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Abstract: This work aims to investigate the dimensions’ accuracy in different schemes of laser beam movement during the laser cutting process. 
Samples with different thickness were made of DC01 EN 10130 steel. On each sample 32 round holes were cut in 4 rows by different laser beam 
movement schemes – linear, zig-zag and random. The tests were made by pulse CO2 laser with regimes, recommended for each sheet thickness, 
by the machine operating manual. The diameters along the laser head and the table axes were measured by a projector. The varying intervals of 
the dimensions and the maximal ellipticity were calculated. In the all three cutting schemes the varying intervals of the diameters D1 and D2 are 
commensurable. They are in the range of 0,020–0,095mm for D1 and 0,030-0,110mm for D2 whereas the larger values assign to the samples of 
higher thickness. The maximal ellipticity, mainly due to the laser beam polarization, is in the range of 0,070mm-0,210mm, increasing with the 
sheet thickness rising. Consequently, different schemes of laser cutting do not influence significantly on the diameters values. The precision of the 
machine driving mechanisms, process parameters and material properties exert more significant effect on the dimensions accuracy. 
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1. Introduction 
 
Laser cutting is widely used in production of sheet details because of 
the process high speed and effectiveness and the possibility for 
incorporating in CAD-CAM systems as well. The quality of the 
manufactured details is determined both the process parameters - laser 
beam power density and cutting speed, and the material thermal-
physical and geometrical properties [1,2]. They influence on the kerf 
width and the quality of its surfaces, which are decisive for the sizes 
accuracy. The process parameters exert effect mainly on the surface 
roughness and the striations formations. The surface roughness is 
minimal at optimum feed rate and the laser power has a small effect 
on it [3]. Besides the pulse laser cutting results finer striations in 
comparison with the continuous wave laser cutting [4]. 

When many products are cut from a wide sheet, it bends 
excessively because of the general deformation owing to the 
accumulation of thermal deformation around cutting edges [5]. For 
reducing of the thermal deformation, the details are usually cut 
inconsequently, on different cutting schemes. The relationship 
between the thermal deformation of the base sheet and the cutting 
sequence is investigated [6]. It is established that in cutting of thin 
sheets of 1mm the deformation decreases in mixed cutting scheme 
because of self-cooling thus it can be controlled by cutting sequence. 
While in thick materials – 2mm sheets, the cutting sequence does not 
influence the deformation because of the presence of too high 
temperature gradient between the top and the bottom surface. Thermal 
deformations influence not only the whole metal sheet but also on the 
cut details’ accuracy. This research aims to investigate the 
dimensions’ accuracy of details manufactured by different schemes of 
laser cutting.  
  

2. Experimental methods 
 
Samples with different thickness were made of DC01 EN 10130 steel. 
On each sample 32 round holes with diameter D=10mm were cut in 4 
rows by different laser beam movement schemes – linear, zig-zag and 
random (Fig.1). The tests were made by pulse CO2 laser with nominal 
output power 2000W and wave length 10,6µm. The regimes, 
recommended by the machine operating manual, were chosen for each 
sheet thickness (Table 1). The laser beam focus was set on the sample 
surface, except for the 3mm sheet – it was on 0,5mm above the 
surface. The laser beam spot diameter in the focus was 0,2mm. The 
laser head moves along Y and Z directions, while the table with the 

samples moves along the X direction. 
The holes on the both ends and in the middle of the sample were 

measured (Fig.1-a and Fig.1-b). The diameters along the laser head 
and the table axes were measured - D1along the Y axis and D2 along 
the X axis. The measurements were made with a Mitutoyo Profile 
Projector PV 5000 with accuracy 0.001mm and magnification 10:1. 
The varying intervals of the diameters - ∆D1, ∆D2 and the maximal 
ellipticity ∆Е  were calculated using formulae: 

∆Dn = Dn max - Dn min.   (1) 

∆Е = D2max – D1min    (2) 
 

3. Results and analysis 
 

3.1. Results obtained 
 
In the all three cutting schemes difference between the holes’ 
diameters D1 and D2 is observed (Fig.2). The D1 values are lower 
than these of D2. The increasing of the sheet thickness leads to 
decreasing of D1 and increasing of D2 values. Only D1 of 1mm and 
1,5mm samples are in the tolerance of +0.1mm, while in the rest of 
the samples D1 value is under the required tolerance. D2 values only 
of 3mm samples are above the tolerance. The holes, cut in the central 
part of the sample (numbers 2, 5, 8 and 11), possess a little bit larger 
diameter D1 comparing to these, cut in the both ends, for the all 
thicknesses investigated independently of the cutting schemes. The 
difference is about 0,05mm. 

