
 

 

Enhancement of low power CO2 

laser cutting process for injection 
molded polycarbonate 
 
Moradi, M., Mehrabi, O., Azdast, T. & Benyounis, K. Y. 
 
Author post-print (accepted) deposited by Coventry University’s Repository 
 
Original citation & hyperlink:  

Moradi, M, Mehrabi, O, Azdast, T & Benyounis, KY 2017, 'Enhancement of low power 
CO2 laser cutting process for injection molded polycarbonate', Optics and Laser 
Technology, vol. 96, pp. 208-218. 
https://dx.doi.org/10.1016/j.optlastec.2017.05.022   
 

DOI 10.1016/j.optlastec.2017.05.022 
ISSN 0030-3992 
 
Publisher: Elsevier 
 
NOTICE: this is the author’s version of a work that was accepted for publication in 
Optics and Laser Technology. Changes resulting from the publishing process, such 
as peer review, editing, corrections, structural formatting, and other quality 
control mechanisms may not be reflected in this document. Changes may have 
been made to this work since it was submitted for publication. A definitive version 
was subsequently published in Optics and Laser Technology, 96, (2017) 
DOI: 10.1016/j.optlastec.2017.05.022 
 
© 2017, Elsevier. Licensed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International 
http://creativecommons.org/licenses/by-nc-nd/4.0/ 
 
Copyright © and Moral Rights are retained by the author(s) and/ or other copyright 
owners. A copy can be downloaded for personal non-commercial research or study, 
without prior permission or charge. This item cannot be reproduced or quoted extensively 
from without first obtaining permission in writing from the copyright holder(s). The 
content must not be changed in any way or sold commercially in any format or medium 
without the formal permission of the copyright holders.  
 
This document is the author’s post-print version, incorporating any revisions agreed during 
the peer-review process. Some differences between the published version and this version 
may remain and you are advised to consult the published version if you wish to cite from 
it.  

https://dx.doi.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/


1 
 

Enhancement of low power CO2 laser cutting process for injection molded 

polycarbonate 

Mahmoud Moradi1, 2*, Omid Mehrabi1, 2, Taher Azdast3, Khaled Y. Benyounis4 

1- Department of Mechanical Engineering, Faculty of Engineering, Malayer University, 

Malayer, Iran, Omidmehrabi70@gmail.com 

2- Laser Materials Processing Research Center, Malayer University, Malayer, Iran 

3- Department of Mechanical Engineering, Urmia University, Urmia, Iran, 

taherazdast@gmail.com  

4- School of Mech. & Maun. Eng., Dublin City University, Dublin, Ireland, 

khaled.benyounis2@mail.dcu.ie 

 

  Abstract  

Laser cutting technology is a non-contact process that typically is used for industrial 

manufacturing applications. Laser cut quality is strongly influenced by the cutting processing 

parameters. In this research, CO2 laser cutting specifications have been investigated by using 

design of experiments (DOE) with considering laser cutting speed, laser power and focal plane 

position as process input parameters and kerf geometry dimensions (i.e. top and bottom kerf 

width, ratio of the upper kerf to lower kerf, upper heat affected zone (HAZ)) and surface 

roughness of the kerf wall as process output responses. A 60 Watts CO2 laser cutting machine is 

used for cutting the injection molded samples of polycarbonate sheet with the thickness of 3.2 

mm. Results reveal that by decreasing the laser focal plane position and laser power, the bottom 

kerf width will be decreased. Also the bottom kerf width decreases by increasing the cutting 

speed. As a general result, locating the laser spot point in the depth of the workpiece the laser 

cutting quality increases. Minimum value of the responses (top kerf, heat affected zone, ratio of 

the upper kerf to lower kerf, and surface roughness) are considered as optimization criteria. 

Validating the theoretical results using the experimental tests is carried out in order to analyze 

the results obtained via software.   

Keywords: Laser Cutting; Statistical investigation; modelling and optimization; injection 

molding; Design of experiments 
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1. Introduction 

In laser cutting the focused laser beam is directed onto the surface of the work piece to rapidly 

heat it up, resulting in melting and/or vaporization, depending on the beam intensity and work 

piece material .The molten and/or vapor is then blown away using an assist gas [1, 2, 3]. 

Thermoplastics are increasingly being used in biomedical, automotive and electronics 

industries due to their excellent physical and chemical properties [4]. In particular, 

thermoplastics offer significant advantages over thermoset and elastomer because of their fatigue 

resistance and high fracture toughness upon reheating and remolding processes. As the name 

implies, thermoset cannot be reheated and remolded once formed. Although elastomer possesses 

exceptional elastic property, it is limited to applications where large deformation is soughed 

while structural rigidity is compromised and thus it is being used in flexible tubing. An example 

of mostly used engineering thermoplastics is polycarbonate (PC) [1, 4]. 

