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Resumo 

A determinação da Deformação Verdadeira no processo de dobramento de chapas em V livre é 

fundamental para prever possíveis falhas na região dobrada da peça conformada. Entre os aços 

classificados como convencionais, o SAE1010 é usado na fabricação de peças para os mais variados 

segmentos de mercado. Este estudo visa avaliar equações matemáticas para o cálculo da 

Deformação Verdadeira nas fibras externas da região dobrada que ocorre no processo de dobramento 

em V livre para este aço e comparar com os resultados de trabalho científico obtidos para o aço AHSS 

S900MC, por meio de métodos de cálculo analítico e simulação computacional, comparando-os com 

resultados obtidos através de análises experimentais. Quatro punções foram utilizadas, variando-se 

para cada um a distância entre os suportes da matriz e o deslocamento do punção. Verificou-se, por 

meio de análises experimentais, que os valores medidos da Deformação Verdadeira são diferentes 

nas fibras externas da região curvada. No entanto, constatou-se que os valores obtidos por meio de 

métodos de cálculo analítico para o aço convencional SAE1010, são os mesmos verificados para o 

aço AHSS S900MC, apesar dos materiais apresentarem propriedades mecânicas peculiares. A 

previsibilidade, através do método analítico, em relação aos valores experimentais da Deformação 

Verdadeira para o aço convencionais SAE1010 variou de -25,7% a 8,3%. 

Palavras-chave: Deformação Verdadeira, processo de dobramento em V livre, aço convencional 

SAE1010. 

 

Abstract 

Determining the True Strain in the air bending process is of fundamental importance for predicting 

possible failures in the bent region of the formed part. Among steels classified as conventional, 

SAE1010 is used in the manufacture of parts for a wide variety of market segments. This study aims 

to evaluate mathematical equations for calculating the True Strain in the outer fibers of the bending 

region that occur in the air bending process for this steel and compare them with the results of 

scientific work obtained for AHSS S900MC steel, through analytical calculation methods and 

computer simulation, comparing them with results obtained through experimental analyses. Four 

punches were used, varying for each one the distance between the die supports and the punch 

displacement. It was verified through experimental analysis that the measured values of True Strain 

are different in the outer fibers of the bending region. However, it was found that the values obtained 

through analytical calculation methods for conventional SAE1010 steel are the same as those verified 

for AHSS S900MC steel, despite the materials having peculiar mechanical properties. The 

predictability, through the analytical method, in relation to the experimental values of the True Strain 

for conventional SAE1010 steel ranged from -25.7% to 8.3%. 

Keywords: True Strain, air bending process, conventional SAE1010 steel. 
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Resumen 

Determinar la Deformación Real en el proceso de doblado en V libre de chapa metálica es 

fundamental para predecir posibles fallos en la zona doblada de la pieza conformada. Entre los aceros 

clasificados como convencionales, el SAE1010 se utiliza en la fabricación de piezas para una amplia 

variedad de segmentos de mercado. Este estudio tiene como objetivo evaluar ecuaciones 

matemáticas para calcular la Deformación Real en las fibras exteriores de la zona doblada que se 

produce en el proceso de doblado en V libre para este acero y compararlas con los resultados de 

trabajos científicos obtenidos para el acero AHSS S900MC, utilizando métodos de cálculo analítico y 

simulación computacional, comparándolos con los resultados obtenidos mediante análisis 

experimentales. Se utilizaron cuatro punzones, variando para cada uno la distancia entre los soportes 

de la matriz y el desplazamiento del punzón. Se verificó, mediante análisis experimentales, que los 

valores medidos de Deformación Real son diferentes en las fibras exteriores de la zona curvada. Sin 

embargo, se encontró que los valores obtenidos mediante métodos de cálculo analítico para el acero 

convencional SAE1010 son los mismos que los verificados para el acero AHSS S900MC, a pesar de 

que los materiales tienen propiedades mecánicas peculiares. La predictibilidad, mediante el método 

analítico, en relación con los valores experimentales de la Deformación Real para el acero 

convencional SAE1010 osciló entre -25,7% y 8,3%. 