In both linear and zig-zag scheme the holes cutting sequence 
does not influence on their sizes. While in random cutting of 3mm 
sample the holes possess nearly the same dimensions till the middle of 

Table 1 
Laser cutting parameters. 

№ Sheet 
thick-
ness 
mm 

Laser 
power 
N, W 

Cutting 
speed 

V, 
mm/min 

Volume 
energy 
density 

Ev, кJ/cm3 

Pulse 
frequ-
ency  
F, Hz 

Gas 
pres-
sure  

P, bar 
1 1 2000 2500 1527 2000 0.5 

2 1,5 2000 2000 1912 2000 0.7 
3 2 2000 2000 1912 2000 0.7 
4 2,5 2000 1500 2547 1500 0.8 
5 3 2000 1500 1132 1500 0.9 
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the process independently of their position (Fig.3). Just after that the 
holes in the central parts of the sample (numbers 9 and 11) have larger 
diameters (D1 and D2) then these in the both ends (numbers 7, 8, 10, 
12). This tendency is not so clear in the thinner samples. 

Investigation of the diameters’ mean values confirms the 
tendency for decreasing of D1 and increasing of D2 with increasing of 
the sheet thickness in the all cutting schemes (Fig.4). The diameters’ 
varying intervals are between 0,020 – 0,095mm for D1 and 0,030-
0,110mm for D2. The increasing of the sheet thickness results 
dimensions varying in wider range. The maximal ellipticity values ∆Е 
are between 0,070-0,210mm independently of the cutting scheme 
(Table 2) and they increase with increasing of the sheet thickness. 
 

3.2. Discussion  
 

The laser software chooses the zig-zag cutting scheme (Fig.1-b) on 
default since this scheme ensures the shortest fast strokes and the 
highest process effectiveness. But not always the manufactured details 
are of high quality and required accuracy because of the accumulation 
of thermal fields and deformations. In a number of cases it is 
necessary the operator to program the cutting scheme by himself. The 
cutting schemes mostly used are linear and random (Fig.1-a and Fig.1-
c) ensuring less thermal deformations due to the longer fast strokes.  

In manufacturing of small holes with diameter D=10mm on 
steel samples with thickness from 1mm to 3mm, different schemes of 
laser cutting do not influence significantly on the diameters values. In 
the all three cutting schemes the varying intervals of the diameters D1 
and D2 are commensurable. The precision of the machine driving 

mechanisms, process parameters and material properties exert more 
significant effect on the dimensions accuracy.  

The factors, related to the machine, influence on the dimensions 
intervals of varying. The presence of windages in laser‘s and table‘s 
driving mechanisms leads to the dimensions changes which in larger 
windages vary in larger intervals. As a result in laser cutting of small 
details their dimensions may come out the tollerance. To prove this 
hypothesis additional experiment is done. Rectangular holes with 
large sizes 200mm х 377mm are cut in 3mm thick sheet. The 
dimensions vary in the range 0,06-0,14mm and the maximal shape 
deviation is 0,20mm which is in the standard tolerances. Despite the 
large difference of the round and the rectangular holes’ dimensions as 
well as the different synchronizing of the laser head’s and table’s 
movement, the varying intervals of the dimensions are 
commensurable. Consequently, after tightening of the windages in the 
beginning of the movement, they do not influence more on the 
dimensions values. The deviations of the large sizes are in the 
tolerance while these of the small ones can be out of the tolerance 
field. The errors in clamps setting brings to the same effect mostly in 
random cutting scheme, characterized with longer fast strokes and 
more often changes of the movement directions. 

The laser parameters and the material properties influence on the 
holes size and the kerfs quality. The tendency of diameter D1 
decreasing with increasing of the sheet thickness is due to the energy 
necessary for melting of the particular metal volume – Ev: 

Ev = 4N / Vπd2    (3) 
Where: N – laser power, W; d – laser beam spot diameter, cm; 

V – linear velocity (cutting speed), cm/s.  
When the sheet thickness increases the metal volume and the 

energy for its melting also increase. The recommended cutting 
regimes for 2,5mm and 3mm steel samples characterize with lower 
cutting speed and lower pulse frequency. The volume energy density 
Ev, according to formula (3), depends in direct proportion to the laser 
power and in inverse proportion to the cutting speed. Namely the 
lower cutting speed results in the larger energy per pulse in the cutting 
area. But the total energy for melting of the particular metal volume 

Table 2 
Maximal ellipticity ∆Е in different schemes of laser cutting, mm. 

Sheet thickness,  
mm 

1 1,5 2 2,5 3 

Linear cutting 0,120 0,075 0,105 0,155 0,210 
Zig-zag cutting  0,100 0,095 0,085 0,175 0,210 
Random cutting 0,075 0,070 0,105 0,190 0,210 

Fig.1 Sample dimensions, laser 
beam movement scheme and 
cutting sequence of the 
measured holes: a) – linear 
cutting scheme, b) – zig-zag 
cutting scheme, c) – random 
cutting scheme.  

