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Abstract: In many production technologies efficient process planning implies a careful selection of 
process parameters with respect to different techno-economic criteria. In the application and 
adoption of technological procedures, apart from specific technological knowledge and experience, 
different methodologies are being used, including empirical modelling and optimization, Taguchi’s 
robust design, artificial intelligence, fuzzy logic, and multi-criteria decision-making (MCDM). 
Considering the complexity of laser cutting technology, and difficulties and limitations when 
applying traditional MCDM methods, this study proposes a fuzzy MCDM methodology for the 
analysis of the fibre laser cutting process, assessment of alternative cutting conditions and selection 
of favourable cutting conditions. The experiment in fibre laser cutting of mild steel was based on a 
Box-Behnken design by considering three input parameters (focus position, cutting speed and oxygen 
pressure) and four relevant criteria for the assessment of cutting conditions (kerf width on a straight 
and curved cut, surface roughness and surface productivity). The proposed fuzzy MCDM 
methodology makes use of expert knowledge and experimental data for criteria evaluation and 
decision matrix development, respectively, while three fuzzy MCDM methods (fuzzy TOPSIS, fuzzy 
WASPAS, and fuzzy ARAS) are used to determine the complete ranking of alternatives. Kendall’s 
tau-b and Spearman’s rho correlation tests were applied to compare the obtained ranking lists, while 
the stability of ranking was assessed with the application of the Monte Carlo simulation. Finally, to 
approximate the fuzzy decision-making rule, a second-order model was developed and analysed so 
as to gain insight into the significance of process parameters and to identify the process window with 
the most favourable laser cutting conditions. 

Keywords: fuzzy MCDM; fibre laser cutting; Monte Carlo simulation; design of experiment; 
mathematical model 
 

1. Introduction 
Due to many advantages, laser cutting is one of the most widely used methods in modern 

industry for contour cutting of small to medium thick metal sheets. The most common materials, 
such as mild steels, stainless steels and aluminium and its alloys, are usually processed with CO2, 
Nd:YAG or fibre lasers by fusion cutting and flame cutting methods [1]. Due to multiple advantages, 
fibre lasers have become omnipresent in modern materials processing industry [2]. In addition, with 
the ability to achieve very high cutting speeds without compromising cut quality, fibre laser cutting 
technology outperforms turret punching technology, which is considered as the cheapest technology 
[3]. 
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Nevertheless, it is very difficult to attain excellent results from multiple techno-economical 
aspects due to the existence of numerous process parameters and complex physical phenomena. In 
the actual cutting process, multiple and interdependent physical phenomena take place in the 
interaction of the laser beam, workpiece material and assist gas [4]. At the same time, the existence of 
the noise factors, further affect cutting process variability and resulting process performances [5], 
making it very difficult to select a particular combination of process parameters for each specific sheet 
material type and thickness. Moreover, as noted by Tercan et al. [6], in the laser cutting process 
planning decisions include the consideration of the effect of multi-dimensional parameters on 
different preselected criteria and desirable process outputs. A comprehensive review related to the 
analysis of the effects of laser cutting parameters on different criteria in laser cutting of metals is 
available [7]. 

Nonetheless, the trial and error method is frequently seen as an acceptable approach for selecting 
laser cutting conditions in manufacturing practice [8]. However, although it may be sufficient for 
usual production requirements, it cannot efficiently handle multiple requirements, in terms of 
achieving particular process performance values, of different importance at the same time. Moreover, 
not only may the selection of laser cutting conditions be time consuming and costly, but an 
inadequate selection of laser cutting conditions may also lead to different quality defects such as 
dross formation, wide heat affected zone, kerf taper, pittings, etc. [3]. In order to overcome these 
issues and select a particular combination of laser cutting parameters with respect to single or 
multiple criteria, different scientific/engineering approaches have been proposed, such as Taguchi’s 
robust design methodology [9–11], empirical modelling and optimization [1,12–15], artificial 
intelligence methods [16–20], fuzzy logic [21–24] and multi-criteria decision making (MCDM) 
methodology [8,25–29]. 

