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ABSTRACT: Multiple non-linear effects of process parameters and their interactions make very difficult to predict laser cut quality. 
This paper presents an approach for modeling and optimization of the perpendicularity of the cut edge obtained in CO2 nitrogen inert 
cutting of AISI 304 stainless steel based on response surface methodology (RSM) and genetic algorithm (GA). Box-Behnken 
experimental design, in which four laser processing parameters (laser power, cutting speed, assist gas pressure and focus position) 
were arranged, has been employed to develop a mathematical model. Statistically assessed as adequate, the full second order RSM 
model was employed to analyze the effects of the laser processing parameters on the perpendicularity of the cut. The second aim of 
the paper focuses on determination of near optimal laser processing settings such that the perpendicularity of the cut is minimized. 
The optimization problem was formulated and solved using the GA. 
KEY WORDS: CO2 laser cutting, response surface methodology, genetic algorithms, perpendicularity of the cut. 

1. INTRODUCTION 

Laser cutting is advanced machining process widely used in 
industry, due to its advantages of high cut quality and cost 
effectiveness in large batch production. It is a thermal-based 
process effective for contour cutting of different materials. By 
focusing the laser beam on the workpiece surface, the high 
power density of the focused laser beam in the spot melts or 
evaporates material in a fraction of a second, and coaxial jet of 
an assist gas removes the evaporated and molten material from 
the cutting zone. Numerous advantages and possibilities of 
laser cutting technology motivated considerable theoretical and 
experimental research aimed at better understanding of the 
laser cutting process. 

Laser cutting is a complex machining process with numerous 
parameters which in consort have essential role on the process 
performances, such as cut quality, cost, productivity, 
processing time etc. Each of these goals often requires 
“optimal” selection of the processing parameter settings. 
However, the optimum parameter settings for one quality 
characteristic may deteriorate other quality characteristics. 
Hence process modeling and optimization are two important 
issues in laser cutting.  

Different methodologies were employed for modeling the laser 
cutting processes such as analytical methods, multiple 
regression analysis (MRA), response surface methodology 
(RSM), fuzzy expert systems, and artificial neural networks 
(ANNs). Subsequently, the near optimal laser processing 
conditions were identified by applying genetic algorithms, 
simulated annealing, and particle swarm optimization. A 
number of researches applied robust design methodology, 
proposed by Taguchi, for optimization of the laser cutting 
process. Although Taguchi’s optimization methodology 
doesn’t require any kind on mathematical model, the method 
proved efficient, and became particularly popular when dealing 
with multiple responses. The open literature reveals that most 
of the applications of the Taguchi methodology considered 
multi-objective optimization of kerf quality characteristics, kerf 
quality characteristics and material removal rate and kerf 

quality characteristics and surface roughness. To deal with 
multiple responses, Taguchi method was combined with grey 
relational analysis, principal component analysis or the 
weighting method was applied. 

Considerable research studies have been carried out to analyze 
laser cutting process and some of the findings were 
summarized in recent comprehensive review papers [5, 10, 15]. 
The effect of varying the laser process parameters on the 
quality characteristics such as kerf width, surface roughness 
and size of heat affected zone (HAZ) was the interest of many 
studies [15]. Rajaram et al. [16] investigated the combined 
effects of the laser power and cutting speed on the kerf width, 
surface roughness and size of HAZ in CO2 laser cutting of 
4130 steel. Riveiro et al. [18] examined the effects of cutting 
parameters in cutting of an aluminium–copper alloy (2024-T3). 
Regarding the surface roughness, the most influencing 
parameters were those related to the assist gas such as pressure, 
nozzle diameter and stand-off distance. Syn et al. [22] 
presented an approach for prediction of cut quality in cutting 
Incoloy(R) alloy 800 by employing fuzzy expert system. Based 
on the results of prediction runs of the model, it was shown that 
there are high interaction effects between assist gas pressure, 
cutting speed and laser power on surface roughness. 
Comprehensive analysis of the effect of process parameters on 
the edge quality (upper kerf width, lower kerf width, kerf ratio, 
surface roughness) and operating cost in CO2 laser cutting of 
AISI 316L stainless steel was performed by Eltawahny et al. 
[7]. Based on the Box-Behnken experimental design, second 
order RSM model was develop, and subsequently the optimal 
laser cutting setting were determined. Madić and Radovanović 
[9] developed and compared empirical models (MRA and 
ANNs) for prediction of surface roughness obtained in CO2 
laser oxygen cutting of mild steel based on the laser cutting 
parameters such as laser power, cutting speed and assist gas 
pressure. In recent papers, researchers investigated the effect of 
the laser process parameters on the cut quality characteristics 
when cutting polymeric materials [2, 3, 8]. Eltawahny et al. [6] 
investigated the effects of cutting parameters on the cut edge 
quality features of medium density fibreboard (MDF) wood 
composite material.  
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As reported in previous studies, the process performances 
change drastically with the laser cutting parameters. It was 
observed that the functional dependence between laser cutting 
parameters and process performance is nonlinear, and that the 
effect of a given laser cutting parameter on process 
performance must be considered through interaction with other 
parameters. 

