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In the present study aluminium oxide (Al2O3) has been micro structured through laser milling 
process using a Nd:YVO4 picosecond laser. A statistical approach based on Design of Experiments 
(DoE) has been successfully adopted with aim to detect which and how the process parameters af-
fect the process as well as to explain the effect of the process parameters on the material removal 
rate and surface quality. The analysed parameters were scanning speed (Ss), power and line distance 
(i.e. the distance of two consecutive scan lines). The response variables were material removal rate 
and surface roughness. The ANalysis Of VAriance (ANOVA) has been applied to the results analy-
sis. In order to understand the influence of main parameters and their interactions on the response 
variables, a Central Composite Design (CCD) has been chosen and performed successfully. 
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1. Introduction 
Nowadays ceramic materials are used for several appli-

cations in different fields such as electronic, mechanical, 
automotive, defence and medical industries. As there is a 
growing need of high performance ceramics (e.g. alumina) 
research tests the processing and manufacture of such ma-
terials increasingly, how confirmed in [1]. The growing 
interest in ceramic materials is linked with their properties. 
In fact, they are refractory and resistant at high temperature. 
Moreover, ceramic materials are characterised by high 
hardness, low density, good compressive strength, wear 
resistance, lower thermal and electrical conductivity as well 
as chemical stability. However, due to its brittle and high-
tensile material behavior, the processing of high perfor-
mance ceramic with conventional cutting processes is clas-
sified as demanding because of the lower material removal 
rate (MRR), high tool wear and high production costs [2]. 
Many authors investigated and proposed different non-
conventional manufacturing processes for machining of 
advanced ceramic, such as Electrical Discharge Machining 
(EDM) or Abrasive Water Jet (AWJ) [3-9]. Indeed, these 
are partly associated with a considerable technical effort 
(EDM) or cause other difficulties such as cracking [7] and 
high surface roughness [8]. 

Laser milling has several advantages compared to con-
ventional machining methods, such as: high flexibility in 
shaping and working material, contactless material removal, 
no tool wear and environmental friendliness [1]. Further-
more, the efficient control of depth and amount of energy is 
beneficial. This technology is suitable for micro structuring 
due to its lateral resolution, low heat input and small beam 
diameter, as well as observed in [10]. But, according to [9], 
there exists a general conflict between precision and effi-
ciency in laser micro structuring. 

In this study, laser ablation was carried out on alumini-
um oxide using a Nd:YVO4 picosecond laser. A statistical 

approach based on DoE was adopted and the ANOVA has 
been applied to the results analysis. In order to understand 
the influence of main parameters and their interactions on 
the response variables, a CCD has been chosen and per-
formed successfully. By means of this approach it is possi-
ble to find out a statistical model of the response variable 
behaviour changing process parameters. This paper will 
present the results of the investigation which aimed to re-
duce the process time while maintaining or improving 
manufacturing accuracy and surface roughness. 

2. Materials and Equipment 
The machined material in the case study was commer-

cial aluminum oxide Al2O3 at 96 %. It belongs to the family 
of ceramic materials.  

The experiments here presented have been carried out 
with a Nd:YVO4 picosecond laser. For that, the laser mi-
crostructuring machine: Acsys Barracuda µ Custom by 
Acsys Lasertechnik GmbH has been used. The laser beam 
was positioned by an xy-galvanometer-scanner and focused 
on the workpiece surface by a flat field objective. The 
computer controlled laser system allows the setup of the 
process parameters. Detailed characteristics of the laser 
system are shown in table 1. 

By the used laser, pulse energy (Pe) and average power 
are dependent on pulse repetition frequency (PRF), as 
shown in figure 1. The average power was measured using 
a power meter (PM-USB PM150-50C by COHERENT). 
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The pulse energy decreases with increasing frequency. 

The same applies to the average power which decreases 
after reaching its maximum at 150 kHz. Pulse energy and 
pulse power determine the fluence (energy density) and the 
irradiance (power density) and thus the amount of ma-
chined volume. Consequently, they play a central role in 
laser machining and micro machining [1, 12-17]. 

