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Abstract: The accurate prediction of structural performance in sheet-metal components
is critical for optimizing design and ensuring reliability in engineering applications. This
study emphasizes the necessity of incorporating non-uniformities induced by stamping pro-
cesses, such as thickness variation and work-hardening effects, into Finite Element Method
(FEM) simulations. Experimental and computational analyses reveal that neglecting these
variations results in significant discrepancies, particularly in displacement predictions,
where deviations exceeding 50% were observed at specific points. While elastic behavior
showed reasonable agreement with experimental results, plastic deformation predictions
were notably less accurate due to the inherent inhomogeneities of the real work-hardening
model compared to the uniform assumptions in standard FEM models. These findings
underscore the need for improved methodologies in mapping stamping-induced material
properties and validating simulation results. Further refinement of mapping accuracy
and validation techniques is essential for enhancing the predictive capabilities of FEM
simulations for complex sheet-metal components.

Keywords: finite element method; sheet-metal; stamping simulation; thickness variation;
work-hardening; properties mapping; railway seat; experiment

1. Introduction

The accurate prediction of mechanical behavior in sheet-metal components is crucial
for the design and validation of safety-critical structures in industries such as transportation,
automotive, and aerospace [1,2]. Since simulations with Finite Element Method (FEM) can
accurately model complicated geometries and loading conditions, they are frequently used
for this purpose [3,4]. However, traditional FEM models assume homogeneous material prop-
erties, failing to implement the local variations that occur during manufacturing processes
such as stamping [5]. This simplification causes discrepancies between simulated and exper-
imental results, particularly for components with large deformations and complex loading
scenarios [6-9]. In fact, sheet-metal stamping introduces significant non-uniformities in mechan-
ical properties, including localized thinning, strain hardening, and anisotropy [10-13], which
can impact the structural performance of the component, especially under high loads where
yield strength and thickness variations play a crucial role [14-16].

Nonlinear FEM has proven to be accurate, offering the capability to account for anisotropy
and yield criteria, and to model the springback phenomenon [17]. There are also many studies
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investigating the different types of plane stress and strain in sheet-metal forming. Andersen
et al. [18] analyzed the ductile fracture of thin metal plates, showing that fracture strain is
significantly higher in plane strain bending than in far-field tension due to differences in lo-
calization mechanisms and stress states, with implications for material design and predictive
modeling. Tekkaya et al. [19] investigates the potential of metal forming processes not only
to shape products but also to predict and control their mechanical and physical properties
throughout the manufacturing chain. The paper highlights how advancements in analytical and
measurement techniques allow for accurate prediction and deterministic setting of properties
such as hardness, residual stress, formability, and anisotropy during forming processes. Wang
et al. [20] introduced a Lode-dependent anisotropic-asymmetric hardening model (LAA-Y1d91)
for metals to precisely characterize anisotropic hardening and tension—compression asymme-
try under diverse loading conditions. By coupling two Y1d91 anisotropic functions with a
Lode-dependent weight function and optimizing parameters via a neural network, the model
demonstrates high accuracy in predicting yield surface evolution for various alloys, including
Ti-6Al-4V, DP980, and AA 5754-O, with applications in advanced metal forming simulations.
A detailed study on simple shear tests demonstrates their effectiveness in characterizing the
plastic anisotropy of rolled metal sheets under large strains. By optimizing specimen geometry
and clamping techniques, the research improves stress and strain homogeneity, leading to more
accurate evaluations of anisotropic hardening behavior essential for constitutive modeling and
forming process simulations [21]. Tardif and Kyriakides [22] emphasized the significance of
a systematic approach that integrates experimental methods with FEM analysis to determine
material properties under large strains. In fact, sheet-metal subjected to plastic deformation
during stamping is not characterized by uniform properties due to the inherent anisotropies
introduced during the rolling process of the sheet. The study calibrates the parameters of a
non-quadratic yield function, which is subsequently used to enhance the accuracy of tensile
test simulations. Ailinei et al. [23] examine the impact of anisotropy on the vibration behavior
of S600Mc sheet-metal, highlighting its importance in plastic deformation simulations. Their
study combines experimental vibration tests at various orientations with finite element analysis,
demonstrating the influence of anisotropy on structural damping and its implications for high-
cycle fatigue performance. Ignoring these variations can result in over-designs or unexpected
failures during physical testing. As a result, bridging the gap between simulations and structural
analyses is essential for improving simulation accuracy and reducing the number of expensive
experimental validations.

This paper presents a novel approach to improve FEM structural simulations by inte-
grating non-uniform mechanical properties derived from stamping simulations, focusing on
a railway passenger seat structure, which is a critical component governed by strict safety
standards such as AFNOR NF F 31-119 [24]. The methodology involves simulating the stamp-
ing process to predict local variations in thickness and yield stress, mapping these properties
into the structural FEM model, and validating the results against experimental static tests. By
incorporating real-world material behavior into FEM analyses, this approach provides more
realistic predictions of deformation, stress distribution, and residual plasticity.

The objectives of this work are threefold:

1.  To develop a robust workflow for mapping stamping-induced property variations
into structural FEM models;

2. To evaluate the impact of mapped properties on the accuracy of FEM simulations
compared to uniform-property models;

3. To validate the mapped FEM simulations against experimental data, highlighting
improvements in predictive capability.



Appl. Sci. 2025, 15, 2480

30f23

2. Materials and Methods

This study focuses on enhancing the accuracy of structural FEM simulations by incor-
porating the material property variations introduced during the stamping process. The
methodology integrates multiple steps, as shown in Figure 1, starting with the simulation
of the stamping process, which forms the foundation for accurately extracting non-uniform
properties, such as thickness and strain distributions. These properties are critical for
understanding the material behavior of the component. The stamping simulation was per-
formed using specialized software to model the deformation of sheet-metal under realistic
manufacturing conditions. The material’s behavior was assumed to be elastic—plastic, and
we recorded changes in thickness and strain accurately. The simulation outputs provided
key insights into localized thinning and stress variations, which were crucial for the upcom-
ing analysis. To ensure reliability, the simulation results were validated using simplified
calculations and comparisons with published studies.
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Figure 1. Workflow for integrating stamping simulation with FEM analysis and experimental
validation.