Palabras clave: Deformación Real, proceso de doblado en V libre, acero conventional SAE1010. 

 

1. Introduction 

Among steels classified as conventional (ULSAB, 2017), the SAE1010 grade, 

with commercial quality, has a Maximum Stress (𝑅𝑚) of 365 MPa and this steel is 

used in bending processes in the automotive industry, appliance, general industries, 

and is occasionally used in the stamping of shallow parts with simple geometries 

(Bossle et al., 2025). 

Conventional SAE1010 carbon steel is widely used in the manufacture of the 

most varied types of parts due to its low cost and physical and chemical 

characteristics. Among carbon steels, this is the most common due to its ease of 

manufacture, good weldability, and mechanical properties (Almeida, 2021). 

One of the difficulties in the mechanical forming process of high-strength steel 

sheets, due to their low deformability, is avoiding the appearance of cracks and 

fissures in the in the bending region (Perka, 2022). 

In the bending region obtained through the air bending process, the material 

creates a narrow elastic band on both sides of the neutral line, and as it moves 
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away towards the surface, stresses above the yield strength are obtained, causing 

permanent plastic strain. When the punch moves away, the elastic band tends to 

return to its original flat condition, but this is not possible due to the restrictions 

caused by the plastic strain zones (Perka, 2022). 

The True Strain (𝜑𝑥) during the air bending process results in an elastic-plastic 

strain in the bending region. In this region, the outer zone of the material is 

elongated, resulting in tensile strain, while the inner zone is compressed, resulting 

in compressive strain, as shown in Figure 1 (Oehler and Kaiser, 1993; Kluge, 2020). 

 

Figure 1: Representation of strains in the bending region. 

 

Source: Elaborated by authors (2026). 

 

In the air bending process, the highest value of both stresses occurs on the 

surface of the material and decreases as it approaches the center of the sheet 

thickness, becoming zero when it reaches the neutral axis. The strain distribution in 

air bending process is not symmetrical with respect to the center of the piece. 

Tensile strains in the outer region are greater than compressive strains in the inner 

region (Hosford and Caddell, 2011; Schaeffer et al., 2017). 

In the air bending process, determining the True Strain (𝜑𝑥) is of essential 

importance, thereby avoiding possible defects such as cracks and fissures in the 

bending region, as well as ensuring dimensional accuracy and production 

optimization (Tschätsch, 1997; Kluge, 2020). 

Correctly determining the True Strain (𝜑𝑥) prevents exceeding the material's 

ductility limit, especially in parts manufactured with high-strength steel sheets and 

https://doi.org/10.66104/m4ev7706
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small Punch Radius (𝑟𝑝), thus preventing the appearance of cracks and fissures 

during the air bending process (Çapar, 2026). One of the challenges for the 

mechanical forming process of metal sheets from high strength steels is to achieve 

the predictability of the True Strain (𝜑𝑥) in the bending zone (Tschätsch, 1997; Mithu 

et al., 2025). 

A few parameters of the air bending process such as Sheet thickness (s), 

Punch Radius (𝑟𝑝), Bending Force (𝐹𝑑), Distances between supports (w) and 

Maximum Displacement of the Punch (h), as well as some properties of the material 

such as Anisotropy Index (r), Hardening Coefficient (n), microstructural aspect and 

lubrication conditions, among others, influenced the strains. (Oehler and Kaiser, 

1993; Hosford and Caddell, 2011). Figure 2 shows schematics with air bending 

process and the main parameters involved in this type of Bending (Aerens and 

Masselis, 2000; Livatyali and Altan, 2001). 

 

Figure 2: Shows air bending process and the main parameters of this process. 

 

Source: Elaborated by authors (2026). 

