strength and fatigue strength test

Next, 20 specimens from each group were subjected to 
three-point flexural strength testing according to the ISO 
6872:2015 Standard. Specimens were loaded on a Uni-
versal Testing Machine (AGS-X, Shimadzu, Japan) at a 
crosshead speed of 1 mm/min and with a loading span of 
16 mm until failure. The flexural strength was calculated 
using the following equation:

(1)Xm =

Im(111) + I
m
(

111

)

Im(111) + I
m
(

111

) + It(111)

(2)Vm =
1.311Xm

0.311Xm + 1

where σc is the flexural strength, F is the fracture load (N), l 
is the span between support rollers (mm), w is the width of 
the specimen (mm), and b is the thickness of the specimen. 
Then, Weibull analysis was performed, and both the Weibull 
modulus m and characteristic strength σ0 (the strength value 
at 63.21% failure probability) were calculated by the maxi-
mum likelihood estimation method (MATLAB R2014a) at 
a 95% confidence interval [28].

The setup used for the three-point flexural strength test-
ing was also used to perform the fatigue test (n = 16) using 
an electrical fatigue machine (ElectroPuls 1000, Instron, 
USA). Cyclic loading was applied at a frequency of 10 Hz 
for 106 cycles.

The cyclic fatigue strength in each group was deter-
mined by the staircase method. First, sinusoidal load rang-
ing from the peak value, which was 60% of the fracture 
strength in the flexural test, to 10% of the peak value was 
applied to the specimens. The load increment was 5% of 
the peak value. If the specimen fractured, the load value 
that was one increment lower was applied to the next spec-
imen. If the specimen survived, the load value that was one 
increment higher was applied to the next specimen. This 
procedure was continued until eight pairs of specimens 
with opposite results (fracture or survival) were observed. 
The fatigue strength limit 

(

Ŝ
m

)

 and mean deviation 
(

�̂
)

 
were determined using the following equation [29]:

where S0 is the lowest load value experienced by the 
less-frequent event, i.e., survival or failure; d is the load 
increment; and N is the total number of the less-frequent 
events (∑ni). The lowest stress level considered was des-
ignated as i = 0, and so on until ni, which was the number 
of failures or survivals at a given stress level. Further, 
A = ∑ini and B = ∑i2ni. In Eq. (4), the positive sign is 
used if the least-frequent event is a survival.

Fractography examinations of two specimens from each 
group were conducted with SEM to determine the fatigue 
crack origin and fracture characteristics.

Statistical analysis

Descriptive statistics were computed. The assumption 
of normality was tested using the Shapiro–Wilk test. The 
homogeneity of variance was tested by performing the 
Levene test. Further, the surface roughness, contact angle, 

(3)�
c
= 3Fl∕2wb2

(4)Ŝ
m
= S

0
+ d(A∕N ± 1∕2)

(5)
�̂ = 1.62 × d

((

NB − A2
)

∕N2 + 0.029
)

if (NB − A2)∕N2 ≥ 0.3,
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flexural strength, and fatigue strength showed a nonpara-
metric distribution, and the Kruskal–Wallis and pairwise 
comparison were used (SPSS 24.0; α = 0.05).

Results

Surface topography and roughness

SEM images for all four groups are shown in Fig. 1. The CTRL 
group presented a relatively flat surface with a distinct grainy 
structure. SB surfaces exhibited scratches with sharp edges and 
irregular shapes. The MG-A and MG-B groups showed regu-
larly aligned microgrooves without evident flaws, and the inner 
surface of the microgrooves was porous with nanoparticles. 
The size of the nanoparticles ranged from tens of nanometers to 
300–500 nm. As in a previous study [18], this structure can be 
referred to as laser-induced periodic surface structure (LIPSS). 
The edges of the microgrooves were distinct without any col-
lateral damage to the peripheral areas. The bottoms of micro-
grooves were “V” shaped (Fig. 2).