Performing experiments based on trial and error takes much time and does not consider the 

interactions of parameters, causing lots of errors. Recently, design of experiments (DOE) has 

been developed in various experimental works [5, 6]. Reduction in the number of experiments, 

consideration of interaction effects and development of mathematical functions to achieve the 

logical relationship between input and output parameters are the advantages of applying response 

surface methodology (RSM) [7,8]. Also neural networks are one of the most proper tools in 

artificial intelligence which are widely used in industry applications [9, 10]. The complex 

relationships between control variables and response variables could not be determined by any 

analytic model. Bharti et al [11] declared that neural networks have been shown to be an 

effective technique for modeling complex nonlinear processes. They are useful for functional 

prediction and system modeling where the processes are not understood or are highly complex. 

The neural network can be trained to perform a particular function by adjusting the values of the 

connections (weights) between elements.  

Zhou and Mahdavian [12] studied on the capability of low power laser to perform tasks other 

than marking. A theoretical model was developed to estimate the depth of cut with the cutting 

velocity and laser power for several materials. The agreement between theoretical and 

experimental results was investigated for a different range of materials. This research has 

demonstrated that low power (60 W) CO2 laser can be used for cutting nonmetallic materials and 

they are particularly suitable for plastic board cutting. Patel et. al. [13] investigated experimental 
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analysis and prediction of kerf width in laser cutting of glass fiber reinforced plastic composite 

material and developed regression and artificial neural network (ANN) models to predict the kerf 

width for specific range of inputs. Pathik Patel et al [14] presented experimental analysis and 

ANN modelling of heat affected zone in laser cutting of glass fiber reinforced plastic composites. 

Tomomasa Ohkubo et al [15] studied the numerical simulation of laser beam cutting of carbon 

fiber reinforced plastic (CFRP). The effect of process parameters and optimization of CO2 laser 

cutting of ultra-high-performance polyethylene was reported by Eltawahni et al [16]. The aim of 

this work was to relate the cutting edge quality parameters (responses) namely: upper kerf, lower 

kerf, ratio of the upper kerf to lower kerf and cut edge roughness to the process parameters 

considered in this research and to find out the optimal cutting conditions. The process factors 

implemented in this research are laser power, cutting speed and focal point position. Laser 

machining of composites in terms of scope, limitation and application and the research carried 

out for different types of polymer composites [17]. Ayob Karimzad et al [18] studied the effect 

of carbon nanotubes on injection molded multi-walled carbon nanotubes/poly methyl 

methacrylate (MWCNT/PMMA) composite in CO2 laser cutting quality. Also the effect of 

processing parameters on laser cutting of MWCNT/PMMA nanocomposites was investigated 

using full factorial design. Weight percent of MWCNT in four levels, laser power in three levels 

and federation three levels, were considered as the input variables while heat affected zone 

(HAZ), the average kerf width, and the taper kerf of the sample were measured as output 

responses .Choudhury and Chuan [19] surveyed laser cut quality of glass fiber reinforced plastic 

composite experimentally. Eltawahni et al [20-22] investigating the CO2 laser cutting parameters 

of MDF, plywood and PMMA material based on the design of experiments (DOE) approach. In 

another research Eltawahni et. al [23] studied CO2 laser cutting of medical grade AISI316L. 

Mathematical models were developed to determine the relationship between the process 

parameters and the edge quality features. Process optimization was conducted to find out the 

optimal cutting setting that would enhance the quality or minimize the operating cost. Laser 

cutting of carbon fiber reinforced plastics (CFRP) of high thickness was investigated based on a 

remote cutting approach to generate high process speeds and reduce heat affected zones to 

around 200 μm. [24]. The estimation of the most influential factors of the laser cutting process 

on the heat affected zone (HAZ) by adaptive neuro-fuzzy technique was reported by dalibor 

petkovic et. al [25]. 
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In the present study, RSM as one of the best DOE methods used to analyze the effect of the three 

input CO2 laser cutting process variables, i.e. laser focal plane position (FPP), the cutting speed 

(S) and the laser power (P) on the geometry and surface roughness of the kerf wall in the samples 

of polycarbonate injection molded sheets with thickness of 3.2mm. Figure 1 displays a schematic 

view of the kerf geometrical characteristics created by laser on the polycarbonate sheets. Top and 

bottom kerf width, ratio of the upper kerf to lower kerf, upper heat affected zone (HAZ) as well 

as surface roughness of the kerf wall were measured and analyzed by statistical software, 

MINITAB 17. Optimization of the laser cutting parameters was carried out to obtain proper 

geometrical feature and surface roughness of the cut kerf. In order to validate the optimization 

results, five cutting experiments were conducted at optimum settings and compared with the 

software optimization results.  

 

Figure. 1. Geometrical features of the cross-section of the kerf [26] 

2. Experimental Design and Methodology 

2.1 Response surface methodology (RSM) 

Response Surface Methodology (RSM) is a set of statistical techniques and applied mathematics 

to investigate responses (output variables) which are affected by a number of independent 

variables (input variables) [27]. In each experiment, changes in input variables are made in order 

to determine the cause of changes in the response variable. And the purpose is to find a 

relationship between outputs and inputs (responses and parameters) with a minimum of errors in 

the form of a mathematical model. Depending on the type of input variable parameters there are 
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in general different ways to design an experiment. In the present study, Response Surface 

Methodology is chosen as the method of design. When all the independent variables are capable 

of being measured and controlled during an experiment, the response surface is to be expressed 

as a function through Equation 1 [28, 29]. 