Residual surface features, the ablation rate, and the re-
sidual surface roughness were determined by 3D-laser 
scanning microscopy Keyence VK-9700 and scanning elec-
tron microscopy (SEM) Leo 1455 VP. The nature of the 
ablation debris was investigated with SEM and energy dis-
persive X-ray spectroscopy (EDX) analysis system INCA. 

3. Experimental Design 
In order to decrease the process time and to explain the 

effect of the process parameters on the ablation rate and 
surface quality, a statistical approach based on Design of 
Experiment has been adopted. 

For an appropriate statistical approach, a pre-
experimental planning phase is required. Following the 
systematical planning proposed in [18-19] and applied in [1, 
8, 9], a pre-design guide sheets were drawn up. The latter 
had been drawn with preliminary steps and relevant back-
ground [1, 19-22]. 

Two experimental testing series were executed. In the 
first step the activity has been focused on research of criti-
cal process parameters, the operating window of the pro-
cess and the levels to be adopted in the final experimental 
phase. Therefore, preliminary tests were executed changing 
the process parameters in the range of the settable values 
for the adopted laser system. These tests were performed 
according to the DoE methodology proposed in [18, 19]. 
They were used to understand the noise factors and materi-

al removal mechanisms as well as to select the control fac-
tors and their level ranges necessary for the second testing 
series: the statistical experiments. The process studied is 
influenced by several parameters. The focus of this work is 
on: PRF, scanning speed, power, burst mode (number of 
pulses in a burst) pulse distance (i.e. the distance of two 
consecutive pulses), line distance and the number of repeti-
tions. A burst is a group of 1 to 8 pulses with a temporal 
spacing of 12.2 ns (=1/82 MHz). The burst is repeated with 
the PRF. 

Previous experiences show how the pulse repetition 
frequency has an influence on speed process and pulse en-
ergy. The available range of the pulse repetition frequency 
for the adopted laser system is 50÷8200 kHz, therefore an 
investigation aiming to find the threshold values was need-
ed. The scanning speed has an influence on speed process 
and pulse energy, as frequency as well. The maximum val-
ue of scanning speed that can be reached by the adopted 
system is about 2000 mm/s.  

Obviously, the power has an influence on removing 
material process as ablated depth per layer. It is possible to 
select the desired power percentage (P%). The used laser 
works in pulse regime. So, the value of pulse distance de-
pends on beam spot and thermal property of the processed 
material. The line distance is the distance between two con-
secutive scan lines. It has influence on time process and 
ablated depth. 

The laser system adopted offers a sophisticated and 
very flexible burst mode. The literature shows (for other 
kind of materials) that the MRR can be increased by using 
the burst mode properly [23-25]. In addition, a great ad-
vantage in the use of burst mode is that with the same or 
even higher MRR, the surface roughness can be reduced 
[25-28].  

The number of repetitions represents as often the ma-
chined area was fully scanned by laser beam. The influence 
of this parameter, also indicated as the number of layers 
(the picosecond laser used machines material layer by lay-
er), on the depth reached is as expected. In fact, if a laser 
beam travels several times on the same surface the depth of 
the latter can only increase. In the next experiments this 
parameter is always hold constant. 

For all experiments conducted, the beam was focused at 
the surface of the workpiece. Before the experiments an 
ultrasonic cleaning device has been used to clean the sam-
ple workpieces. During the tests, local exhaust ventilation 
was used to facilitate the capture of debris and enhance the 
surface quality. In addition, during and after the process 
compressed air has been used to remove dust from the 
workpiece surface. After machining, the ultrasonic cleaning 
device and a microfiber cloth have been used in order to 
remove dust and deposits on the surface. 

3.1 Preliminary test 
In preliminary tests phase a sample made by Al203 has 

been machined with several values of Scanning speed, 
Power, PRF and line distance.  