Hence, it is very important to adequately select, i.e. optimize 
laser process parameters so as to achieve high performance 
laser cutting. The aim of this paper is to develop RSM 
mathematical model so as to predict the perpendicularity of the 
cut, which is considered as one of the most important quality 
characteristics, in CO2 laser nitrogen cutting of AISI 304 
stainless steel. To obtain experimental data, experimental 
investigation was conducted based on the Box-Behnken 
experimental design, in which four laser processing parameters 
were taken into account such as the laser power, cutting speed, 
assist gas pressure and focus position. The second aim was to 
develop mathematical model to optimize laser cutting 
operation using GA. The optimization problem was formulated 
so as to obtain optimal laser processing parameters values so 
that minimal perpendicularity of the cut is achieved. 

2. RESPONSE SURFACE METHODOLOGY 

Response surface methodology (RSM) is a collection of 
mathematical and statistical techniques that are useful for the 
modeling and analysis of problems in which a response of 
interest is influenced by several variables and the objective is 
to optimize this response [12]. The main idea of RSM is to 
quantify the relationships among the independent variables and 
output variables (responses) by mathematical formulae. 
Numerous experiments and practical knowledge have shown 
that a successful modeling of the most diverse technological 
processes can be made using a full second-order model in the 
following form: 
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Estimation of bi coefficients is based on the method of least 
squares. The response function y can be used in the field of 
experimental space and a certain part of the outside it 
(extrapolation).  

For fitting a quadratic model in RSM, there are appropriate 
experimental plans of second order and second order matrix 
plans. The number of experiment trials, N, needed to be at least 
equal to the number of terms of the equations of the model 
[13]: 
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A number of different experimental plans are developed for 
fitting a proposed second order RSM model, among which 
central composite designs (CCDs), also known as Box-Wilson 
designs, and Box-Behnken designs are widely used [20]. 

3. EXPERIMENTAL DETAILS 

3.1. Experimental setup and materials 

AISI 304 stainless steel in sheet form of 3 mm thickness was 
used as workpiece material. Laser cutting experimental trial 
were performed by means of ByVention 3015 (Bystronic) CO2 

laser cutting machine delivering a maximum output power of 
2.2 kW at a wavelength of 10.6 µm, operating in continuous 
wave mode. Experiment trials were conducted in random order 
to avoid any systematic error. A focusing lens with focal length 
of 127 mm was used to perform the cut with a Gaussian 
distribution beam mode (TEM00). Nitrogen as assist gas with 
purity of 99.95 % was supplied coaxially with the laser beam. 
The nozzle used has a conical shape with nozzle diameter of 2 
mm. The nozzle-workpiece stand-off distance was controlled at 
1 mm. 

3.2. Quality assessment 

Straight cuts each of 60 mm in length were made in each 
experimental trial and the cut quality was evaluated in terms of 
perpendicularity of the cut (u). Perpendicularity is defined as 
the distance between two parallel straight lines, which limit the 
upper and lower boundaries of the cut surface profile at the 
theoretically correct angle of 90º. For achieving high cut 
quality with close dimensional tolerances, it is important to 
obtain accurate perpendicularity of cut edge, especially when 
using sheet thickness over several millimeters. The 
perpendicularity of the cut edge was measured in accordance to 
British Standard of thermal cutting BS EN ISO 9013:1995 
according to which the quality of the cut is classified into three 
zones. For 3 mm thick plate, the perpendicularity tolerances are 
given in Table 1. 