Y= f(x1, x2, x3, ….., xk)                                                                                                          (1)  

 Here, “k” is the number of independent variables. Finding a rational function to relate the 

independent variables to the responses seems essential. Therefore, usually a quadratic 

polynomial function presented in Equation 2 is applied in response surface methodology [30, 

31]. 

 

(2) 

In the above equation, β is constant, βi is linear coefficients, βii is coefficients of quadratic, βij is 

interaction coefficients and ε is the error of the parameters of regression. In this research, laser 

focal plane position (FPP), the cutting speed (S) and the laser power (P) were considered as 

independent input parameters. Table 1 shows three input variables of the experiment, coded 

values and actual values of their levels. The focal plane position (FPP) was considered as zero 

when it was set on upper the material surface. Above or below the upper surface the FPP was 

considered as positive or negative respectively. Schematic diagram of the FPP is illustrated in 

figure 2. In the present study, in order to perform the experiments, central composite design 

(CCD) five-level RSM design with three parameters, presented in Table 2, were applied. The 

experimental design includes 17 experiments which include eight experiments as factorial points 

in the cubic vertex, six experiments as axial points and three experiments in the cubic centre as 

centre point experiments. 

Table 1. Independent process parameters with design levels 

Variable Notation Unit -2 -1 0 1 2 
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Cutting speed  S [mm/s] 2 6 10 14 18 

Laser power P [w] 20 25 30 35 40 

Focal plane position  FPP [mm] 0 -1 -2 -3 -4 

 

 

Figure. 2. Variation of focal Plane position on the work piece [32] 

Table 2. Experimental layout and multi-performance results 

Output responses  Input variables (Coded values) 

Experiment 

No. Surface 

roughness 

[µm] 

Heat effect 

zone [µm] 
Ratio 

[---] 
Bottom 

kerf [µm] 
Top kerf 

[µm] 

 Focal plane 

position [-] 

Laser 

power 

  [-] 

Cutting 

speed 

[-] 

3.32 265.30 1.6250 163.26 265.30  -1 1 -1 1 

6.9 235.67 1.9652 154.35 303.34  0 0 2 2 

5.41 275.51 1.9151 163.26 312.24  0 0 0 3 

3.72 279.59 1.8987 161.22 306.12  0 0 0 4 

4.81 253.06 2.5161 126.53 318.36  -2 0 0 5 

6.81 285.350 1.9282 185.450 357.60  2 0 0 6 

5.36 178.67 1.8960 157.88 299.35  1 -1 1 7 

* * * * *  -1 -1 1 8 

5.15 306.12 1.1538 318.37 376.64  1 -1 -1 9 

2.15 316.12 1.0833 244.90 265.30  -1 -1 -1 10 

2.92 257.14 1.7261 171.43 295.31  -1 1 1 11 

4.89 248.94 1.7415 183.67 397.95  0 0 0 12 

3.28 224.48 1.5833 244.90 387.75  0 2 0 13 

2.92 277.89 1.6958 180.340 305.83  1 1 1 14 

6.13 420.49 0.7894 387.75 306.12  0 0 -2 15 
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* * * * *  0 -2 0 16 

9.74 330.61 1.4269 363.26 518.37  1 1 -1 17 

 

 

2.2 Desirability approach 

Many response surface problems involve the analysis of several responses. Simultaneous 

consideration of multiple responses involves first building an appropriate response surface model 

for each response and then trying to find a set of operating condition that in some sense 

optimizes all responses or at least keeps them in desired ranges. The desirability method is 

recommended due to its simplicity, availability in the software and provides flexibility in 

weighting and giving importance for individual response. Desirability method is a simultaneous 

optimization technique which popularized by Drringer and Suich in 1980 [33].  Solving such 

multiple response optimization problems employing this technique involves using a technique 

for combining multiple responses into a dimensionless measure of performance called the overall 

desirability function [34]. The general approach is to first convert each response Yi into a 

unitless utility bounded by 0<di<1, where a higher di value indicates that response value Yi is 

more desirable, and if the response is outside an acceptable region, di=0. Then the design 

variables are chosen to maximize the overall desirability [33]: 

D= (d1.d2….dm)1/m                                                                                                   (3) 

Where, m is the number of responses. In the current work, the individual desirability of each 

response, di, was calculated using Eqs. (4-6). the shape of the desirability function depends on 

the weight field ‘r’. Weights are used to emphasize the target value. When the weight value is 

equal to 1, this will make the desirability function in linear mode. Choosing r>1 places more 
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emphasis on being close to the target value, and choosing 0<r<1 makes this less important [33, 

34]. If the target T for the response y is a maximum value, the desirability will be defined by: 

𝑑 = {

0                                               𝑦 < 𝐿

(
𝑦−𝐿

𝑇−𝐿
)
𝑟

                             𝐿 ≤ 𝑦 ≤ 𝑇 

1                                              𝑦 > 𝑇

                                                              (4) 

For goal of minimum, the desirability will be defined by: 

