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To maximize the performance of steel products and enhance the performance of automo-
biles, this report introduces Model-Based Development (MBD) technologies developed from
the perspective of a steel manufacturer. These technologies include stiffness evaluation
techniques that use numerical analysis to identify weaknesses in vehicle body stiffness, pre-
diction techniques for material fracture that affect deformation modes during vehicle colli-
sions, and factor analysis techniques that identify the causes of reduced shape fixation in
parts produced by press forming. The report demonstrates how these technologies are uti-
lized in the automobile development process and verifies their effectiveness.

1. Introduction

In recent years, automobiles have been required to satisty in-
creasingly diverse performance demands, including lightweight de-
sign combined with high crashworthiness, handling stability, noise
and vibration (NV) performance, and superior fuel economy, while
satisfying these requirements at a high level. Accordingly, automo-
tive development involves adjusting various parameters—such as
materials, sheet thickness, and structural geometry—to achieve an
optimal balance among these requirements. In the medium to long
term, the electrification of automobiles is expected to accelerate,?
which will further complicate body design optimization. Specifical-
ly, as electric vehicles are equipped with heavy battery packs, in-
creasing requirements for higher stiffness and structural durability
pose significant challenges for body design optimization. In addition
to these circumstances, there is a strong demand for shortening de-
velopment cycles and reducing development costs. Consequently,
the automotive industry has recently been accelerating the adoption
of Model-Based Development (MBD) techniques.>> MBD is a de-
velopment methodology that integrates design, simulation, and veri-
fication primarily using Computer Aided Engineering (CAE) tech-
nology. Compared with the conventional trial-and-error process of
iterative design and prototype verification, MBD enables more effi-
cient and highly accurate design. Appropriate use of MBD tech-
niques throughout the entire process from the initial planning stage
to the final design can reduce physical verification steps, such as
prototyping and experimental evaluation, thereby shortening devel-

opment lead time and reducing costs.

As shown in Fig. 1, Nippon Steel Corporation has developed
MBD technologies from a steel manufacturer’s perspective to fully
utilize the material properties of steel products and enhance automo-
tive performance. These include:

 Stiffness evaluation technology,®® which employs numerical
analysis to identify weaknesses in vehicle body stiffness that
influence driving stability and NV performance under operat-
ing conditions,

» Collision and fracture prediction technology,®'¥ which assess-
es resistance to deformation under collision conditions and
predicts fracture behavior of materials and spot welds during
impact events,

*  Forming limit and dimensional accuracy prediction technolo-
gy for press forming of automotive components, and

* High-precision spot welding FEM analysis system,'® which
performs coupled analysis of electric, thermal, and stress fields
while considering material phase transformations during spot
welding of steel sheets,

and offer effective solutions to technical challenges in automotive
development.

This paper presents analyses and examples of countermeasure
using NSafe™-SV-espace, a strain-of-space-based analysis technol-
ogy for stiffness evaluation designed to identify stiffness weakness-
es. This approach enables efficient investigation of countermeasures
to mitigate reductions in body stiffness resulting from the thinning
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Fig. 1 Application of model-based development in automotive engineer-
ing processes

of steel sheets for weight reduction. Next, to support structural de-
sign that maximizes the performance of ultra-high-strength steel
sheets,'”!® whose application rate has been increasing to improve
crashworthiness, a technology for predicting fracture initiation from
punched edges using NSafe™-MAT is presented. This technology
predicts steel sheet fracture behavior during collisions using CAE
simulations. Finally, NSafe™-SD-Analyzer is introduced as a tool
for addressing one of the challenges resulting from the increased ap-
plication of high-strength steel—springback deformation of compo-
nents after press forming, which represents a reduction in shape fix-
ation. This tool analyzes the factors causing springback and supports
efficient die modification and component design adjustments.