The next step was property mapping, which was used as a connection between the
stamping simulation and the structural FEM analysis, where we implemented the non-
uniform properties obtained from the stamping simulation directly in the FEM model.
Then, a custom script was developed to process the simulation outputs and convert them
into a format compatible with FEM software Altair Hyperworks 2021.1. Afterward, the
mapped properties were assessed for accuracy using visualization methods, ensuring that
critical regions of high deformation were accurately represented in the structural model.

Considering mapped material properties, the structural FEM model was developed
to simulate the performance of the stamped component under static loading conditions
defined by relevant standards. The model included precise geometry and boundary
conditions to replicate experimental setups, where two types of material behavior were
considered: linear elastic and nonlinear with plastic deformation and strain hardening. The
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nonlinear model captured the residual plasticity and stress redistributions, providing more
accurate predictions of structural performance.

Finally, experimental validation was conducted to compare the FEM predictions with
physical tests. The stamped component was subjected to static loads, and displacement
measurements were taken at key points using precise instrumentation. The experimental
data were then compared with FEM results to evaluate the accuracy of the simulations.

3. Stamping Simulation and Property Mapping

The stamping simulation forms the foundation for integrating non-uniform mechan-
ical properties into structural FEM models. This simulation was conducted using Altair
HyperForm with the Radioss One-Step solver, a tool well suited for efficiently predicting
deformation and strain distributions in sheet-metal forming processes.

3.1. Material Specifications

Low-carbon steel, the composition of which is reported in Table 1, is commonly used
in railway seat structures due to its favorable mechanical properties, and was selected as
the material. The mechanical properties are reported in Table 2.

Table 1. Chemical composition of the material.

C Mn P S Si Fe
0.001 0.092 0.014 0.011 0.001 remainder

Table 2. Mechanical properties of the low-carbon steel.

Initial Young's Yield Strength ~ Ultimate Tensile Hardening
Thickness [mm]  Modulus [GPal [MPa] Strength [MPa] Coefficient [-]
1.2 200 152 282 0.234

3.2. Simulation Setup

The simulation assumed idealized stamping conditions, including a friction coefficient
of 0.15 between the sheet and the die, an approximated blank holder force to provide
sufficient constraint, and a simplified die geometry to match the seat’s key features while
ensuring computational efficiency. Uniform material properties were used initially, with no
pre-existing strain or stress. The sheet-metal was modeled with a quadrilateral mesh opti-
mized to capture local thinning and strain concentrations while maintaining computational
efficiency, and the mesh size was carefully selected to balance accuracy and computational
cost, as shown in Figure 2a. Critical regions expected to experience high deformation, such
as corners and edges, were assigned to a finer mesh with an average element size of 1.0 mm,
while regions with lower strain gradients were meshed more coarsely with an element
size of up to 5.0 mm. This controlled local mesh refinement method ensures sufficient
resolution in high-stress areas without increasing computational time. Other solid elements
are meshed using a hexahedral mesh element.

The solver employed an implicit time-stepping method, treating the stamping opera-
tion as a quasi-static process with negligible dynamic effects. Key assumptions included
elastic—plastic material behavior modeled with an isotropic hardening law, the simplifica-
tion of the process to a single stamping step approximating the final geometry, as shown in
Figure 2b, and the exclusion of thermal effects by assuming room-temperature stamping.
This method is particularly beneficial during the initial stages of product design, as it
simplifies the simulation process and enhances speed [25,26].
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Figure 2. Stamping simulation, (a) mesh part and (b) stamping direction.

3.3. Simulation Outputs

The simulation outputs provided essential data for downstream FEM modeling, in-

cluding the following;:

The thickness distribution map reveals localized thinning and thickening, as shown
in Figure 3a, ranging from —23.4% to +43.3%, relative to the initial sheet thickness of
1.2 mm. This means that in the most deformed regions, the local thickness is reduced
to approximately 0.92 mm (1.2 mm x 0.77), while in thickened areas, it reaches
a maximum of approximately 1.72 mm (1.2 mm x 1.43). The red areas (thinning
above 37.3%) are concentrated around sharp bends and edges, indicating significant
stretching and potential failure risks. In contrast, blue areas (thinning below 6.9%)
represent flatter regions with minimal deformation. The major strain distribution
confirms these findings, as shown in Figure 3b, with strain values from —6.87 x 1072
to 8.77 x 107!, showing high-strain zones at upper edges and corners subjected to
tensile forces. Together, these maps identify critical areas prone to thinning and stress,
essential for evaluating structural integrity.
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Figure 3. Stamping simulation, (a) thickness distribution and (b) strain values.

e  Figure 4 displays the effective stress distribution across the stamped seat, highlighting
regions of varying stress intensity under simulated loading conditions. The stress values
range from a minimum of 14.5 MPa (blue regions) to a maximum of 567 MPa (red
regions), as indicated by the color gradient in the scale. Regions experiencing the highest
stress concentrations, represented by red and yellow zones, are primarily located around
sharp bends, edges, and connection points. These areas are subjected to significant
tensile and compressive forces during the stamping process, making them critical zones
for potential material failure or yielding. On the other hand, blue and green regions,
which exhibit lower stress levels, correspond to relatively flat areas or sections with less
deformation, where the material retains its original integrity more effectively.

ffective Stress

Figure 4. Effective stress resulting from the stamping simulation.
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3.4. Validation and Quality Control

