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ABSTRACT 
 

As part of the Industry 4.0 concept, companies are adopting new processes that utilize contactless methods to assess the shapes of pressings. Evaluating the pressings is 
essential due to the springback phenomena that occur after plastic deformation, which is more pronounced when high-strength steels are used in car bodies. Although 

photogrammetric methods based on 2D images have been used in the industry for over a decade, 3D optical scanning methods are preferred because they offer 

increased precision. This article evaluated cylindrical pressings made of dual-phase steel DP800 with a thickness of 1.6 mm—specifically flat-bottomed and 
hemispherical-bottomed cups. The shape of the pressings was determined using optical scanning with the GOM Scan 1 device alongside a photogrammetric system 

called ARGUS. The surfaces obtained from both methods were then compared to assess the accuracy of the scanned surface against the real surface acquired through 

photogrammetry. The scanned surfaces of the pressings were also used to compare the results of numerical simulations conducted in PamStamp software. In these 
simulations, the material was modelled using two sets of constitutive laws: the Hill48 yield law combined with the Hollomon hardening law as the first set and the 

Vegter Lite yield law combined with the Krupkowski hardening law as the second set. Real cups with a diameter of 50 mm were created using a deep-drawing process 

on the Erichsen 145-60 testing machine, starting with a blank diameter of 90 mm and lubricated with plastic foil to preserve the electrochemically etched grid. A 
comparison between the scanned surfaces and the real surfaces obtained through photogrammetry showed a strong correlation, validating 3D scanning as an effective 

method for evaluating pressing shapes. Furthermore, comparing the scanned surfaces with the results of the numerical simulations demonstrated similar findings for 

both sets of constitutive laws used to model the dual-phase steel in the experiments. 
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INTRODUCTION 

 

In the automotive industry, many parts of the car body are made of sheet metal 

forming. Stamping, i.e., deep drawing, is the main process determining the final 
shape of the pressings. Thus, the formability of material and process parameters, 

such as die geometry, friction, blank holder force, browbeat force position, etc. 
[1,2], are the main factors in deep drawing. 

The Industry 4.0 concept uses various measurement tools and methods for 

product quality assurance based on a reliable digital representations of products, 
processes and production systems. Photogrammetry and 3D optical scanning 

digitizes physical models into CAD formats using specialized devices and 

software [3]. Intelligent automated contactless inspection equipment minimizes 
inspection time compared to the standard contact coordinate measurements while 

ensuring continuous process quality monitoring [4,5]. Photogrammetric systems 

are designed to process 2D digital images into spatial data by triangulation, thus 
reconstructing the surface of an object into a 3D object, that closely resembles the 

original in its dimensions [6,7]. The method of scanning object surfaces has also 

been found to measure the deformation characteristics of materials [8] and to 
monitor dynamics of structures [9].  

Vagovský et al. [10] evaluated the measuring ability of the GOM ATOS Triple 

Scan II 3D scanner using different measuring volumes. They found a very small 
measurement deviation, and the ATOS Triple scan II scanner could not achieve 

the result. However, they also stated that they brought applications to other areas 

of use, such as medium-sized and large-sized parts, which can provide excellent 
measurement results. Mendricky [11] focused on a complete analysis of the 

accuracy of digitizing objects using different scanners. He performed the study 

on ATOS II MV400 and RevScan laser scanners, where he analyzed the 
capabilities of the scanners in non-laboratory conditions on samples of complex 

shapes. He found that the scanners above can be used in non-laboratory 

conditions to check industrial products' dimensional and shape accuracies [11].  
The pressings shape is also important from the view of adjacent parts in the car 

body structure. All input parts entering the process must be shaped and 

dimensionally accurate when welding a body. Otherwise, internal stress could 
occur in a car's body, affecting its integrity [12]. Therefore, it is very important to 

consider the springback when pressing body parts [13,14]. The size of the 
springback has a fundamental impact on the precision of the final product [15]. 