𝑑 = {

1                                               𝑦 < 𝐿

(
𝑇−𝑦

𝑇−𝐿
)
𝑟

                             𝐿 ≤ 𝑦 ≤ 𝑇 

0                                               𝑦 > 𝑇

                                                             (5) 

If the target is located between the lower (L) and upper (U) limits, the desirability will be defined by 

𝑑 =

{
 
 

 
 
0                                                𝑦 < 𝐿  

(
𝑦−𝐿

𝑇−𝐿
)
𝑟

                                     𝑦 < 𝐿

(
𝑇−𝑦

𝑇−𝐿
)
𝑟

                             𝐿 ≤ 𝑦 ≤ 𝑇 

0                                                 𝑦 > 𝑇

                                                               (6) 

3. Experimental Design and Methodology 

In order to inject the polycarbonate sheets a mold containing two cavities with dimension of 

175×80×3.2 mm are used, Figure 3. Polycarbonate sheets are produced using an NBMHXF-128 

plastic injection molding machine. Injection and holding pressures of the process was set at 85 

and 110 bar, respectively, and the temperatures of barrel zones are set at 270,290,320 and 320 

1C. Laser cutting of the polycarbonate sheets is conducted using a continuous wave CO2 Rabbit 

HX-1290SE laser with maximum 60 Watts power.  
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Figure. 3. Used mold for injecting the polycarbonate specimens 

There are various ways in which the focal position is determined. In one acrylic sheet mounted at 

80 degree to the horizontal is traversed horizontally to cross the vertical beam. The imprint of the 

beam on the sheet identifies the location of the focal point [35]. Figure 4 depicts the determining 

the focal plane position of the used laser machine.  

 

 

 

 

 

 

Figure. 4. Experimental determining the focal plane position of the used CO2 laser machine 

Trial specimens of laser cutting were performed by varying one of the process variables to 

determine the working range of each parameter. Narrow kerf width and complete cutting were 

the criteria used for choosing the working ranges [36]. Laser cutting experiments were performed 

according to the matrix scheme of DOE presented in Table 2. According to the obtained results 

of previous research [36] gas pressure of 3 bars were fixed in the all experiments. The geometry 
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features of the top and boom kerf width were measured using Axioskop 40 optical microscope at 

a magnification of 50X and the images were exactly measured by the Imagej software. Figure 5. 

Shows the laser cutting process of polycarbonate samples. Figure 6 shows the influences of the 

input parameters variations on the kerf geometry of some selected experiments listed in table 2. 

Upper and lower picture of Figure 6 are top (T) and bottom (B) surface of the kerf width, 

respectively. T stands for top and B stands for bottom in the Figure 6.  

 

Figure. 5. The laser cutting process of polycarbonate samples 

 

Figure. 6. Effect of the input parameters variations on kerf width geometry 

There are several methods to measure the surface roughness which can be broadly divided into 

contact and non-contact types. In contact method the tip of the stylus directly touches the surface 



11 
 

of the sample. As the stylus traces across the sample, it rises and falls together with the 

roughness on the sample surface, Figure 7. This movement in the stylus is picked up and used to 

measure surface roughness. To measure the surface roughness (Ra) with profile meter, Equation 

7 is used in which, the total area of the surface profile (Y(x) dx) is divided by the specified 

length L [37]. Contact method is used in the present research to measure the surface roughness of 

the kerf wall. Mahr-PS1 unit, a portable stylus type profile meter made-up by Maher Company, 

Germany, was used for surface roughness assessments. To achieve validity and accuracy, each 

Ra measurement was repeated three times along three different directions. The average of the 

three replications was then assigned as the surface roughness value for each treatment 

combination [38]. In all cases, a cutoff length of 0.8 mm and an evaluation length of 4 mm 

(5×0.8 mm) were adjusted on the unit according to ISO 4287/1.  

         

𝑅𝑎 = ∫ |𝑌(𝑋)|
𝐿

0
𝑑𝑥  

 

Figure. 7. Surface roughness profile of the kerf wall [37] 

4. Results and discussion 

The results of measuring the top and bottom kerf width, ratio of the upper kerf to lower kerf, 

heat affected zone (HAZ) and surface roughness were considered as the responses of the 

(7)    
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experiment. Analysis of variance (ANOVA) was employed in order to investigate significant 

effective parameters on laser cutting process and interpretation of the results. In these analyses, 

full quadratic polynomial function was used.  

4.1 Top kerf width 

According to Analysis of variance on top kerf width, Table 3, the only linear effective parameter, 

is laser focal plane position (FPP). Among quadratic terms, the quadratic term of laser power (p2) 

has a significant effect. Moreover, all the parameter interactions have significant effects on each 

other. The regression equation obtained is evaluated as significant and Lack-of-Fit as 

insignificant. In the best analysis, regression is to be significant and Lack-of-Fit insignificant. 

Therefore according to the analysis, the final regression in terms of coded parameter values 

yields in equation (8). 

