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Abstract  Alumina ceramic gears exhibit excellent mechanical properties as well as resistance to high temperatures and corrosion, making them suitable 
for extreme working conditions that traditional metal gears cannot accommodate. However, their inherent high hardness and brittleness present significant 
challenges in ensuring high-quality surfaces during molding and manufacturing. In this study, alumina ceramic gears were polished using a picosecond pulsed 
laser. By proposing a novel alternating superimposed scanning strategy, processing errors were effectively reduced, and surface integrity was enhanced. A 
univariate experimental approach was used to optimize the key laser processing parameters, including laser power, scanning speed, number of scans, and line 
spacing. The optimal combination of parameters (7 W power, 220 mm/s scanning speed, 4 scans, and 0.005 mm line spacing) was finally determined to obtain 
a tooth surface with a surface roughness (Sa) of 1.091 μm (±0.025 μm). Comparative analysis showed that the surface roughness was significantly reduced 
by 41.93 % to 44.53 % compared with the conventional machining (1.922 μm). In addition, the microhardness of the laser-treated tooth surface increased by 
6.36 % and showed improved resistance to tooth chipping under localized high-load conditions. The enhanced surface flatness and mechanical properties 
significantly improve the meshing performance required for mechanical transmission systems. Notably, the laser surface treatment method significantly 
reduces the processing cost compared with the traditional mechanical polishing process, providing a cost-effective alternative for ceramic gear molding surface 
treatment process. This paper innovatively applies laser polishing directly to the tooth surfaces of actual ceramic gears featuring complex curved surfaces, 
thereby providing crucial process support for their practical application in high-precision transmission systems.
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Highlights
	▪ Gear tooth surface was divided into a processing grid and laser-polished using a grid on Alumina ceramic gears.
	▪ The laser parameters affect the maximum size of the processing grid. 
	▪ Cross-stacked scanning reduces errors from uneven laser energy distribution. 

1  INTRODUCTION

With the increasing deployment of special equipment in practical 
application, the performance requirements for gears and other 
mechanical transmission parts working under extreme conditions 
continue to rise. In particular, conventional materials often fail to 
meet modern industrial demands in terms of high wear resistance 
[1-5]. Several recent studies have suggested that engineering 
ceramic materials exhibit considerable potential for application in 
the field of gear transmission [6,7]. Alumina ceramics (Al2O3), as a 
typical engineering ceramic material, are widely used in aerospace, 
automotive manufacturing, and medical devices due to its excellent 
mechanical properties and corrosion resistance [8-10]. However, the 
ultra-high hardness and inherent brittleness of alumina ceramics 
make it challenging to machine complex shapes while maintaining 
a high-quality surface by conventional manufacturing processes. 
This limitation poses a challenge to the alumina ceramic gear 
manufacturing process [11,12], thus limiting their broader practical 
applications.

As an emerging high-precision processing technology, picosecond 
pulsed laser shows a broad application prospects in the field of 
material surface micromachining [13,14]. Compared with traditional 
mechanical processing methods, picosecond pulsed laser offers 
significant advantages, including high precision, high efficiency, and 

non-contact operation [15,16]. Consequently, is has been widely used 
in the surface processing of hard and brittle materials [17-19]. 

Laser polishing technology reduces the surface roughness of 
ceramic materials by melting and vaporizing the ceramic surface 
material through the thermal effects generated by laser pulses and 
the continuous interaction between the laser and the material surface. 
Ultrashort-pulse lasers are defined as pulsed lasers with pulse 
durations ranging from hundreds of picoseconds (10–10 s) to several 
femtoseconds (10–15 s) [20]. To further illustrate the advantages 
of ultrafast laser processing, a comparative study was conducted 
on the surface processing effects of conventional pulsed lasers and 
ultrafast pulsed lasers [21]. The results demonstrate that ultrafast 
lasers achieve near-zero thermal-affected-zone “cold” processing 
through picosecond-level energy deposition, effectively avoiding the 
formation of melt zones and heat-affected zones typically associated 
with long-pulse lasers. Consequently, shorter pulses result in smaller 
heat-affected zones and superior surface quality, making ultrafast 
lasers a preferred solution for high-precision surface structuring.

Zhang et al. [22] achieved efficient, large-area, nondestructive, 
and high-precision polishing of alumina ceramic surfaces using a 
picosecond pulsed laser by optimizing key process parameters, such 
as laser power, pulse frequency, and scanning line spacing. The 
surface roughness (Sa) of the pristine alumina ceramic surface was 
reduced from 1.8 μm to 0.32 μm. At the same time, it was found 
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that, under ultrafast laser excitation, alumina ceramics nanoparticles 
recrystallized and formed a layer of dense fine-grained surface 
structure.  This microstructural refinement led to a decrease in Sa and 
a corresponding enhancement in fracture toughness. Ma et al. [23] 
employed laser polishing to treat the rough surface of 3D-printed 
titanium alloys, successfully reducing the surface roughness of the 
workpieces from 5 μm to less than 1 μm. This study pointed out 
that the method is an effective approach for improving the surface 
roughness of additively manufactured metal alloys without damaging 
the substrate. Yung et al. [24] conducted laser polishing experiments 
on the surface of a tool steel workpiece and showed that low-power 
pulsed laser processing reduced the initial surface roughness from 
12 μm, to 4.7 μm, while further optimization of low-power laser 
enabled a reduction to 0.7 μm. Surface property tests showed that 
the surface hardness increased by about 14.6 % after laser polishing, 
which was attributed to microstructural and phase transformations 
induced during the laser polishing process. These findings indicate 
that the laser polishing technique has significant effects in the surface 
treatment of difficult-to-machine materials.