The surface roughness, as shown in Table 1, was in the fol-
lowing order: MG-A > MG-B > SB > CTRL. The precise micro-
groove dimensions, i.e., the width, depth, and pitch, are listed 
in Table 2.

Surface wettability

The surface wettability results are shown in Table 3. The 
contact angle of MG-B is statistically lower than MG-A 
(p < 0.05) and had no statistical difference with SB group 
(p = 0.917). The contact angle of MG-A is statistically 
higher than SB group (p < 0.001) and had no statistical dif-
ference with CTRL group (p = 0.848).

Phase transformation

XRD results (Fig. 3) showed no monoclinic phase peak 
in CTRL specimens, and the monoclinic phase content 
was 1.12%. An obvious monoclinic phase peak appeared 

Fig. 1   SEM images of zirconia 
surface topographies

Fig. 2   SEM image of micro-
grooved zirconia cross section. 
Magnification: 1000 × . MG-A: 
microgrooves with 50 μm 
width, 30 μm depth, and 
100 μm pitch. MG-B: micro-
grooves with 30 μm width, 
20 μm depth, and 60 μm pitch
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in SB, corresponding to a higher superficial monoclinic 
phase content of 16.09%. A slight monoclinic phase peak 
was observed for MG-A: the monoclinic phase content was 
4.63%. The monoclinic phase peak was not detected for 
MG-B: the monoclinic phase content was 2.43%.

Flexural strength and fatigue strength

The flexural strength parameters are shown in Table 4. SB 
exhibited the highest flexural strength that was statistically 
similar to CTRL (P = 0.446). Further, the flexural strength 
of MG-A and MG-B was significantly lower than that of 
CTRL and SB (P < 0.001), but the difference in the flex-
ural strength was not significant between MG-A and MG-B 
(P = 0.131). In addition, MG-A showed a higher Weibull 
modulus than did the other groups.

Fatigue strength data are presented in Table 4 and 
Fig. 4. The fatigue strength of MG-A and MG-B was 
similar (P = 0.123) but was significantly lower than 
that of the other two groups (P < 0.005). The fatigue 

Table 1    Surface roughness of zirconia

The letters reflect the results of the Kruskal–Wallis test. Values with 
different letters were significantly different (P < 0.001).
Abbreviations: CTRL, sintered group; SB, sandblasted group; MG-A, 
microgrooves having 50 μm width, 30 μm depth, and 100 μm pitch; 
MG-B, microgrooves having 30 μm width, 20 μm depth, and 60 μm 
pitch.

Group Ra (μm)
Mean (SD)

Rq (μm)
Mean (SD)

Rz (μm)
Mean (SD)

CTRL 0.63 (0.09)a 0.81 (0.11)a 6.44 (0.92)a
SB 1.03 (0.12)b 1.29 (0.15)b 9.3 (1.30)b
MG-A 9.33 (0.47)c 10.58 (0.54)c 36.84 (2.32)c
MG-B 5.79 (0.83)d 6.77 (0.93)d 28.06 (3.11)d

Table 2   Dimensions of microgrooves

Group Width (μm)
Mean (SD)

Depth (μm)
Mean (SD)

Pitch (μm)
Mean (SD)

MG-A 48.84 (1.38) 30.81 (0.89) 100.38 (1.60)
MG-B 30.07 (0.99) 20.00 (1.35) 60.31 (0.84)

Table 3   Surface wettability of zirconia specimen

Group CTRL SB MG-A MG-B
Image

Water contact 

angle ( )
74.77 (1.16) 54.00 (1.28) 89.43 (1.59) 60.80 (3.71)

Fig. 3   X-ray diffraction spectra 
showing monoclinic-phase peak 
(m)
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strength of SB was statistically higher than that of CTRL 
(P = 0.015).