Given the limited application of MCDM methodology for analysis and assessment of laser 
cutting conditions, along with certain limitations, such as difficulty in determining the exact 
quantitative values of criteria weights in situations where criteria weights, as determined by a panel 
of decision makers, may vary, as well as handling uncertain attribute values, the present study 
promotes the use of fuzzy MCDM methodology for the analysis of the fibre laser cutting process, 
assessment of alternative cutting conditions and selection of favourable cutting conditions. Within 
the proposed framework an attempt has been made to compare applied fuzzy MCDM methods, such 
as fuzzy TOPSIS, fuzzy WASPAS, and fuzzy ARAS methods, by using Kendall’s tau-b and 
Spearman’s rho tests to analyse the ranking consistency of alternatives. In addition, a mathematical 
model was proposed to approximate the fuzzy decision-making rule so as to gain insight into the 
significance of process parameters and to identify the process window with the most favourable laser 
cutting conditions. It is believed that the proposed methodology can provide a more objective and 
robust analysis. Experimental data for the development of the fuzzy MCDM model was acquired 
using a Box-Behnken design with different combinations of three laser cutting parameters (focus 
position, cutting speed and oxygen pressure). Kerf width on a straight cut, kerf width on a curved 
cut, surface roughness and surface productivity were considered as the relevant criteria for the 
assessment of cutting conditions in fibre laser cutting of mild steel using oxygen as assist gas. 

2. Materials and Methods 
2.1. Experimental Research 

The plate with a thickness of 3 mm made of S235 steel was used for cutting specimens. S235 is 
low carbon structural steel known for its versatility in different engineering and construction 
applications. It is used for responsible welded structures without risk of brittle fracture. In addition 
to good weldability, it also has good cold-forming properties. Structural applications of S235 steel 
include boiler tanks, oil tanks, storage containers, condensers, rods, pins, levers, holders, etc. 

The experiment was conducted using a GWEIKE fibre laser-cutting machine with the maximal 
power of 2 kW. During the cutting process, laser power was set at 2 kW while oxygen (3.5) was 
supplied coaxially with a conical nozzle of 1.2 mm hole diameter. The distance between the sheet and 
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the cutting head was set at 1 mm. The Box-Behnken experimental design was adopted to define 13 
alternative laser cutting conditions by changing process parameters at three levels, i.e., focus position 
(f = 1, 1.5, 2 mm), cutting speed (v = 1.8, 2.7, 3.6 m/min) and oxygen pressure (p = 0.75, 0.85, 0.95 bar). 

The multi-criteria analysis of the fibre laser cutting process considered the following criteria: 
kerf width on a straight cut, kerf width on a curved cut, surface roughness and surface productivity. 
It should be noted that dross attachment, which is probably the most important quality criterion, was 
omitted from the MCDM matrix, because no combination of parameters in the experiment resulted 
in dross formation. Likewise, due to the high negative correlation between linear specific energy, 
which is a useful indicator of cutting efficiency in terms of eco-friendly technology criteria [30], and 
surface productivity, this criterion was also omitted. Finally, economical aspects in fibre laser cutting 
using oxygen were not considered because of negligible influence of resulting assist gas flows, which 
are considerably lower than in the case of laser fusion cutting.  

Surface roughness, in terms of average maximum height of the profile (Rz), was measured three 
times along the cut edge at the middle of the sheet thickness using a Marsurf XR 1 surface roughness 
tester. 

Surface roughness parameter Rz is very important in defining cut quality categories according 
to the ISO 9013 standard [31]. Three measurements of kerf width on a straight cut and three 
measurements of kerf width on a curved cut were obtained optically using the optical coordinate 
measuring machine (CMM) DeMeet 443. Surface productivity is one of the productivity indicators in 
contour cutting defined as the produced cut surface in unit time. It can be estimated as the product 
of the sheet thickness and the cutting speed. The investigated experimental space, along with the 
used measurement systems, is given in Figure 1. 

 

Figure 1. Experimental setup. 