 

During the sheet metal forming process, continuous transformations occur in 

the geometry of the bending region of the part, especially for materials that resist 

large plastic strains. It is necessary to determine the True Strain (𝜑𝑥) to predict and 

compensate for the springback that occurs after the removal of the Bending Force 

(𝐹𝑑), ensuring that the Bending angle after springback (𝛼1) corresponds to the 

design angle of the part (Oehler and Kaiser, 1993; Farsi and Arezoo, 2011). 

The Force required to bend a sheet depends on the specific operating 

https://doi.org/10.66104/m4ev7706
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conditions of each bending process, according to its particularities, and for the air 

bending process, the Bending Force (𝐹𝑑) depends on the parameters represented 

in Figure 2 and the mechanical properties of the material to be bending (Rodrigues 

and Martins, 2010). 

When empirical knowledge is used to determine the parameters of the 

bending process and to develop the tooling, the cost may be higher and more time 

may be required, compared to analytical methods or those that use software to 

perform computational simulation, which become important in the planning and 

development of tool design (Vorkov, 2018). 

This study aims to evaluate the use of analytical expressions in determining 

the True Strain (𝜑𝑥) in the outer bending zone and in the length direction (x) of the 

sheet, in the air bending process for the SAE1010 conventional steel and compare 

with the results for AHSS S900MC steel obtained from the work done by Bossle et 

al. (2026). Currently, due to its low cost and the quickly obtained results in 

supporting the performance and optimization of manufacturing projects, the 

analytical method is still frequently used. (Arola et al., 2015; Schaeffer et al., 2017; 

Bossle et al., 2026). 

 

2. Methodology 

2.1 Determination of the mechanical properties 

Table 1 presented the mechanical properties of conventional SAE1010 steel 

used in this work, in which a tensile test was performed utilizing 9 tests specimens 

manufactured of this steel with 3.0 mm Sheets thickness (s). 

 

Table 1: Mechanical properties of conventional SAE 1010 steel. 

Engineering Yield Stress, 
𝜎𝑒 (MPa) 

Maximum Stress, 
𝑅𝑚 (MPa) 

Relative 
strain, ε (%) 

Elasticity 
Modulus, E (GPa) 

241.78 343.56 30.86 198.57 

Source: Elaborated by authors (2026). 

 

The dimensions and geometry used for the test specimens were of the 

rectangular type, and are in accordance with the requirement of ABNT NBR 6892-

1:2013 standards, as well as of the procedures to carry out this test. The equipment 

https://doi.org/10.66104/m4ev7706
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utilized to perform the tensile test was a 100 kN universal test equipment of the EMIC 

brand. 

The flow stress equation of conventional SAE1010 steels were determined 

according to the proposal of Ludwik-Hollomon, utilizing the data of Maximum Stress 

(𝑅𝑚) and of the respective Relative Strain (ε) corresponding to this point. After this 

the True Stresses (kf) and True Strains (𝜑) were calculated using Equations 1 and 2 

(Lange, 1985; Bossle et al., 2025). 

                                         𝑘𝑓 = 𝜎(1 + 𝜀) Eq. 1 

                                          𝜑 = ln(1 + 𝜀) Eq. 2 

 

Equation 3 of Ludwik-Hollomon was used, into which the values of the 

Hardening Index (n), True Strain (𝜑) and True Stress (𝑘𝑓), were inserted, 

corresponding to the point of Maximum Stress (𝑅𝑚) and the respective Relative 

Strain (ε), and then the values of the Material Resistance Constant (C) of these two 

materials were determined. Thus, Equation 4 was determined, which describe the 

Flow Stress Curve of this steel. 

 

Ludwik-Hollomon equation         𝑘𝑓 = 𝐶. 𝜑𝑛 Eq. 3 

Conventional SAE1010 steel                                       𝑘𝑓 = 589.24. 𝜑0,19 Eq. 4 

 

 

2.2 Methods of analysis 

2.2.1 Experimental analysis 

To perform the bending experiment, 36 tests specimens were manufactured 

from conventional SAE1010 steel, utilizing 3mm Sheets thickness (s). 