The validation of the stamping simulation was performed using the Gom Argus system
by Zeiss Spa, Oberkochen, Germany, which combines optical measurement with dedicated
software for accurate strain analysis. This process began with the preparation of the sheet-
metal, where a pattern of equidistant points was engraved using laser technology to serve
as markers for orientation during the analysis, as shown in Figure 5a. After stamping
the part under the same conditions as those of the simulation, the surface was cleaned to
ensure accurate data acquisition, as shown in Figure 5b. The Gom Argus system captured
images from multiple angles, constructing a 3D representation of the part’s surface in real
time, highlighting any areas requiring further imaging for completeness. The acquired
data were then compared to the simulation results in a post-processing phase. As shown in
Figure 6, the comparison between the scanned and simulated strain distributions revealed
that while the overall correlation was within £0.5%, significant localized differences were
observed, particularly in high-strain regions. These discrepancies are evident in the red
zones of the scanned model, which indicate higher strain concentrations compared to the
simulation results. The primary reason for this deviation is that the simulation model
assumes idealized boundary conditions and material behavior, while the physical stamping
process introduces localized effects such as strain localization, friction variations, and
microstructural anisotropies, which are difficult to fully replicate in a numerical model.

(@) (b)
Figure 5. Sheet-metal: (a) raw sheet with engraved equidistant points and (b) stamped part.
(%] [5]
@) (b)

Figure 6. Comparison between (a) scanned and (b) simulated strains.
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Additionally, the simulation does not account for secondary deformations or slight
misalignments that may occur during the physical stamping process. The optical strain
measurement system captures real-world irregularities, whereas the FEM model relies on
idealized constraints that may lead to a slightly more uniform strain distribution. While
these localized discrepancies are present, the overall accuracy remains within acceptable
engineering limits, and the simulation results are still considered representative for struc-
tural performance assessments. Future refinements may include more detailed modeling of
friction effects, anisotropic hardening, and secondary deformation mechanisms to further
reduce these discrepancies.

This validation confirms the reliability of the stamping simulation for predicting
the material behavior of the component, ensuring sufficient alignment with real-world
conditions to optimize the design and manufacturing processes.

3.5. Property Mapping

The process of mapping the stamping simulation results in the structural FEM model
is illustrated in Figure 7. The process began with the use of the Result Mapper tool in
Hypercrash software of Altair Hyperworks 2021.1, which automatically maps thicknesses,
stresses, and strains directly onto the FEM mesh. To simplify the process, the same FEM
mesh was used for both stamping and structural models, ensuring seamless compatibil-
ity. The stamping simulation outputs were exported into two separate files: the first, in
OptiStruct format (.fem), contained nodal and element thickness data, while the second,
in Radioss format (.sta), held the strain data for each element. These files were processed
using a custom Octave/Matlab script, referred to as the Mesh program. The script extracted
the element IDs, thicknesses, and strain results from the stamping simulation data and
calculated the corresponding stress vector based on the elastoplastic hardening model. This
allowed for the adjustment of yield strength at the element level, accounting for localized
hardening effects induced during stamping. To ensure accurate mapping, a comparison
mechanism was incorporated into the script, analyzing individual elements and assign-
ing material properties through Property Cards and Mat Cards. These cards defined the
mechanical behavior of each element, including parameters such as Young’s modulus,
Poisson’s Ratio, material density, hardening slope, and yield stress. By organizing material
properties in ascending order and visually inspecting the results, the mapping ensured that
each element accurately reflected the stamping-induced changes in geometry and material
behavior. The complete workflow is represented in Figure 7.

~N
4

e A
Reading and calculating
stress

!
~
Reading and replacing the
property ID

Stamping Results

L

FEM mapped model

- J U
N [
-

AN

-
L

(~ Writing the file containing
mesh information with
new properties

1

Writing PROPERTY and

MAT CARD
. J

FINAL FEM MODEL

-
L

Figure 7. Workflow for stress calculation, property mapping, and FEM model generation.

The mapped model was validated through visual representation, where each element
was color-coded based on its assigned material properties. This visualization facilitated
quick checks to confirm the correct assignment of properties.
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4. Method Validation
4.1. Simulation

Based on the seat geometry and material property distribution obtained from the
stamping forming in Section 3, a structural FEM model was developed to conduct a virtual
verification of structural performance and simulate the static and dynamic tests required
by the AFNOR NF F 31-119 and EN 12663-1 standards [24,27]. The AFNOR NF F 31-119
standard defines the test conditions for approving both passenger and driver seats, applying
conventional loads at specific points on the seat. Conversely, the EN 12663-1 standard
provides guidelines for additional equipment and their fixation, with loads applied at the
center of gravity and scaled proportionally to the total weight of the seat, including the
occupant. For the tests focusing solely on the sheet-metal part, the AFNOR NF F 31-119
standard was used as the primary reference.

The test procedure defined by the AFNOR NF F 31-119 standard involves applying
a constant force of 1500 N to the center of the upper backrest in a front-to-back direction,
as shown in Figure 8. The yellow sheet-metal seat is bolted to the red base floor of the
test room using six virtual screws, while vertical movements are restricted by purple
L-plates connected to the base. The load is applied via a blue pad, simulating realistic
loading conditions. This setup tests the unreinforced sheet-metal part under particularly
high forces, pushing it to the limits of its structural integrity. In the stamping simulation,
the holes in the component remain unfilled, as these regions are critical for capturing stress
concentrations and serve as interfaces for connections or constraints. Around these holes,
elements are thickened to form washers, enhancing local stiffness and accommodating
increased stress. The meshing process begins with a two-dimensional (2D) mesh created
on one face of the component. Using the Solidmap tool, this mesh is extruded into a 3D
hexahedral (brick) element mesh, providing precise geometric representation and ensuring
accurate stress and deformation analysis during simulation. Table 3 summarizes the
material properties and mathematical models used for different structural components,
including steel sheet-metal, solid parts, and M8 screws.