Fractography

Fatigue test results (Fig. 5) showed radial topographies rep-
resenting crack propagation. The center of the radial lines are 
the fracture origins. The fracture origin was located at the sur-
face defect formed due to processing or sandblasting in CTRL 
and SB. In two tested MG-A specimens, fractures started at 
the bottom of microgrooves. In one MG-B specimen, the 

fracture origin was located at the bottom of a microgroove, 
while in another, the origin was located at the lateral wall of 
a microgroove.

Discussion

Lasers can produce microscale-to-nanoscale surface ripples 
with spatial frequency on almost all materials [30, 31], and 
the morphology depends on the material and laser param-
eters. The circular liquid rim surrounding the pores (Fig. 1) 

Table 4   Flexural strength parameters and fatigue strength

The letters reflect the results of the Kruskal–Wallis test. Values with different letters were statistically different (P < 0.005)

Group Flexural strength (MPa) (σc)
Mean (SD)

Fatigue strength (MPa)
Mean (SD)

Characteristic 
strength (MPa) (σ0)

95% CI Weibull 
modulus (m)

95% CI

CTRL 903.54 (144.76)A 570.16 (25.47)a 964.84 901.53–1032.60 6.84 4.92–9.51
SB 979.26 (154.16)A 728.58 (35.54)b 1044.18 979.69–1112.91 7.27 5.18–10.21
MG-A 555.98 (35.74)B 384.95 (23.96)c 572.63 555.89–589.87 15.68 11.53–21.34
MG-B 505.20 (62.57)B 361.23 (13.11)c 533.07 503.05–564.87 8.04 5.91–10.93

Fig. 4   Staircase plots obtained using fatigue test results for each group. The circle sign (○) indicates that the specimen survived, and the cross 
sign ( ×) indicates that the specimen fractured
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was considered to indicate thermal melting. This phenomenon 
was related to the laser parameters used in this study. With a 
higher average laser power, the heat accumulation increases 
[32]. Further, a higher ablation efficiency results in a higher 
peak energy [33]. Therefore, further study is needed to opti-
mize the processing parameters for zirconia surface treatment, 
i.e., to reduce the average power and increase the peak energy.

After sandblasting, the monoclinic phase content of the 
specimen increased to 16.09%, which was similar with that 
of the sandblasted zirconia implant (16.89%) using the same 
sandblasting method [25]. There was a slight monoclinic 
phase peak in MG-A with monoclinic phase content of 4.63%, 
which was not detected in MG-B with monoclinic phase con-
tent of 2.43%. This difference between the two microgrooved 
groups may be due to different laser parameters. Previous 
studies showed similar results: Delgado-Ruiz et al. [8] used 
femtosecond laser to fabricate grooves and pores on zirco-
nia implants, and the monoclinic content tested by XRD was 
1.72% and 1.94% respectively. Aivazi et al. [34] used a fem-
tosecond laser to fabricate microgrooves on an alumina–zir-
conia nanocomposite specimen, and XRD results showed 
no tetragonal-to-monoclinic phase transformation after laser 
treatment. These previous reports were in accordance with the 
results of MG-B. Zhou et al. [35] discovered a slight increase 
in the monoclinic phase content of zirconia, and this was 
induced by laser ablation owing to the laser ablation time. So 

the slight increase of monoclinic content in MG-A might be 
caused by relatively more scanning times.

The Weibull modulus m is a reference for the structural 
reliability of brittle dental materials. A higher Weibull 
modulus value shows lower variability and higher homo-
geneity, which can also be indicated by the standard devi-
ation. Most dental ceramics have a Weibull modulus of 
5–15 [36]. In this study, the size of microgrooves produced 
by the femtosecond laser had a high consistency, which 
led to a larger number of homogenous defects. Therefore, 
MG-A showed a high Weibull modulus. Zirconia speci-
mens tended to fracture because of microgrooves rather 
than because of random defects, which can decrease the 
overall strength, despite the enhanced homogeneity.