For conventional SAE 1010, as it is classified as conventional low-carbon steel, 

according to the DIN 9635 standard, which states that for conventional low-carbon 

steels, the Minimum Bending radius (𝑟𝑚𝑖𝑛) can be 1 to 3 times the initial thickness of 

the sheet (𝑠0). 

The values of Maximum Displacement of the Punch (h) were obtained through 

a geometrical representation, utilizing the INVENTOR software, where the 4 Punch 

Radius (𝑟𝑝) and the 90° Bending angle before springback (𝛼0). For each Punch 

https://doi.org/10.66104/m4ev7706
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Radius (𝑟𝑝), the Distance between the Supports (w) and the Maximum Displacement 

of the Punch (h) varied, and for all representations the Die Radius (𝑅𝑑) and the 

thickness of the Sheet thickness (s) were equal. Figure 2 is the schematic 

representation of the air bending experiment. The Distance between the Supports 

(w) was determined using Equation 5, which is adapted from the ABNT NBR 

7438:2022 Standard (Bossle et al.,2026). 

 

𝑤 = (2 ∗ 𝑟𝑝) + (3 ∗ 𝑠) + (2 ∗ 𝑅𝑑) Eq. 5 

 

Table 2 shows the values of Distance between the Support (w) and Maximum 

Displacement of the Punch (h) for each Punch Radius (𝑟𝑝) and the Table 3 shows 

the fixed parameters utilized in the air bending experiment (Bossle et al., 2025). 

 

Table 2: – Values of Maximum Displacement of the Punch (h) and the 

Distance Between the Supports (w) for each Punch Radius (𝑟𝑝). 

Material 
Punch Radius  

𝑟𝑝 (mm) 

Distance 
between the 

Support w (mm) 

Maximum 
Displacement of the 

Punch h (mm) 

Conventional 
SAE1010 steel 

3 65 20 

6 71 21 

9 77 23 

12 83 25 

Source: Elaborated by authors (2026). 

 

Table 3: Fixed parameters utilized in the air bending experiment. 
Sheet thickness (s) 3mm 
Width of the test specimen (b) 30mm 

Length of the test specimen (lt) 210mm 

Experiment velocity (V) 10 mm/min 

Bending angle before Springback (𝛼0) 90° 

Die radius (𝑅𝑑) 25mm 

Source: Elaborated by authors (2026). 

 

Punch radii (𝑟𝑝) of 3, 6, 9 and 12 mm were used, with 9 specimens used for 

each punch, to compare the True Strain (𝜑𝑥) values in the outer bending region. 

Before performing the bending experiment, regular circular meshes with an 

initial diameter (𝑑0) of 2.5mm were engraved using a laser cutting machine on the 

surface of the test specimens, as shown in Figure 3. 

https://doi.org/10.66104/m4ev7706
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Figure 3: Mesh of circles with 𝑑0 of 2.5 mm on the surface of the test specimens. 

 

Source: Elaborated by authors (2026). 

 

For experimental analysis, a universal testing machine of 600 kN from EMIC 

was used to perform the air bending experiment, as shown in Figure 4. The test 

specimens were bending, placing the face with the engraved circles against the die 

supports and opposite the punch. 

 

Figure 4: Air bending experiment of one of the test specimens. 

 
                            Source: Elaborated by authors (2026). 

 

Visioplasticity method of measurement involves superimposing a flexible and 

transparent ruler, positioning its measurement range to best fit the ellipse with the 

greatest deformation (Folle et al., 2008). 

The True Strain (𝜑𝑥) in the outer region of the bending was determined using 

the visioplasticity method by meshes. This method is widely used in studies of plastic 

strain (Bossle et al., 2026). To perform the visioplasticity method, 4 groups of 9 tests 

specimens were used for each one of Punch Radius (𝑟𝑝) and the averages for each 

group were calculated. 