X

Y

D1 D2 

c) 

1        17        10        26        3       19         12       28 

13        5        22       30        15         7        24       32 

 9       25        2        18        11        27        4         20 

21       29       14         6        23       31        16        8 

 Laser beam 
movement 

Working stroke

b)  

Working stroke Fast stroke 

a)  

1 2 3 

4 5 6 

7 8 9 

10 11 12 

1 2 3 

6 5 4 

7 8 9 

12 11 10 

Fast stroke
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decreases due to the lower pulse frequency. As a result the kerf is 
narrower leading to the smaller holes dimensions. 

According to this point of view the diameter D2 should also 
decrease with increasing the sheet thickness, but it increases. 
Probably, the main reason is polarization of the laser beam leading to 
differences of the dimensions in two mutual perpendicular directions 

which increases with increasing of the material thickness [4]. To 
prove this hypothesis additional experiment is done. After changing 
the laser focusing lens, five round holes with diameter D=10mm are 
cut on a 3mm sample, shown larger ellipticity in previous test (Table-
2). The diameters D1 and D2 are in the range of 9,97-10,06mm and 

Fig.2 Diameters’ values D1 along Y axes and D2 along X axes in different schemes of laser cutting. 

linear cutting, B=3mm

9,930

9,980

10,030

10,080

10,130

1 2 3 4 5 6 7 8 9 10 11 12
hole number 

D1 , D2, mm D1 D2

zig-zag cutting, B=3mm

9,930

9,980

10,030

10,080

10,130

1 2 3 4 5 6 7 8 9 10 11 12
hole number 

D1 , D2, mm D1 D2

random cutting, B=3mm

9,930

9,980

10,030

10,080

10,130

1 2 3 4 5 6 7 8 9 10 11 12
hole number 

D1 , D2, mm D1 D2

zig-zag cutting, B=2mm

9,930

9,980

10,030

10,080

10,130

1 2 3 4 5 6 7 8 9 10 11 12
hole number 

D1 , D2, mm D1 D2

random cutting, B=2mm

9,930

9,980

10,030

10,080

10,130

1 2 3 4 5 6 7 8 9 10 11 12
hole number 

D1 , D2, mm D1 D2

linear cutting, B=2mm

9,930

9,980

10,030

10,080

10,130

1 2 3 4 5 6 7 8 9 10 11 12
hole number 

D1 , D2, mm D1 D2linear cutting, B=1mm

9,930

9,980

10,030

10,080

10,130

1 2 3 4 5 6 7 8 9 10 11 12
hole number 

D1 , D2, mm D1 D2

zig-zag cutting, B=1mm

9,930

9,980

10,030

10,080

10,130

1 2 3 4 5 6 7 8 9 10 11 12
hole number 

D1 , D2, mm D1 D2

random cutting, B=1mm

9,930

9,980

10,030

10,080

10,130

1 2 3 4 5 6 7 8 9 10 11 12
hole number 

D1 , D2, mm D1 D2

Fig.3 Diameters values according to the hole cutting sequence in random cutting scheme. 
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10,01-10,09mm accordingly, i.e. the lower maximal ellipticity 
0,12mm is obtained.   

In the all cutting schemes the holes in the middle part of the 
sample posses a little bit larger dimensions, more clearly manifested 
in larger material thickness. This may be connected with the heat 
influence and its distribution during the cutting process. The central 
part of the sample heats to the higher temperatures due to the 
emmbarrassed heat leading away, resulting in wider kerf and the hole 
with larger dimensions. 

 
4. Conclusions 

 
Different schemes of laser cutting do not influence significantly on the 
diameters values in manufacturing of small holes with diameter 
D=10mm on steel samples with thickness from 1mm to 3mm. The 
precision of the machine driving mechanisms, process parameters and 
material properties exert more significant effect on the dimensions 
accuracy.  

In the all three cutting schemes the varying intervals of the 
diameters D1 and D2 are commensurable. They are in the range of 
0,020–0,095mm for D1 and 0,030-0,110mm for D2 whereas the larger 
values assign to the samples of higher thickness. In the all cutting 
schemes the dimensions D1 and D2 of the holes in samples with 
thickness up to 2mm are in the required tolerance +0,1mm.   

In manufacturing of round holes by different schemes of laser 
cutting, the difference between the diameters D1 and D2 in two 
mutual perpendicular directions is established. The maximal 
ellipticity, mainly due to the laser beam polarization, is in the range of 
0,070mm-0,210mm, increasing with the sheet thickness rising.  
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Fig.4 Diameters’ average value and varying intervals in different schemes of laser cutting. 
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