However, due to the limitations in laser processing platforms, 
many previous research have primarily focused on workpieces 
oriented perpendicular to the plane of the laser [25-27]. In the case 
of gear processing, geometric constraints prevent the tooth surface 
from being positioned perpendicular to the laser beam during 
machining. As a result, an oblique incidence angle between laser 
beam and the tooth surface is unavoidable. At the same time, under 
these conditions, the height difference between the highest and 
lowest points on the gear tooth surface can reach several millimeters, 
causing a corresponding deviation from the nominal focal plane 
of the galvanometer. This focal offset leads to spot dispersion and 
energy dispersion, thereby reducing energy density and processing 
effectiveness. In recent years, several studies have investigated 
strategies for achieving efficient and high-precision laser processing 
of complex-shaped workpieces. Kumstel et al. [28] analyzed the 
influence of surface inclination on the effectiveness of laser polishing 
for three-dimensional (3D) surfaces and demonstrated that polishing 
effectiveness is affected when the surface is not perpendicular to the 
incident laser beam. Further, they proposed a compensation method 
combining an anamorphic zoom lens with a beam rotation device 
incorporating a Pechan prism. Experimental validation showed that 
his method yielded favorable machining results. Ackerl et al. [29] 
proposed a laser-based method for machining arbitrarily shaped 
cylindrical hard materials using a femtosecond laser to perform 
quasi-tangential ablation. This rapid prototyping method for small-
scale production significantly reduced the development cycle and 
outperformed conventional methods. Toughened zirconia dental 
implants were fabricated with a surface roughness of 0.2 μm and 
an average error of less than 5 μm. Batal et al. [30] proposed and 
demonstrated a laser machining method for free-form surfaces. The 
method utilized empirical data on the three-dimensional limitations 
of a given laser processing, i.e., the negative effects of focus shift and 
angle of incidence on the processing performance, and divides the 
free-form surface into triangular laser processing regions. In this way, 
the machining efficiency minimized part repositioning and improved 
the surface of 3D printed Ti-6Al-4V spherical shells by more than 
90 %. The above studies demonstrate that ultrashort pulsed lasers can 
achieve excellent machining performance on non-planar workpieces.

Because laser irradiation induces thermal effects, the irradiated 
material absorbs heat and produces denaturation, which causes 
changes in its mechanical properties. Shukla et al. [31] used fiber 
laser surface treatment on silicon nitride engineered ceramic surfaces 
and measured the resulting surface hardness and fracture toughness 
using Vickers indentation method. Their results showed that the 

surface hardness of the laser-treated silicon nitride engineering 
ceramics increased by 4 % and the fracture toughness increased by 
47 %. Shukla et al. [32] used a laser impact strengthening to alumina 
ceramics for armor applications. The strengthened alumina ceramics 
showed an increase of 10 % in the surface hardness and 12 % in 
fracture toughness. Microstructural analysis revealed a more refined 
grain structure with reduced grain size, contributing to improved 
ballistic resistance. These findings show that laser irradiation can 
effectively enhance the fracture toughness of ceramic materials, 
which is expected to be beneficial for improving the meshing 
transmission performance of alumina ceramics gears.

This study focuses on alumina ceramic gears and moves beyond 
conventional specimen-based research by employing ultrafast 
picosecond pulsed laser polishing directly to the tooth surfaces of 
actual ceramic gears. This approach more realistically simulates 
actual polishing conditions and reveals the influence mechanisms of 
different processing variables on gear tooth surfaces. By optimizing 
both the scanning method of the processing grid and the key laser 
operating parameters, processing errors were effectively reduced 
and the surface quality was significantly improved. Furthermore, the 
effect of laser polishing on the surface properties and mechanical 
performance of alumina ceramics gears was evaluated through 
surface property testing.

2  METHODS AND MATERIALS

2.1  Samples

The experimental specimens used in this study were 99 % alumina 
ceramics substrates produced by Yingshun Ceramics (China) 
from which standard involute gears were machined and molded 
in accordance with ISO standards [33]. The gears had a modulus 
M = 3, number of teeth Z = 18, and a tooth width of 10 mm. The raw 
material parameters are shown in Table 1. Prior to and following the 
experiments, all samples were ultrasonically cleaned in anhydrous 
ethanol for 10 min. The tooth surface was then examined using 
optical microscopy, as shown in Fig. 1, and only samples confirmed 
to be free from surface defects or artifacts that could influence the 
experimental results were selected for subsequent laser polishing 
experiments.

Table 1.  Main parameters of the test material

Parameter Value
Main material components Al2O3 ≥ 99 %
Density 3.85 g·cm–3

Hardness 1700 HV
Compressive strength 2500 MPa
Flexural strength 310 MPa
Fracture toughness 4 MPa m1/2

Young’s modulus 360 GPa
Poisson ratio 0.23
Tensile strength 550 MPa
Sintering temperature 1690 °C

2.2  Processing and Testing Instruments

The laser processing system used in this paper is shown in Fig. 2a. 
The system (BC-2900) is equipped with an infrared ultrashort pulsed 
picosecond laser developed and produced by LinitiaLase (China), 
which emits a flat-top (Top-Hat) beam profile. The main technical 
parameters of the laser are shown in Table 1. The movement and 
rotation of the workpiece fixture are computer-controlled to ensure 
precise positioning during laser processing. The 3D laser scanning 
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microscope LEXT OLS5000, Olympus, (Japan) shown in Fig. 2b can 
perform sub-micrometer 3D surface measurements and was used to 
observe the surfaces of the test samples and to measure and extract 
relevant experimental data.