As shown in Figure 5, was used a flexible and transparent ruler for the initial 

diameter (𝑑0) of 2.5mm and the values on the Elongation scale in percentage (%) 

correspond to Relative Strain (𝜀), while the values of the Degree of Strain on a 

logarithmic scale correspond to True Strain (𝜑𝑥) in the outer bending region and in 

the length direction (x), resulting from the bending experiment.  

https://doi.org/10.66104/m4ev7706
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Figure 5: Flexible and transparent ruler used to measure the True Strain (𝜑𝑥). 

 
Source: Adapted from Rocha et al. (2023). 

 

The circles with the initial diameter (𝑑0) deformed, becoming ellipses with a 

larger dimension (𝑑𝑥) and a smaller dimension (𝑑𝑦), as shown in Figure 6. 

 

Figure 6: Representation of the larger (𝑑𝑥)  and smaller (𝑑𝑦) dimensions of the ellipse in 

the bending outer region, after the bending experiment. (Adapted from Folle et al., 2008). 

 
Source: Elaborated by authors (2026). 

 

2.2.2 Analytic methods for calculation 

The same parameters of the experimental analysis were utilized in order to 

perform the analytic calculations using mathematical equations. The True Strains 

(𝜑𝑥) in the outer Zone and in the direction of the sheet length (x) as shown in Figure 

7, were calculated using Equations 6 proposed by Lange (1985) and 7 proposed by 

Hosford and Caddell, (2011) that correlates the Sheet thickness (s), Punch Radius 

(𝑟𝑝), Bending radius of the midline (𝑟𝑚), the Position of the fibers in the sheet (y) as 

being s/2, the arc length (𝑙0) and the Length of the fiber (l) located in position y 

(Hosford and Caddell, 2011; Bossle et al., 2026). 
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Figure 7: Representation of the bending region and variables involved in calculating the 

True Strain (𝜑𝑥). 

 

                      Source: Adapted from Hosford and Caddell (2011).  
 

𝜑𝑥 = 𝑙𝑛 √1 +
𝑠

𝑟𝑃
 

 
 

Eq. 
 
 

6 

 

𝜑𝑥 = 𝑙𝑛 (1 +
𝑠

2𝑟𝑚
) Eq. 7 

 

The True Strains (𝜑𝑦) in the direction of thickness (s) and (𝜑𝑧) in the direction 

of the width (b), were not taken into account in this study. Plane Strain was 

considered, where  𝜑𝑦 = 𝜑𝑥 e  𝜑𝑧= 0 (Vorkov, 2017). On the other hand, Equation 8 

was used to calculate the Bending Radius of the midline (𝑟𝑚), necessary to 

determine the True Strain (𝜑𝑥) (Rocha et al., 2022; Bossle et al., 2026). 

 

𝑟𝑚 = 𝑟𝑝 +
𝑠

2
 

 
Eq. 8 

 

2.2.3 Computer simulation  

For computer simulations of the air bending process, the SIMUFACT 

FORMING 15® software (MSC Software Company, Hexagon) was used, with the 

aim of comparing the results with those of the experimental analysis, and the Finite 

Element Analysis Method was employed to determine the stress and strain fields 

along the forming process. 
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To validate the numerical simulation, four bending simulations were performed 

on conventional SAE1010 steel, one for each Punch Radius (𝑟𝑝) used utilized in the 

bending experiment, with the aiming to estimate the True Strain (𝜑𝑥) in the outer 

bending region.  

An elastoplastic formulation suitable for high rotations and moderate 

deformations was adopted, with a solid-shell discretization, allowing the integration 

of mechanical variables at multiple points along the sheet thickness (Ledentsoy et 

al., 2010). The Punches and Die were considered rigid, non-deformable objects, 

while the sheets were considered elastoplastic objects. The contact between the tool 

and the sheet was modeled using Coulomb's law of friction, with a constant 

coefficient of friction μ = 0.1, according to typical conditions of industrial bending 

processes (Fu et al., 2010; Bossle et al., 2026). The punch velocity (V) was set at 

10 mm/min, the same value defined for the bending experiment (Bossle et al., 2026). 