Figure 8. Simulation setup with respect to AFNOR NF F 31-119 standard.
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Table 3. Material properties and mathematical models for structural components.
Part Material  E [GPal Yield Stress [MPa] Property Mathematical Model
Sheet-metal Steel 190 Variable PSHELL Variable
Base Steel 210 350 PSOLID Linear
L-Plate Steel 210 350 PSOLID Linear
Pad Steel 210 350 PSOLID Linear
M8 Screws Steel 210 640 PBEAM Linear

Figure 9 illustrates the balance of forces and reactions on the seat’s sheet-metal. A blocked
constraint contact, simulating a welded connection between components, significantly increases
stiffness, effectively treating the seat as if it were welded to the base. The base, with a thickness
of 20 mm, is modeled as particularly rigid. However, this type of contact overlooks stress hot
spots, especially those near the edge of the base and the L-Plate, where constraint reactions
occur. In practice, the screws do not create constraint reactions but instead generate significant
friction forces through tightening, which induce large reaction forces between the components.
In the FEM model, relative translation along the X-axis between the body and the L-Plate
is constrained using a TIE contact. This contact is connected to the base through Beam and
RBE2 elements, ensuring that it remains rigidly constrained. The nonlinear modeling captures
these behaviors, providing a more realistic representation of stress distributions and yielding in
critical regions.

Force generated by the
pneumatic piston

Constraint reaction of
the L-plate
Reaction due to screws

O

Constraint reaction of
the base

Figure 9. Free body diagram showing forces and reactions.

The structural analysis involves two primary loads: a force applied along the negative
X-direction and the gravitational force. The gravitational force primarily serves to simulate
springback behavior in the unloaded state, ensuring that the model reflects real-world
relaxation effects post-deformation. Constraints were applied to the plate by selecting
all nodes on its lower surface and blocking translations in the X, Y, and Z directions, as
detailed in Table 4. This constraint setup accurately represents the physical conditions of the
test, allowing the model to simulate the component’s response under applied loads while
maintaining stability and structural integrity during the analysis. Table 5 also summarizes
the loading details.

Table 4. Contact definition and constrained degrees of freedom (DOFs) for structural parts.

Master Slave Contact Constrained DOFs
Base Sheetmetal TIE (Linear)/SLIDE (NL) Translation along Z
L-Plate Sheetmetal TIE Translation along X and Z

Pad Sheetmetal TIE Translation along X and Z
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Table 5. Load and constraint definitions with linear and nonlinear modules.
Load Collector Direction/DOF Linear Modulus Nonlinear Modulus
Constraint Translation along X, Y and Z - -
Load Negative X 200 N 450 N
Gravity acceleration Negative Z 9.81 m/s? 9.81 m/s?

The evaluation of the structural performance of the stamped sheet-metal component
was conducted using two distinct modeling approaches: linear and nonlinear models.
These models were designed to investigate the impact of thickness mapping and material
property definitions on the accuracy and reliability of the FEM predictions. Comparing the
results of linear and nonlinear analyses provided insights into the elastic and elastoplastic
behavior of the component, enabling a more comprehensive understanding of its response
to applied loads. The linear models focused on the elastic range of the material, while the
nonlinear models captured yielding and stress redistribution in critical areas, incorporating
localized effects derived from the stamping simulation data.

Two linear models were developed to assess the influence of thickness mapping on
the component'’s elastic behavior. The linear simulation model used two different thickness
assumptions: one assuming a uniform initial thickness of 1.2 mm, and the other incorporating
thickness variations obtained from the stamping simulation, which ranged approximately
from 0.92 mm to 1.72 mm in extreme cases. However, to simplify the analysis and maintain
computational efficiency, only thickness variations within the range of 1.1 mm to 1.2 mm
were considered in the structural FEM model. This conservative range captures the majority
of the sheet’s deformation while excluding extreme thinning/thickening effects that would
require additional refinement in the meshing process. Both models utilized a linear elastic
material definition with identical Young’s modulus values. The loads were intentionally
kept small to ensure that the material remained in the elastic range, even during physical
tests. This approach was necessary due to the presence of hardened areas in the stamped
component, which still contained zones with lower yield stresses. The mapped model
exhibited higher compliance due to the reduced thickness in some areas, consistent with
experimental observations. The exclusion of L-Plates in these models, justified by the low
magnitude of the applied loads, simplified the analysis without introducing significant errors.
The results highlighted the importance of incorporating thickness variations, as the mapped
model provided a more accurate representation of the component’s elastic behavior.

The nonlinear models extended the analysis to include material yielding and stress
redistribution. The standard model utilized elastoplastic hardening properties derived
from the stamping simulation but assumed a constant thickness of 1.2 mm (Figure 10). In
contrast, the mapped model employed an elastic—plastic material definition with thick-
ness variations. In the nonlinear simulation, a conservative approximation is employed
by modeling the exponential part of the stress—strain relation with a straight line. This
approximation assumes perfect plastic behavior after yielding, without considering strain
hardening effects. While this approach enhances numerical efficiency and stability, it does
not accurately capture the progressive hardening that real materials exhibit. As a result,
the simulation may underestimate the material’s resistance to further deformation in the
plastic region. To improve post-yield predictions, future refinements could incorporate a
more advanced hardening law, such as isotropic—kinematic hardening. Additionally, while
thickness variations and local yield strength distributions from the stamping simulation
were integrated into the structural FEM model, the complete deformation history was not
directly transferred. This decision was primarily driven by computational limitations and
challenges in ensuring compatibility between forming and structural simulations. The
omission of pre-strain effects and residual stresses may introduce discrepancies in structural
analysis, particularly in regions where significant strain path changes influence material
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response. Future efforts will explore methods to incorporate the full deformation history
into FEM analyses to enhance predictive accuracy.

(b)

Figure 10. Visualization of the (a) standard and the (b) nonlinear By-Prop models.