2. Stiffness Evaluation Technology
2.1 Challenges associated with thin-gauge steel in automotive

structures

Steel has historically served as a fundamental material in auto-
motive manufacturing. The adoption of ultra-high-strength steel,
thin-gauge steel sheets has enabled improvements in crashworthi-
ness and enhanced fuel and energy efficiency through vehicle
weight reduction.!” However, the use of thinner steel sheets may
compromise body stiffness, potentially affecting handling stability
and ride comfort.'” Consequently, improving body stiffness has be-
come a critical design objective, and numerous methods have been
reported by automotive OEMs.?2) During vehicle development,
stiffness and vibration analyses simulating load inputs encountered
during driving are performed from the early stages to meet the stiff-
ness targets established during product planning. In these analyses,
input loads are transmitted through elements and nodes representing
components and their connections (e.g., spot welds, bolts, adhe-
sives), resulting in static or dynamic deformation of the entire vehi-
cle model. Such deformation generates strain energy within each
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body component, inducing reaction forces that seek to restore the
original geometry. At this stage, maximizing structural stiffness is
equivalent to minimizing strain energy within the structure.?" In-
creasing the thickness of components exhibiting high strain energy
density or modifying their geometry to improve stiffness is widely
recognized as an effective countermeasure. However, a limitation
exists: regions with weak inter-component connections may form
stiffness weak points, yet exhibit low strain energy, rendering them
difficult to detect through strain energy density analysis. Therefore,
the effectiveness of NSafe™-SV-espace is evaluated—a method that
identifies stiffness weak points by analyzing relative displacement
between components and derives structural countermeasures for
these regions.

2.2 Method for identifying stiffness weak points based on rela-
tive displacement between components
Figure 2 illustrates the conceptual representation of relative dis-
placement occurring between components. Although a multi-com-
ponent structure exhibits overall displacement as a unified system,
relative displacement arises from variations in inter-component con-
nection strength and strain distribution within individual elements.
The rate of change in relative displacement is defined as strain of
space—a quantitative metric representing inter-component displace-
ment—as expressed in the following equation.
‘" Lai ’

n

1

7 i=1 Lai

This metric denotes the average rate of change in distance between
an evaluation node and nodes located within the designated evalua-
tion region. A lower strain of space reflects stronger inter-component
linkage, indicating improved structural coupling. The evaluation re-
gion should be configured to correspond to the scale of the intended
structural countermeasure.® Figure 3 presents a comparison be-
tween strain energy density and strain of space under torsional load-
ing in a closed-section structure comprising two hat components
joined by a single backplate, with emphasis on the weak coupling
region where the two hat components are adjacent. Strain energy
density remains relatively low in these weak connections and is
mainly used to visualize critical areas under the assumption of main-
taining the existing structural configuration. Conversely, strain of

&\
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Fig. 2 Schematic image of relative displacement between parts
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Fig.3 Comparison of evaluation methods for weak point of bonding
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space shows elevated values in these weak connections, allowing
the identification of such regions even within complex assemblies
such as body-in-white (vehicle bodies incorporating stiffening com-
ponents) and supporting the visualization of areas requiring struc-
tural reinforcement.

2.3 Development of a method for deriving countermeasure

structures for stiffness weak points

The method described in the previous section identifies stiffness Rr side member
weak points but does not provide specific structural countermeasure. (Part A)
Consequently, its capability to reduce the time and cost required to
derive effective countermeasure structures remains limited. There-
fore, a method was developed that employs strain of space to derive
structural countermeasures aimed at improving stiffness. Multiple
rigid beam elements are generated, originating from nodes exhibit-
ing high strain of space. The endpoints of these elements are nodes
located within a predefined range around the originating node, se-
lected according to the highest rate of distance change relative to the
originating node. Additionally, to prevent redundancy, each compo-
nent is assigned only one endpoint, or the distance between end-
points is constrained to exceed a specified threshold. The stiffness
improvement rate for each generated rigid beam element is evaluat-
ed, and elements demonstrating significant stiffness enhancement
are extracted. By semi-automating this sequence of processes, struc-
tural countermeasures suitable for implementation can be derived
with reduced lead time and cost.

Rr floor panel
(exc luded)

Fig. 4 Analysis area
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2.4 Countermeasure study and effect verification using each ."° Valua

evaluation method

This section investigates countermeasure structures and verifies Fig. 5 Strain energy density distribution in body torsion
their effectiveness using evaluation methods such as strain energy
density and strain of space to improve stiffness. The analysis focuses
on the platform’s rear structure shown in Fig. 4, where the body’s
torsional stiffness is evaluated. Torsional stiffness is measured by
constraining the rear damper mounting points and applying counter-
parallel loads to the front dampers on both sides, thereby inducing
torsion about the longitudinal axis.