At first, the research has been focused to identify the 
critical process parameters for the processing, the operating 
windows of the process and, then, the values (also referred 
as levels) adopted by process parameters in the micro struc-
turing test. 

Table 1 Laser system characteristics. 

Character is t ics  Va lue  Unit  

Wavelength  532 [nm]  
Seed laser repetition rate 82 .02 [MHz]  
Puls e r epet i t i on f r equency (PRF)  50÷8200 [kHz]  
Pulse duration 12 [p s ] 
Average output power (at PRF = 70 kHz) 2 .02 [W]  
Scanning speed  1÷2000 [mm/s ]  
Beam quality factor M² < 1 .3  -  
Focused spot diameter 10 .6 [µm]  

 

Fig. 1 Average power and pulse energy vs. pulse repeti-
tion frequency (PRF) for 532 nm by P% = 100 %. 
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In order to find the PRF range of interest, a parameter 
search matrix was structured on the sample, as it is shown 
in figure 2. Along the y-axis of the matrix, the PRF was 
linear increased from 50 kHz to 8200 kHz with a rise of 
905.56 kHz each. Along the x axis of the parameter search 
matrix, the available power percentage was varied in in-
crements of 10 in a range of 10÷100% at the respective 
frequency. It results a total of 100 parameter combinations 
have been examined. In particular, they have been struc-
tured 100 pockets with a size of 400 µm per side, as shown 
in figure 2b. The following constant parameters have been 
adopted for these tests: 
- Pulse distance: Pd = 3 µm, 
- Line distance: Ld = 3 µm, 
- Number of repetitions (layers): R = 50. 
 

 
a)              b) 

 
 

Figure 2b shows that only in the first lower row the ma-
terial was ablated. In the second row (PRF = 955,55 kHz) 
the highest depth (by Power 100 %) was smaller than 1 µm. 
As a consequence, it is not possible to use a PRF larger 
than 955 kHz to structure the workpiece surface. However, 
in the red area the material could not be structured, because 
the fluence was too low. 

In a second time, the PRF has been changed and stud-
ied in the range 50÷1000 kHz with a rise of 105,56 kHz. 
The number of repetition has been set to 20; with this value 
the reached depths are in the target range of 20÷30 μm. So 
it is not higher than the rayleigh length of the used laser 
system. The other parameters (pulse distance, line distance 
and pocket dimension) were the same as before. The matrix 
on the sample came out from this experiment is shown in 
figure 3. 

 

 
 
The results of interest are in the range of 

PRF = 200÷300 kHz and Power P% = 50÷100 %. For lower 

PRF´s the reached depths are too high and the surface qual-
ity is too poor. At higher frequencies than 300 kHz, partial 
bulging was visible on the structural edge.  

The best results were achieved with a frequency of 
261.55 kHz in the power range of 60÷80 %, highlighted by 
the green frame in figure 3. Since the depths of the pockets 
(60 to 200 μm) are interesting for industrial applications, 
considering the short production time and low surface 
roughness. 

As the available average power depends on the PRF, it 
is necessary to set the frequency to a value for the final 
structuring test. Otherwise, the statistical model would be 
falsified by this noise. The relation between average power 
available and PRF in the preferred pulse repetition frequen-
cy range (200÷300 kHz) is nearly linear: 

Pm, av = -0.039 * PRF + 2.441 (1) 
The real average power is given from the following 

formula: 
Pm, real = Pm, av * P% (2) 

where Pm, real is the real average power, Pm, av is the availa-
ble average power and P% is the percentage power. In order 
to have full control on the power it is desirable to fix one of 
the two terms in the second member of last equation. To 
simplify the power management the pulse repetition fre-
quency has been fixed. The value of pulse repetition fre-
quency chosen has been selected with an appropriate exper-
iment. The previous experiment has shown that the desira-
ble range of depth (i.e. which involves a height of the re-
moved layers nearly 1µm/layer) is obtained when the pulse 
repetition frequency assumes the value in the range 
200÷300 kHz.  