Firat et al. investigated the improvement of deformation accuracy based on FE 

analysis of the engine mounting bracket pressing process, including springback 
deformations. Lee et al. [16] studied the developed tensile force and elastic 

properties of the omega (Ω) profile material used in the experiment. Their 
proposed plasticity model outperformed the isotropic hardening and thickness 

change distribution models in predicting the springback. Carden et al. [17] 

compared the curvature angles of the radius formed on experimental specimens 
of DQSK steel, HSLA steel, and 6022-T4 aluminium alloys. When comparing 

the radius after springback, they found that DQSK steel has the lowest 

springback, but the difference was almost negligible compared to HSLA steel. 
Frącz and Stachowicz [18], in their study, experimentally presented broader 

aspects of the use of the GOM Argus photogrammetric system. In their research, 

they state that the Argus system can be used for initial FLC curves, evaluation of 
the forming process, determination of the actual deformation, estimation of 

thinning during sheet metal drawing, etc. to provide accuracy of determination 

even when using a denser measuring dot-net. Heng et al. [19] investigated the 
accuracy of constitutive mathematical models and simulations based on the 

implications of these models. They found that the simulation with the implied 

Hill´48- r constitutive model showed the smallest deviation compared to the 
experiment. This deviation can be further reduced using the NARF Hill´48 

model. On the contrary, Oberkampf et al [20] investigated the accuracy of 

mathematical models of simulations that deal with the numerical solution of a set 
of partial differential equations (PDEs). Mulidran et al. [21] studied the effect of 

a combination of various yield laws and hardening laws on the springback 

prediction at bending by the numerical simulation. They found a better 
correlation between the Ludwik hardening law and the yield law used in the 

study. 

The paper compares the real surface of dual-phase steel pressings reached by the 
photogrammetric system Argus and optical scanning. Then, the surface reached 

by optical scanning will be used to evaluate numerical simulation results for 

different constitutive models of dual-phase steel. 
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MATERIAL AND METHODS 

 

Material properties 

In the article, cylindrical pressings made of dual-phase steel DP800 with 
thickness 1.6 mm - flat bottomed and hemisperical bottomed cups were 

evaluated. The pressing shape was determined by optical scanning using GOM 

Scan 1 and photogrammetric system ARGUS. These were compared to the 
results of numerical simulation in PamStamp software when the Vegter Lite yield 

law and Krupkowski hardening law modeled material. Real cups (pressings) of 

50 mm diameter were deeply drawn on the Erichen 145-60 testing machine from 
a blank diameter of 90 mm and lubricated with plastic foil to preserve the 

electrochemically etched grid. The results allowed for determining the pressing 

accuracy, cup shape, and deviation of the real pressing shape and numerical 
simulation. 

Dual-phase steel DP800 was tested in experiments with a thickness of 1.6 mm. 

The steel's chemical composition is shown in Table 1. Mechanical properties, 
shown in Table 2, were measured by standards ISO 6892-1 [22], plastic strain 

ratios according to standard ISO 10113 [23], and strain-hardening exponent and 

strength constant according to standard ISO 10250 [24] within the range yield 
strength elongation-uniform elongation. 

 

Table 1 Chemical composition of dual phase steel DP800 [wt.%]  

C max Si max Mn max P max S max  Al total Cr+Mo 

max 

Nb+Ti 

max 

0.170 0.3 2.000 0.050 0.010 0.015-0.08 1.000 0.050 

 

Table 2 Mechanical properties of dual phase steel DP800 (rolling dir.) 