First, a countermeasure study was conducted using the conven-
tional strain energy density method. The strain energy density distri-
bution during body torsional deformation, shown in Fig. 5, indicates
high strain energy density in the rear side member (Part A), the con-
nection between the rear cross member and Part A (Part B), and the
stiffening component inside Part A (Part C). Since regions with high
strain energy density can be regarded as critical for stiffness, an at- Fig. 6 Strain of space distribution in body torsion
tempt was made to improve stiffness by increasing the sheet thick-
ness of the above components. Specifically, the rear side member
thickness was increased from 1.4 mm to 1.6 mm, Part B from 1.2
mm to 2.0 mm, and Part C from 1.25 mm to 2.0 mm. The resulting
torsional stiffness improvement rate and mass increase were quanti-
tatively evaluated.

Next, a study was performed using strain-of-space-based analy-
sis. The strain of space distribution shown in Fig. 6 evaluates and
visualizes strain of space distribution at each node, focusing on
components forming the body frame within a 100 mm evaluation
radius. High strain of space was observed on the inner side of the
rear side member. Figure 7 presents the rigid beam elements with
high stiffness improvement potential, derived through the structural
derivation method targeting regions of insufficient stiffness intro-
duced in the previous section. Reinforcing the connections between
the rear side member’s inner side (P ), where strain of space is high, Fig. 7 Connections with high stiffness improvement
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Fig. 8 Modified structure based on strain of space
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Fig. 9 Torsional stiffness improvement rate and mass increase for each

modification

and points with large distance change rates relative to P,—namely
the rear side member’s outer side (P)) and the cross member at the
front of the rear floor panel (P,)—is anticipated to enhance torsional
stiffness significantly. Figure 8 shows the evaluation results for tor-
sional stiffness improvement and mass increase achieved by adding
a new component (Part D) inside the rear side member and a joint
reinforcement (Part E) between the front cross member and the rear
side member.

Figure 9 summarizes the torsional stiffness improvement rate
and mass increase achieved by the proposed countermeasure struc-
tures. Compared to increasing the sheet thickness in components
with high strain energy density, adding components based on strain
of space resulted in superior mass efficiency for improving torsional
stiffness. These findings confirm the effectiveness of NSafe™-SV-
espace, a method for identifying stiffness weak points and deriving
countermeasure structures by focusing on strain of space.

3. Collision Performance Prediction Technology
3.1 Challenges and countermeasures in crash performance due
to ultra-high-strength steel adoption
The application ratio of ultra-high-strength steel in automotive
bodies is increasing year by year.'”'® In crash tests, if structural
members do not deform in the intended mode, sufficient energy ab-
sorption may not be achieved. When ultra-high-strength steel is ap-
plied to body structural members, there is concern about material
and spot weld fractures in areas such as the bumper and front side
members during frontal impacts, and the center pillar and side sills
during side impacts. Fracture can disrupt the intended deformation
mode, making body design more difficult than before. A characteris-

-84-

tic of material fracture in ultra-high-strength steel is bending frac-
ture caused by localized buckling deformation in the crushed area.
Additionally, when holes or notches are present in areas subjected to
tensile forces due to intrusion of the colliding object into the vehicle
body, edge fracture may occur starting from strain concentration at
the material edges, potentially leading to a decrease in performance
(e.g., crash reaction force).?”

It is essential to predict these fracture phenomena in advance us-
ing FEM analysis and implement countermeasures. For this purpose,
NSafe™-MAT has been developed, a material fracture prediction
software that can be applied even with relatively coarse mesh sizes,
assuming use in large-scale models such as full car models.?:2» Un-
til now, fracture prediction functions have been developed for in-
plane deformation and bending deformation of steel sheets. This re-
port introduces a newly developed edge fracture prediction function
addressing stretch flange deformation at holes and notches, which is
a concern with ultra-high-strength steel.