Due to an ablation rate of around 1 μm/layer and a low 
surface roughness in comparison to the other parameter 
combinations, the setting parameter PRF = 280 kHz, scan-
ning speed = 1675 mm/s and P%= 80 % were selected as 
the center point for the experimental design. 

In the pretests the burst mode (“Fix Bursts”) has been 
studied, too. In fact, several combinations of parameters 
with the number of pulses in a burst set to 3 and 5 have 
been tested. For these settings the reached depth was in a 
range between 0÷10 μm. The missing ablation occurs be-
cause the available power is evenly divided among the 
number of pulses in a burst. For a Fix B3, for example, this 
means that its energy corresponds to 1/3 of the energy of a 
standard pulse. As a result, the pulse energy under the spec-
ified boundary conditions is unable to effectively remove 
material. However, it can still be assumed that the burst 
mode can lead to an improvement in roughness and MRR. 
For this, an adaptation of the process parameter area is re-
quired. This should be investigated separately in future 
experiments. 

The results of the preliminary test can be summarised 
as following: 

-In order to stabilise the process, it was decided to con-
sider the pulse available average power as a held constant. 
Therefore, the PRF was fixed at 280 kHz in the present 
case. 

-Too low scanning speeds lead to an increasing process 
time, which is a conflict of objectives. So, it was decided to 
investigate the effect of scanning speed near the possible 
maximum speed of the scanning system, in a range of 
1350÷2000 mm/s.  

Fig. 3 Details of machining sample at PRF range 
50÷1000 kHz. 

Fig. 2 a) Parameter search mask at PRF range 
50÷8.200 kHz. b) Details of sample obtained at PRF 

range 50÷8.200 kHz. 

1,2 mm 

1,2 mm 1,2 mm 
x 
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-The depth is affected by the repetition number, which 
depends on the overall energy released on the filled area. 
Accordingly, it was decided to adopt the P% as control fac-
tor for the micro structuring tests and the depth per layer as 
a response variable, because it is linked with the efficiency 
of the process.  

-Finally, the preliminary test has shown that the line 
distance has a huge influence on the process time. Hence, it 
was decided to adopt this latter as control factor. 

3.2 Design of Experiments 
The pre-design analysis and preliminary tests results al-

lowed to define the control factors and their levels (i.e. the 
process parameters that are setting during the testing phase). 

In the present paper, the selected and analysed control 
factors are: scanning speed, power and line distance. 

The latter have been tested realising pockets 
(400x400 µm²) with the number of repetition set on 20. The 
response variables analysed for each pocket are: depth of 
pocket (measured as average distance between the non-
machined surface and the ground of the pocket), arithmetic 
mean roughness (Ra), average height (Rc), root mean 
square height (Rq). In this paper they have been discussed 
only the most interesting variables in order to understand 
the process: Depth of the pocket and Ra. 

Then a Central Composite Design (CCD) was devel-
oped and performed in order to understand the influence of 
main parameters and their interactions on the response var-
iables. The chosen CCD is a centered face plan, with a val-
ue of α (distance of the axial points from the center of the 
plan) set on 1, 2 central points and 6 star points. The plan 
has been replicated 3 times for a total of 48 runs according 
with [18]. 

The setting parameter studied, and their values, are 
shown in table 2. 

 

 
 
The response variables were measured by a 3D-laser 

scanning microscope VK 9700 of Keyence, as shown in 
figure 4. 