Property Rp0.2 

[MPa] 

Rm 

[MPa] 

Ag  

[%] 

A80  

[%] 

n  

[-] 

K 

[MPa] 

r0 

[-] 

r45 

[-] 

r90 

[-] 

Value 527 828 12.5 19.9 0.125 1219 0.873 0.907 0.979 

Std. Dev. 3 2 0.5 0.5 0.001 3.4 0.028 0.022 0.030 

 

Cups of 50 mm in diameter were deep drawn on Erichsen 145-60 testing 

machine. Two cups – flat bottomed and hemispherical (Fig. 1 and Fig. 2) – were 
deep drawn with blankholder force of 25 kN applied and lubricated by plastic foil 

to preserve etched dots. Drawing die diameter Dd was 54.8 mm, die radius rd 3 

mm, punch diameter dp 50 mm, punch radius for flat bottomed cup rp = 7 mm; 
punch radius for hemispherical bottomed cup rp = 25 mm. Blank diameter D0 was 

90 mm; thus, the drawing ratio D0/dp = 1.8 for both cup shapes. 

 

 
Fig. 1 Flat bottomed cups 

 

 
Fig. 2 Hemispherical bottomed cups 

 

 

Photogrammetric system ARGUS 

Specimens for deep drawing were prepared by cutting square blanks 110x100 
mm. Then, a deformation grid of dots of 1 mm size and spacing of 2 mm was 

applied by electrochemical etching using the Oestling EU Classic 300 device and 
electrolyte 639 for Zn-coated metal sheets. After deep drawing, the Argus 

photogrammetric system was used to evaluate the shape of the cups (Fig. 3). 

After data processing in the Argus 6.3 software, the shape of the cup as a mesh 
surface was exported in STL file format. 

 

 
Fig. 3 Photogrammetric system Argus 

 
 

Optical scanner GOM Scan 1 

 
The second method to evaluate the shape of the cups was contactless scanning—

the GOM Scan 1 device (Fig. 4) scanned cups after deep drawing with volume 

MV 400. Then, using the software Zeiss Inspect Pro (Fig. 5), 3D models were 
created. The device allows for scanning 6 million points in an area of 400x250 

mm with an accuracy of 0.02 mm, as measured [25]. Before scanning, cups were 

placed on a rotary table at the correct distance from the scanner. To ensure proper 

overlap of the scans, reference points were stuck to the sample, which guaranteed 

accurate positioning of the scanned layers. The rotary table rotated by 45° and 8 

scans were done for each side (outside, inside). Based on the reference points, 3D 
model of cups was polygonised by the software and exported in STL file format.  

 

 

 

Fig. 4 Photogrammetric system GOM Scan 1 MV400 

 

 

 

 

Fig. 5 Data processing in ZEISS INSPECT Pro software  
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Numerical simulation 

 

A simulation model of the deep drawing process was created in a PamStamp 

simulation software by ESI. 3D die, punch, and blank holder models created 
according to real dimensions were imported and meshed into the software. The 

blankholder force was set to 25 kN and friction coefficient 0.05 corresponded to 

deep drawing with plastic foil with 0.05 mm thickness [26]. Material (i.e. blank 
properties) was described by two constitution equations as follows: 

 

1. Hill48 yield law [27] 
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and Hollomon hardening law [28] 

n
true .K  =             (2.) 

 

where σ1, σ2 [MPa] are major and minor true stress; r0, r45 and r90 [-] are plastic 

strain ration in 0°, 45 and 90° to rolling direction; σ1y
2 [MPa] is the uniaxial yield 

stress; σtrue [MPa] is true stress; φ [-] is true strain; K [MPa] is strength constant 

and n [-] is strain-hardening exponent. 

 
2. Vegter Lite [29] 
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and Kupkowski hardening law [30,31] 

 

( )n
0true .K  +=            (4.) 

where σ1, σ2 [MPa] are major and minor true stress; λ [-] is Bezier interpolation 

factor; w [-] is weight factor depending on material (steel or aluminum) and 

defining shear weight and plane strain weight; σtrue [MPa] is true stress; φ [-] is 
true strain; φ0 [-] is offset strain; K [MPa] is strength constant and n [-] is strain-

hardening exponent. It should be noted that K and n are not the same for both 
hardening models. Yield loci are compared in Fig. 6. 