After measurements it was observed that in the covered experimental space the mean kerf width 
on a straight cut ranged from 0.33 to 0.506 mm, kerf width on a curved cut from 0.353 to 0.503 mm, 
surface roughness from 3.56 to 40.55 μm and surface productivity from 5.4 to 10.8 mm2/min. 
Although similar patterns for kerf width were observed, there was no experimental trial (alternative) 
with a particular combination of laser cutting parameter values which would result in minimal kerf 
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width on both straight and curved cut profile, minimal surface roughness and maximal surface 
productivity at the same time. As an example, alternative A3, conducted while focusing the laser 
beam at f = +1 mm with the combination of cutting speed of v = 3.6 m/min and oxygen pressure of p 
= 0.85 bar, is characterized by minimal mean kerf width values (0.33 mm on a straight cut and 0.353 
mm on a curved cut), maximal surface productivity (10.8 mm2/min), but at the same time results in 
highest surface roughness (40.55 μm). Therefore, a fuzzy MCDM methodology was proposed in 
order to consider expert opinions regarding relative criteria importance and handle uncertain 
attribute values related to the use of measurement systems for experimental data acquisition, rank 
alternative cutting conditions, determine the best possible trade-off solution, and perform a more 
comprehensive analysis. 

2.2. Fuzzy MCDM Methodology 

In recent years, the application of different MCDM approaches for consideration of a number of 
aspects and different laser cutting performances has become increasingly significant [27]. To 
acknowledge a certain degree of uncertainty and vagueness in the decision-making process [32], this 
study proposes a fuzzy MCDM methodology (Figure 2). 

 

Figure 2. A complete algorithm of the proposed fuzzy MCDM methodology. 

The algorithm is implemented in six major steps: 
Step 1. In the initial step, five experts (k = 1 ÷ 5) in the field of laser cutting evaluated four criteria 

using regular analytic hierarchy process (AHP) and Saaty's 1-9 scale [33]. The AHP can be 
implemented in a few simple steps, and in this case, it is used only for the determination of the criteria 
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weights. The results are five criteria weights vectors wk = {wk1, wk2, wk3, wk4}. The aggregated fuzzy 
values of criteria weights ൫𝑤௝௟, 𝑤௝௠, 𝑤௝௨൯ for each criterion (j = 1 ÷ 4) are obtained using the minimal, 
arithmetic mean and maximal value of the corresponding crisp values wkj as shown by Equation (1). 𝑤෥௝ = ൫𝑤௝௟, 𝑤௝௠, 𝑤௝௨൯ = ቆmin௞ ൫𝑤௞௝൯ , ∑ 𝑤௞௝ହ௞ୀଵ5 , max௞ ൫𝑤௞௝൯  ቇ (1) 

The result is the fuzzy criteria weights vector w෥ = ሼ𝑤෥ଵ, 𝑤෥ଶ, 𝑤෥ଷ, 𝑤෥ସሽ =ሼሺ0.10, 0.14, 0.20ሻ ሺ0.05, 0.14, 0.32ሻ ሺ0.17, 0.38, 0.53ሻ ሺ0.17, 0.35, 0.58ሻሽ. 
Step 2. In the second step, a fuzzy decision matrix is obtained according to experimental data. 

In the case of the first three criteria (C1 – kerf width on a straight cut [mm], C2 – kerf width on a curved 
cut [mm], and C3 – surface roughness [μm]), similarly to the approach described in Step 1, each 
alternative performance 𝑥෤௜௝, according to the specific criterion, is obtained using Equation (2). 𝑥෤௜௝ = ൫𝑥௜௝௟ , 𝑥௜௝௠, 𝑥௜௝௨ ൯ = ቆmin௧ ൫𝑥௧௜௝൯ , ∑ 𝑥௧௜௝௧்ୀଵ𝑇 , max௧ ൫𝑥௧௜௝൯  ቇ (2) 

where i = 1 ÷ 13 is the index of the considered alternative and T is the number of experimental 
trials. In the case of the fourth criterion C4 – surface productivity [mm2/min], values 𝑥௜ସ௟ = 𝑥௜௠ =  𝑥௜ସ௨  
are equal. The result of this step is the fuzzy decision matrix X෩ଵଷ୶ସ. X෩