The plastic behavior of the material was described by the Ludwik–Hollomon 

constitutive model, in which the Yield Stress evolves as a function of the equivalent 

plastic strain according to a power law, adjusted from experimental data. This 

approach allows for an adequate representation of the material's strain hardening 

and its influence on bending strength, as well as on the stress distribution along the 

thickness. The True Strain (𝜑𝑥) in the outer bending zone and in the length direction 

(x) of the sheet was evaluated during the punch displacement in the simulation, 

being determined by the elastic properties and the history of plastic strains imposed 

during the process, according to procedures consolidated in the literature on 

numerical simulation of forming processes (Fu et al., 2010; Hosford and Caddell, 

2011; Altan and Tekkaya, 2012; Bossle et al., 2026). 

For the simulations, the same sheet thickness (s), the same Punch Radii (𝑟𝑝), 

the same Distances between Supports (w) and the same Punch Displacements (h) 

utilized in the bending experiment were considered (Bossle et al., 2026). 

Based on the results the tensile tests, mechanical properties of conventional 

SAE1010 steel were extracted from the scientific paper of Bossle et al. (2025) and 

entered into the software, as shown in Table 4. 
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Table 4: Mechanical properties entered into the SIMUFACT software. 

Parâmetros Material 

Blank material Conventional SAE1010 steel 

Engineering Yield Stress, 𝜎𝑒 (MPa) 241.78 

Maximum Stress, 𝑅𝑚 (MPa) 343.56 

Anisotropy Index, r (-) 1.067 

Density, ρ (g/cm³) 7.85 

Elasticity Modulus, E (GPa) 198.57 
Poisson Coefficient, ν (-) 0.29 

Material Resistance Constant, C 
(MPa) 

589.24 

Hardening Index, n (-) 0.19 

Coefficient of friction, (μ) 0.1 

Source: Elaborated by authors (2026). 

 
Figure 8 illustrates the initial (a) and final (b) positions of the punch, according 

to procedures established in the literature on numerical simulation of forming 

processes (Fu et al., 2010; Altan and Tekkaya, 2012).  

 

Figure 8: Representation of the initial (a) and final (b) positions of the Punch. 

  

            Source: Elaborated by authors (2026). 

 

To mesh convergence, a 1mm general mesh size was adopted, hexahedral 

type elements, Sheetmesh mesh generator, quantity of elements 18900 and the 

number of elements along the thickness was 3 (Ledentsoy, et al., 2010).  

 

3. Results and discussion 

3.1 Experimental analysis 

After the bending experiment, the True Strain (𝜑𝑥) values were verified in the 

outer bending region and in the length direction (x) of the test specimens, using the 
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flexible and transparent ruler for measuring strains, as shown in Figure 9. 

 
Figure 9: Verification of the True Strain (𝜑𝑥) of the bended outer region for the 

conventional SAE1010 steel of one of the specimens. 

 
                           Source: Elaborated by authors (2026). 

 

Table 5 presents the averages and standard deviations of the experimental 

values of True Strain (𝜑𝑥) in the outer bending region and in the length direction (x) 

for the conventional SAE1010 steel, as well as the record of the occurrence or not 

of cracks. As shown in Table 5, the average standard deviations and average 

confidence intervals (95% CI) were calculated (Rodrigues and Iemma, 2014). 

 
Table 5: The experimental values of True Strain (𝜑𝑥) in the outer bending region and 

in the length direction (x). 

Material 
Punch Radius 

𝑟𝑝 (mm) 

Experimental True Strain 𝜑𝑥 (-) 
Occurrence of 

fissures Average 
Standard 
deviations 

Confidence 
interval 

Conventional 
SAE1010 steel 

3 0.32 0.006 0.32±0.004 no 

6 0.24 0.009 0.24±0.006 no 

9 0.18 0.007 0.18±0.005 no 

12 0.14 0.008 0.14±0.005 no 
Source: Elaborated by authors (2026). 