Fig. 1.  Alumina ceramics gear surface

Table 2.  Key technical specifications of infrared picosecond laser

Parameter Value
Central wavelength 1028±5 mm
Maximum output power 10 W
Maximum pulse energy 200 μJ
Laser frequency 1 kHz to 200 kHz
Beam divergence < 20 μrad
Beam quality < 1.2
Beam diameter 30 μm

2.3  Experimental Design

2.3.1  Gear Laser Polishing Method

To ensure complete laser coverage of the tooth surface, avoid 
interference with the gear geometry, and minimize laser energy loss, 
the gear was placed at a position where the axis of symmetry axis 
formed an angle of 46.35° with respect to the laser beam, which was 
analyzed through computer-aided design (CAD) software. Because 
effective laser ablation cannot be achieved when the focal position 
deviates significantly from the focal plane, the processed tooth 
surface was divided into several small processing areas along the 
involute tooth profile and machined sequentially. Prior to processing 
each region, the laser focus was adjusted to the center of the mesh. 
During machining, the gears were mounted on a three-jaw fixture on 
the laser stage, while the rotational angle of the gear as well as the 
vertical movement of the laser galvanometer were controlled using a 
computer-controlled system as shown in Figs. 2c and d.

2.3.2  Exploration of Tooth Surface Processing Grid  
and Its Influencing Factors

To balance processing efficiency and processing effect, the number 
of processing grids should be reduced during partitioning. Therefore, 
it is necessary to determine the maximum allowable processing 
grids size of the processing method. Restrictions on the size of the 
processing grid is mainly governed by the loss of surface spot energy 
density across the tooth surface. which makes the position away from 
the center of the processing grid absorbed by the laser beam energy 
is less than the center of the position. As the distance from the grid 
center increases, the absorbed energy density gradually decreases.  
When the ablation depth appears to decline, the corresponding grid 
size is considered to exceed the maximum size of the processing grid, 
as shown in Fig. 2d. In this study, the vertical span Z was defined 

Fig. 2.  Experimental instruments and processing methods; a) laser processing system, b) 3D laser scanning microscope, c) and d) polishing methods and localized schematic diagram



SV-JME   ▪   VOL 72   ▪   NO 3-4   ▪   Y 2026   ▪   97

Production Engineering

as the quantitative parameter used to characterize the size of the 
processing grid.

As the laser produces a spot diameter of only 30 μm on the 
tooth surface, and the scanning line spacing does not exceed its 
spot diameter, both dimensions are much smaller than the overall 
geometry of the gear. Under these conditions, the local processing 
area can be reasonably approximated as a planar surface. Therefore, 
an inclined planar specimen was employed to investigate the 
maximum allowable processing grid size (Z) permitted by the 
laser processing platform. Specifically, oblique laser scanning was 
performed over the region with a vertical span of 10 mm, which is 
significantly larger than the allowable focal offset. By observing the 
ablation depth within the inclined ablation region, as shown in Fig. 
3, the maximum width of the flat ablation area W was measured. The 
corresponding maximum allowable processing grid size Z, defined 
as the maximum effective machining area, was then calculated using 
Eq.  (1). Using a single variable control approach, the influence of 
laser incidence angle, scanning line spacing, and number of scans on 
the processing grid size were investigated.
Z W� � sin .� 	 (1)

Fig. 3.  Maximum size test method for processing grids

In several previous studies, the processing approach involved 
dividing the surface into multiple grids and machining each grid 
sequentially, while maintaining a fixed processing position for 
multiple scans, as shown in Fig. 4a. In order to minimize the error 
of the focal offset distance (FOD) and beam incidence angle (BIA) 
of the incoming band accumulating at the splice joints [28], the 
processing method in this paper adopts a cross-stacked scanning 
strategy, as shown in Fig. 4b. The detailed comparison between the 
two stacked scanning methods is discussed in Section 3.2. According 
to the maximum processing grid size obtained from the preceding 
experiments, the tooth surface was partitioned into a number of Z-axis 
spanning 0.5 mm grids, with the gear axis center as the O-point. The 
coordinates in the XZ plane are shown in Table 3.

Fig. 4.  Schematic diagram of the scanning mode of processing grid superposition; a) repeated 
scanning of a single grid, and b) cross-stacked scanning of A-B grid

Table 3.  Grid coordinates

Mesh A Mesh B
X Z X Z

19.96 22.4 19.96 22.4
18.53 21.91 19.17 22.15
17.44 21.41 17.98 21.67
16.59 20.91 17.04 21.19
15.93 20.41 16.28 20.69
15.45 19.94 15.7 20.21
14.98 19.44 15.24 19.71
14.2 19.01 14.69 19.21

13.38 19.02 13.83 18.97
13.38 19.02

2.3.3  Optimization of Laser Polishing Parameters

Picosecond pulse laser is a high-energy, high-frequency light source 
whose main parameters include the average power P [W], repetition 
frequency f [kHz], scanning speed v [mm/s], scanning line spacing 
d [mm], and number of scans n. As shown in Fig. 5, this processing 
principle is based on high-precision scanning technology, wherein the 
laser beam forms a directional spot on the workpiece surface upon 
activation. During this process, the energy E of a single laser spot is 
calculated using Eq. (2), while the spot overlap ratio η is calculated 
using Eq. (3). The laser pulse fluence Φ is given by Eq. (4), where D 
represents the spot diameter.
E P f= , 	 (2)

� � � � �1 v Df , 	 (3)

� �
4

2

E
D�
. 	 (4)

Fig. 5.  Principle of picosecond pulsed laser scanning

To explore the influence of individual processing parameters 
on the surface roughness of alumina ceramics and to determine 
preliminary processing parameters, surface roughness was selected 
as the response target. Four laser process parameters, namely laser 
power, gap of laser scanning path, scanning speed, and number of 
scans, were considered as the influencing factors. The levels of the 
four process parameters are shown in Table 4. According to the 
experimental principle of Taguchi method, an L16 (44) orthogonal 
array comprising 4 factors at 4 levels was designed, shown in Table 
5. Factors A, B, C and D represent the laser power, scanning spacing, 
scan speed, and number of scans, respectively. The corresponding 
results measured experimentally are shown in Table 6.
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Table 4.  Factors and their levels

