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Abstract: One of the most important aspects in the fabrication of car seats is the quality of its welded joints. In 
this proposal, a design of experiments (DoE) approach is used to improve the actual process capability (Cpk) of 
weld penetration depth in automotive seat adjusters using a laser beam welding (LBW) machine TRUMPF 
TruDiode 3006. Welding speed effects, laser power, and focal position in the Z axis were considered to 
determine the optimal welding penetration depth conditions, which is a minimum of 1.20 mm in cold rolled 
steel metal sheets ZE 790 with a thickness of 1.60 mm. The initial process capability evaluation indicated a Cpk 
value of 0.50, considering the initial process parameters. The proposed design was modeled using the response 
surface methodology, stepwise reduction technique, F-test, and before and after process capability evaluation 
for validation purposes. After applying the proposed methodology, a Cpk of 1.81 was obtained, resulting in a 
significant improvement of the process, reducing defective parts from 6.51% to 0.00%. 

Keywords: process capability, laser beam welding, design of experiments, quality improvement 
 

1. Introduction 

Safety in the design of automotive structures is of utmost importance, especially in the design 
and manufacturing stages [1]. Seat structures engineers have faced a wide range of challenges when 
considering manufacturing and cost savings, which has influenced the improvement of design 
techniques. A car seat should be designed for the comfort of the passenger and to protect them from 
situations involving safety issues. The seat structure requires a simple, lightweight design to 
minimize material and manufacturing process costs. Despite the importance of seating structure 
design, many organizations are lack of resources to perform in-depth optimization analyses of 
multiple scenarios [1]. 

In the manufacturing processes of automotive seat structures, regulatory requirements must be 
met regarding the safety and quality of welding processes with metallic components or structural 
elements manufactured in production facilities. In this sense, [2] describes the importance of 
standards such as ISO 3834-1 (Quality requirements for fusion welding of materials), in [3]; ISO 14731 
(Welding coordination. Tasks and responsibilities) in [4]; and EN 1090-2 (Execution of steel and 
aluminum structures. Part 2: technical requirements for the execution of steel structures) in [5], which 
include requirements for LBW processes. 

LBW technology is increasingly being used in industrial applications not only for technical 
advantages in terms of material and product properties but also for benefits in terms of performance, 
production, and manufacturing capacity [6]. The design and manufacturing of small parts take 
advantage of technical processing innovations and economies of scale; in this type of application, 
LBW plays an important role in quality and safety aspects. LBW is a high-energy density beam 
welding process that is considered an alternative to conventional arc welding methods [7]. 

Among the advantages offered by this technology is the possibility of achieving welded joints 
at a high welding speed and with low heat input, which translates into high productivity, 
contributing to the process optimization and the reduction of manufacturing production costs [8]. 
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Due to increasingly stringent technical and government requirements, manufacturing 
companies in the automotive industry face upward challenges in achieving lightweight structures, 
as well as complying with legal regulations to fulfill customer requirements. 

Therefore, adequate welding processes are required, as well as operating with optimal 
parameters that allow all specifications to be met. That at the same time satisfies the, quality, and 
productivity to maintain competitiveness in the market [9]. 

Primarily, LBW takes advantage of three main factors: non-contact joining, single-sided joining 
technology, and a high-power beam capable of creating a welded joint in a fraction of a second [10]. 
LBW is a welding technology very suitable for the manufacturing of automotive structures. The LBW 
process requires a laser optical device installed on a robot and a scanning mirror head as the final 
reflector. An LBW machine can easily produce welded joints at different locations on a product by 
simply repositioning the robot or redirecting the laser beam via remote instructions. 

An important aspect of the manufacturing process of automotive seat structures is the weld 
penetration depth that must be obtained when welding certain joints. The laser energy required for 
penetration depth using an LBW machine is small, approximately 1 mm/kW. On the other hand, the 
laser power can be modified during the welding process for application in different geometries. Joints 
in laser welding applications are heat transfer or keyhole type; likewise, the shape of the molten 
material depends on the welding speed, laser power, and focal position [11]. 