One of the key material properties of steel sheets is local ductili-
ty, which accounts for damage caused by edge shearing, and is com-
monly evaluated using the hole expansion ratio. However, the hole
expansion test involves axisymmetric deformation, where strain is
scarcely distributed circumferentially before fracture occurs. In con-
trast, during actual crash deformation of structural components, var-
ious strain gradients arise due to notched geometries in addition to
the damage introduced during punching. It is known that the frac-
ture limit changes under the influence of these strain gradients.
Therefore, by adding the hole expansion ratio as a new indicator de-
fining material properties, we have constructed a new edge fracture
prediction function capable of predicting the locally occurring strain
gradient at the edge region for any element size while considering
the influence of punching damage and responding to the sequential-
ly changing strain gradient during deformation.

3.2 Development of edge fracture prediction function

To establish edge fracture criteria, a one-sided notched tensile
test method was developed. This method allows varying the strain
gradient from the notch root during tensile testing by using speci-
mens with Type 1, 11, and III notches, as shown in Fig. 10. Further-
more, to incorporate the effects of punching damage into fracture

Side-A Side-B
Notch—
Width
C
L R
Type | Typelll Typelll
Side-A notch depth 2 mm 1 mm 5 mm
Width at notch root 14 mm 20 mm 5 mm
Side-B shape R15 Convex Straight R30 Concave

Fig. 10 Developed one-sided notched tensile test specimen shape
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prediction, specimens were cut such that a 910 mm punched hole
(11% sheet thickness clearance), identical to that used in hole-ex-
pansion tests, served as the notch. As shown in Fig. 11, cracks initi-
ated at the point of maximum stress for Types I and II. In contrast,
Type III exhibited necking at the notch root before crack initiation.
In this case, the necking was considered a defect, and the point of
maximum stress attainment was defined as the fracture initiation
point.

Figure 12 shows the maximum principal strain distribution at
the fracture initiation timing and the principal strain distributions in
the radial and circumferential directions from the notch root. For
Type 1, elements with high maximum principal strain are aligned
circumferentially around the notch root. This indicates a small cir-
cumferential strain gradient between the notch root and adjacent ele-

1500
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l;Crack *Crack
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Fig. 11 Developed one-sided notched tensile test result (Gauge length
50 mm)
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Fig. 12 Maximum principal strain distribution at fracture occurrence
by FEM analysis of one-sided notched tensile test
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ments, while a high radial strain gradient exists. In contrast, Type III
has elements with high maximum principal strain aligned in the ra-
dial direction at the notch root. This indicates a small radial strain
gradient between the notch root and adjacent elements, while a high
circumferential strain gradient exists. Type II exhibits an intermedi-
ate strain gradient. By conducting these one-sided notched tensile
tests on various materials with different hole expansion rates, the re-
lationship between hole expansion rate, strain gradient, and ultimate
strain at fracture was clarified. Furthermore, by identifying the cor-
relation with the element size used in FEM analysis using a new
metric, an edge fracture prediction function applicable to any ele-
ment size was established.

3.3 Accuracy verification of edge fracture prediction function

Figure 13(a) shows the fracture elongation (gauge length 10
mm) for Type L, II, and III one-sided notched tensile tests performed
on three steel grades (Material A, B, and C) with different hole ex-
pansion rates and n values. For Type I, higher hole expansion rates
tended to result in higher fracture elongation, while for Type III,
higher n values tended to result in higher fracture elongation. This
indicates that the steel sheet property contributing to improved frac-
ture elongation (hole expansion rate or n value) varies depending on
the state of the strain gradient.

Next, Figs. 13(b), (c), and (d) show the results of predicting the
fracture elongation obtained from the single-notch tensile tests for
each steel grade using the developed NSafe™-MAT edge fracture
prediction function. For comparison, when using the stress FLD'™
corresponding to the conventional in-plane tensile function of
NSafe™-MAT, the timing of fracture detection was significantly de-
layed, particularly because it does not consider the edge condition.
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10 ® Material C 25 | | OExperiment
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Fig. 13 One-side notched tensile test results and fracture elongation
(gauge length 10 mm) prediction results by NSafe™-MAT
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In contrast, the developed edge fracture prediction function was
confirmed to accurately predict fracture elongation for all test speci-
men types (strain gradient states) made from steel grades with dif-
ferent sheet characteristics. This was achieved by varying the crite-
ria based on the strain gradient state at the notch root during defor-
mation, while considering the influence of the input hole expansion
ratio.