Level

Factor
A 

Laser power 
[W]

B
Scanning 

spacing [μm]

C
Scan speed 

[mm/s]

D 
Number of 
scans [-]

1 10 5 100 1
2 8 10 200 3
3 6 20 300 5
4 4 30 400 7

Table 5.  L16(44) Taguchi orthogonal experimental design

No A B C D No A B C D
1 10 5 100 1 9 6 5 300 7
2 10 10 200 3 10 6 10 400 5
3 10 20 300 5 11 6 20 100 3
4 10 30 400 7 12 6 30 200 1
5 8 5 200 5 13 4 5 400 3
6 8 10 100 7 14 4 10 300 1
7 8 20 400 1 15 4 20 200 7
8 8 30 300 3 16 4 30 100 5

Table 6.  Results of orthogonal experiment

No Surface roughness [μm] No Surface roughness [μm]

1 1.762 9 1.462

2 1.752 10 1.591

3 2.375 11 2.843

4 3.257 12 2.286

5 1.802 13 2.012

6 1.634 14 2.236

7 2.594 15 1.993

8 2.363 16 2.209

The experimental data presented in Table 6 were analyzed using 
polar deviation analysis, and the plot of the mean values for each 
level of the factor is shown in Fig. 6. Based on Taguchi’s method, 
the optimal processing parameter combination was identified as 
A2B1C2D3 (laser power of 6 W, scanning spacing of 5 μm, scanning 
speed of 200 mm/s, and number of scans of 5 times). The optimal 
parameter set was subsequently used in additional verification 
experiments, yielding aa surface roughness of 1.3 μm. In the 
subsequent experiments, this parameter combination was adopted as 
the base line condition for future studies.

After determining the optimal parameters of gear laser processing, 
a control variable method was adopted to further refine each 
parameter. According to the experimental results of Taguchi method, 
scanning spacing and scanning speed were identified as the most 
influential factors affecting surface roughness. Accordingly, the 
interval between the scanning spacing levels was set to 2 μm, and 
the difference between the scanning speed levels was set to 20 
mm/s. The detailed experimental parameters are listed in Table 7, 
with the pulse frequency fixed at 100 kHz. During laser processing, 
the gears were mounted on a three-grip caliper clamp on the laser 
processing platform. Different laser processing parameters were 
applied to irradiate and ablate defined regions on the gear tooth 
surfaces. To ensure the reliability and statistical significance of the 
experimental results, machining experiments were repeated on five 
distinct gear tooth surfaces for each combination of laser parameters. 
For each machined tooth surface, three random points were selected 

within its central region for surface roughness measurements, and 
the average value was taken serving as the final roughness value 
for that surface. Ultimately, the reported results represent the mean 
of the five independent tooth surface roughness values, with error 
bars denoting standard deviation (SD), expressed as mean ± SD. 
This approach objectively characterizes both the dispersion of data 
and the repeatability of the process. The experimental results and 
corresponding discussion are presented in Section 3.3.

Fig. 6.  Orthogonal test for each factor level means

Table 7.  Laser processing experimental parameters

Parameter Value

Scanning spacing [μm] 1, 3, 5, 7, 9

Number of scans [-] 1, 3, 5, 7, 9

Scanning speed [mm/s] 160, 180, 200, 220, 240

Laser power [W] 5, 6, 7, 8, 9

3  RESULTS AND DISCUSSION

3.1  Analysis of Factors Affecting the Size of the Processing Grid

To explore the influencing factors of the maximum size of the 
processing grid mesh, oblique ablation experiments were conducted. 
The results measured by laser confocal microscopy are shown in 
supplementary material in Fig. S1, and the trends are summarized in 
Fig. 7. To ensure clear and comparable experimental results, a set of 
basic parameters were selected: laser power of 6 W, scanning spacing 
of 5 μm, scanning speed of 200 mm/s, number of scanning times 10, 
and the laser angle of 30°. Under these conditions, a rectangular area 
was ablated on an inclined surface. Subsequently, the laser incidence 
angle, number of scans, and the scanning spacing were varied.  The 
resulting maximum processing grid widths were then compared to 
analyze the effect of different parameters on the dimensions of the 
processing grid.

Under ideal conditions, the processing grid widths measured 
at different laser incidence angles should exhibit identical vertical 
coordinate differences after trigonometric transformation. However, 
the experimental results indicate that with the decrease of the 
laser incidence angle (θ), the maximum size of the processing grid 
increases. This behavior can be attributed to changes in the laser 
geometry on the workpiece surface. As the incidence angle increases, 
the circular laser spot irradiated on the surface of the workpiece is 
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gradually distorted into elliptical shape. In this case the short axis 
length S remains equal to the original spot diameter, while the length 
of the long axis is defined by Eq. (5). The energy density (Φθ) at an 
incidence angle of θ is obtained from Eq. (6).