Parameters of models were calculated using a MatWizard function based on 

measured material properties as specified in Table 2. In the simulation, 
springback was calculated after a deep drawing process. Then, the surface was 

exported as a mesh surface in STL file format.  

 

 
Fig. 6 Comparison of yield locus 
 

Zeiss Inspect Pro software compared surfaces resulting from numerical 

simulation, measurement by system Argus, and optical scanning. The scanned 

surface was set as a reference because it is a real surface of the part. Table 4 
shows the results of maximum and minimum deviation from the scanned surface 

and calculated tolerance. 

 
RESULTS AND DISCUSSION 

 

To verify the scanning precision, surfaces resulting from Argus software were 
first compared to the scanned surface of the pressings. Results can be seen in Fig. 

7 and Fig. 8, respectively. Deviation of surfaces was evaluated at 0°, 45, and 90° 

to the rolling direction. The flat-bottomed cup has shown a deviation in the 
rolling direction (0°) +0.04 to -0.07 mm; in the 45° direction, it was +0.03 to -

0.07 mm, and in 90° directions, it was +0.01 to -0.07 mm. The hemispherical 

bottomed cup has shown deviations in the rolling direction within -0.06 to 0 mm; 
in 45°, it was +0.03 to -0.06 mm, and in the 90° direction, it was +0.03 to -0.06 

mm. Thus, the precision of the scanning surface should be considered within a 

0.1 mm tolerance window. It is affected mainly by the measuring volume applied 
at 3D scanning [10,11]. 

In both cases, surfaces show visible deviations in the position of dots etched 

before deformation. Due to friction during deep drawing, the Argus 
photogrammetric system did not recognise some dots, and thus, a complete 

surface was not reached. Also, the surface Argus reaches is not complete toward 

the edge of the cup in both cases. 
A good correlation between Argus surfaces and scanned surfaces might be 

reached. Then, scanned surfaces can be applied as a nominal surface when 

evaluating the numerical simulation results. Compared to the surface reached by 
the Argus system, it is more complete than the surface evaluated by the Argus 

system. However, it might have also resulted from light conditions when taking 
the pictures for evaluation in the Argus system. 

 

 
Fig. 7 Inspection results for the flat-bottomed cup: scan-Argus 
 

 
Fig. 8 Inspection results for the hemispherical-bottomed cup: scan-Argus 

 

Inspection results, as the scanned surface to the simulation surface comparison 
for the flat-bottomed cup, are presented in Fig. 9 and Fig. 10, respectively. The 

directional dependence of evaluated maximal and minimal deviation is shown in 

Table 3. When considering Hill48/Hollomon constitutive equations, the gap 
between max. and min. varies as follows: 0.35 mm, 0.29 mm, and 0.34 mm. For 

Vegter Lite/Krupkowski constitutive equations, the gap between max. and min. 

deviation varies: 0.37 mm, 0.39 mm, and 0.50 mm. Thus, the lower deviations 
have been found for Hill48/Hollomon constitutive equations for flat-bottomed 

cup. 
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Table 3 Comparison of scanned surface to simulation results for the flat-
bottomed cup 

 Hill48/Hollomon Vegter Lite/Krupkowski 

Roll.dir. 0° 45° 90° 0° 45°  90° 

Max. dev. +0.06 +0.14 +0.04 +0.03 +0.19 +0.11 

Min. dev. -0.29 -0.15 -0.30 -0.34 -0.20 -0.39 

Max-Min 0.35 0.29 0.34 0.37 0.39 0.50 

 

 
Fig. 9 Inspection results for the flat-bottomed cup: scan to Hill48/Hollomon 

 

 
Fig. 10 Inspection results for the flat-bottomed cup: scan to Vegter/Krupkowski 
 

Inspection results for the hemispherical bottomed cup are presented in Fig. 11 

and Fig. 12, respectively. The directional dependence of evaluated maximal and 
minimal deviation is shown in Table 4. Thus, Hill48/Hollomon constitutive 

equations showed the gap between max. and min. deviation as follows: 0.29 mm, 

0.25 mm, and 0.41 mm. Vegter Lite/Krupkowski constitutive equations showed 
the gap between max. and min. deviation as follows: 0.37 mm, 0.30 mm, and 

0.28 mm. So, similarly to the flat-bottomed cup, lower deviations have also been 

found for Hill48/Hollomon constitutive equations. 
 