Furthermore, to verify fracture prediction accuracy under condi-
tions closer to actual automotive components, a compression bend-
ing test using a hat member was conducted to simulate a front side
member front impact test.”> The hat member measured 100 mm
wide x40 mm highx300 mm long and used 980 MPa-grade steel
sheet (1.6 mm thick, VDA bend angle 66°, hole expansion ratio
28%). A 915 mm punched hole was made at the center position in
the vertical wall height direction, 190 mm from the top edge of the
hat member. The hat section and backplate, made of the same steel
grade and thickness, were spot-welded at 25 mm intervals along the
flange. Additionally, a trigger inducing transverse buckling deforma-
tion was incorporated 180 mm from the top edge of the hat member.

Figure 14 (a) shows high-speed camera images from a drop im-
pact test using a flat impactor (weight 751 kg, velocity 23 km/h). It
was confirmed that edge fracture initiated from the punched hole
edge at a 60 mm stroke, immediately after the start of lateral buck-
ling deformation following crushing deformation at the top of the
hat member. An FEM model reproducing these test conditions was
created. Predictions using NSafe™-MAT confirmed accurate fore-
casting of bending fracture at the upper end’s crushed region and,
using the newly developed edge fracture prediction function, also
accurately predicted fracture originating from the punched hole edge
at a 69 mm stroke.

By incorporating the previously challenging effects of punched

(a)Fracture from the edge of the punched hole at 60 mm
stroke (High-speed camera image from experiment)

fracture

(b)Fracture from the edge of the punched hole at 69 mm
stroke (NSafe™-MAT prediction)

Fig. 14 Prediction results of fracture from hole edge in compression
bending drop weight test for frontal collision
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hole damage and strain gradient into fracture prediction, a new high-
accuracy edge fracture prediction function was developed. This en-
ables integrated material fracture prediction covering nearly all frac-
ture modes possible in automotive components when combined with
NSafe™-MAT’s existing fracture prediction functions for in-plane
deformation and out-of-plane deformation (bending deformation).

Furthermore, the edge fracture prediction function can evaluate
whether fracture occurs in automotive components during collision
analysis by using hole expansion rate as input. This allows the re-
quired hole expansion rate to achieve the desired collision perfor-
mance to be calculated in reverse. Consequently, for example, in the
carly stages of material development, the necessary hole expansion
rate value for the final automotive component product can be deter-
mined. This enables efficient material development with clear devel-
opment goals and minimizes rework.

4. Springback Analysis Technology
4.1 Challenges and countermeasures in press forming owing to
increased strength of steel sheet

Increased material strength and the integration of large-scale
body parts lead to challenges associated with production technology,
such as difficulty in suppressing cracks and wrinkles owing to re-
duced formability, increased die-finishing lead times, and higher
costs owing to greater springback. To address the issue of reduced
formability, Nippon Steel has proposed and developed the NSafe™-
FORM series?*?" press-forming method, in which shear deforma-
tion (a deformation mode with high yield strain in steel sheets) is
used, enabling the production of various parts using ultra-high-
strength steel.

However, for large parts made of ultra-high-strength steel sheets,
springback often exceeds 10-20 mm, making through die design
adjustments difficult to address. Effectively suppressing springback
deformation by reducing the residual stress after press forming that
causes springback deformation (“deformation-causing stress”)
through changes to part design or modifications to intermediate
forming shapes is essential to ensure dimensional accuracy for such
parts. Therefore, analyzing the deformation-causing stresses is cru-
cial. Nippon Steel has developed the automated analysis system
“NSafe™-SD-Analyzer (Springback Deformation Analyzer),” which
enables rapid and detailed analysis based on the FEM springback
analysis. The following section describes the analytical method for
deformation-causing stresses and the results of analysis of these
stresses using the NSafe™-SD-Analyzer.

