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KEYWORDS ABSTRACT

Laser bending, Laser bending of metal sheets is one of the most common forming processes and is widely used
Perforated sheet, across various industries. Perforated sheets, due to their geometric discontinuities, encounter
Ovality. serious challenges during mechanical bending operations, which lead to ovalization of the holes

and reduced dimensional accuracy. In this study, laser bending of 2-mm-thick perforated 304
stainless steel sheets is performed using a CO: laser, based on an experimental design developed
through the response surface methodology and the Box—Behnken algorithm. For this purpose, the
effects of process parameters—including laser power, scan speed, and laser beam diameter—on
the percentage of hole ovalization are investigated. The results show that increasing the laser
power and beam diameter increases ovalization, while increasing the scan speed reduces it.
Analysis of variance of the statistical model indicates the significance of the main effects,
interactions, and second-order terms of the parameters. Parameter optimization reveals that, in
order to achieve minimum ovalization (0.22%), the laser power, scan speed, and beam diameter
should be set to 87 W, 75 mm/min, and 2 mm, respectively.

Extended Abstract

1. Introduction

n the industries ranging from automotive and aerospace to construction and ventilation systems, the bending

of sheet metals is one of the most fundamental and widely employed forming processes. Conventional

mechanical bending, which relies on contact tools such as dies, punches, and matrices, is effective for uniform
sheets but faces significant limitations when applied to perforated sheets due to geometric discontinuities. Holes
along the bend line act as stress concentrators, often leading to undesirable effects such as hole ovalization, edge
tearing, localized buckling, and dimensional inaccuracies. Additionally, mechanical bending is heavily dependent
on the design and fabrication of dedicated dies, which is costly, time-consuming, and limits flexibility in low-
volume or customized production. The presence of mechanical contact also introduces heterogeneous tensile and
compressive stresses, reducing repeatability and potentially damaging surface quality. Laser bending (LBP) has
emerged as a non-contact forming method that can overcome many of these limitations. By delivering a highly
focused laser beam to the sheet surface, localized heating induces steep thermal gradients across the thickness,
resulting in controlled plastic deformation during cooling. This approach eliminates classical spring-back, reduces
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surface damage, and allows for precise, localized, and gradual bending. However, in perforated sheets, holes create
localized stress and strain concentrations, which can affect both the bending angle and the geometric integrity of
the perforations. In particular, ovalization of holes and localized thickness variations remain critical hallenges that
must be quantified and controlled to ensure dimensional accuracy and performance reliability.

2. Material and methods

In this study, the laser bending of perforated stainless steel 304 sheets (thickness 2 mm, dimensions 75 x 50
mm, with linearly aligned holes) was systematically investigated using a continuous CO: laser with a maximum
power of 120 W. The sheet surfaces were coated with graphite powder to enhance laser absorption. Three key
process parameters were selected as input variables: laser output power (LOP: 80—120 W), laser scanning speed
(LSS: 25-75 mm/min), and laser beam diameter (LBD: 2—4 mm). The primary response was percentage of hole
ovalization, measured using a MITUTOYO CRYSTA-Apex V544 coordinate measuring machine and defined as
(Diax — Dimin)/D % 100%. The experimental design employed a Box—Behnken response surface methodology
(RSM) to evaluate the main, quadratic, and interaction effects of the process parameters with a minimal number
of experiments while capturing non-linear behavior. Figure 1 illustrates the schematics of the arrangement of holes
in the perforated sheet and also the laser bending process with a sample of laser bent perforated sheets.
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Figure 1. a- The schematics of the arrangement of holes in the perforated sheet; b- The laser bending process and a sample of laser

bent perforated sheets
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A systematic investigation of process parameters affecting hole ovalization in the laser bending of perforated
sheets was conducted using a Response Surface Methodology (RSM) and the Box—Behnken design. Laser power,
scan speed, and beam diameter were selected as input variables based on their influence on heat input, thermal
gradients, and the heat-affected zone. The percentage of ovalization of holes along the irradiation path was defined
as the output response, and the parameter levels used in the experiments are listed in Table 1. The full experimental
design generated by RSM is presented in Table 2.