=

                   𝐶ଵ                                     𝐶ଶ                                        𝐶ଷ                                         𝐶ସ𝐴ଵ𝐴ଶ𝐴ଷ𝐴ସ𝐴ହ𝐴଺𝐴଻𝐴଼𝐴ଽ𝐴ଵ଴𝐴ଵଵ𝐴ଵଶ𝐴ଵଷ ⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎡ሺ0.377, 0.385, 0.391ሻ ሺ0.395, 0.396, 0.399ሻ ሺ14.786, 15.316, 15.846ሻ ሺ5.400, 5.400, 5.400ሻሺ0.492, 0.506, 0.516ሻ ሺ0.494, 0.503, 0.516ሻ ሺ21.771, 22.489, 23.206ሻ ሺ5.400, 5.400, 5.400ሻሺ0.322, 0.330, 0.339ሻ ሺ0.328, 0.353, 0.369ሻ ሺ34.396, 40.554, 46.712ሻ ሺ10.800, 10.800, 10.800ሻሺ0.456, 0.465, 0.470ሻ ሺ0.473, 0.475, 0.476ሻ ሺ5.408, 5.512, 5.615ሻ ሺ10.800, 10.800, 10.800ሻሺ0.371, 0.384, 0.390ሻ ሺ0.403, 0.451, 0.476ሻ ሺ3.925, 5.264, 6.602ሻ ሺ8.100, 8.100, 8.100ሻሺ0.4530.4790.504ሻ ሺ0.475, 0.487, 0.498ሻ ሺ3.055, 3.670, 4.284ሻ ൫ሺ8.100, 8.100, 8.100ሻ൯ሺ0.376, 0.384, 0.392ሻ ሺ0.374, 0.385, 0.396ሻ ሺ6.401, 6.801, 7.200ሻ ൫ሺ8.100, 8.100, 8.100ሻ൯ሺ0.464, 0.492, 0.512ሻ ሺ0.487, 0.492, 0.495ሻ ሺ3.875, 6.392, 8.909ሻ ൫ሺ8.100, 8.100, 8.100ሻ൯ሺ0.432, 0.444, 0.452ሻ ሺ0.446, 0.448, 0.449ሻ ሺ18.097, 18.440, 18.782ሻ ሺ5.400, 5.400, 5.400ሻሺ0.405, 0.419, 0.436ሻ ሺ0.417, 0.429, 0.440ሻ ሺ4.787, 4.998, 5.208ሻ ሺ10.800, 10.800, 10.800ሻሺ0.446, 0.450, 0.457ሻ ሺ0.440, 0.450, 0.463ሻ ሺ14.550, 18.457, 22.363ሻ ሺ5.400, 5.400, 5.400ሻሺ0.407, 0.422, 0.430ሻ ሺ0.403, 0.421, 0.448ሻ ሺ5.819, 6.210, 6.601ሻ ሺ10.800, 10.800, 10.800ሻሺ0.422, 0.434, 0.440ሻ ሺ0.412, 0.431, 0.456ሻ ሺ4.866, 5.533, 6.199ሻ ൫ሺ8.100, 8.100, 8.100ሻ൯ ⎦⎥⎥

⎥⎥⎥
⎥⎥⎥
⎥⎥⎥
⎥⎥⎥
⎥⎥⎥
⎥⎤

 

Step 3. When solving a given decision-making problem, given the specificities of each MCDM 
method, it would be advisable to examine and compare results obtained by different methods [34]. 
Therefore, in this step three fuzzy MCDM methods are used for determining the complete ranking 
of alternatives: 
• Fuzzy Technique for the Order Preference by Similarity to Ideal Solution (TOPSIS-F), as an 

extension of the regular TOPSIS method proposed by Wang et al. [35]. 
• Fuzzy Weighted Aggregated Sum Product ASsessment (WASPAS-F) method proposed by 

Turskis et al. [36]. 
• Fuzzy Additive Ratio ASsessment (ARAS-F) method conceptualized and proposed by Turskis 

and Zavadskas [37]. 
Step 4. In the fourth step, the results obtained using different fuzzy MCDM methods are 

compared using Kendall’s tau-b and Spearman’s rho correlation coefficient tests.  
Step 5. The uncertainty in solving Decision-Making Problems (DMPs) with Multi-Criteria 