4.2 Analytical method for springback deformation-causing

stresses and automated analysis system

The fundamental analytical method for stress induced by spring-
back deformation is as follows: Springback analysis is an elastic de-
formation analysis performed under conditions in which the con-
straints imposed by the die, represented by an FEM model obtained
from the press-forming analysis that captures the shapes and stresses
of the press panel at the bottom dead center during forming, are re-
moved. A virtual condition model (stress-modified model) was cre-
ated for the springback analysis model (base model) by varying the
stress in a specific region of the press panel. An elastic deformation
analysis was then performed on this model. By comparing the de-
formation of the base model with that of the stress-modified model,
the sensitivity of the amount of springback deformation to the stress
modification in the relevant region (stress influence) was deter-
mined. Furthermore, identifying regions with a high stress influence



NIPPON STEEL TECHNICAL REPORT No. 135 MARCH 2026

16 ¢

Springback deformation ¥ [mm]
o
(=]

0O 02 04 06 08 1
a

(a) Springback deformation of base model (b) Springback deformation by a

Fig. 15 Springback deformation of the base model and the effect of a

was possible by calculating and comparing the stress influence
across multiple regions of the press panel. Examining the stresses in
the identified regions of the base model enables the identification of
the deformation-causing stress.

For example, for the part exhibiting springback deformation, as
shown in Fig. 15(a), the base model is used, and a stress-modified
model is created by modifying the stress in the region A shown in
the figure by multiplying it by the coefficient a. The deformation-
causing stresses can be identified by comparing the results of the
analysis of this stress-modified model with those of the base model.
Figure 15(b) shows the springback deformation amount y obtained
by varying  using the z-direction displacement at point P, (the point
of maximum displacement) as the deformation mode. Because y and
o do not exhibit a perfectly linear relationship, various definitions of
stress influence can be considered. For example, the stress influence
/ for the region A is calculated on the basis of the difference Ay be-
tween y for the base model (i.e., a=1.0) and y for =0.9 while ac-
counting for the proportion of stress change:

Ay z—z, 21.97-21.32
P=0=a " 1=a = 1-09
where z, and z_represent y for the base model and a=0.9, respec-
tively.

Furthermore, when the base model, as shown in Fig. 15(a), is
divided into five regions, as shown in Fig. 16(a), and the stress in-
fluence for each region is similarly calculated, the resulting graph
shown in Fig. 16(b) enables the assessment of the stress influence
across the entire part.

However, the results of the analysis, as shown in Fig. 16, exhibit
overlapping deformation modes, and the coarse division of the anal-
ysis regions makes the identification of the detailed deformation-
causing stresses difficult. Springback deformation in actual parts in-
volves multiple overlapping deformation modes, such as torsion,
camber, wall buckling, and gap opening, necessitating an analysis
for each deformation mode. In particular, the deformation caused by
the deviation and average stress components exhibit different defor-
mation modes, as shown in Fig. 17. Therefore, analyzing them sepa-
rately facilitates the identification of the stresses responsible for de-
formation. Furthermore, the analysis domain must be refined to a
level that corresponds to the stress distribution.

Manually performing such a detailed analysis is highly labor-in-
tensive and impractical. Therefore, we developed an automated
analysis system (NSafe™-SD-Analyzer) to perform detailed analy-
sis.

NSafe™-SD-Analyzer first edits the base stress model to create
a model that contains only deviation stress components (deviation
stress base model) and a model containing only average stress com-
ponents (average stress base model). Subsequently, it automatically
divides the entire part into regions of specified sizes. For each re-
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Fig. 17 Deviation stress and average stress

gion, a stress-modified model is created, the analysis is executed,
the analysis results are read, and the stress influence for both the de-
viation and average stress base models is determined. Furthermore,
the distribution of the stress influence is displayed as contours on
the part geometry. Moreover, the springback deformation being
evaluated can include not only node displacement but also various
deformation modes, such as the distance between two points, twist,
warpage, and angular change. The parallel computation of multiple
stress-modified models is possible when the analysis is executed.
Although a commercially available general-purpose solver can be
used as the analysis solver, it also features a dedicated solver with a
proprietary algorithm that accelerates calculations.

The following section describes the detailed analysis results ob-
tained using NSafe™-SD-Analyzer.