The choice to use keyhole-type laser welding occurs with power requirements greater than 106 
W/cm2 due to its greater metal vaporization. Intense vaporization distinguishes keyhole laser 
welding from other welding processes because it causes a significant increase in vapor pressure (back 
pressure), which creates a narrow cavity or keyhole in the molten material. The laser beam can then 
penetrate deep into the metal through the cavity, refracting and damping as it travels through the 
vapor. When the laser beam reaches the surface of the cavity, the beam energy is partially absorbed 
at the surface and partially reflected to a new interaction point, creating the joint [12,13]. In this sense, 
in [14] a mathematical simulation approach of the temperature distribution and experimentation in 
the LBW is used to experimentally and numerically study the effect of each parameter. 

An important aspect regarding welding manufacturing processes is the environmental impact, 
since, due to issues related to the design of the process, the equipment used and in general the 
manufacturing process itself, the raw materials used are not fully utilized [15]. In addition, to the 
generation of gases polluting the environment, especially those processes with high energy content. 
As with all welding processes, destructive testing is required to ensure the quality and reliability of 
the welded joint. A destructive test consists of microscopic measurements of a cross-section of a 
sample (specimen), to evaluate the weld penetration depth and determine whether the lot is accepted 
or rejected. Since it is not feasible to test 100% of each batch, a probability to reject an entire batch 
exists. 

For welding processes, small production batches minimize the probability cost of rejecting an 
entire batch of material if a problem is found, but the cost per inspection and lead time for machine 
release are affected. In contrast, increasing the material lot size minimizes inspection cost and 
maximizes machine utilization, since the machine cannot begin production until the quality of the 
welded joints is verified. However, when a problem, such as a lack of weld penetration depth is 
detected during material inspection, the entire batch must be rejected, making reliable and robust 
process capability imperative. Therefore, the concept of sustainability has received special attention 
and support, as it provides a more holistic approach to the development and evaluation of welding 
processes [15]. 

In the literature, it is observed that interest has increased in how environmental improvements 
can be achieved through operational practices. In [16] describes the relationship between lean and 
problem-solving practices with reducing the environmental impact of an organization. The green 
management approach contributes to cost reduction by using resources such as raw materials more 
efficiently, which also positively influences the organization's results [17]. 
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Therefore, the main challenges for industrial organizations such as the automotive welding 
industry, in terms of sustainability and competitiveness, are linked to defect-free products, and fast, 
efficient, flexible, but also environmentally friendly manufacturing processes [18]. 

Increased competition in many industries is accompanied by increasing cost pressure. This poses 
the frequent challenge of identifying and optimizing new and/or improved value-added processes 
[19]. Process capability assessment can effectively address the statistical performance of the process 
with a dimensionless indicator. Potential process capability (Cp) and actual process capability (Cpk) 
are statistical measures that quantify process variation, equivalent to plus/minus three standard 
deviations (σ) from the mean for comparison with the specification tolerance. (Customer 
requirements) [20]. These indices are effective tools for both process capability analysis and quality 
assurance. Understanding process variation and evaluating process performance are essential tasks 
in quality improvement projects [20]. 

As stated in [20], the actual process capability index Cpk should be considered for the initial 
evaluation of critical customer characteristics to determine the capability of the process to meet those 
requirements. During the production process, statistical evaluation of process control is needed to 
monitor process stability and randomness of process behavior before evaluating process capability 
[20]. It is necessary to meet assumptions of normality and stability before making inferences about 
the capacity of the process [21, 25]. 

Capability analysis can help decision-makers better understand the process and thus achieve 
important quality improvements [22]. From a quality perspective, the Cpk is expected to be greater 
than or equal to 1.33. Therefore, a Cpk less than 1.00 is evidence that the process cannot meet 
specifications [21, 23, 25, 26]. 

Table 1 summarizes different approaches for similar performed weld penetration depth studies 
found in the literature using LBW technology, as well as the contribution of this proposal. These 
contributions range from destructive testing and theoretical-empirical analysis [27], to artificial 
neural networks and finite element analysis [4, 28]. In [7, 29, 30 – 32], the Design of Experiments (DoE) 
methodology for analysis was applied. 