 

 
a              b 

 

4. Experimental Results and Discussion 

4.1 ANOVA Results 
The statistical significance of results has been tested 

through ANOVA method. In particular, the significance of 
the control factors scanning speed, P% and line distance for 
the Depth, Ra, Rq and Rc response variables has been 
checked. For each parameter or parameter combination the 
ANOVA result consists the following information: the de-
grees of freedom (DF), the adjusted sum of squares (Adj 
SS), the adjusted mean squares (Adj MS), the f-value and 
the p-value. The p-value was used to determine the signifi-
cance of the factors and their combination on the analysed 
response variables. The analysis was carried out at a 95 % 
confidence level (α = 0.05). Thus, if the p-value is less than 
0.05, a process parameter or a parameter interaction is con-
sidered significant. The ANOVA hypotheses assumes that 
the observations are normally and independently distribut-
ed with the same variance for each treatment or factor level 
checked via graphical analysis of residuals [17]. The resid-
uals of each response variable, as shown in figure 5 for 
depth, have been used to verify that the model provides an 
adequate approximation of the real system and that none of 
the hypotheses is violated. 
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The normality and independence assumption have been 
verified and the variance of the error is constant. 

The ANOVA results are reported in tables 3-4. In the 
tables, the p-value of each significant effect is highlighted 
by the bold text. 

The ANOVA results for the depth show significance for 
all the control factors, quadratic effects and their interac-
tion (table 3). The lack of fit is not significant which means 
that the model correctly specifies the relationship between 
the response and the predictors. In addition, 
S = 0.0089195 µm and R2 = 99.93 %. S represents the 
standard deviation of the distance between the data values 
and the fitted values. R2 is the percentage of variation in the 
response that is explained by its relationship with one or 
more predictor variables. So, according with the relevant 
literature [18] the statistical model quality is good. 

The roughness parameters are affected by all the setting 
parameter chosen (table 4). Ra and Rq show an influence by 
the interaction P%*Ld. 

Fig. 5 Residual Plots for depth. 

Fig. 4 Pocket of 400 x 400 µm² realised on the sample. The 
figure shows an image of pocket obtained with digi-

tal microscope (a). 3-D image of pocket obtained 
through microscope software management (b). 

Table 2 Control factors and levels adopted in structuring 
test. 

Contro l  factors  Low Midd le  High 

Scanning  speed [ mm/s ]  1350 1675 2000 
Percentage power [%] 60 80 100 
Line  d is t ance [µ m]  3  6  9  

 

0,2 mm 
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In the ANOVA tables for the roughness parameters the 
lack of fit results has been reported too and is not signifi-
cant. Also for the roughness parameter Ra a good statistical 
model quality was achieved with S = 0.18 µm and 
R2 = 75.8 %.  
 

 
 

 
 

In figures 6-7 the main effect plots of the depth and Ra 
are shown respectively. 

The interaction plots are shown in figures 8-9. 
 

 

 
 

 

 
 

 

 
 

 

 
Fig. 9 Interaction plots for Ra. 

Fig. 8 Interaction plots for depth. 

Fig. 7 Main effects plots for Ra. 

Fig. 6 Main effects plots for depth. 

Table 4 ANOVA for Ra. 

Source Unit DF Adj SS Adj MS F-Value P-Value 

Model  9 3,78675 0,42075 12,87 0,000 

Linear  3 3,22776 1,07592 32,92 0,000 

Ss  [mm/s] 1 0,14434 0,14434 4,42 0,042 
P% [%] 1 2,28890 2,28890 70,02 0,000 
Ld  [µm] 1 0,82043 0,82043 25,10 0,000 
Square  3 0,15848 0,05283 1,62 0,202 

Ss*Ss  1 0,00043 0,00043 0,01 0,909 
P%*P%  1 0,00043 0,00043 0,01 0,909 
Ld*Ld  1 0,12509 0,12509 3,83 0,058 
2-Way Inter-
action 

 3 0,56750 0,18917 5,79 0,002 

Ss*P%  1 0,00064 0,00064 0,02 0,889 
Ss*Ld  1 0,04535 0,04535 1,39 0,246 
P%*Ld  1 0,53179 0,53179 16,27 0,000 
Error  37 1,20942 0,03269   
Lack-of-Fit  5 0,18109 0,03622 1,13 0,366 
Pure Error  32 1,02833 0,03214   

Total  46 4,99617    

 

Table 3 ANOVA for Depth. 