Decision-Making (MCDM) methods is often significantly influenced by the weighting of criteria. 
Thus, assessing how variations in criteria weights affect the ranking results produced by the chosen 
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MCDM methods is crucial [38–40]. In this research, the Monte Carlo simulation was employed, 
generating 1000 different scenarios of criteria weights for two cases: Case 1 with 10% variations, and 
Case 2 with 25% variations of original weights. Each value wki in five criteria weights vectors wk = {wk1, 
wk2, wk3, wk4}, obtained by selected experts (k = 1 ÷ 5) has been randomly varied from interval [wkiu, wkil], 
where wkiu and wkil represent the upper and the lower boundary of each original weight wki (i = 1 ÷ 4, 
number of criteria) defined as ±10% (Case 1), or ±25% (Case 2) of original wki, as shown in Equation 
(3): 𝐶𝑎𝑠𝑒 1:          𝑤௞௜௨ = 1.1 ⋅ 𝑤௞௜          𝑤௞௜௟ = 0.9 ⋅ 𝑤௞௜ 𝐶𝑎𝑠𝑒 2:          𝑤௞௜௨ = 1.25 ⋅ 𝑤௞௜          𝑤௞௜௟ = 0.75 ⋅ 𝑤௞௜  

(3) 

For each scenario, the aggregation procedure described in Step 1 of the proposed methodology 
– Equation (1), is applied, so 1000 fuzzy criteria weights vectors w෥ = ሼ𝑤෥ଵ, 𝑤෥ଶ, 𝑤෥ଷ, 𝑤෥ସሽ are obtained (for 
both cases). In the next step for thus defined fuzzy criteria weights vectors and for all selected fuzzy 
MCDM methods, complete rankings of the alternatives were calculated. The changes of alternative 
ranks relative to the first solution (obtained with original weights) are monitored and sums of all rank 
changes are calculated. 

Step 6. In essence the application of any MCDM method, i.e., generation of the decision-making 
rule, enables objective assessment and ranking within the set of previously known alternatives. 
However, if one can explicitly represent the decision rule in terms of alternative attribute values, one 
can obtain very insightful and useful information regarding the considered decision-making 
problem. Therefore, development and analysis of the mathematical model for approximation of the 
fuzzy MCDM decision making rule is proposed as the final step in the presented methodology. 

3. Results and Discussion 
The ranking results of alternative fibre laser cutting conditions after applying the above 

discussed fuzzy MCDM methodology are given in Figure 3. 

 

Figure 3. Ranking of alternatives, i.e., different fiber laser cutting conditions. 

The results from Figure 3 indicate that alternative 10 stands out as the most favourable 
combination of fibre laser cutting parameters (f = 1.5 mm, v = 3.6 m/min, and p = 0.75 bar). One needs 
to note that this cutting condition is favourable if one considers the spent energy to cut a unit length, 
i.e., linear specific energy, which is a useful indicator of laser cutting efficiency and eco-friendliness 
[30]. Moreover, attaining less interaction time means less heat input, heat affected zone (HAZ) and 
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mechanical stress to the workpiece material being cut. It has to be noted that the ARAS-F method 
identified alternative A6 as the best trade-off solution. On the other hand, alternative 2 represents the 
least preferable combination of fibre laser cutting parameters (f = 2 mm, v = 1.8 m/min, and p = 0.85 
bar) by all three fuzzy MCDM methods. This lowest ranking can be explained given that shifting the 
focus position away from the upper sheet surface widens kerf width [41], and in addition, a 
decreasing cutting speed has a significant effect on the resulting material removal rate. The cut 
surface patterns obtained under the most preferable cutting condition and the least preferable cutting 
condition are given in Figure 4. As can be observed, there is a minimal difference between the upper 
(laser dominated) and the lower (melt-flow controlled) cut surface, indicating “striation free” fibre 
laser cutting of mild steel [42]. 

 

Figure 4. Low magnification photographs of cut surface patterns of best cutting condition (A10) and least 
preferred cutting condition (A2). 

As can be observed from Figure 4, relatively small changes in the assist gas pressure (0.1 bar) 
and focus position (0.5 mm), but significant considering cutting speed (1.8 m/min), result in a huge 
difference in the overall cutting performance. As discussed by Al-Mashikhi et al. [43], in laser reactive 
cutting the change in the cutting speed has multiple effects affecting the melt temperature, viscosity 
and mass flow rates, as well as gas dynamics, cut front geometry and laser absorptivity. Stabilization 
of the melt film dynamics, decrease in striation wavelength and surface roughness with an increase 
in the cutting speed have also been previously reported [44]. 