 
For conventional SAE1010 steel, in the outer bending region and for the group 

of test specimens with a Punch Radius (𝑟𝑝) of 3mm, equal to the minimum specified 

by the DIN 9635 standard, of (1 to 3) times the initial thickness of the sheet (𝑠0), no 

cracks or fissures were observed, as well as for the groups of test specimens with 

Punch Radius (𝑟𝑝) of 6, 9 and 12mm. 

Looking at the results of the experiment for the conventional SAE1010 steel 
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studied in this article, it was observed that the larger the Punch Radius (𝑟𝑝), the 

smaller is the True Strain (𝜑𝑥) in the outer bending region and in the length direction 

(x), verified in the ellipses of the specimens through the visioplasticity method.  

 

3.2 Analytical calculation method 

Table 6 are shown the analytic values of True Strain (𝜑𝑥) in the outer bending 

region and in the length direction (x) for the conventional SAE1010 steel and were 

calculated using Equations 6 and 7, while the Midline Bending Radius (𝑟𝑚) was 

calculated using Equation 8.  

 
Table 6: Analytic values of True Strain (𝜑𝑥) in the outer bending region and Midline 

Bending Radius (𝑟𝑚) for the conventional SAE1010 steel.  

Material 
Punch Radius 

𝑟𝑝 (mm) 
True Strain 𝜑𝑥 (-) 
calculated (Eq. 6) 

True Strain 𝜑𝑥 (-) 
calculated (Eq. 7) 

Midline Bending Radius  
𝑟𝑚 (mm) (Eq. 8) 

Conventional 
SAE1010 

steel 

3 0.35 0.29 4.5 

6 0.20 0.18 7.5 

9 0.14 0.13 10.5 

12 0.11 0.10 13.5 

Source: Elaborated by authors (2026). 

 
For reference, to compare with the results for conventional SAE1010 steel, 

Table 7 presents the values for the True Strain (𝜑𝑥) and the Midline Bending Radius 

(𝑟𝑚) for the AHSS S900MC steel, obtained through analytical methods calculated 

using the Equations 6, 7, and 8, extracted of the work from Bossle et al. (2026).  

  
Table 7: Analytic values of True Strain (𝜑𝑥) in the outer bending region and Midline 

Bending Radius (𝑟𝑚) for the AHSS S900MC steel.  

Material 
Punch Radius  

𝑟𝑝 (mm) 
True Strain 𝜑𝑥 (-) 
calculated (Eq. 6) 

True Strain 𝜑𝑥 (-) 
calculated (Eq. 7) 

Midline Bending Radius  
𝑟𝑚 (mm) (Eq. 8) 

AHSS 
S900MC 

steel 

3 0.35 0.29 4.5 

6 0.20 0.18 7.5 

9 0.14 0.13 10.5 

12 0.11 0.10 13.5 

Source: Adapted and extracted from Bossle et al. (2026). 

 

3.3 Computer simulation 

Figure 10 shows the result of the computational numerical simulation of the 

True Strain (𝜑𝑥) in the outer bending region of conventional SAE1010 steel for a 
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Punch Radius (𝑟𝑝) of 6mm. In this simulation, it can be seen that the maximum True 

Strain (𝜑𝑥), with a value of 0.22, is located at the corners of the outer surface of the 

bending region and is shown in red. 

 
Figure 10: Simulation of the True Strain (𝜑𝑥) of conventional SAE1010 steel for a Punch 

Radius (𝑟𝑝) of 6 mm. 
 

 

Source: Elaborated by authors (2026). 

 

Table 8 presents the True Strain (𝜑𝑥) values in the outer bending region in the 

length direction (x) of the conventional SAE1010 steel studied here, obtained 

through computer simulation. 

 
Table 8 : Computer simulation values for True Strain (𝜑𝑥) in the outer bending 

region and in the length direction (x) of the conventional SAE1010 steel. 