By explicitly acknowledging these approximations and their implications, this work
aims to strike a balance between computational efficiency and predictive accuracy, while
continuously improving material modeling approaches in structural FEM simulations.

The nonlinear models incorporated additional numerical controls to enhance solution
accuracy, as reported in Table 6. Key parameters included NINC, the number of load
increments, typically set between 10 and 20 for quasi-static simulations, and DTMAX, the
maximum time step, which ensured detailed results. The NINT parameter enabled the post-
processing analysis of incremental loads, allowing evaluations of both linear and nonlinear
phases. Unlike the linear models, the nonlinear setups included L-Plates to account for
stress hotspots at component edges, where yielding was most likely to occur. These models
provided a comprehensive understanding of structural behavior under higher loading
conditions, accurately capturing critical stress and deformation patterns.

Table 6. Numerical control details of loading and unloading steps.

NL PARAM NL ADAPT NL OUT
Load Step
NINC DT DTMAX NINT
Loading 20 0 0.05 20
Unloading 10 0 0.1 10

4.2. Experiments

Static tests were carried out to validate the structural simulation and the complete
process of mapping the material model from the stamping to the structural simulations.
These tests were based on the AFNOR NF F 31-119 standard. The experimental setup,
shown in Figure 11, included two dial indicators with 0.01 mm precision and an up to
80 mm range, another dial indicator with 0.001 mm precision and an up to 80 mm range, a
pneumatic cylinder, and a load cell with 0.1 kg precision and an up to 200 kg range.
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Pneumatic
cylinder
Load
cell
Dial
indicators

(b) (c)

Figure 11. Experiment setup in the tests of the thrust of (a) the backrest along the x-negatives, (b) the
backrest along the x-positive and (c) the armrest along the y-positives.

The setup was organized as follows. The sheet-metal seat was fixed to the platform by
the base, which was also virtually modeled, and lifted by two additional 10 mm thick plates
to prevent the lower edge from touching the floor during loading. The body was tightened
between the base and the L-Plates using six bolts, which provided the main anchorage.
To anchor the pneumatic piston and the comparator, two beams were used, which were
positioned transversely to the direction of the load.

First, several tests were carried out in the linear field before the destructive ones:

Thrust of the backrest along the X-negatives, as shown in Figure 11a;
Thrust of the backrest along the X-positives, as shown in Figure 11b;
Thrust of the armrest along the Y-negatives;

Thrust of the armrest along the Y-positives, as shown in Figure 11c.

L

The first load case was also used for the destructive test. Loads were applied step-by-
step in small units, with each step repeated three times. The force was applied slowly to
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avoid shocks, and sufficient resting time was allowed before reading the numbers from the
dial comparators. After each step, the force was removed, and the setup was inspected to
confirm its complete return to the zero position, ensuring the reliability of the instruments
and the procedure.

A similar procedure was implemented for the destructive test, gradually increasing
the load until the sheet-metal seat reached its breaking point. Deformations at important
points were recorded as a function of the load cell values and then were compared with
FEM simulation results for validation.

For conciseness, only the results of the initial tests are included in this paper. The
validation was conducted at three primary measurement points: Point A, situated at the
application point of the pneumatic cylinder at a height of 652 mm from the floor; Point
B, positioned approximately halfway up the backrest at a 204 mm height; and Point C,
located at the folding junction between the backrest and the seat, representing the lowest
part of the backrest. Points A and B measured deformations along the X-axis, while Point
C captured deformation along the Z-axis, as shown in Figure 12.

(0)

Figure 12. Positioning of the (a) first and second, and (b) third dial comparators. (c) Measurement points.

As previously described, several tests were conducted, exceeding those strictly re-
quired to validate the structural simulation.

The first subtest (backrest push along the X-positive direction) is identical to the test
described in previous subchapters, except for the opposite direction of the load application.
The workstation setup remained unchanged; the body was simply rotated 180°, and the
instrumentation was repositioned while maintaining the comparator heights. The first load-
ing is always regarded as “invalid” as it allows the body to settle into position. Following
this initial step, the comparators are reset, and the official measurements commence. The
test results are presented in Table 7.

In this test, the loads were kept lower than those applied along the negative X direction,
as the body exhibited greater compliance. The observed residual deformations were
relatively “high,” potentially indicating a failure risk. However, in the elastic range, residual
deformations should theoretically return to zero after the spring back phase. According
to the AFNOR NF F 31-119 standard, the residual deformations must remain below 5%
of the maximum deformation under load. The standard explicitly states the following:
“The residual deformation must always be negligible”, i.e., at most, 5% of the maximum
deformation in the presence of stress reached at the moment of the application of the forces.
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Table 7. X-positive backrest push test results.
Applied Load Point A Point B Point C
Test [kgl [N] Displacement [mm] Residual [-] Displacement [mm] Residual [-] Displacement [mm] Residual [-]

1 14.7 144.2 6.27 - 1.41 - 0.968 -

2 15.6 153.0 6.26 0.04 1.29 0.03 0.893 0.003
3 18.2 178.5 7.14 0.06 1.48 0.03 1.009 0.007
4 222 217.7 8.64 0.09 1.77 0.02 1.209 0.007
5 25.0 245.2 9.66 0.17 2.05 0.04 1.380 0.020
6 15.5 152.0 6.32 0.16 1.29 0.04 0.888 0.021
7 20.1 197.1 1971 0.16 1.66 0.05 1.129 0.022
8 23.7 232.4 9.19 0.16 1.92 0.04 1.292 0.025
9 26.4 258.9 10.18 0.21 2.16 0.05 1.442 0.033
10 15.6 153.0 6.38 0.21 1.31 0.05 0.899 0.033
11 18.5 1814 7.44 0.20 1.54 0.05 1.044 0.033
12 222 217.7 8.71 0.21 1.81 0.05 1.224 0.033
13 25.2 247.1 9.77 0.22 2.05 0.05 1.376 0.034
14 15.3 150.0 6.36 0.22 1.29 0.05 0.894 0.036
15 18.8 184.4 7.60 0.22 1.56 0.05 1.066 0.036
16 22.0 215.8 8.62 0.23 1.79 0.05 1.208 0.038
17 25.3 248.1 9.84 0.24 2.07 0.05 1.388 0.040
18 15.8 155.0 6.60 0.24 1.34 0.06 0.932 0.038
19 18.8 1844 7.52 0.24 1.54 0.05 1.058 0.040
20 24.0 235.4 9.35 0.22 1.95 0.05 1.315 0.040
21 28.0 274.6 10.87 0.28 2.30 0.07 1.558 0.055