L S
�
cos

,
�
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This distortion of the laser spot geometry further leads to a 
reduction in the energy density of an individual laser spot. When 
the beam deviates from the standard vertical distance of z, the 
spot size expands linearly. For small laser dispersion angle α, the 
corresponding spot energy density Φ'

θ is expressed by Eq. (7). By 
comparing Eqs. (5) and (6) the variation in energy density caused 
by the combined effects of incidence angle and focal offset can be 
derived. The resulting difference between the energy density at a 
focal offset z and that at the nominal focal position, denoted as ΔΦ'

θ 
is shown in Eq. (8).
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Since E, S, α are are independent of the incidence angle θ, then 
terms (4 E cos θ)/(πS2) = k, (4 E cos θ)/(π (S+zα))2 = k' , can be defined 
as constants k and k′, respectively. Substituting these expressions 
into Eq. (8) yields Eq. (9). The decrease of spot energy density with 
the offset distance z is strongly depended on θ. Specifically, as the 
angle of incidence increases, the rate of energy density decay with 
z, can be defined as constants k and k′, respectively. Substituting 
these expressions into Eq. (8) yields Eq. (9). Consequently, a larger 
angle of incidence results in a smaller allowable span in the Z-axis 
direction, thereby reducing the maximum permissible size of the 
processing grid.

��� �z k k� �� ��cos . 	 (9)
By combining the results shown in Fig. S1 and Fig. 7, it can be 

found that the maximum size of the processing grid area decreases 
with an increasing number of scans and with decreasing scanning 
line spacing. This behavior arises because, during laser scanning, the 
number of times a unit area is irradiated by the laser spot is jointly 
determined by the number of scans and scanning spacing. When a 
surface location is irradiated n times, the total energy density Φn of 
the absorbed laser light per unit area is determined by Eq. (10). It 
can be seen that the total energy density Φnz at the perpendicular 
distance z from the standard focal length is given by Eq. (11), and 
the energy difference with the standard focal length is expressed 
by Eq. (12). It is evident that, at a fixed vertical offset distance, 
ΔΦnz increases increasing vertical offset distance z. As a result, the 
effective processing capability decreases more rapidly as the number 
of scans increases and the scanning space decreases. The effect of 
each laser processing parameter on the processing grid size observed 
experimentally in Fig. 7 are in good agreement with the theoretical 
predictions derived from Eq. (12). Taking into account both effects, 
the influence of the laser parameters and the positioning accuracy of 
the laser platform, the maximum processing grid size in the Z-axis 
direction was ultimately restricted to a span of 500 μm.
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Fig. 7.  Effect of different parameters on the dimensions of the processing grid

3.2  Effect of Processing Grid Superposition Method  
on the Machined Surface

As mentioned in Eq. (8), as the laser irradiation position deviates 
from the standard focal plane by distance z, the laser spot gradually 
diverges, resulting in a reduction of energy density by ΔΦθz. During 
gear machining, the variation in the slope of the tooth profile is 
relatively small. Experimental results presented in Section 3.1 show 
that, within a standard focal range of ±0.25 mm, the loss of energy 
density is dominated mainly by focal length shift. Accordingly, the 
tooth surface in this study was divided into a uniform 0.5 mm Z-axis 
span. Therefore, when repeated laser scanning is performed using 
the conventional superimposed grid strategy shown in Fig. 5a, the 
total energy density at the center of the processing grid is denoted 
as Φn, whereas the total energy density at the splicing area of the 
processing grid is Φn0.25. This difference in accumulated energy 
density causes processing errors to accumulate at the splicing area 
of the grids, leading to uneven material removal, degradation of 
the quality of the tooth-face machining, and abrupt variations in 
the tooth profile. In contrast, when the grids are cross-stacked, both 
the total energy density at the center and the edge of the processing 
grid can be described uniformly by Eq. (13). Under shallow ablation 
conditions, the total energy density at these two locations becomes 
approximately equal, resulting in a more uniform energy distribution 
across the tooth surface.

� � �
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cos cos
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	 (13)

Figs. S2 and S3 compare the effects of the two superimposed 
scanning methods on the surface morphology of the tooth splice 
region. The experimental results show that, when conventional 
single-area repeated scanning method is used (Fig. S2), a crease-like 
protrusion transversely extending across the tooth surface forms at 
the splice joint. This effect arises from insufficient cumulative laser 
energy density after five repeated scans, resulting in an abrupt change 
in the local curvature of the tooth profile. In contrast, the A-B dual-
area cross-stacked scanning method (Fig. S3), achieves a smooth 
transition of the tooth profile curve by adjusting the laser energy 
distribution uniformly across the tooth surface, and no obvious 
morphological defects are observed. Considering the high melting 
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point and thermal stability of alumina ceramics, the differences 
observed in surface morphology are mainly attributed to the 
variability of laser energy density distribution. The theoretical energy 
density calculations based on Eqs. (12) and (13) further show that the 
cross-stacked scanning strategy effectively reduces energy density 
differences in the splicing region, thus suppressing the generation of 
processing errors.

3.3  Optimization of Laser Parameters

Alumina ceramics exhibit high hardness and thermal stability, with 
a melting point of approximately 2050 °C. As a result, effective 
material removal during laser ablation relies primarily on high-
energy transient heating and thermal shock effects, making the 
process highly sensitive to the laser energy distribution. Due to 
the mechanical processing of alumina ceramics gear samples, 
material removal occurs predominantly through brittle fracture of 
the surface material, resulting in a higher number of micro-pits and 
micro-cracks on its surface. When laser polishing is applied using 
appropriate parameters, it produces a slight abrasion of the surface 
when it removes the material from the rough surface uniformly. 
Simultaneously, the process of fusion and recrystallization fills up the 
pits and cracks, thus making the tooth surface smoother.

The scanning spacing determines the spot overlap rate ΔY in 
Y-direction, and the effect of scanning spacing on tooth surface 
morphology and roughness is shown in Fig. S4 under fixed conditions 
(power of 6 W, scanning speed of 200 mm/s, and number of scans 
5). As shown in Fig. 8, as the scanning pitch increases, the surface 
roughness shows a trend of first decreasing and then increasing. 
When the scanning pitch was too small, ΔY increased, resulting in 
repeated laser irradiation per unit area. As the scanning spacing is 
increased to 5 μm, surface asperities are uniformly removed through 
coordinated material ablation and reflow, and the surface roughness 
Sa decreases to 1.659 μm. As the scanning spacing increases further, 
the material removal efficiency decreases, and surface protrusions 
and depressions on the surface cannot be removed efficiently, 
causing the Sa to increase again to 1.998 μm. The combination of the 
morphology observation and roughness measurement data shows that 
the optimal surface quality is achieved at a scanning spacing of 5 μm.