Table 4 Comparison of scanned surface to simulation results for the 

hemispherical-bottomed cup 

 Hill48/Hollomon Vegter Lite/Krupkowski 

Roll.dir. 0° 45° 90° 0° 45° 90° 

Max. dev. +0.03 +0.02 +0.05 +0.03 +0.11 +0.03 

Min. dev. -0.26 -0.23 -0.36 -0.34 -0.19 -0.25 

Max-Min 0.29 0.25 0.41 0.37 0.30 0.28 

 

The selection of constitutive equations for modelling material behaviour in deep-

drawing numerical simulations is very important. While for standard low carbon 

steels, using the Hill 48 and Hollomon hardening equations is good enough to 
describe their anisotropy and hardening, mainly due to the ease of their 

construction from mechanical properties, Vegter proposed new criteria that can 

explain the yielding and hardening behavior of other materials, such as AHSS 

steels, stainless steel, and aluminum alloys as well [32]. The difference in yield 

loci, as shown in Fig. 6, has influenced the results from the view of the final 

shape of the pressings. Otherwise, the hardening rule and the strain-hardening 
model influence the results [33]. 

 

 
Fig. 11 Inspection results for the hemispherical-bottomed cup: scan to 

Hill48/Hollomon 

 

 
Fig. 12 Inspection results for the hemispherical-bottomed cup: scan to 

Vegter/Krupkowski 

 

The results came from the isotropic hardening rule, which implies that the yield 

surface expands without changing shape as the plastic strain increases [33]. A 
difference in results should also be caused by the strain hardening models applied 

because of the small difference in true stress calculated by Eq. (2.) and Eq. (4.) 

up to the strain level of 0.06, as shown in Fig. 13 [34]. More precise results 
should be expected when kinematic or isotropic-kinematic rules are applied, as 

Mulidran proved at the bending of dual-phase steel [35]. These models better 

describe the Bauschinger effect when material flows through the die radius 
(bending and strengthening), but additional special cyclic loading of samples 

needs to be done [36]. Thus, the next work will use such a model to simulate the 

deep drawing of the cups presented.  
 

 
Fig. 13 Comparison of strain-hardening laws 

 

 
CONCLUSION 

 

3D scanning is increasingly being utilised in stamping plants to assess the quality 
of pressings due to its automation and rapid data processing capabilities, aligning 
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with the principles of Industry 4.0. This research compares the surfaces of 
pressings made from dual-phase steel with those predicted by numerical 

simulations of the deep drawing process for cups with hemispherical and flat 

bottoms. Two techniques were employed to capture the actual surface: the 
photogrammetric system Argus and 3D scanning using GOM Scan 1. In the 

simulations, two constitutive equations describing material behavior were 

applied. Based on the evaluation of the data, the following outcomes can be 
drawn: 

• Surface comparisons using photogrammetry (nominal surface) and optical 

scanning showed good correlation, demonstrating that 3D scanning is a 

valid method for evaluating pressing shapes. The deviations in surface 

measurements were within +0.04 mm to -0.07 mm for the volume MV 400 
used during scanning. 

• The comparison between the scanned surface and the numerical simulation 

results revealed similar outcomes for both constitutive laws applied. The 

equations of Hill48 and Hollomon used in the numerical simulation 

demonstrated lower deviations for both flat and hemispherical-bottomed 
cups, even though these cups exhibit different stress-strain conditions 

during the process. 

Future research will focus on applying hardening rules that consider the 
Bauschinger effect and exploring more complex pressing shapes beyond 

cylindrical cups. 
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