Table 1 The parameter levels used in the experiments

Input parameter Unit Abbreviation Levels
Laser power W P 80 100 120
Laser scanning speed mm/min S 25 50 75
Laser beam diameter mm D 2 3 4
3. Results

ANOVA results (Table 3) show that the statistical model is highly significant, with p-values below 0.05 and a
high F-statistic, indicating that variations in hole ovalization are mainly governed by the process parameters. Laser
power is identified as the most influential factor, while the quadratic terms for power and beam diameter are also
significant. The lack-of-fit is insignificant, confirming that the second-order regression model accurately
represents the process behavior.

Table 2 The design of experiments (DOE) for laser bending process

Test number P S D
1 120 50 4
2 100 75 2
3 100 75 4
4 120 25 3
5 80 25 3
6 80 50 4
7 100 50 3
8 80 50 2
9 100 50 3
10 120 50 2
11 100 50 3
12 100 25 2
13 80 75 3
14 120 75 3
15 100 25 4

Table 3 The analysis of variance results for ovality of holes in laser bent perforated sheets

Source DF Adj SS Adj MS F-Value P-Value
Model 9 1.35697 0.150774 198.82 0.000
Linear 3 1.21938 0.406458 535.99 0.000
P 1 0.56711 0.567113 747.84 0.000
S 1 0.22445 0.224450 295.98 0.000
D 1 0.42781 0.427813 564.15 0.000
Square 3 0.13464 0.044881 59.18 0.000
P*P 1 0.12410 0.124103 163.65 0.000
S*S 1 0.00216 0.002156 2.84 0.153
D*D 1 0.00863 0.008626 11.37 0.020
2-Way Interaction 3 0.00295 0.000983 1.30 0.372
P*S 1 0.00203 0.002025 2.67 0.163
P*D 1 0.00090 0.000900 1.19 0.326
S*D 1 0.00002 0.000025 0.03 0.863
Error 5 0.00379 0.000758
Lack-of-Fit 3 0.00293 0.000975 2.25 0.322
Pure Error 2 0.00087 0.000433
Total 14 1.36076

The model achieves R? = 96.72% and R*(adj) = 96.22%, demonstrating excellent predictive capability.
Residual analysis (Figure 2) confirms that the model fits the data well and that the residuals exhibit random
distribution.
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Figure 2. The residual plots for the ovality of the laser bent perforated sheet; a- Normal Probability Plot of Residuals, b-
Residuals versus Fitted Values, c- Histogram of Residuals, d- Residuals versus Observation Order

Main effect plots (Figure 3) show that increasing laser power and beam diameter increases hole ovalization
due to intensified or expanded thermal gradients, while increasing scan speed reduces ovalization by lowering
interaction time and limiting heat accumulation.
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Figure 3. Main effect plots of input parameters on the ovality of holes in laser bent perforated sheet

Optimization using the regression model indicates that minimum ovalization (0.22%) is achieved at 87 W laser
power, 75 mm/min scan speed, and 2 mm beam diameter, as illustrated in Figure 4.
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Figure 4. Optimal process parameters for achieving an ovalization of 0.22%

4. Conclusion

Laser bending of 2-mm-thick perforated AISI 304 stainless steel was studied to evaluate the effects of laser
power, scanning speed, and beam diameter on hole ovalization using RSM with a Box—Behnken design. Laser
power was identified as the most influential parameter, with higher power increasing thermal gradients and plastic
deformation, leading to greater ovalization. Increasing scanning speed reduced laser—material interaction time and
decreased hole distortion, while a larger beam diameter intensified strain concentration at hole edges, increasing
ovalization. ANOVA confirmed significant main and interaction effects, indicating nonlinear process behavior.
Optimization results showed that minimum hole ovalization (0.22%) is achieved at 87 W laser power, 75 mm/min
scanning speed, and a 2 mm beam diameter.
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Contour Plot of Hole ovality vs Laser scanning speed (mm/min), Laser o
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  (   D  max −   D  min ) / D × 100 %


  Ovalization =     D max −   D min  D × 100 ( % )
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    D min
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