Material 
Punch Radius 

𝑟𝑝 (mm) 
Computer simulation values for 

True Strain 𝜑𝑥 (-) 

Conventional 
SAE1010 steel 

3 0.29 

6 0.22 

9 0.17 

12 0.13 

Source: Elaborated by authors (2026). 
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4. Discussion 

The results of the experimental analysis in this work were considered a 

reference to make a comparative evaluation with the results of the analytical 

methods and computer simulation to this steel. 

The calculated average standard deviations and Confidence Intervals (CI 

95%), close to zero for the measured average True Deformations (𝜑𝑥) and 

presented in Table 5, indicate homogeneity and a low risk of reading errors 

(Rodrigues and Iemma, 2014). 

The comparative percentage of relative error of the results obtained through 

experimental analysis, analytical methods and computer simulation of the True 

Strain (𝜑𝑥) in the external bending region in the longitudinal direction (x) of 

conventional SAE1010 steel are shown in Figure 11. 

 
Figure 11: Ratio between True Strain (𝜑𝑥) and Punch Radius (𝑟𝑝) for the conventional 

SAE1010 steel. 

 
Source: Elaborated by authors (2026). 

 

For conventional SAE1010 steel and the air bending process, as shown in the 

graph in Figure 10, differences occurred between the experimental results for True 

Strain (𝜑𝑥)  in the external curvature region in the longitudinal direction (x). This is 

due to the different values of the parameters used in this experiment: Punch Radius 
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(𝑟𝑝), Distance between Supports (w) and Maximum Punch Displacement (h). 

For the analytical method, using Equations 6 and 7, as shown in the graph in 

Figure 10, the values diverged significantly from those obtained by experimental 

analysis, this is because both equations only used the variables Sheet thickness (s), 

Punch radius (𝑟𝑝), and Midline Bending Radius (𝑟𝑚) for the calculation, without 

considering other variables such as mechanical properties that could possibly 

influence the calculated results.  

For values calculated and less than 10% those verified in the visioplasticity 

experiment, the observed deviation from the prediction may make the use of these 

two equations unfeasible, since the stress in the bending region may exceed the 

Maximum Stress (𝑅𝑚) of the material. 

Regarding the computer simulation, the graph in Figure 10 shows results below 

10%, indicating that interactions with the software, such as the number of elements 

along the thickness, the quantity of elements, mesh size, and other simulation 

parameters, may have interfered with the results presented. However, for the 

sample sizes, the error percentages are considered acceptable (Rodrigues and 

Iemma, 2014). 

According to the showed in the Table 6 and 7, although the conventional 

SAE1010 steel having different mechanical properties from AHSS S900MC steel, 

the analytical method shows that the values calculated using Equations 6 and 7 are 

the same for both steels, since the parameters considered in these equations are 

the Sheet Thickness (s), the Punch Radius (𝑟𝑝) and the Midline Bending Radius (𝑟𝑚). 

Possibly due to its high ductility and its high capacity for absorbing plastic 

deformation, no cracks were observed in the outer bending region of the test 

specimens after the conventional SAE1010 steel bending experiment. 

 

5. Conclusion 

For conventional SAE1010 steel, the analytical calculation of true strain (𝜑𝑥) in 

the outer bend zone using Equations 6 and 7, the main methods currently available 

in the literature for air bending, showed significant discrepancies. Specifically, the 

calculated values deviated from the experimental results between -25.7% and 8.3%, 
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suggesting that these equations may lead to inaccurate predictions for this type of 

steel. As shown in Table 6, these results are in agreement with previous studies on 

AHSS S900MC steel (Table 7). Consequently, for both conventional SAE1010 and 

AHSS S900MC steel, there is a clear need to formulate a new equation that 

incorporates mechanical properties in the calculation of True Strain (𝜑𝑥). 

In contrast, the results of the computational simulation using SIMUFACT 

FORMING 15® showed a difference of less than 10% compared to the experimental 

analysis. Therefore, the use of this software is recommended to predict the True 

Strain (𝜑𝑥) in conventional SAE1010 steel. 
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