A more detailed analysis of the obtained results indicated that all cutting conditions in which 
small cutting speed was used (A1, A2, A9, A11), as well as the combination of high cutting speed and 
low laser beam focusing (A3), are the least preferred laser cutting conditions that produce second 
quality group surface roughness (Rz) according to the ISO 9013 standard. All other conditions result 
in the first quality group with Rz ≤ 11.8 μm. 

The fourth step in the proposed fuzzy MCDM methodology is the comparison of ranking lists 
obtained by different fuzzy MCDM methods (Table 1). Calculated Spearman’s correlation coefficients 
(rho) show very strong correlation of obtained alternative rankings, i.e., consistent ranking of 
alternatives by applied fuzzy MCDM methods. Moreover, Kendall’s rank correlation coefficients 
(tau-b) confirm that there exist almost complete, highly positive associations between the obtained 
rankings. 

Table 1. Kendall’s (tau-b) and Spearman’s (rho) rank correlation coefficient. 

tau-b TOPSIS-F WASPAS-F ARAS-F 
TOPSIS-F 1 0.948718 0.897436 

WASPAS-F 0.948718 1 0.897436 
ARAS-F 0.897436 0.897436 1 

    
rho TOPSIS-F WASPAS-F ARAS-F 
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TOPSIS-F 1 0.989011 0.972527 
WASPAS-F 0.989011 1 0.972527 

ARAS-F 0.972527 0.972527 1 

The results from Step 5, regarding the analysis of sensitivity of final ranks to the criteria weights 
changes, are shown in Figure 5. 

 

Figure 5. The changes of alternative ranks relative to the solution obtained with original weights: a) Case 1 
(±10%), b) Case 2 (±25%). 

The results from Figure 5 clearly show that different scenarios of criteria weights do not 
significantly affect the ranking of alternatives in the case of the WASPAS-F and ARAS-F methods. 
On the other hand, the TOPSIS-F method showed 464 and 1894 changes in the ranks of alternatives 
(out of a possible 13 ∙ 999 = 12987 changes in 1000 scenarios). This can be explained by analysing the 
utility functions for all the considered MCDM ranking methods. The utility of an alternative 
represents the performance of that alternative considering all the criteria, and it is the parameter on 
the basis of which the ranking of alternatives is determined. In the case of WASPAS-F, the utility 
values for all alternatives are between 0.119746 and 0.223525 (a relatively narrow range), while in the 
case of TOPSIS-F and ARAS-F, this range is 0.39939 – 0.79856 and 0.360761 – 0.80879, respectively. 

If only the best two alternatives, A10 and A6, are considered, in Case 1 (10% of value changes), 
no change in rank was observed. In Case 2 (25% of value changes), changes in the ranks of alternatives 
were observed only in the case of the TOPSIS-F method. Alternative A10 had 63 rank changes, while 
alternative A6 had 82 rank changes in 1000 scenarios. In the case of the other two methods, changes 
in the ranks of alternatives were insignificant (1 – 8 changes). 

The application of the proposed fuzzy MCDM methodology has so far enabled the assessment 
and ranking of existing solutions, i.e., laser cutting conditions that were tested in real manufacturing 
conditions, in the conducted experiment. In order to obtain insight into how laser cutting parameters 
(inputs) affect the ranking and provide useful information regarding the selection of favourable input 
values, with respect to the considered criteria, one needs to find a suitable approximation of the 
functional relationship between inputs (independent variables) and output (dependent variable), 
which in this study may refer to the average utility value assigned to each alternative. To this aim, 
given the type and resolution of the experimental matrix, in step 6 of the proposed fuzzy MCDM 
methodology, a full quadratic model was developed (Table 2). 

Table 2. Model summary and analysis of variance (ANOVA). 