Table 8 outlines the threshold values specified by the AFNOR regulation, demonstrat-
ing that the maximum residual deformations observed during testing remain well below
the allowable limits. This confirms the validity of the measurements for the body test.

Table 8. Maximum displacement and threshold values in first and secondary tests.

Point A Point B Point C
Maximum displacement [mm] 10.87 2.30 1.558
Threshold 5% [mm] 0.54 0.12 0.078
Maximum residual [mm] 0.28 0.07 0.055

The second and third tests follow a similar procedure, differing only in the direction
of the applied force and the corresponding positioning of the comparators. These tests
involve loading the armrest in both positive and negative directions along the Y-axis, while
the reference system remains consistent with the automotive coordinate system. Due to the
change in test configuration, the sampling points differ from those specified in previous
tests (as shown in Figure 12). Point A, located near the pneumatic piston’s application area,
remains conceptually unchanged. However, Points B and C are now positioned along the
external edge of the body in decreasing order of height. Specifically, Point C is located at
the center of the ribs in the lower part of the seat, where the seat cushion and backrest meet.
Tables 9 and 10 show the measurements taken during the tests for Y-positive armrest push
and Y-negative armrest push, respectively.

Tables 8, 11 and 12 validate the accuracy and reliability of the measurements performed
during the tests. However, from the other tables, it can be seen that the residual deformation
measurements are not exactly increasing. This irregularity is attributed to settlement
“bumps”, which occurred due to the lifting of the probe shaft using the lifting knob. The
data clearly indicates when these settlement bumps began, a phenomenon that was not
anticipated in earlier tests. Despite this, the overall measures remain consistent and within
acceptable thresholds, confirming the validity of the testing process.
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Table 9. Y-positive armrest push test results.
Applied Load Point A Point B Point C
# Test [kgl [N] Displacement [mm] Residual [-] Displacement [mm] Residual [-] Displacement [mm] Residual [-]

1 57 55.9 9 - 1.54 - - -

2 4.6 45.1 7.21 - 1.27 - - -

3 5.5 54.0 8.72 0.01 1.54 0.01 0.393 0.035
4 8.0 78.5 12.95 0.01 2.23 0.02 0.601 0.036
5 10.1 99.1 15.21 0.40 2.70 0.05 0.751 0.025
6 4.6 45.1 8.16 0.01 1.40 0.01 0.397 0.010
7 7.5 73.6 11.83 0.00 2.02 0.00 0.585 0.017
8 9.9 97.1 14.77 0.04 251 0.01 0.739 0.002
9 4.9 48.1 8.17 0.03 1.42 0.01 0.403 0.013
10 7.4 72.6 12.3 0.06 2.06 0.01 0.618 0.014
11 102 100.1 14.78 0.03 2.88 0.02 0.853 0.001
12 4.8 47.1 9.51 0.02 1.59 0.03 0.465 0.002
13 7.0 68.7 11.52 0.03 1.93 0.04 0.568 0.003
14 11.0  107.9 14.78 0.08 2.99 0.02 0.876 0.001
15 5.0 49.1 8.97 0.06 1.48 0.01 0.436 0.004
16 7.8 76.5 13.84 0.08 2.29 0.02 0.680 0.002
17 10.1 99.1 14.78 0.08 2.84 0.02 0.841 0.002

Table 10. Y-negative armrest push test results.
Applied Load Point A Point B Point C
# Test [kgl [N] Displacement [mm] Residual [-] Displacement [mm] Residual [-] Displacement [mm] Residual [-]

1 5.3 52.0 5.35 - 1.57 - - -

2 5.3 52.0 8.16 0.02 2.29 0.01 0.673 0.032
3 5.3 52.0 5.33 0.02 1.53 0.01 0.460 0.032
4 7.0 68.7 6.92 0.02 1.95 0.01 0.577 0.032
5 10.1 99.1 9.56 0.02 2.66 0.01 0.779 0.032
6 5.0 49.1 5.05 0.02 1.45 0.00 0.437 0.032
7 6.0 58.9 5.88 0.02 1.68 0.00 0.508 0.032
8 7.0 68.7 7.27 0.01 2.04 0.00 0.599 0.014
9 103 101.0 9.82 0.01 273 0.00 0.800 0.015
10 5.8 56.9 5.74 0.01 1.64 0.00 0.486 0.015
11 7.7 75.5 7.49 0.01 211 0.00 0.621 0.015
12 10.1 99.1 9.70 0.01 2.71 0.00 0.796 0.015
13 5.8 56.9 5.84 0.01 1.67 0.00 0.497 0.015
14 7.9 77.5 748 0.01 2.13 0.00 0.623 0.015
15 102 100.1 9.74 0.01 2.72 0.00 0.795 0.015
16 6.5 63.8 6.44 0.01 1.85 0.00 0.549 0.015
17 7.0 68.7 6.57 0.01 1.89 0.00 0.552 0.015
18 10.1 99.1 9.43 0.01 2.45 0.00 0.772 0.015

Table 11. Maximum displacement and threshold values Y-positive armrest push test.