Top kerf width (µm) = 322.33- 2.35 S - 6.45 P + 16.22 FPP + 22.30 P2 - 41.48 S×P -

 66.13 S×FPP + 43.10 P×FPP                                                             (8) 

 

Table 3 Revised analysis of variance of top kerf width 

Source of variation 
Degree of 

freedom 

Sum of 

squares 
Mean 

squares F value T value P value 

Model 7 5178.1 7368.3 18.25 ------- 0.001 

Linear 3 4469.8 1489.9 3.69 ------- 0.070 

S 1 71.3 71.3 3.69 -0.42 0.687 

P 1 225.5 225.5 0.56 -0.75 0.479 

FPP 1 3403.4 3403.4 8.43 2.90 0.023 

Square 1 4524.7 4524.7 11.21 ------- 0.012 

P*P 1 4524.7 4524.7 11.21 3.35 0.012 

2-Way Interaction 3 28016.0 9338.7 22.13 ------- 0.001 

S*P 1 9331.5 9331.5 23.11 -4.81 0.002 

S*FPP 1 23718.7 23718.7 58.74 -7.66 0.000 

P*FPP 1 10074.6 10074.6 24.95 5.00 0.002 

Error 7 2826.5 403.8    

Lack-of-Fit 5 2731.6 546.3 11.52 ------- 0.084 

Pure Error 2 94.9 47.4    

Total 14 54404.6     

R-Sq = %94.80  R-Sq (adj) = % 89.61  
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Figure 8 shows the top kerf width response surface on the basis of the input variables. As 

shown in Figure 8-a by decreasing the FPP value (locating the laser spot point in the depth of the 

specimen) the upper kerf reduces. When a focused laser beam is used in zero level of the FPP, 

(+2 in coded value equal zero in actual value), given that laser power would spread on the 

surface onto a wider area, hence more heat energy interact with the specimen and consequently 

the upper kerf increases [16]. 

Figure 8-b illustrates the variations of the top kerf width in terms of laser power and cutting 

speed. It is evident that the maximum top kerf width occurs in the maximum laser power and 

minimum cutting speed. It could be explained by the heat input value mentioned in Equation (9): 

Heat in put = Laser power / Cutting speed                                                                               (9) 

Therefore by increasing the laser power and decreasing the cutting speed, heat input 

increases and more area of the material will be heated and melted, therefore the kerf width will 

become wider.  

In samples number 8 and 9 cutting did not perform completely so none of the responses 

could not be measured, see Table 2. By using the concept of heat input, Equation 9, it could be 

explained. In these samples because of the lower laser power and higher cutting speed and 

locating the focal plane position on the or near the top surface, the energy of the laser beam is not 

sufficient for cutting performance.  By comparing sample No 7 and 8 it could be realized that in 

both setting the cutting speed and laser power are the same, but the only difference is in focal 

plane positioning. In sample number 8 FPP is located in -3 mm below the top surface while in 

sample number 7 FPP is located -1 mm below the top surface. The same explanation given for 



14 
 

describing Figure 8-a could be discussed here also for creating kerf in sample 7 and no kerf in 

sample number 8. 

 

 

Figure. 8. Response surfaces of top kerf width in terms of a) laser power and focal plane position, b) laser 

power and laser cutting speed.  

The Residual plot for top kerf width is displayed in Figure 9. As it is shown in the normal 

probability diagram, the response top kerf width, in comparison to others around the diagonal 

line, is scattered and shows a normal distribution. Therefore, the final extracted regression model 

is a suitable model for prediction and investigation of the effects of parameters in proportion to 

other responses. Thus, the result of mathematical equation is a desirable model to predict and 

investigate the effect of F and T using the experiment parameter. 

a) 

b) 
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Figure. 9. The residual plot for top kerf width 

4.2 Bottom kerf width 

Table 4 shows analysis of variance for the bottom kerf width. As shown in Table 4, the main 

effective parameters are laser cutting speed (S) and laser focal plane position (FPP). Among 

quadratic terms, the quadratic term of laser power (P2) and laser cutting speed  (S2) has a 

significant effect and interaction effect of cutting speed and laser focal plane position (S×FPP), 

laser power and focal plane position (P×FPP) were identified as the significant term. As Table 4 

indicates, Lack-of-Fit was determined as insignificant and it shows that a suitable analysis has 

been performed. According to performed analyses in ANOVA table 4, equation 10 represents the 

regression equation for the bottom kerf width considering significant parameters based on coded 

values.  

Bottom kerf width (µm) = 168.49 - 50.82 S - 12.38 P + 20.26 FPP + 27.03 S2 + 28.08 P2 -

 42.57 S×FPP + 26.43 P×FPP                                                             (10) 

Table 4 Revised analysis of variance of bottom kerf width 

Source of variation 
Degree of 

freedom 

Sum of 

squares 
Mean 

squares F value T value P value 

Model 7 89508.7 1287.0 32.72 ------- 0.000 

Linear 3 44692.1 14897.4 28.12 ------- 0.000 

S 1 35584.1 35584.1 91.07 -9.54 0.000 

P 1 951.4 951.4 2.43 -1.56 0.163 

FPP 1 5756.5 5657.5 14.48 3.81 0.007 

Square 2 21069.4 10534.7 26.96 ------- 0.001 

S*S 1 17753.6 17753.6 42.88 6.55 0.000 

P*P 1 7458.4 7458.4 19.09 4.37 0.003 

2-Way Interaction 2 12626.0 6313.0 16.16 ------- 0.002 

S*FPP 1 10966.8 10966.8 28.07 -5.30 0.001 

P*FPP 1 4227.9 4227.9 10.82 3.29 0.013 

Error 7 2753.3 390.4    

Lack-of-Fit 5 4227.1 485.4 3.15 ------- 0.258 

Pure Error 2 308.2 154.1    

Total 14 92244.0     

R-Sq = % 97.03  R-Sq (adj) = % 94.07  
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Figure 10 illustrates the bottom kerf width response surface on the basis of the input variables. In 

Figure 10-a it should be noted that the linear influence of the cutting speed even changes sign. 