Term Coefficient SE of coefficients T P 

Constant 0.5213 0.0411 12.670 0.001 

f 0.0158 0.0145 1.087 0.357 
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v 0.1067 0.0145 7.334 0.005 

p -0.0223 0.0145 -1.535 0.222 

f ∙ v 0.0468 0.0206 2.277 0.107 

f ∙ p -0.0104 0.0206 -0.504 0.649 

v ∙ p -0.0102 0.0206 -0.498 0.653 

f2 -0.0108 0.0272 -0.398 0.717 

v2 -0.1024 0.0272 -3.762 0.033 

p2 0.0301 0.0272 1.107 0.349 𝑆 = 0.0411, 𝑅ଶ = 0.966, 𝑅௔ௗ௝ଶ = 0.866 

Source of 
variation 

Sum of 
squares 

Degree of 
freedom 

Mean square F P 

Second order 
model 

0.1464 9 0.0163 9.60 0.044 

linear 0.0971 3 0.0324 19.11 0.019 

interaction 0.0096 3 0.0032 1.90 0.306 

square 0.0397 3 0.0132 7.81 0.063 

Residual error 0.0051 3 0.0017   

Total 0.1515 12    

As can be observed from Table 2, the linear and the quadratic effect of the cutting speed are 
statistically significant, i.e., one can argue that the cutting speed has dominant influence regarding 
the considered criteria with associated criteria weights and consequent ranking of a given cutting 
condition. In addition, the results indicate a statistically significant second-order model (P < 0.05), 
which is able to explain 96.6% of variation in the response (average utility value). Therefore, the 
developed model could serve to identify regions in the covered experimental hyper-space which have 
higher response values. Considering that it was determined that the assist gas pressure (p) has no 
statistically significant effect on the response, and as it is well known that with an increase in assist 
gas pressure cutting costs rise, a single contour diagram was developed (Figure 6). 

 

Figure 6. Contour diagram showing the change in response for different values of cutting speed (v) and focus 
position (f) for constant assist gas pressure (p = 0.75 bar) 
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From Figure 6 one can observe that smaller cutting speeds irrespective of focus position result 
in lower response values, i.e., one obtains cuts which are less favourable. In contrast, the process 
window with the highest response values is enclosed with middle to high cutting speeds (v = 2.7 – 3. 
6 m/min) and higher focus positions (f = 1.5 – 2 mm). Moreover, the development of the second-order 
prediction model and its visualization via contour plot clearly indicates that there exist a number of 
input parameter combinations with which one can obtain better response values. For example, the 
best ranked alternatives in the experiment (A10, A6) had a response value of approximately 0.6 
(Figure 6). 

4. Conclusions 
Considering the complexity of laser cutting technology, and difficulties and limitations of 

traditional MCDM methods, this study proposed the fuzzy MCDM methodology for the analysis of 
the fibre laser cutting process, assessment of alternative cutting conditions and identification of 
favourable cutting conditions. The proposed methodology was summarized into six steps and 
combined different methods and techniques, such as fuzzy MCDM methods (TOPSIS-F, WASPAS-F, 
and ARAS-F), Kendall’s and Spearman’s correlation tests, design of experiment, ANOVA, Monte 
Carlo simulation, and empirical model development. Based on the conducted analyses and obtained 
results, the following conclusions may be drawn: 
• Laser cutting conditions in which a small cutting speed is used, or a combination of high cutting 

speed and low focus position, are less preferable with respect to meeting the considered criteria 
and associated significance levels. 

• Generally consistent rankings of alternatives were obtained by the applied fuzzy MCDM 
methods with highly positive associations. 

• The conducted analysis, with respect to sensitivity of final ranks to the criteria weights changes, 
showed a high level of stability of individual solutions, even in cases of significant changes in 
the weighting coefficients. 

• The development and statistical analysis of the mathematical model for the approximation of 
the fuzzy MCDM decision making rule revealed statistically significant linear and quadratic 
effects of the cutting speed. It was observed that the model was able to explain 96.6% of variation 
in the response and was found statistically adequate. 

• The possibility to determine the resulting utility through the contour diagram for arbitrarily 
chosen input values is very important, considering that drastically different laser cutting 
conditions may achieve the same result. Moreover, through optimization one can reveal the most 
preferable input parameter value combination. 
The proposed fuzzy MCDM methodology can be efficiently used for the analysis of other non-

conventional and conventional production technologies. It provides a good basis, but it may be 
additionally adapted when solving specific problems so as to include limitations and exact 
specifications that must be met with respect to the considered criteria. 
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