The number of scans determines how many times the macroscopic 
tooth surface is subjected to laser processing. After a single scan, 
the laser-irradiated surface cools rapidly and solidifies before the 
subsequent scan. As a result, increasing the number of scans may lead 
to re-ablation of an already smoothed surface. The effect of scanning 
speed on tooth surface morphology and roughness is shown in Fig. 
S5 (power of 6 W, scanning speed of 200 mm/s, scanning spacing 
of 5 μm). As shown in Fig. 9, as the number of scans increases from 
1 to 9, the surface roughness decreases to 1.434 μm. When only 1 
scan is applied, the amount of material removed is insufficient to 
eliminate the height differences between surface asperities, and the 
molten material cannot effectively fill the craters. Consequently, the 
pre-ablative surface morphology remains partially visible. When the 
number of scans is increased to 3, surface protrusions are effectively 
removed, while molten material flows into the pits, resulting a 
surface with Sa of 1.434 μm. However, as the number of scans further 
increased to 9, repeated laser irradiation leads to the formation 
of ablation traces on the previously smoothed surface, causing the 
surface roughness to increase again. Summarizing the above results, 
the processing effect is most satisfactory when the scanning number 
is set to 3.

Scanning speed determines the duration for which the laser beam 
acts on a unit area. As the scanning speed increases, the spot overlap 
area ΔX in X-direction decreases, resulting in reduced laser energy 
absorbed by the surface material. The effect of scanning speed on 

tooth surface morphology and roughness is shown in Fig. S6 (power 
of 6 W, scanning number of 3, scanning spacing of 5 μm). In this 
experiment, the Sa exhibited only moderate sensitivity to changes 
in scanning speed. As the scanning speed gradually increased from 
160 mm/s to 220 mm/s, Sa decreased from 1.371 μm to 1.195 μm, 
and then increased to 1.212 μm when it was further increased to 240 
mm/s. This is due to the fact that at a scanning speed of 160 mm/s, 
the prolonged laser-material interaction time causing nonuniform 
ablation and material distribution. This results in uneven material 
ablation and thus increased surface roughness. Conversely, at an 
increased scanning speed to 240 mm/s, ΔX becomes too small, 
again producing uneven energy distribution and insufficient material 
removal, resulting in an increase of surface roughness. Combining 
the above experimental results, the optimal scanning speed for laser 
polishing of alumina ceramics gears is 220 mm/s.

Fig. 8.  Surface roughness trend with scanning spacing

Fig. 9.  Surface roughness trend with the number of scans

Laser power is an important parameter for micromachining with 
picosecond pulsed lasers, which directly affects the energy delivered 
by a single spot. The effect of the number of scans on the tooth 
surface morphology and roughness is shown in Fig. S7 (the number 
of scans is 3, the scanning speed is 200 mm/s, and the scanning 
spacing is 5 μm). When the laser power is too low, the spot energy 
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density falls below the ablation threshold of the material, preventing 
effective ablation of the material. As the laser power increases from 
5 W to 9 W, Sa first decreases from 1.286 μm to 1.156 μm. And when 
the laser power is further increased to 9 W, Sa increases to 1.447 μm. 
At this higher power level, excessive energy input intensifies material 
vaporization and melting, leading to over-ablation. Summarizing the 
results of the above experiments, the tooth surface obtained from the 
processing is most ideal when the laser power is 7 W.

Fig. 10.  Surface roughness trend with scanning speed

In summary, the optimal laser processing parameter combination 
obtained in this study consists of a laser power of 7 W, a scanning 
spacing of 5 μm, a scanning speed of 220 mm/s, and a number of 
scans set to 4. Compared with the optimal parameter combination 
obtained using the Taguchi methodology in Section 2.3.2 (laser power 
of 6 W, scanning spacing of 5 μm, scanning speed of 200 mm/s, and 
number of scans set to 5 times), only minor differences are observed. 
These discrepancies arise because the Taguchi matrix parameter 
settings did not include the 6 W and 220 mm/s values employed in 
this combination. As demonstrated in Fig. 6, the optimal parameter 
combination obtained in this section aligns with the overall variation 

patterns derived from the Taguchi method, confirming the reliability 
and validity of the selected processing conditions.

Fig. 11.  Surface roughness trend with laser power

Considering the processing error problem described in Section 
3.2, an even number of scans was selected to compensate for the 
processing error caused by the surface energy differences. Based 
on the analysis shown in Fig. 12, the number of scans was therefore 
set to 4. Therefore, the final optimal laser parameters determined in 
this study are a laser power of 7 W, a scanning spacing of 5 μm, a 
scanning speed of 220 mm/s, and 4 scans. After multiple experimental 
verifications, the resulting surface of this parameter combination was 
compared with the original gear surface as shown in Fig. 8. Compared 
with the original surface (Sa of 1.922 μm), laser polishing effectively 
removed the spike- and depression-like morphology formed by brittle 
material removal. As a result, a relatively smoother tooth surface 
was obtained, with an average Sa of 1.091 μm with an error range 
determined at ±0.025 μm. This corresponds to a reduction in surface 
roughness of 41.93 % to 44.53 %.