The effect of the cutting speed on bottom kerf width in the minimum level of FPP is more than 

its influence in the maxmimum level of FPP and of course with reverse effect. This is because of 

the intraction effect of these tow parameters. 

It is clear in Figure 10-b that the lower the laser power and the higher the cutting speed will lead 

to reduction in bottom kerf width. Equation 9 could be helpful to clarify the reason. By reducing 

the heat input lower area of the material will be heated and melted, therefore the kerf width will 

become narrower. 
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Figure. 10. Response surfaces of bottom kerf width in terms of a) Focal plane position and laser cutting 

speed, b) laser cutting speed and laser power 

4.3 Ratio of the upper kerf to lower kerf 

Table 5 shows variance analysis of the ratio of the upper kerf to lower kerf. The effective linear 

parameters are the laser cutting speed (S) and the focal plane position (FPP).  The quadratic term 

of laser cutting speed (S2) and laser power (P2) have a significant effect and the only significant 

interaction effect is the laser cutting speed and the laser power (S×P). Final regression equation 

of the ratio of the upper kerf to lower kerf, based on the significant parameters, is shown in 

equation 10 based on coded values. 

(10)    S×P 0.2031 - 2FPP 0.1071 +2S 0.1041 -FPP  0.1108 -P  0.0198 -S  0.2948 = 1.7044 + tioRa 

Table 5 Revised analysis of variance of ratio top kerf to bottom kerf 

Source of variation 
Degree of 

freedom 

Sum of 

squares 
Mean 

squares F value T value P value 

a) 

b) 
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Model 6 2.21076 0.36846 10.38 ------- 0.002 

Linear 3 1.36590 0.45540 12.83 ------- 0.002 

S 1 1.25396 1.25396 35.32 5.49 0.000 

P 1 0.00368                  0.00368                  0.10 -0.32 0.756 

FPP 1 0.17727 0.17727 4.99 -2.23 0.056 

Square 2 0.17727 0.17727 10.05 ------- 0.007 

S*S 1 0.22622 0.22622 6.29 -2.51 0.036 

FPP*FPP 1 0.23622 0.23622 6.65 2.58 0.033 

2-Way Interaction 1 0.27101 0.27101 7.63 -2.76 0.025 

S*P 1 0.27101 0.27101 7.63 -2.76 0.025 

Error 8 0.28399 0.03550    

Lack-of-Fit 6 0.26594 0.04432 4.91 ------- 0.179 

Pure Error 2 0.01805 0.00902    

Total 14 2.49457     

R-Sq = % 88.62  R-Sq (adj) = % 80.08  

Ratio of the upper kerf to lower kerf response surfaces are displayed in Figure 11. In Figure 11-a 

it is evident that the FPP has a little effect on this response while the cutting speed has a large 

effect on it. According to both Figure 11 a and b it could be understand that minimum ratio 

occurs in the minimum cutting speed. It could be mentioned that due to the intraction effect of 

the cutting speed and the laser power the linear influence of the laser power changes sign in 

Figure 11-b.  

 

 

Figure. 11. Response surfaces of the ratio of the upper kerf to lower kerf in terms of a) laser cutting speed 

and focal plane position, b) laser cutting speed and laser power 
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4.4 Upper heat affected zone  

According to the results of an analysis of variance runs on the upper heat affected zone, see 

Table 6, all parameters are significant except the FPP. Quadratic effect of the cutting speed (S2) 

and the laser power (P2) and interaction effect of the cutting speed and the laser power (S×P) are 

identified as significant terms. From the statistical analysis the Minitab software elaborated the 

following regression formula for the upper heat affected zone as a function of the varied process 

parameters: 

Upper heat affected zone (µm) = 268.40 - 44.66 S + 21.33 P + 9.97 FPP + 14.88 S2 - 21.70 P2 

+ 27.91 S×P      (11) 

 

 

 

 

 