Source Unit DF Adj SS Adj MS F-Value P-Value 

Model  9 4,21978 0,46886 5893,34 0,000 

Linear  3 4,12212 1,37404 17270,8
 

0,000 

Ss  [mm/s] 1 0,73317 0,73317 9215,52 0,000 
P% [%] 1 1,38679 1,38679 17431,0

 
0,000 

Ld [µm] 1 2,00216 2,00216 25165,9
 

0,000 
Square  3 0,08606 0,02869 360,59 0,000 

Ss*Ss  1 0,00490 0,00490 61,61 0,000 
P%*P%  1 0,00455 0,00455 57,25 0,000 
Ld*Ld  1 0,05491 0,05491 690,15 0,000 
2-Way Inter-
action 

 3 0,01159 0,00386 48,57 0,000 

Ss*P%  1 0,00589 0,00589 74,04 0,000 
Ss*Ld  1 0,00200 0,00200 25,09 0,000 
P%*Ld  1 0,00371 0,00371 46,57 0,000 
Error  38 0,00302 0,00008   
Lack-of-Fit  5 0,00031 0,00006 0,77 0,581 
Pure Error  33 0,00271 0,00008   
Total  47 4,22280    
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4.2 Influence of Scanning Speed  
The scanning speed has influence on the local warming 

at the workpiece surface. Scanning speed is linked with 
pulse repetition frequency through the following formula: 

Ss = Pd * PRF (3) 
If scanning speed decreases the pulse distance will de-

crease, because the PRF is fixed at 280 kHz. Moreover, the 
interaction time with the material will increase and the lo-
cal temperature will increase, too. In this case, the achieva-
ble depth increases as the energy required to vaporise the 
material decreases, as shown in figure 6. These aspects do 
conform what is observed in Leone et al. in [1]. 

As a result of the lower Pd, the pulse overlap increases. 
The pulse overlaps causes a re-worked surface which wors-
en the roughness, as it is reported in figure 7. 

4.3 Influence of Power 
As expected the P% affects the pocket depth that is 

nearly directly proportional to the released power, as shown 
in figure 6. As is known, the power is linked with the flu-
ence. An appropriate relation between the fluence and 
depth reached is described by the formula [20]: 

zabl = δ * ln (F/Fth) (4) 
where zabl is the ablation depth, δ is the penetration 

depth, Fth is the threshold fluence and F the fluence. So it is 
clear: if the power increases, the fluence F of the laser 
pulse will rise and the ablation depth also will go up. 

The main effects plot for Ra in figure 7 shows a strong 
relation between power and roughness: when power in-
creases the roughness gets worse. This behavior is due to 
the increase in fluence that occurs when power increases. If 
the latter increases, the ablation depth will rise too. The 
increase of roughness with depth can be partly explained 
by debris re-deposition that affects the developing surface, 
[22, 29]. In figure 10 the machined surface of the work-
piece and the re-deposited debris is shown in detail, by a 
scanning electron microscopy (SEM). 

 

 

 
 
To ensure that the re-solidified particles on the work-

piece surface, are material deposits, an EDX analysis was 
executed. Figure 11 shows re-solidified particles on the 
workpiece surface. The results are summarised in table 5. 

 

 

 

 
 
The comparison with the starting material (spectrum 

SM in table 5) shows that the particles are re-deposited 
material particles. Especially, spectrum 3 has a high agree-
ment with the starting material. Spectrum 1 and 2 contain 
elements that are not constituents of alumina. This is at-
tributed to impurities. In the course of processing with the 
picosecond laser, the oxygen content in the material is 
slightly increased. 

4.4 Influence of Line Distance 
The line distance is significant for the analysed re-

sponse variables. If Ld increases, depth and surface rough-
ness will decrease, as shown in figures 6-7. The effect of Ld 
on depth could be explained similarly to the effect of the 
scanning speed: if Ld decreases, the distance between the 
filling lines will drop and the number of scan lines will 
increase. Following to this, more pulses to ablate material 
are achieved and the depth will rise. Furthermore, the aver-
age temperature of the pocket will increase [1]. Conse-
quently, by fixed power, the depth rises at the Ld decreases 
(figure 8). 