Table 1. Perpendicularity tolerances for 3mm thick plate. 

Zone I 0.0575u mm≤  

Zone II 0.0575 0.145u mm≤ ≤  
Zone III 0.145 0.325u mm≤ ≤  

3.3. Experimental plan - Box-Behnken design 

Conducting an experiment using scientific design of 
experiment (DOE) techniques allows for systematic 
investigation and analysis of the effects of process parameters 
on process performance. The experiments were planned using 
Box-Behnken design with four input parameters and three 
levels were used so as to cover wider range of laser processing 
parameters that are controlled by the operator. Box-Behnken 
design is a three level design and it is able to investigate the 
process with a relatively small number of runs as compared 
with the central composite design [12]. By avoiding the corners 
of the experimental hyperspace space, this design allows to 
work around extreme parameter combinations, which is 
advantageous in laser cutting experimentation. Namely, for a 
chosen experimental space, for some combinations of laser 
processing parameters (when all set at high or low levels), laser 
cut cannot be initiated. The main processing parameters such as 
the laser power (P), cutting speed (v), assist gas pressure (p) 
and focus position (f) were taken as variable input parameters. 
Reasonable limits for parameters are chosen such that full cut 
for each parameter combination is achieved and by considering 
manufacturer's recommendation for parameter settings. The 
Box-Behnken design matrix and measured perpendicularity of 
the cut are shown in Table 2. 

4. RESULTS AND DISCUSSION 

4.1. Adequacy of the RSM model 

Based on the experimental results from the Box–Behnken 
design the second-order equation of the RSM model in terms of 
coded factors obtained using MINITAB software is as follows: 
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Table 2. Experimental design matrix and results. 

Trial Laser power, 

P (kW) 

Cutting speed, 

v (m/min) 

Assist gas pressure, 

p (bar) 

Focus position, 

f (mm) 

Perpendicularity, 

u (mm) 

1 1.6 2 10.5 -1.5 0.032 
2 2 2 10.5 -1.5 0.315 
3 1.6 3 10.5 -1.5 0.262 
4 2 3 10.5 -1.5 0.110 
5 1.8 2.5 9 -2.5 0.003 
6 1.8 2.5 12 -2.5 0.032 
7 1.8 2.5 9 -0.5 0.295 
8 1.8 2.5 12 -0.5 0.367 
9 1.6 2.5 10.5 -2.5 0.063 
10 2 2.5 10.5 -2.5 0.062 
11 1.6 2.5 10.5 -0.5 0.200 
12 2 2.5 10.5 -0.5 0.242 
13 1.8 2 9 -1.5 0.233 
14 1.8 3 9 -1.5 0.250 
15 1.8 2 12 -1.5 0.275 
16 1.8 3 12 -1.5 0.022 
17 1.6 2.5 9 -1.5 0.043 
18 2 2.5 9 -1.5 0.288 
19 1.6 2.5 12 -1.5 0.097 
20 2 2.5 12 -1.5 0.042 
21 1.8 2 10.5 -2.5 0.038 
22 1.8 3 10.5 -2.5 0.075 
23 1.8 2 10.5 -0.5 0.258 
24 1.8 3 10.5 -0.5 0.227 
25 1.8 2.5 10.5 -1.5 0.320 
26 1.8 2.5 10.5 -1.5 0.218 
27 1.8 2.5 10.5 -1.5 0.212 
      

The multiple regression coefficient of the second-order model 
was found to be 0.833, which shows that this model can 
explain the variation to the extent of 83.3%. Hence, the data are 
well fitted in the developed model. 

To test the adequacy of the developed mathematical model 
Analysis of variance (ANOVA) was carried out (Table 3). As 
per this technique [4] the calculated value of the F-ratio of the 
model developed should not exceed the standard tabulated 
value of F-ratio for a desired level of confidence (99%). 

Table 3. Experimental design matrix and results. 

Source F p 

Regression 4.29 0.008 
Linear 8.69 0.002 
Square 1.56 0.248 
Interaction 3.16 0.042 
Lack-of-Fit 1.35 0.500 

Calculated F-value of the lack-of-fit for the models is 1.35, 
which is lower than the critical value of the F-distribution 4.30 
as found from standard table at 99% confidence level for a 
degree of freedom of 10 for the numerator (effect) and 12 for 
the denominator (error). Therefore, the developed second-order 
RSM model is adequate at 99% confidence level. P-values of 
the source of regression model and linear effects are lower so 
as developed regression model and linear effect of parameters 
for the response is significant. The comparisons between 
measured and predicted responses using developed model are 
illustrated in Figure 1. 