Table 1. Comparison of proposed methods to control weld penetration using laser beam welding 
(LBW) machines. 
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Output variable(s):          

Weld penetration ☒ ☒ ☒ ☒ ☒ ☒ ☒ ☒ ☒ 

 

Input variable(s): 

         

Power ☐ ☒ ☒ ☒ ☒ ☒ ☒ ☒ ☒ 

Speed ☒ ☒ ☒ ☒ ☒ ☒ ☒ ☒ ☒ 

Focal position ☒ ☐ ☐ ☒ ☒ ☒ ☒ ☒ ☒ 

Joint thickness ☒ ☐ ☐ ☒ ☒ ☒ ☒ ☒ ☒ 

Proposed methodology for analysis:          

Empirical experimentation ☐ ☐ ☒ ☐ ☐ ☐ ☐ ☒ ☐ 

Analysis of one factor at a time ☐ ☐ ☒ ☐ ☐ ☐ ☐ ☐ ☐ 
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Design of experiments ☒ ☐ ☐ ☐ ☒ ☒ ☒ ☒ ☒ 

Finite element analysis ☐ ☐ ☐ ☒ ☐ ☐ ☐ ☐ ☐ 

Artificial neural networks ☐ ☒ ☐ ☐ ☐ ☐ ☐ ☐ ☒ 

Solution model:          

Linear model ☐ ☒ ☒ ☐ ☐ ☒ ☐ ☒ ☐ 

Quadratic model ☐ ☐ ☐ ☒ ☒ ☐ ☒ ☐ ☒ 

Model with interactions ☐ ☐ ☐ ☐ ☐ ☐ ☒ ☒ ☒ 

Model validation ☒ ☒ ☐ ☒ ☒ ☐ ☒ ☒ ☒ 

Calculation of process capability  ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☒ 

Actual implementation:          

The improvement is implemented ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☒ 

In this paper, the case of a low level of weld penetration depth is addressed, which must be 
greater than or equal to 1.2 mm for T-type joints between a side panel and the upper rail which are 
joined to integrate a car seat structure by fusion welding. Through the PDCA (plan-do-check-act) 
cycle methodology, an evaluation of the capability of the current process is carried out to determine 
the necessary improvements: change the mean, reduce the process variation, or do both [21, 33]. 
Subsequently, the DoE Response Surface Methodology (RSM) is used as a tool to characterizes the 
factors that influence the output variable (y), to determine the optimal process parameters. Finally, a 
confirmation test of process capacity is conducted to validate and quantify the improvements 
achieved. 

The rest of the paper is organized as follows: Section II present the case of study, describes the 
PDCA cycle improvement model and the response surface model (RSM) approach. Section III 
presents the results of the case study. Section IV discussion about the optimized model. Finally, in 
section V the conclusions achieved in the long term are presented. 

 

2. Case of study 

When deciding which technological welding process should be defined: the material to be 
welded, the geometry of the seam weld and the welding type, and subsequently the process 
parameters, mainly the laser power, the welding speed, and the focal position [11]. ZE 790 cold rolled 
steel was used in this case of study due to the low carbon equivalent concentration (CE): CE = 0.182. 
The chemical composition of the material under study is described in Table 2. This type of steel is 
ideal for laser welding applications, with no decrease in the elastic limit being observed in the areas 
affected by heat. Furthermore, the high ratio between yield strength and tensile strength provides 
excellent preconditions for a roll-forming process [38]. The yield strength of ZE 790 steel is 800 MPa. 
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Table 2. Chemical composition of ZE 790 steel (wt. %). 

Material C Si Mn P S Cr Mo Ni Cu Al V 

ZE 790 
0.06

0 

0.03

0 

0.54

0 

0.00

7 

0.00

0 

0.07

0 

0.02

0 

0.05

0 

0.14

0 

0.03

7 

0.00

8 

2.1. Output Variable – Measurable (y) Definition 

For T-type joints, the output variable (y), i.e., weld penetration depth, is defined as the minimum 
distance that the fusion line extends to the root between the two metal plates [34], as shown in Figure 
1. 

 
Figure 1. Measurable (y) definition of weld penetration depth. 

The measurement variable (y) was evaluated using a Leica M80III optical microscope. Figure 2 
shows a cut and polished macrograph of a rejected specimen at the current stage. As shown, a weld 
penetration depth is less than the minimum of 1.20 mm specification, which established the baseline 
of the case study presented. Samples were prepared metallographically prepared using a 
conventional technique according to ASTM E3, then etched with a combination of four-step sanding 
and polishing process using 80 grits (coarse) SiC sandpaper up to 2400 grit for smoothing, a 
combination of methanol and nitric acid was used as a developer to visualize the microstructure. 