Fig. 12.  a) Original tooth surface of the gear (1126×), and b) topography of the tooth surface after laser treatment (454×)
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3.4  Relationship Between Laser Energy Input and Surface 
Evolution

To establish a quantitative relationship between the laser processing 
parameters and surface phase transitions, a simplified thermal model 
is introduced to estimate the surface temperature rise induced by 
laser irradiation. This model assumes that laser energy is absorbed 
at the material surface and converted into thermal energy, which is 
subsequently utilized to elevate the temperature of a surface layer 
with a thickness equal to the thermal diffusion depth.

The single pulse energy Ep is calculated as Ep = P / f, where P is the 
average power and f is the laser frequency. The spot area S = π(D/2)2, 
where D denotes the laser spot diameter. The peak power density  Φp 
is defined as:

� p
pE
S

�
�

, 	 (14)

where τ denotes the pulse width. The thermal diffusion depth δ 
is calculated as δ = α τ, where α represents the thermal diffusion 
coefficient of aluminum oxide. The volume of the heated material is 
expressed as V = Sδ.

The surface temperature rise ΔT is estimated by the following 
equation:
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where A denotes the material’s absorption coefficient for laser 
radiation, ρ represents the density of aluminum oxide, and c signifies 
the specific heat capacity. Combining the aforementioned equations 
yields:

�T
E A

c D
p�

� �� � ��/

.

2
2

	 (16)

The proposed thermal model was employed to calculate the 
temperature rise per pulse under optimal process parameters. The 
calculated parameters, including single-pulse energy, spot area, peak 
power density, and thermal diffusion depth, were substituted into the 
temperature rise equation. The resulting temperature increase was 
found to significantly exceed the melting point of aluminum oxide, 
indicating that a single pulse is sufficient to induce surface melting. 
However, owing to the pulse’s extremely short duration, the heat-
affected zone remains minimal. The rapid melting and subsequent 
solidification of the surface material enable precise material removal 
and a smooth surface finish.

3.5  Effect of Laser Polishing on Tooth Performance

During the laser treatment of alumina ceramics gear teeth, in addition 
to direct surface material removal by the laser, the laser-induced 
thermal effects can also cause phase changes, grain structure changes, 
chemical composition changes and other behaviors, which usually 
cause changes in the physical properties of the material surface. 
Therefore, to verify the effect of laser surface treatment on the 
surface properties of alumina ceramics gears, Vickers hardness tests 
were conducted on the tooth surface before and after laser treatment. 
Since the mechanical properties of alumina ceramics are sensitive 
to sintering temperature, variations between different specimen 
materials could affect the experimental results. To minimize such 
effects and ensure reliable comparisons, hardness measurements were 
performed on the same gear and the same tooth surface. Each tooth 
surface was divided into left and right areas, 10 measurement points 
were selected in each region, for measurement, and the average value 
was calculated, in order to maximize scientific rigor and accuracy of 
the conclusions.

The results of the surface microhardness tests conducted under 
a load of 1 kg are shown in Fig. 13. Prior to laser processing, the 
original tooth surface was polished to facilitate clear observation 
of the indentation morphology. The results show that the Vickers 
hardness of the alumina ceramics gear tooth surface increased from 
1965.33 HV to 2090.242 HV after laser treatment, corresponding to 
an improvement of 6.36 % relative to the original surface. Since these 
experimental results were measured on the same tooth surface, the 
effect caused by the sintering temperature can be excluded. Therefore, 
the observed increase in hardness can be attributed to the laser-
induced effect. Under laser irradiation, a part of the material reaches 
the ablation threshold, resulting in slight ablation accompanied by 
localized melting. Subsequent recasting and recrystallization refined 
the surface microstructure, producing more homogeneous and 
densely bonded grains. The microstructural changes enhance surface 
resistance to localized deformation (i.e., diamond indenters), which is 
manifested as an increase in surface hardness.

To investigate the effect of laser-induced surface property 
modifications on resistance to localized loads, high-load damage 
tests were conducted using a diamond Vickers hardness indenter. The 
material’s resistance to localized stress concentration was evaluated 
by observing its indentation-induced damage behavior. Fig. 14 shows 
the comparison of indentation morphology characteristics of the tooth 
surface subjected to a load of 10 kg. The experimental results show 
that, under a 10 kg load, the original tooth surface exhibits not only 
plastic deformation characteristics but also pronounced brittle fracture 
in the stress concentration areas along the diagonal direction of the 
indentation. In addition, an obvious material bulging morphology 
is observed at the edges of the indentation. This behavior originates 
from the propagation and coalescence of pre-existing micro-cracks 
under the localized high stresses, ultimately leading to surface 
material spalling and failure. In contrast, the laser-strengthened 
tooth surface shows a complete and regular indentation morphology, 
with no observable crack propagation and edge spalling. This 
significant difference in morphology indicates that, on the one hand, 
the flattening of the surface increases the microscopic contact area, 
promoting the more uniform local load distribution and reducing the 
microscopic stress concentration, thereby suppressing brittle fracture 
of the material. On the other hand, laser-induced surface treatment 
effectively improves the damage resistance of the material. Through 
the role of surface reinforcement, laser treatment enhances the brittle 
fracture resistance of the tooth face under the localized contact load, 
which effectively inhibits the suppressed occurrence of tooth flank 
spalling failure.