Table 6 Revised analysis of variance of heat effected zone 

Source of variation 
Degree of 

freedom 

Sum of 

squares 
Mean 

squares F value T value P value 

Model 7 39762.4 5496.6 19.21 ------- 0.000 

Linear 3 27977.0 9325.7 31.21 ------- 0.000 

S 1 27481.0 27481.1 92.69 -9.63 0.000 

P 1 2825.1 2825.8 9.53 3.09 0.018 

Square 2 11436.1 5718.0 19.29 ------- 0.001 

S*S 1 5075.0 5075.0 17.12 4.14 0.004 

P*P 1 4456.6 4456.6 15.03 -3.88 0.006 

2-Way Interaction 2 5201.2 2600.6 8.77 ------- 0.012 

S*P 1 4712.8 4712.8 15.90 3.99 0.005 

Error 7 2075.4 296.5    

Lack-of-Fit 5 1522.9 304.6 1.10 ------- 0.539 

Pure Error 2 552.5 276.4    

Total 14 41937.9     

R-Sq = % 86.3  R-Sq (adj) = % 82.2  
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Response surfaces and contour plots of upper heat affected zone are illustrated in Figure 12 and 

13, via the input parameters. As mentioned in explanation of ANOVA table 6, Figure 12 

confirms that the FPP has an ignorable effect while the cutting speed has a highly revers 

influence on upper heat affected zone [17]. By using the concept mentioned in Equation 9 the 

behavior of the cutting speed and the laser power in Figure 13 could be explained. The minimum 

upper heat affected zone occurs when the laser power is at the minimum level and the cutting 

speed is at the highest level. In this condition the heat input reduces, see Equation 9. Therefore 

less laser energy interact to the material. Thus the upper heat affected zone reduces [20]. The 

vice versa condition, high laser power and low cutting speed, result in increasing the upper heat 

affected zone.  

 

Figure. 12. a) Response surface and b) contour plot of upper heat effected zone in terms of laser cutting 

speed and focal plane position 
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Figure. 13. a) Response surface and b) contour plot of upper heat effected zone in terms of laser cutting 

speed and laser power 

4.5 Surface roughness of the kerf wall 

According to Analysis of variance on surface roughness of the kerf wall, table 7, the effective 

parameters, are the laser power (P) and the focal plane position (FPP). Among quadratic terms, the 

quadratic term of the cutting speed (S2) has a significant effect and interaction effect of the cutting 

speed and  the laser power (S×P), cutting speed and focal plane position (S×FPP), laser power and 

focal plane position (P×FPP) were identified as the significant terms. Therefore according to the 

analysis, the final regression in terms of coded parameter values yields in equation (12). 

Ra (µm) = 4.957 + 0.178 S - 0.632 P + 0.519 FPP + 0.371 S2 - 1.969 S×P - 1.816 S×FPP 

+ 1.066 P×FPP                                                                                                                          (12) 

Table 7 Revised analysis of variance of surface roughness of the kerf wall 

Source of variation 
Degree of 

freedom 

Sum of 

squares 
Mean 

squares F value T value P value 

Model 3 51.1732 7.3105 13.22 ------- 0.001 

Linear 3 9.2061 3.0687 5.55 ------- 0.029 

S 1 0.4262 0.4262 0.77 0.88 0.409 

P 1 3.4695 3.4695 6.27 -2.50 0.041 

FPP 1 3.6265 3.6265 6.56 2.56 0.038 

Square 1 3.24.49 3.24.49 5.86 ------- 0.046 

S*S 1 3.24.49 3.24.49 5.86 2.42 0.046 

2-Way Interaction 3 33.02.26 11.0075 19.90 ------- 0.001 

S*P 1 22.4533 22.4533 40.59 -.6.37 0.000 

S*FPP 1 19.1094 19.1094 54 -5.88 0.001 

P*FPP 1 6.5853 6.5853 11.90 3.45 0.011 
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Error 7 3.8723 0.5532    

Lack-of-Fit 5 2.3739 0.4748 0.63 ------- 0.706 

Pure Error 2 1.4985                     0.7492    

Total 14 55.0455     

R-Sq = %92.97  R-Sq (adj) = % 85.93  

Surface roughness of the kerf wall response surfaces are displayed in Figure 14. Because of the 

interaction of the cutting speed and the focal plane position demonstrated in the Figure 14(a), the 

best surface roughness of the kerf wall attains in the lowest cutting speed and focal plane 

position levels. When the cutting speed is low and focal plane positioned in the middle of the 

workpiece thickness, the melted materials removes uniformly. Thus, on the surface of the kerf 

wall the distance between peak and troughs decreases, see Figure 6. It could be said that because 

of the intraction effect of the parameters the linear influence of the cutting speed changes sign in 

Figure 14 (a) and 14(b).  

 

Figure. 14. Response surfaces of surface roughness of the kerf wall in terms of a) laser cutting speed and 

focal plane position, b) laser cutting speed and laser power 

 

5. Optimization 
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By statistical analysis of obtained data from experimental tests, regression’s equations explain 

logical relations between input variables and responses. The response optimizer option within the 

DOE module of Minitab statistical software package, release 17, has been used here to optimize 

input parametric combinations resulting in the most desirable compromise between different 

responses using desirability function as mentioned in section 2.2. Table 8 summarizes criterions 

in order to optimize process parameters. Minimum top kerf width, Minimum heat effect zone, 

minimum surface roughness and ratio of top kerf width to bottom kerf width equal to 1 are the 

criteria of the optimization. 