The fracture of ceramic materials was believed to follow 
the “weakest link theory,” i.e., fracture is related to the largest 
flaw subjected to tensile stress [28]. The fatigue of zirconia 
is related to sub-critical crack growth (SCG). Any inher-
ent defect can exhibit SCG when subjected to stresses and 
reaches a critical size, finally triggering catastrophic failure 
at a loading below the nominal strength of the material [37]. 
The flexural strength and fatigue strength of microgrooved 
zirconia are markedly lower than as sintered surface. The 
microgrooves acted as obvious stress concentrators. The stress 
concentration factor Kt of a notch can be calculated as fol-
lows [38]: Kt = 1 + 2 

√

D∕� , where D is the notch depth and 

Fig. 5   SEM images of fatigue test fractography. Red arrows show 
the crack origin. Blue arrows show the lateral wall of microgrooves. 
The white arrow shows free-air-sintered grains. The fracture origin in 

MG-A specimens was at the bottom of a microgroove. The fracture 
origin in MG-B specimens was on the lateral wall of a microgroove
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ρ is the root radius (defined at the point of minimum radius). 
Accordingly, microgrooves with a deeper and sharper bot-
tom part experience higher stress concentration. Therefore, 
the microgrooves on the zirconia surface in this study led to 
a significant decrease in the strength. The fatigue strength of 
MG-B is slightly lower than MG-A. This is probably due to 
the higher aspect ratio (depth/width) and denser distribution 
of microgrooves that introduced more defects in MG-B.

The fatigue strength of SB was higher than that of CTRL. 
This possibly was the comprehensive impact of transforma-
tion toughening and surface defects. As is well known, under 
surface treatments like sandblasting, grinding, and machining, 
Y-TZP can experience stress-induced phase transformation 
[20]. Tetragonal-to-monoclinic phase transformation along 
with 3–4% volume expansion introduces a surface residual 
compressive layer that deters crack propagation and contrib-
utes to the strengthening of the Y-TZP material: this is referred 
to as “transformation toughening” [39]. Therefore, in many 
studies, sandblasting was adopted as an effective method to 
enhance the fatigue strength of 3Y-TZP implants and speci-
mens [25, 40]. However, other studies reported that the defects 
produced by surface treatments can act as stress concentra-
tors and reduce zirconia strength [41, 42]. In addition, it was 
reported [43] that abrasion with 50 μm alumina particles mark-
edly reduced the fatigue strength of zirconia specimens from 
1006.5 to 789.0 MPa. Moreover, the fatigue strength reduced to 
307.5 MPa after abrasion with 120 μm alumina particles [43]. 
Chintapalli et al. [44] concluded that the particle size and pres-
sure strongly affected the strength; when the defects extended 
beyond the compressive layer, they cannot be counteracted by 
the compressive stress field, and this finally decreases the zirco-
nia strength. In this study, the transformation toughening effect 
of sandblasted zirconia might have negated the influence of 
defects, so the fatigue strength increased.

The fracture origins of specimens are different based on spe-
cific surfaces. Free-air-sintered grains were observed at the frac-
ture origin of the CTRL group, which indicates that the defects 
were introduced before final sintering [45]. The fractures in the 
SB specimens initiated as a result of sintering- or sandblasting-
induced defects, depending on the defect size. The fractures in 
the CTRL and SB groups were caused by random defects. The 
fracture origins of microgrooved zirconia were all concentrated 
inside the microgrooves, which further proved that microgrooves 
became dominant defects and raise higher concentration stress 
than random defects.

Conclusions

Within the limitations of this study, it can be concluded that 
the femtosecond laser can precisely and effectively form 
micro/nanostructured microgrooves on zirconia without 

distinct phase transformation. Femtosecond laser is a prom-
ising surface treatment method for dental implant, which can 
realize selective microscopic topography regulation and has 
the potential to enhance osseointegration. However, micro-
grooves led to a significant decrease in the fatigue strength of 
zirconia. Further research is needed to enhance the mechani-
cal strength of microgrooved zirconia by optimizing femto-
second laser parameters and the size of the microgrooves.
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