 

 
Figure 2. Ground and polished macrograph of ZE 790 steel welded by LBW from a rejected specimen 
of weld penetration depth not fulfilling the specification (1.20 mm minimum), showing the (a) side 
panel, (b) upper rail, and (c) weld penetration depth. 

2.2. PDCA cycle methodology 

The PDCA improvement cycle is a well-known methodology for addressing quality 
improvement initiatives [21,33]. Figure 3 describes the application of the PDCA framework in the 
case of study. 
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In the proposed PDCA conceptual framework, a baseline process capability evaluation was 
carried out with 25 historical data readings of the solder joint under analysis. The sample size was 
determined to produce no violations of normality assumptions and to have a reasonable margin of 
error of 0.0126 for the mean estimate. In addition, batch-to-batch and time-to-time variation in the 
analyzed data was considered to meet the sampling criteria, as discussed in [21, 35, 36]. 

  
Figure 3. PDCA framework application for the process improvement for the weld penetration depth 
(y). 

Initial process capability assessment indicates that the Cpk statistic of the current process is 0.50, 
which establishes that this process is unable to achieve a minimum weld penetration depth of 1.2 
mm. Figure 4 shows the process capacity analysis obtained through the Minitab™ 21 statistical 
software [37]. 

 
Figure 4. Baseline process capability assessment for weld depth penetration (mm), where the 
penetration depth (y) specification is a minimum of 1.20 mm, the average depth is 1.246 mm with a 
standard deviation of 0.0306 mm, and Cpk = 0.50. 

2.3. Design of Experiments – RSM approach 

To carry out the DoE process, a TRUMPF TruDiode 3006 laser machine was used, with a power 
of 3 kW and a 600 μm lens, under the keyhole regime. The components position (side panel and top 
rail) was controlled with pneumatic clamping devices. Table 3 summarizes the process parameters 
used by the DoE in this case study. Three factors (A—welding speed, B—laser power, and C—Z-axis 
focal position) were defined to determine the optimal conditions to improve the weld penetration 
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depth, with a minimum requirement of 1.20 mm, for a cold rolled stamped steel subassembly with a 
thickness of 1.60 mm. 

Table 3. Process parameters of the LBW machine for the DoE. 

Parameter 1 Process Range 
A – Welding speed (mm/s) 22–30 

B – Laser power (W) 2000–3000 
C – Focal position Z-axis (mm) 223.80–224.50 

1 Focal position (X-axis) = 115.00 mm; slope angle = −1.36°; beam angle = 8.48°. 

For the application of the DoE and the RSM methodology, a full 23 factorial design with a center 
point is used. RSM consists of a set of mathematical and statistical techniques useful for modeling and 
analyzing problems in which more than one variable influences a response of interest. The goal is to 
optimize this response. Therefore, the first step in RSM is to find a suitable approximation for the true 
functional relationship between (y) and the set of independent variables. If there is curvature in the 
system, a polynomial of higher degree must be used, such as the second-order model defined below 
[39]:𝒚 = 𝛽0 +  ∑ 𝛽ଵ𝑥௜ +  ∑ 𝛽௜௜𝑥௜

ଶ +  ∑ ∑ 𝛽௜௝𝑥௜𝑥௝ + 𝜖௜ழ௝
௞
௜ୀଵ

௞
௜ୀଵ        (1) 

The coding factors for DoE, shown in Table 4, were confirmed with a visual check. 

Table 4. Codification of input variables and experimental levels definition for the DoE. 

Code Factor -1 0 +1 
A Welding speed (mm/s) 22 30 38 
B Laser power (W) 2,000 2,500 3,000 
C Focal Position Z-axis (mm) 223.80 224.15 224.50 

3. Results 

Once the factors (A, B, and C) were coded, the orthogonal matrix was defined for a complete 
factorial design with three factors and two levels, that is, 23 DoE, giving eight possible combinations. 
Additionally, a treatment was added to evaluate the curvature with fixed values at the center point 
of the experimental window, as detailed in Table 5. Three repetitions were performed for each 
treatment (experiment), giving a total of (27-1) degrees of freedom for the analysis. 