Point A Point B Point C
Maximum deflection [mm] 15.21 2.99 0.876
Threshold 5% [mm] 0.76 0.15 0.044
Maximum residual [mm] 0.40 0.05 0.036

Table 12. Maximum displacement and threshold values for Y-negative armrest push test.

Point A Point B Point C
Maximum displacement [mm] 9.82 2.73 0.800
Threshold 5% [mm] 0.49 0.14 0.040
Maximum residual [mm] 0.02 0.01 0.032

5. Results and Discussion
5.1. Linear Models

To evaluate the structural behavior of the seat component, the results from the

linear

models were analyzed first. These models provided insights into the elastic response of the

structure, highlighting the impact of mapped thickness variations compared to uniform

thickness assumptions.
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The stamping simulation revealed a general thinning of the sheet-metal, along with a
slight increase in thickness in the intersection area between the backrest and the seat. These
results show that the calculations were completed successfully, with the ¢ index achieving
convergence to eight decimal orders. The ¢ index represents the error that is computed to
solve the matrix equation that gives the displacement vector. The lower the index the lower
the error of the solution reached with the FEM model.

On average, the mapped model exhibited greater flexibility, primarily due to the
reduced overall thickness caused by stretching during the stamping process.

Compared to the real data, the FEM models generally demonstrated greater stiffness,
except at Point B, where the deviations were relatively minor. The deviations were particu-
larly pronounced at Point C, highlighting limitations in the model’s ability to capture the
deformation in this area accurately. The following points are specifically relevant to note:

e At Point A, the measured displacement was 5.60 mm, while the uniform thickness
model simulated a displacement of 4.88 mm (a 12.90% deviation); the mapped thick-
ness model simulated the value 5.11 mm, reducing the deviation to 8.70%.

e At Point B, the measured displacement was 1.26 mm, with the uniform thickness
model simulating a displacement of 1.35 mm (a 7.30% deviation); the mapped model
produced the value 1.42 mm, resulting in a 12.60% deviation.

e At Point C, the measured displacement was 0.413 mm, but the uniform thickness
model simulated a displacement of only 0.175 mm (a 57.60% deviation); the mapped
model, though slightly better, simulated a displacement of 0.194 mm, still resulting in
a high deviation of 53.10%.

All the details mentioned above are summarized in Table 13.

Table 13. Difference between Measured and Simulated data in points A, B, C in Uniform and Mapped model.

Point A Point B Point C
Model Measured Simulated Deviation Measured Simulated Deviation Measured Simulated Deviation
[mm] [mm] [%] [mm] [mm] [%] [mm] [mm] [%]
Uniform 4.88 12.90 1.35 7.30 0.175 57.60
Mapped 560 511 8.70 1.26 1.42 12.60 0.413 0.194 53.10

The strain distributions, shown in Figure 13, revealed slight differences in the defor-
mation contour lines. The regions of deformation were marginally larger in the mapped
model than in the uniform thickness model, indicating the influence of localized thinning
on the structural response. Stress distributions, shown in Figure 14, highlight significant
stress concentrations around the anchor holes. These high localized stresses are primarily
attributed to the discretization method of the constraint elements. Specifically, rigid-body
element 2 (RBE2) introduced considerable stiffness, generating stress hot spots just outside
the application points. To ensure that yielding does not occur in these areas, further analysis
of the potential indentation of the bolted connections is recommended. Overall, the results
demonstrate the need for mapped thickness models to better capture the deformation and
stress behavior of the stamped sheet-metal component. While the mapped model showed
improvements over the uniform thickness model, particularly at Points A and C, further
refinements in the FEM setup are necessary to address discrepancies in areas with complex
stress and strain distributions.
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Figure 13. Strain of the sheet-metal seat from the (a) uniform and (b) mapped thickness models.
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Figure 14. Stresses of the sheet-metal seat from the (a) uniform and (b) mapped thickness models.

5.2. Nonlinear Models

To develop a deeper understanding of the plastic behavior of the seat component,
nonlinear models were analyzed. These models incorporated both geometric and material
nonlinearities, with one assuming uniform properties and the other utilizing mapped
thickness and mechanical properties derived from the stamping simulation. By considering
localized yield stresses and the effects of work hardening, the nonlinear models provided a
more accurate representation of the structural behavior under high loads, capturing stress
redistributions and plastic deformations in critical regions.

The results of the nonlinear simulations reveal that all the predicted values are lower
than those observed in real experiments, indicating that the models exhibit greater rigidity
compared to the actual sheet-metal. A detailed comparison of the two nonlinear models
highlights key differences. At Points A and B, the uniform property model deforms more
than the mapped model. This behavior is attributed to the assumption that the uniform
model’s material is equivalent to virgin sheet-metal, with yielding occurring above 153 MPa,
which increases displacement. Conversely, at Point C, the uniform model predicts lower
values, likely due to localized breakage in an area above the sampling point. This failure
prevents further downward transmission, reducing the measured displacement.

Despite higher relative errors, the mapped model provides results that align more
closely with real-world observations. The relative errors in the mapped model’s predictions
are more consistent across sampling points, while those in the uniform property model vary
significantly, with deviations spanning approximately thirty percentage units. However, the
magnitudes of the measurements differ significantly across sampling points, ranging from
12 mm at larger displacements to just 0.5 mm at smaller ones. The similarity in displacement
at Points A and B in the uniform property model appears coincidental, stemming from the
elasto-plastic hardening material behavior assumed in this model. In this approach, once
the yield strength is exceeded, the tension continues to increase, enhancing the resistance.
In contrast, the mapped model incorporates elasto-plastic material behavior, reacting with
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a constant resistant load once the yield value is reached. This distinction results in differing
deformation trends between the two models.