The growing of roughness is associated with the in-
crease of material removed and re-solidified. When the line 
distance increases, the ablation capability decreases and the 
amount of material that can re-solidified also decreases. 
Furthermore, when line distance drops the number of hits at 
the surface increase and debris respectively roughness can 
only rise. 

Fig. 10 SEM of microstructure surface machined with 
Ss = 1350 mm/s; P% = 100 % and Ld = 3 µm. 

Fig. 11 SEM of microstructure surface machined with 
Ss = 1350 mm/s; P% = 100 % and Ld = 3 µm. 

Table 5 Results of the structured surface EDX analysis 
(Ss = 1350 mm/s; P% = 100 % and Ld = 3 µm). 
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It is expected that the effect of Ld on roughness will de-
crease with increasing structural dimensions as the time 
interval between two consecutive scan lines increases. 

Moreover, ANOVA tables 4-6 indicate the presence of a 
significant interaction between Ld and power for the re-
sponse variable roughness (figure 9). If the power goes up, 
the obtained roughness is influenced by the chosen line 
distance level. In particular, if the power increases and line 
distance is set on a high value the roughness will rise slow-
ly because the ablation capability is not too high. If Ld is 
set on a low value, the roughness will go up fast by increas-
ing power. In fact, the total energy density, at the same 
power, decreases if line distance increases [1]: 

Et = (Pm * R)/(Ld * Ss) (5) 
where Et is the total energy density, Pm is the mean 

beam power, R the number of repetitions and Ss the scan-
ning speed. 

5. Response Surfaces 
The Central Composite Design allows to perform an 

appropriate forecasting model. In fact, a quadratic regres-
sion model has been performed for each response. The lat-
ter allow us to analyse combinations of parameter not test-
ed yet. 

In particular, the regression models for the analysed 
depth of pocket and Ra are as follows:  

Depth0,22293
 = 2,6336 + (-0,001134 Ss) 

+ 0,02563 P% + (-0,19631 Ld)  
+ (-0,000060 P%

2) + 0,009258 Ld
2 

+ (-0,000002 Ss * P%) 
+ 0,000009 Ss*Ld  

+ (-0,000207 P%*Ld) 

(6) 

Ra = -0,54 + 0,00036 Ss + 0,0337 P% + 

(-0,056 Ld) + (-0,002550 P%* Ld) 
(7) 

Through contour and surface plots the local shape of 
the response surface can be graphically studied. They show 
how the response varies as a function of two factors at a 
time, while averaging over the others. Furthermore, the 
CCD is useful to find the optimum working condition to 
obtain a specific target performance. The regression equa-
tion can be studied graphically through the response sur-
face. The surfaces in figure 12-14 plot the response varia-
ble Ra for each couple of setting parameters where the third 
parameter is set on the middle value. 

 

 

 
 

 

 
 

 

 
 
It is clear how Ra does change for every interaction of 

the factors. 
Moreover, through the response surface it is possible to 

locate the area that identifies the maximum value of rough-
ness. The projection on plane of a response surface is a 
contour plot. In figure 15, following the colorimetric scale, 
it possible to observe areas where the roughness takes 
higher value (dark green) and lower (dark blue). 

 

 

 

 
 
In figure 15 there is an overview of the roughness value 

for each combination of the factors. 

Fig. 15 Contour plot for Ra with third parameter set on low, 
middle and high level. 

Fig. 14 Surface plot of Ra vs P%-Ld. 

Fig. 13 Surface plot of Ra vs Ld-Ss. 

Fig. 12 Surface plot of Ra vs P%-Ss. 