Table 5. Weld penetration depth (y) [mm] tally sheet from DoE. 

Treatment A B C Sample 1 Sample 2 Sample 3 
1 −1 −1 −1 1.25 1.26 1.25 
2 +1 −1 −1 1.08 1.29 1.18 
3 -1 +1 −1 1.08 0.95 0.91 
4 +1 +1 −1 1.30 1.24 1.25 
5 −1 −1 +1 0.64 0.69 0.85 
6 +1 −1 +1 0.58 0.44 0.37 
7 −1 +1 +1 0.42 0.55 0.60 
8 +1 +1 +1 0.22 0.44 0.18 
9 0 0 0 1.24 1.23 1.21 

Table 6 describes the analysis of variance, (ANOVA). This estimation of effects, evaluates the 
significance of one or more factors by comparing the means of the response variable at different levels 
[40] of the experiment using RSM for the assessment. A stepwise technique was applied, adding 
terms to make the model hierarchical [39]; see Table A1 of the Appendix A for details. According to 
Table 6, the model is statistically significant with a probability value (P-value) of 0.000; furthermore, 
the ANOVA table shows the significant quadratic effect for speed and double interactions, all with 
(P-values) less than 0.05. The lack of fit test was also satisfactory, with a (P-value) greater than 0.05; a 
residual analysis confirmed the model's predictability with no multicollinearity issues. See Figure B1 
of the Appendix B. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 October 2024 doi:10.20944/preprints202410.0843.v1

https://doi.org/10.20944/preprints202410.0843.v1


 8 

 

As shown in the ANOVA table, the linear effects of laser power and focal position affect welding 
penetration [7, 27, 30, 31] in the automotive seat structure seam weld under study with a significance 
level of 0.05, so the null hypothesis is rejected [39, 40]. With a total of 26 degrees of freedom, the 
model meets the sample size needed to perform an analysis of the quadratic effects and the double 
interaction effects from the DoE main factors, as summarized in the ANOVA table: 

• Quadratic effect of Speed (AA), 
• Double interactions of Speed-Power (AB) and Speed-Focal Position (AC) 
Thanks to the stepwise technique, the remaining double interactions and non-significant 

quadratic effects are discarded with a confidence level of 95%. 

Table 6. ANOVA results. 

Source DF SS MS F-Value P-Value 
Model 6 3.52272 0.58712 58.84 0.000 
Linear 3 2.86523 0.95508 95.72 0.000 

A 1 0.03227 0.03227 3.23 0.087 
B 1 0.12615 0.12615 12.64 0.002 
C 1 2.70682 2.70682 271.29 0.000 

Square 1 0.41082 0.41082 41.17 0.000 
A*A 1 0.41082 0.41082 41.17 0.000 

Two-way int. 2 0.24667 0.12333 12.36 0.000 
A*B 1 0.05227 0.05227 5.24 0.033 
A*C 1 0.19440 0.19440 19.48 0.000 
Error 20 0.19955 0.00998   

Lack of fit 2 0.05568 0.02784 3.48 0.053 
Pure error 18 0.14387 0.00799   

Total 26 3.72227    

Based on Table 6, the calculated F-value, which indicates the magnitude of the effect, for the 
focal position is 271.29, which shows the most significant impact on weld penetration [7], as shown 
in Figure 5. 

 
Figure 5. Half-normal plot of standardized effects on weld penetration depth. 

Table 7 shows the coefficients of the regression equation; variance inflation analysis (VIF) was 
also performed, with no collinearity problems observed, VIF = 1.00 [39]. The coefficient of 
determination R-sq = 94.64% and R-sq (pred) = 90.46% were obtained, indicating that the model is highly 
accurate for prediction. Furthermore, the laser speed coefficient has a (P-Value) of 0.087, which 
implies that this factor is not statistically significant at the 95.0% confidence level. 
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Table 7. Coefficients (coded) of the regression equation2. 