4.3 Analysis model and method

The analysis model was the center pillar made of ultra-high-
strength steel, as shown in Fig. 18; the model was formed using the
“in-plane-shear draw-bending (NSafe™-FORM-LT)” method.?”
Based on the shape and stress data at the bottom dead center ob-
tained from the forming analysis using a general-purpose dynamic
explicit solver, a base model, a deviation stress base model, and an
average stress base model were created. Figures 19 (a), (b), and (c)
show the results of springback analysis for each model. Further-

Material : Ultra—high strength steel sheet
TS : 1470 MPa, Thickness : 1.2 mm

Fig. 18 Analysis model
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[mm]

(b) Deviation stress

(c) Average stress
base model

(a) Base model
base model

Fig. 19 Springback simulation results (z-direction displacement)

8396 analysis areas

Fig. 20 Analysis area segmentation

more, the part was divided into 8396 small regions, each approxi-
mately 2-4 mm in size, as shown in Fig. 20. For both the deviation
and average stress base models, stress-modified models for each re-
gion were created using a=0.9, and the stress influences for all re-
gions were calculated. Note that the processes after the creation of
the base model were performed automatically.

4.4 Results of analysis of stress influence

As representative examples of the results of analysis of stress in-
fluence, Fig. 21 shows the results of analysis of two deformation
modes of springback: (1) twisting of the upper part and (2) deflec-
tion of the lower end, both of which are caused by the average
stress, as shown in Fig. 19(c). The evaluation values for each defor-
mation mode, as shown in the figure, are defined as the angle change
of line P~P, (Mode 1) and the angle change of angle P,—P~P,
(Mode 2). The red areas in the stress-influence contour diagram in-
dicate the regions where the deformation-causing stresses originate.
Although multiple areas with high-influence stress were found, the
primary deformation-causing stress regions were identified as sec-
tion F, as shown in Fig. 21 (a), for Mode 1 and section G, as shown
in Fig. 21 (b), for Mode 2.

This analysis automatically created 16792 stress-modified mod-
els, executed the analysis, read the results, and calculated the stress
influence for both deviation and average stress base models. The to-
tal computation time was 11 h 16 min using 48-core parallel pro-

-88-

Evaluation deformation mode

Angle Change
of Line P2>-P3
(=64)

Positive
influence !

No influence

'

Negative
influence

(a) Stress influence of angle change of line P2-P3 (Mode 1)

Evaluation deformation mode

Angle Change
of angle P4PsPs
(=063)

Positive
influence !

No influence

'

Negative
influence

(b) Stress influence of angle change angle P4PsPs (Mode 2)

Fig. 21 Stress influence analysis results (Average stress base model)

cessing with 48 jobs. Because the computation time scales propor-
tionally with the number of domains, reducing the analysis resolu-
tion or limiting the analyzed domains can decrease the computation-
al load.

4.5 Verification of results of analysis

From the stress influence contour maps of the analysis results,
four regions corresponding to the deviation stress, with a total area
ratio of 14.5% relative to the part, and fifteen regions corresponding
to the average stress, with a total area ratio of 22.6% relative to the
part, were identified as springback deformation-causing stress re-
gions. To verify the results of analysis, we performed a springback
analysis on a model in which the identified deformation-causing
stresses were removed from the base model. The results are shown
in Fig. 22. Compared with the base model shown in Fig. 19(a), the
maximum springback deformation was significantly reduced from
28.1 to 4.4 mm, confirming the validity of the analysis.

5. Conclusion
This paper has presented automotive development support tech-
nologies based on Model-Based Development (MBD) developed by
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Fig.22 Springback deformation after removal of dominant causal
stress

Nippon Steel. For stiffness evaluation technology, NSafe™-SV-
espace was demonstrated to identify weaknesses in vehicle body
stiffness, thereby enabling efficient stiffness improvement. For
crashworthiness prediction technology, NSafe™-MAT was intro-
duced as a technique for predicting material fracture at punch edges,
allowing pre-collision assessment of material fracture. For spring-
back analysis, NSafe™-SD-Analyzer was demonstrated to identify
the cause stresses of springback deformation after press forming,
supporting efficient die modifications and component design adjust-
ments. These technologies have provided effective solutions to vari-
ous technical challenges in automotive development, contributing to
streamlined processes, improved product quality, and cost reduction.
Future work will include further technological development and ex-
panded application of Nippon Steel proprietary MBD technologies
to support the sustainable growth of the automotive industry.
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