Residual data analysis indicates that both simulations underestimate the real-world be-
havior, showing weaker and more deformable characteristics. The material models used in
the simulations allow for earlier failure compared to that observed in reality. Notably, the
uniform property model poorly represents the experimental results, as evidenced by significant
virtual deformation and compromised elastic return, indicating inappropriate material model
and reference data choices. In contrast, the mapped model demonstrates better agreement
with real behavior at Points A and B, though it deviates more significantly at Point C. The
discrepancies at Point C may arise from experimental errors or limitations in the simulation data,
particularly when dealing with displacement on the order of hundredths of a millimeter, which
are negligible relative to the overall body size. Figures 15 and 16 compare the plastic strain and
deformation contours for both simulations. The iso-strain areas in the mapped property model
are significantly smaller than those in the uniform model, reflecting localized yielding near the
base and L-Plate edges, which are expected regions for constraint reaction interfaces. The legend
scale was standardized across both models for the direct comparison of plastic deformations
and strains, further highlighting the differences in behavior between the models. These findings
emphasize the need for accurate material modeling and refined stamping simulation data to
improve alignment with real-world behavior.
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Figure 15. Plastic strain of the sheet-metal seat from the (a) uniform and (b) mapped nonlinear
material properties.
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Figure 16. Deformations of the sheet-metal from (a) uniform and (b) mapped nonlinear material properties.

The red areas on the left in the simulation results represents the regions where stress
has exceeded the yield value. Interestingly, in the mapped model, multiple areas reach
maximum stress, but only subset transitions into the plastic deformation field. This dis-
tinction highlights the effects of localized material behavior. For example, the ribbed area,
which experienced significant deformation during the stamping process, exhibits a high
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level of hardening. As a result, its yield stress exceeds the maximum stress observed, as
shown in Figure 17.

Subcase 1 (200N_x_negative): Load Facfofi: 1.0000

Figure 17. Stresses on the sheet-metal seat in different views from the (a) uniform and (b) mapped
nonlinear material properties.

Overall, the mapped model demonstrates a more realistic and robust performance
compared to the standard model. While the mapped model does exhibit a high error,
it remains consistent and stable, making it a more reliable approximation of real-world
behavior under complex loading conditions, as summarized in Table 14. This underscores
the importance of incorporating accurate material and geometric properties derived from
stamping simulations into FEM analyses.

Table 14. Comparison of measured and simulated displacement and residual values at key points.

Displacement Residual
Model Measured Simulated Deviation Measured Simulated Deviation
[mm] [mm] [%] [mm] [mm] [%]
Point A
Uniform 11.83 5.20 2.79 304.20
Mapped 12.48 11.14 10.70 0.69 0.78 13.50
Point B
Uniform 2.61 14.00 0.75 275.30
Mapped 3.04 2.39 2150 020 0.22 9.60
Point C
Uniform 0.53 37.30 0.19 557.20
Mapped 0.847 0.71 15.70 0.029 0.09 215.7

6. Conclusions

The primary aim of this work was to demonstrate the necessity of accounting for the
phenomenon of work hardening in simulating components derived from cold stamping
processes of sheet-metal. Work hardening introduces localized material properties that
depend directly on the degree of deformation that occurs during manufacturing. To address
this, a stamping simulation was performed to extract deformation data, which were then
mapped onto the body using a semi-automatic method.

The comparison of the two linear models, one with constant thickness and the other
with thickness derived from the stamping simulation, revealed minimal differences in the
elastic field. Both models showed similar global behavior, with deviations in displacement
measurements at Point C being excessively high and failing to accurately represent real
behavior. Specifically, the measured displacement at Point C was 0.413 mm, whereas the
uniform thickness model simulated a displacement of 0.175 mm (a deviation of 57.60%)
and the mapped thickness model simulated a displacement of 0.194 mm (a deviation of
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53.10%). Differences the in iso-strain and iso-stress curves were negligible. Ultimately,
thickness mapping alone did not provide a significant improvement in linear simulations
for this specific case, as both models converged to reality with comparable precision.

In contrast, the nonlinear models demonstrated more substantial differences. The
model with uniform geometric and mechanical properties consistently over-predicted the
yield, leading to excessive deviations, particularly at Point C, where results were considered
unacceptable. The mapped model, while also exceeding the 10% error threshold, showed
greater consistency across all sampling points, with errors typically in the range of 10-20%.
For example, at Point A, the measured displacement was 5.60 mm, while the uniform
model simulated a displacement of 4.88 mm (a deviation of 12.90%) and the mapped model
simulated a displacement of 5.11 mm (a deviation of 8.70%).

Residual measurements further emphasized the limitations of the standard model,
which exhibited excessive yielding and poor agreement with experimental results. The
mapped model, however, provided a better approximation of the real shell’s behavior.
While the errors were higher than desired, they remained stable and within a predictable
range, suggesting that the mapped model converged to reality with an offset caused by
factors such as simulation approximations or data quality from the stamping process.

This work highlights that predicting the plastic behavior of a hardened component
using a model with uniform properties is not feasible. The excessive approximations inher-
ent in uniform models fail to capture the inhomogeneities caused by work hardening. The
mapped model demonstrated the necessity of incorporating data from stamping simula-
tions, particularly for regions with localized variations in material properties. However,
the process requires further refinement, particularly in mapping accuracy and validation
methodologies, to achieve greater reliability and alignment with real-world behavior.

In conclusion, while the results presented some approximations, they provide en-
couraging insights into the potential of mapped property models. These models are a
step forward in accurately simulating the complex mechanical behavior of components
derived from cold stamping processes, laying the foundation for further research and
optimization of the mapping process. To conclude, while the percentage of deviations
are significant, the actual residual values remain lower than predicted, showing that the
material’s real mechanical properties surpass initial expectations based on traditional mod-
eling approaches. These enhanced properties cannot be overlooked from an engineering
perspective, as they contribute to improved structural performance. Although this study
represents a significant advancement in the state of the art, further research is necessary to
fully integrate non-uniform material properties into FEM models, ensuring greater accuracy
and predictive reliability
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