Term Coef SE Coef T-Value P-Value VIF 
Constant 1.2267 0.0577 21.27 0.000  

A −0.0367 0.0204 −1.80 0.087 1.00 
B −0.0725 0.0204 −3.56 0.002 1.00 
C −0.3358 0.0204 −16.47 0.000 1.00 

A*A −0.3925 0.0612 −6.42 0.000 1.00 
A*B 0.0467 0.0204 2.29 0.033 1.00 
A*C −0.0900 0.0204 −4.41 0.000 1.00 
2 R-sq = 0.94, Rs-q(adj) = 0.93, R-sq(pred) = 0.90. 

The regression equation obtained by the DoE stepwise experimentation technique using the 
RSM methodology is described as: 

y = 1.2267 – 0.0367 A – 0.0725 B – 0.3358 C – 0.3925 A*A + 0.0467 A*B – 0.0900 A*C (2)

where y represents the response variable. 

4. Discussion 

Figure 6 shows the graphic analysis of the behavior of the response variable (y) using (2). The 
red outline indicates a weld penetration depth for y < 1.20 mm. Areas with gray lines are below 1.00 
mm, indicating "crack" regions; the light gray dashed area indicates a weld penetration depth greater 
than 1.60 mm, which causes a blow hole condition due to the material thickness of 1.60 mm; the 
yellow region is acceptable; and the green zone indicates an optimal and desirable region for weld 
penetration depth [32]. 

 
Figure 6. Contour plots for weld penetration depth (y) in [mm], using Equation (2). a) B–A 
relationship when C = 0; b) C–A relationship when B = 0; c) C–B relationship when A = 0. 

Figure 6a shows the relationship between welding speed and laser power when the focal 
position is set to 224.15 mm; Figure 6b shows the relationship between welding speed and focal 
position when the laser power is set to 2500 kW; Figure 6c shows the relationship between focal 
position and laser power when the welding speed is set to 30 mm/s. The desirable zone for 
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measurable weld penetration depth (y), is between 1.20 and 1.40 mm, which is highlighted in green. 
The contour analysis allows the evaluation of different behavior of the response variable depending 
on how the process parameters are adjusted. Figures 6a and 6b show a quadratic relationship between 
the adjustment factors and the depth of penetration of the weld, while Figure 6c indicates a linear 
relationship between laser power and focal position versus weld penetration depth, justifying the use 
of RSM for the optimization of (y) [39]. 

After the first step in RSM, as shown in Figure 6, the weld penetration depth is sought to be set 
to y ≈ 1.35 mm. To optimize the response variable, Table 8 summarizes the proposed optimal process 
parameters. The welding speed was set to a nominal value of 30 mm/s, the laser power was set to a 
nominal value of 2500 kW, and the focal position was set to 224.02 mm to achieve the desirable weld 
penetration depth of 1.35 mm, which is optimal to avoid cracks or blow holes, as indicated in Figure 
6. 

Table 8. Regulatory conditions for the operation of the welding process for y ≈ 1.35 mm3. 

Parameter Coded Non-coded 
A – Welding speed (mm/s) 0 30 

B – Laser power (W) 0 2500 
C – Focal position Z-axis (mm) −0.3672 224.02 

3 Optimal process parameters that ensure weld integrity without cracks or blow holes. 

The RSM using the stepwise technique shows significant statistical evidence of the main 
contributors that influence the weld penetration depth for automotive seat rails, which are: focal 
position (Z axis) and the quadratic effect of welding speed. This information indicates that the process 
parameters need to be adjusted the focal position from 224.15 to 224.02 mm. Furthermore, the welding 
speed range sett was reduced due to its quadratic effect on the output variable: from 28–38 to 28–32 
mm/s, as shown in Figure 6. Finally, the DoE demonstrated that the Laser power should operate at 
the average level of 2500 kW, which contributes in the long term to optimizing energy consumption. 
Figure 7 shows a macrograph specimen using the process parameters indicated in Table 8. 

 
Figure 7. Ground and polished macrograph of ZE 790 steel welded by LBW after proposed 
parameters, using RSM: (a) Side panel thickness, (b) upper rail thickness, and (c) weld depth 
penetration greater than minimum specification (1.2 mm). 