 

 

 

 

Table 8 Constraints and criteria of input parameters and responses 

 Parameter/Response Goal Lower Target Upper Weight Importance 

P
a

ra
m

et
er

s 

 

Speed Is in range 2 --- 18 --- --- 

Power Is in range 20 --- 40 --- --- 

FPP Is in range -4 --- -1 --- --- 

R
es

p
o

n
se

 

C
ri

te
ri

a 
1

 

Ratio Target 1 0.7894 1 2.5161 1 5 

C
ri

te
ri

a 
2

 

Ratio Target 1 0.7894 1 2.5161 1 5 

Roughness Minimize 2.15 --- 9.74 1 5 

C
ri

te
ri

a 
3

 

Kerf top Minimize 265.3061 --- 518.3673 1 5 

Ratio Target 1 0.7894 1 2.5161 1 5 

Roughness Minimize 2.15 --- 9.74 1 5 

C
ri

te
ri

a 
4

 

Kerf top Minimize 265.3061 --- 518.3673 1 5 

HAZ Top Minimize 178.67 --- 420.4082 1 5 

Ratio Target 1 0.7894 1 2.5161 1 5 
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C
ri

te
ri

a 
5

 Kerf top Minimize 265.3061 --- 518.3673 1 5 

HAZ Top Minimize 178.67 --- 420.4082 1 5 

Ratio Target 1 0.7894 1 2.5161 1 5 

Roughness Minimize 2.15 --- 9.74 1 5 

 

In the optimization procedure presented in table 8, the weight and importance values of the 

responses are mentioned. Verification experiments were performed at the obtained optimal input 

parametric setting to compare the actual top kerf width, heat effect zone, ratio and surface 

roughness with those as optimal responses obtained from optimization. Table 9 presents the 

optimization results along with experimentally obtained responses and their percentage relative 

verification errors. It is clear that the error percentage of the study is good for engineering 

applications. Because of minimum error and better quality of the kerf the criteria number 4 and 5 

which have the same optimization setting as mentioned in Table 9 are selected for the best 

condition of this process.  

Table 9 Optimum prediction results and experimental validation 

S
o

lu
ti

o
n
 

 Optimum input parameters 

C
o

m
p

o
si

te
 

D
es

ir
ab

il
it

y
 

 Output responses 

  S P FPP  Ra Ratio Ker Top 
HAZ 

Top 

1 

C
o

d
ed

 

V
al

u
e 

2 2 0.3434 

0
.9

0
8
5
 

Actual  1.130   

Predicted --- 1.0002 ---- --- 

A
ct

u
al

 

V
al

u
e 

18 40 -1.6566 
Error %  %13   

2 

C
o

d
ed

 

V
al

u
e 

-1.9727 -0.9653 -2 

1
 

Actual 3.62 1.15   

Predicted 3.2354 1 --- --- 

A
ct

u
al

 

V
al

u
e 

2.1092 25.1735 -4 
Error % %12.3 %15 --- ---- 
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3 

C
o

d
ed

 

V
al

u
e 

-1.9727 -0.9653 -2 

1
 

Actual 3.55 1.120 72.9458 --- 

Predicted 3.2354 1 64.8177 --- 

A
ct

u
al

 

V
al

u
e 

2.1092 25.1735 -4 
Error % %10 %12 %12.54  

4 

C
o

d
ed

 

V
al

u
e 

1.5556 2 0.2222 

0
.7

9
2
8
 

Actual --- 1.373 296.790 311.555 

Predicted --- 1.2203 265.8411 279.1719 

A
ct

u
al

 

V
al

u
e 

16.2224 
 

40 
-1.7778 

Error % --- %12.55 %11.6 %11.6 

5 

C
o

d
ed

 

V
al

u
e 

1.5556 2 0.2222 

0
.8

5
2
3
 

Actual 1.60 1.35 299.555 306.647 

Predicted 1.2953 1.2203 265.8411 279.1719 

A
ct

u
al

 

V
al

u
e 

16.2224 40 -1.7778 
Error % %23.52 %10.78 %12.68 %9.84 

 

Conclusions: 

In the present paper, the process of laser cutting was performed using low power CO2 laser on 

injected polycarbonate sheet with thickness of 3.2mm. Laser cutting speed, laser power and focal 

plane position are considered as the process input parameters and kerf geometry dimensions and 

surface roughness of the kerf wall are considered as the process output responses. The obtained 

data from the experiments were analyzed through design of experiments (DOE). Results Showed 

that increasing laser power and position of the focal plane, increases the upper kerf width while 

revers condition occurs for speed of laser cutting on this response. Also increasing the cutting 

speed increases the kerf ratio. Obtained results also demonstrated that increasing in the cutting 

speed and reduction in the laser power lead to decrease the upper heat affected zone. Besides in 

the higher laser power and the lower cutting speed, surface roughness decreases. However as a 

general result, by locating the laser spot point in the depth of the workpiece the laser cutting 

quality increases. Furthermore by performing an optimization process, using desire ability 

approach, the following settings can be described as the optimum settings of the laser cutting 
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process of polycarbonate sheet with the thickness of 3.2 mm: cutting speed  (S) = 16 mm/s, laser 

power (P) = 40  W, focal plane position (FPP)= -1.8 mm. 
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