As seen from Figure 1, among the experimental laser cut trials, 
significant difference has been observed in terms of 
perpendicularity of the cut. Within the selected experimental 
region, all three cut qualities are obtained. 

 

Figure 1. Measured vs. RSM predicted perpendicularity. 

4.2. Effect of process parameters 

The RSM model developed can be used to predict 
perpendicularity of the cut within the experimental region by 
substituting the values, in coded form, of the laser processing 
parameter values. Also, by substituting the values of the 
desired perpendicularity of the cut, the values of the laser 
processing parameter, in coded form, can be obtained. The 
main effects of the laser processing parameters on the 
perpendicularity of the cut are represented in graphical form in 
Figure 2. 

The Figure 2 was obtained by using Eq. 3. Each line represents 
the effect of a given laser cutting parameter, while keeping the 
other parameters constant at center point (level 0). From figure 
2, one can compare the effect of all laser cutting parameters on 
the perpendicularity of the cut within the experimental range. It 
is evident from Figure 2 that the perpendicularity of the cut 
increases as the focus point is increased (towards workpiece 
surface). 
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Figure 2. Main effects of the laser cutting parameters on the 
perpendicularity of the cut. 

In the case of the laser power, it is notable that as the laser 
power increases up to the centre point (P = 1.8 kW) the 
perpendicularity of the cut increases, but, with further increase 
in laser power, the perpendicularity of the cut begins to 
decrease. Finally, with increasing cutting speed and assist gas 
pressure, perpendicularity of the cut decreases. It is evident 
from Figure 2 that focus position is the most significant 
parameter affecting perpendicularity of the cut followed by the 
laser power, assist gas pressure and cutting speed. 

Figure 3 shows the 2-D contour plots for perpendicularity of 
the cut in the case of two varying laser processing parameters 
while keeping the other parameters constant at centre point 
(level 0). From these plots one can observe the interaction 
effects of the laser processing parameters. As seen from Figure 
3, by changing only two laser processing parameters, while 
keeping the other parameters constant at center point (level 0), 
different quality classes for the perpendicularity can be 
achieved. However, in most cases quality class 3 is obtained. 

 

a) Laser power and cutting speed interaction 

 

b) Laser power and assist gas pressure interaction 

 

 

c) Laser power and focus interaction 

 

d) Cutting speed and assist gas pressure interaction 

 

e) Cutting speed and focus position interaction 

 

f) Assist gas pressure and focus position interaction 

Figure 3. Contours plots showing the effect of laser processing 
parameters on the perpendicularity of the cut and achievable 
cutting quality:  Quality class 1,  Quality class 2 and  

Quality class 3. 
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4.3. Optimization of the RSM model 

Using Equation 3 the perpendicularity to various laser 
processing conditions could be predicted and minimized. But 
selecting the laser cutting parameters from the RSM model, in 
practice, should be limited by minimizing perpendicularity 
through optimization. Finding an optimal set of the laser 
processing parameter values call for the parameter optimization 
in four-dimensional hyperspace. When optimizing RSM model 
one can consider additional criteria such as processing costs 
and productivity. The productivity in laser cutting is mainly 
affected by cutting speed, with maximal cutting speeds always 
preferred. The processing costs in CO2 laser inert cutting are 
function of the assist gas flow rate, which is dependent on 
nozzle diameter and assist gas pressure. Since only one nozzle 
was used in the experiment, the processing costs become in a 
direct relation with the assist gas pressure.  

The RSM model can be optimized using a genetic algorithm 
(GA) in order to find the optimum values of the independent 
variables. Two main advantages of GA make them very 
suitable for optimization in RSM that is: (1) they do not need 
the objective function to be continuous, convex or unimodal, 
and (2) they are very efficient due to their ability to perform 
parallel searches in the feasible space and the testing of small 
blocks of good solutions under multiple scenarios [1]. 