Finally, a validation run was carried out considering the variation due to common causes, that 
is, different batches of materials and production shifts. Table 9 indicates the process capability index 
improved from Cpk = 0.50 to Cpk = 1.81, this means that the percentage of parts not meeting the required 
weld penetration depth was reduced from 65,086 parts per million (ppm) to 0 ppm. Figure 8 
graphically depicts the mean change before and after the application of the PDCA framework for 
waste elimination and process capability improvement. Therefore, the performance optimization of 
the weld penetration depth process using the LBW machine can be established through RSM. 

Table 9. Process capability assessment for the specification of a minimum y of 1.20 mm. 
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Process N Mean (mm) StDev (mm) Min (mm) Max (mm) Cpk 
% Out of 

spec 
ppm 

Before*  25 1.2464 0.0307 1.1600 1.3100 0.50 6.51 65,086 
After *  11 1.3536 0.0284 1.2700 1.4200 1.81 0.00 0 

*Optimization. 

 
Figure 8. Weld depth penetration (mm), process comparison before and after parameters adjustment; 
considering different batches of raw material and production shifts. *Minimum material thickness. 

5. Conclusions 

This paper proposes the use of the RSM methodology to establish a technical solution to the 
current problem of adjusting welding parameters in the automotive industry and other industries 
with similar applications when there is evidence that at least one of the factor analyses affects non-
linear the response studied; demonstrating the robustness of this technique to satisfy Cpk 
requirements, so the following is established: 

1. Using the regression equation obtained from DoE, the optimized parameters achieved a Cpk 
of 1.81 with an R-sq (pred) of 90.46%. Waste generated by failures in weld penetration depth (<1.20 mm) 
was reduced from 6.51% to 0.00%. 

2. The depth of weld penetration in ZE 790 cold-rolled steel joints depends on the focal position 
of the welding beam, the welding speed, which provides a quadratic effect, and the applied laser 
power (energy). 

3. Using RSM to understand weld penetration depth phenomena before and after response 
optimization and with a second-order regression (2) is a statistically sound approach to meet 
customer requirements and current welding standards for light products used in the automotive 
industry. 

4. The methodology discussed in this article is part of a promising efficient and green approach 
to saving time and money. It involves performing in-depth analysis of multiple scenarios to optimize 
weld penetration depth, contribute to the sustainability of the welding process, dramatically reduce 
waste of non-conforming material, and enable more efficient utilization of equipment. As a result, 
the economic impact of the organization is positively affected. 
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Appendix A 

Table A1. Details of the stepwise technique4. 

 ------Step 1----- ------Step 2----- ------Step 3----- 

Term Coef P Coef P Coef P 
Constant 0.8778  1.2267  1.2267  
C −0.3358 0.000 −0.3358 0.000 −0.3358 0.000 
AA   −0.3925 0.000 −0.3925 0.000 
AC     −0.0900 0.003 
B       
AB       
A       
        
S  0.201539  0.158723  0.133552 
R-sq  72.72%  83.76%  88.98% 
R-sq(adj)  71.63%  82.40%  87.54% 
R-sq(pred)  68.84%  80.66%  85.59% 
AICc  −4.91  −16.13  −23.57 
BIC  −2.06  −12.77  −19.94 
       

 ------Step 4----- ------Step 5----- ------Step 6----- 

Term Coef P Coef P Coef P 
Constant 1.2267  1.2267  1.2267  
C −0.3358 0.000 −0.3358 0.000 −0.3358 0.000 
AA −0.3925 0.000 −0.3925 0.000 −0.3925 0.000 
AC −0.0900 0.001 −0.0900 0.000 −0.0900 0.000 
B −0.0725 0.005 −0.0725 0.003 −0.0725 0.002 
AB   0.0467 0.041 0.0467 0.033 
A     −0.0367 0.087 
        
S  0.113635  0.105066  0.0998874 
R-sq  92.37%  93.77%  94.64% 
R-sq(adj)  90.98%  92.29%  93.03% 
R-sq(pred)  89.00%  90.05%  90.46% 
AICc  −30.14  −31.94  −31.88 
BIC  −26.57  −28.76  −29.51 
           

4 Candidate terms: A, B, C, A*A, B*B, C*C, A*B, A*C, B*C; α to enter = 0.15; α to remove = 0.15. 
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Appendix B 

 
Figure A1. Residual plots for weld depth penetration y (mm) for the normality assessment. 
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