 
JLMN-Journal of Laser Micro/Nanoengineering Vol. 13, No. 2, 2018 

83 

In example, when percentage power is set on the low 
level the roughness value does not exceed 1.4 µm for any 
other combination of scanning speed and line distance (in 
the tested range of values), as is visible in the plot of figure 
15 (h). 

The same analysis has been performed on the response 
variable depth, as shown in figure 16. 

 

 

 

 

6. Optimisation Step 
The statistical approach allows optimising process pa-

rameters for more than one response variable simultaneous-
ly, performing a multi-response optimisation (MRO). The 
latter finds the setting parameters that provide the “most 
desirable” response values. [30] 

In general, for each response variable Yi, a desirability 
function di (with 0 ≤ di(Yi) ≤ 1) assign a number onto a 
[0,1] scale, where 1 is the most desirable value and 0 is 
unacceptable. To simultaneously optimise all the responses 
Yi, all the individual desirability di are combined in an 
overall desirability function Df. The optimisation is 
achieved where the Df is maximised. [30] In this work, the 
method proposed has been used for the two variables depth 
of pocket and Ra. So, it results: 

2121

1

21 )( wwww ddDf +×=  (8) 
where w1 and w2 are the response weights. 
The main objective of the study was to develop a sus-

tainable and efficient micro structuring process. 
The regression model built up allows to find the setting 

parameters for a fixed target. For example, it has been 
searched the setting parameters which removed 1 µm/layer 
and minimise Ra. The regression model has been built fix-
ing the number of layer to 20, so a depth per layer of 
1µm/layer will be reached if a depth of 20 µm will be 
reached too. The regression model has been consulted 
through a statistical software, and the result is shown in 
figure 17. Furthermore, the Ld has been set on 8 µm in or-
der to reduce the time required for the ablation process. 

 

 

 
 
Figure 17 shows the optimisation plot in which is re-

ported the effect of each factor (columns) on the responses 
or composite desirability (rows). Composite desirability is 
the weighted geometric mean of the individual desirability 
for the responses [18] and evaluates how the settings opti-
mise a set of responses overall 

The setting parameter have been used in order to obtain 
an ablation of 34 µm, the results are shown in table 6. 

 

 
 
The difference between the depth obtained and target is 

about 2.9 µm. These results indicate that the parameters 
chosen remove 1.087 µm/layer, result near the target value 
of 1 µm/layer. 

It was worked at high fluences to achieve the required 
process times. As a result, the roughness could indeed be 
reduced, but it is still high. Optimisation approaches are 
therefore seen in the analysis of lower fluences as well as 
in the deeper testing of the burst mode. 

7. Conclusion 
In this work, a CCD for laser micro structuring process 

on aluminum oxide has been performed according to the 
DoE methodology. 

First of all, the CCD detected which process parameters 
affect the process and how they do it. 

Furthermore, thanks to the analysis of results, a fore-
casting quadratic regression model, for the chosen re-
sponse variables, has been developed. The model defines 
the response variables behaviour in the experimented pa-
rameters domain. 

Moreover, the use of an optimisation tool, as the adopt-
ed desirability function, enables to control the process. In 
fact, the desirability function suggests the appropriate pro-
cess parameter setting in order to obtain the desired results 
in terms of depth and roughness. 

Fig. 16 Contour plot for depth with third parameter set on 
low, middle and high level. Table 6 Tested optimisation parameters and results. 

Sett ing  para meters  Proces s  
t ime [ min]  

Ra  
[µm]  

Depth 
[µm]  

Ss  = 1350  mm/s ;  
P %  = 81  %;  Ld  = 8  µm 3 :27 1 .541 36 .95 

    

    

 

Fig. 17 Optimisation plot for the boundary conditions abla-
tion rate = 1 µm/layer and minimise Ra. 



 
JLMN-Journal of Laser Micro/Nanoengineering Vol. 13, No. 2, 2018 

 
 

84 

So, with the regression models, fixing a target values 
for the response variables, it is possible to find the setting 
parameters that provide these targets. 
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