4.3.1. GA-based optimization methodology 

GAs are powerful and broadly applicable probabilistic 
algorithms which combine elements of directed and stochastic 
search showing a high level of robustness [11]. Genetic 
algorithms are based on the principles of natural genetics and 
natural selection. Philosophically, GAs are based on Darwin's 
theory of survival of the fittest [17].  

The solution of an optimization problem by GAs starts with a 
set of chromosomes (strings, individuals), encoding a potential 
solution in a given problem (search) space. The entire sets of 
these chromosomes comprise populations which are generated 
at random or heuristically. In every iteration (generation), 
chromosomes are evaluated according to predefined quality 
criterion, referred to as fitness function (fitness). New 
population is formed with chromosomes selected according to 
their fitness. Selection alone cannot introduce any new 
chromosomes into the population, i.e., it cannot find new 
points in the search space [21]. New generations known as 
offspring are generated by genetically inspired operators such 
as crossover and mutation. The crossover operator is mainly 
responsible for the search aspects of GA [14]. Crossover is 
performed with probability and involves the process of splitting 
two selected chromosomes and then combining one-half of 
each chromosomes with the other pair. The need for mutation 
is to keep diversity in the population [14]. Mutation creates 
new chromosomes by making change in a single chromosome 
and is carried out at random with some (small) probability. 
This is done to protect the loss of some potentially useful 
chromosomes and avoids being stuck at the local optimum 
[19]. The optimization process continues through generations 
until the termination condition is met (maximal number of 
generations or acceptable fitness level). The main controlling 
parameters of GA for efficient problem solving include 
population size, crossover probability and mutation probability. 

 

4.3.2. GA optimization solutions 

The goal of the optimization process in this study is to 
determine the optimal laser processing parameter values that 

contribute to the minimum value of the perpendicularity of the 
cut. Additionally, processing cost and productivity, as 
discussed previously, were taken into consideration. Hence, for 
CO2 laser nitrogen cutting of stainless steel AISI 304, 
optimization problem can be formulated as follows: 
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Basically, obtaining the best optimal results depends on some 
features related with the GA parameters. Although some 
general guidelines about such selections exist in relevant 
literature, it was reported that optimal setting is strongly related 
to the design problem under consideration. The search for near 
optimal solution was repeated 20 times with the default 
parameter settings for GA operators. The obtained near optimal 
solutions are, after decoding, are represented in Figure 4. 

 

Figure 4. Optimization results. 

From Figure 4, one can observed that is beneficiary focus the 
laser beam deep into the bulk of material and to use high power 
levels, because this ensures minimal perpendicularity of the 
cut. Analysis of Figure 1 reveals that within experimental 
matrix, in some trials (trial 1, 5, 16, 17, 20, 21), high cut 
quality was obtained with perpendicularity of the cut less than 
0.05 mm. However, in these experimental trials maximal 
cutting speed and/or minimal assist gas pressure are not used.  

From the optimization results (Figure 4) it is seen that laser 
power converged closer to the higher limits, while focus 
position converged closer to the lower limit of laser processing 
parameter ranges. This indicates that GA optimized 
perpendicularity, for minimal assist gas pressure and maximal 
cutting speed, is inversely proportional with laser power but 
directly proportional with focus position. 

5. CONCLUSIONS 

In this paper, near optimal laser cutting parameter settings for 
CO2 laser nitrogen cutting of AISI 304 stainless steel were 
determined to enable minimum perpendicularity of the cut. To 
this aim, Box-Behnken experimental design, RSM and GA 
were used.  

Based on experimental results, full second order with 
interactions RSM model for the prediction of the 
perpendicularity of the cut edge was developed in terms of four 
laser processing parameters such as laser power, cutting speed, 
assist gas pressure and focus position. The validity of the 
developed RSM model was confirmed with ANOVA analysis, 
although based on F and p-values some quadratic terms are not 
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significant. Based on the RSM model analysis the 
perpendicularity increases as the laser power and focus position 
increase, and it decreases as the cutting speed and assist gas 
pressure increase. However, the focus position is the main 
factor affecting the perpendicularity. 

By applying GA on the developed RSM model, the near 
optimal laser processing parameter settings for minimization of 
the perpendicularity of the cut were determined. The techno-
economical near optimal settings are achieved by focusing the 
laser beam deep into the bulk of material, while using higher 
laser power of 2 kW, cutting speed of 3 m/min and assist gas 
pressure of 9 bar. 
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