During gear transmission, tooth surfaces are primarily subjected to 
normal loads and frictional forces. Due to the hard and brittle nature 
of alumina ceramics, needle-like protrusions are readily formed on 
the tooth surfaces during mechanical forming and manufacturing 
processes. During meshing under load, these protrusions come into 
contact with the opposing tooth surface, leading to microscopic stress 
concentration. As transmitted load and rotational speed increase, 
these protrusions are prone to fracture risks, potentially triggering 
tooth surface spalling failure. Following laser surface treatment, the 
shedding of tooth surface peaks and valleys is significantly reduced, 
resulting in smoother tooth surface. Compared with the original tooth 
surface, laser treatment increases the microscopic contact area under 
external loading, thereby mitigating micro-stress concentrations. 
Simultaneously, enhanced resistance to localized loading further 
reduces brittle fracture during meshing, lowering the risk of tooth 
surface defect failure. In summary, laser surface treatment effectively 
improves the meshing performance of load-bearing reliability of 
alumina ceramic gears.
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Fig. 13.  a) Microhardness of original tooth surface, and b) microhardness of tooth surface after laser polishing

Fig. 14.  Indentation morphology under 98 N load a) original surface indentation morphology, b) 3D morphology of original tooth indentation, and c) indentation morphology after laser polishing

4  CONCLUSION

To improve the surface quality of alumina ceramics gears, this study 
proposes a method of tooth surface polishing using an ultrashort pulse 
laser. The laser energy distribution during tooth surface processing 
was systematically analyzed, the sources and influencing factors 

of processing-induced errors were identified, and these errors were 
effectively  compensated by optimizing the superimposed scanning 
method of the processing grid. The results are summarized as follows.
1.	 Deviation of the laser interaction from the focal length of the 

galvanometer leads to nonuniform energy absorption on the tooth 
surface. An increase in laser incidence angle and the number of 
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scans, as well as a decrease in scanning spacing, exacerbate this 
imbalance and reduce the maximum allowable processing grid 
size. Under processing conditions of 6 W, 200 mm/s, 5 scans and 5 
μm, the maximum size allowed was determined to be 500 μm.

2.	 An alternating superposition of laser processing grids on the tooth 
surface compensates for uneven energy distribution phenomenon 
generated by the laser focal length shift and incidence angle shift. 
This approach significantly reduces the protruding morphology 
at the junction and improves the overall processing quality of the 
tooth surface.

3.	 Univariate experiments were conducted to determine the optimal 
parameters for scanning spacing, number of scans, scanning speed, 
and laser power. Using the optimized parameter combination (7 
W, 220 mm/s, number of scans of 4, scanning spacing of 5 μm), 
the tooth surface roughness Sa was reduced by 43.24 %, from 
1.922 μm to 1.091 μm.

4.	 A quantitative relationship between laser energy input and surface 
evolution was established through a simplified thermal model. 
This model quantitatively demonstrates that picosecond lasers 
can melt a thin surface layer during each pulse, achieving uniform 
material removal and surface smoothing through multiple scans. 
Furthermore, the model explains the phenomenon of increased 
surface roughness at excessively high energy inputs, arising from 
over-vaporization and molten material splattering.

5.	 Laser surface treatment increased the surface microhardness 
of alumina ceramics gears increased by 6.36 % and enhanced 
resistance to localized high-loads. Moreover, the smoother tooth 
surface reduces microscopic stress concentration and improves 
the meshing performance of alumina ceramics gears. This method 
is applicable to various cylindrical surfaces and other precision 
components featuring complex curved surfaces. Furthermore, 
it offers high automation levels, high efficiency and low energy 
consumption, presenting considerable application potential and 
value in industrial production.
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Poliranje keramičnih zobnikov iz aluminijevega oksida  
z uporabo pikosekundnega pulznega laserja

Povzetek  Keramični zobniki iz aluminijevega oksida izkazujejo odlične 
mehanske lastnosti ter odpornost proti visokim temperaturam in koroziji, 
zaradi česar so primerni za ekstremne obratovalne razmere, ki jih tradicionalni 
kovinski zobniki ne morejo zagotavljati. Njihova visoka trdota in krhkost 
predstavljata izzive pri doseganju visoke kakovosti površine med oblikovanjem 
in izdelavo. Ta raziskava zajema preučevanje možnosti izboljšanja površine 
keramičnih zobnikov z uvedbo poliranja s pomočjo pikosekundnega pulznega 
laserja. Z uvedbo nove strategije izmeničnega prekrivnega skeniranja so 
bile učinkovito zmanjšane obdelovalne napake in izboljšana integriteta 
površine. Za optimizacijo ključnih parametrov laserske obdelave, vključno 
z močjo laserja, hitrostjo skeniranja, številom prehodov in razmikom linij, je 
bil uporabljen enofaktorski eksperimentalni pristop. Optimalna kombinacija 
parametrov (moč 7 W, hitrost skeniranja 220 mm/s, 4 prehodi in razmik 
linij 0,005 mm) je omogočila doseganje hrapavosti površine (Sa) 1,091 μm 
(±0,025 μm). Primerjalna analiza je pokazala, da se je hrapavost površine 
zmanjšala za 41,93 % do 44,53 % v primerjavi s konvencionalno obdelavo 
(1,922 μm). Poleg tega se je mikrotrdota lasersko obdelane zobne površine 
povečala za 6,36 % ter pokazala izboljšano odpornost proti krušenju zob 
pri lokalno visokih obremenitvah. Izboljšana kakovost površine in mehanske 
lastnosti bistveno izboljšujejo zahteve v mehanskih prenosnih sistemih. 
Pomembno je tudi, da metoda laserske površinske obdelave znatno zmanjša 
stroške obdelave v primerjavi s tradicionalnim mehanskim poliranjem. V 
članku je inovativno prikazana neposredna uporaba laserskega poliranja na 
površinah zob dejanskih keramičnih zobnikov s kompleksnimi ukrivljenimi 
površinami, kar zagotavlja pomembno tehnološko podporo za njihovo 
uporabo v visoko natančnih prenosnih sistemih.

Ključne besede  aluminijev oksid, keramični zobniki, pikosekundni pulzni 
laser, razdelitev površine, lasersko poliranje
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