TZQIQs

Reduced Orddviodelingof Automotive Crash
Events via Proper Orthogonal Decomposition
and Parametric Shape Morphing

Marco Evangelos Biancolifi
Riccarddserenelld, Emanuele Di Meo
LeonardoGeronzi, Andrea Baldidi
lUniversity of Rome Tdrergata ‘RBF Morplsrl

TOR VERGATA

IIIIIIIIIIIIIIIIIIIIIIIIII

AIAS2026 | ¥4 Settembre | Milano 1



Reduced Ordevlodelingof Automotive Crash Events via Proper %o% :
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ADigital Engineering Applications

ARBF in a nutshell

Alnterpolators in multidimensional spaces
AFast RBF at works: interactive design.

AResearch and Industrial Examples
AOverview (CFD, FEA)
AReduced Order Model of an Explicit Analysis

AConclusions
ARBF Morph?

AIAS2026 | ¥4 Settembre | Milano 2



Digital Engineering Applications %ﬁ%oias

ADigital Twing digital replica of
asset useful at design and
operation

ACAE adoption is evolving: single
verification, design variations,
automated optimization,
parametric space exploration
(snapshots)

AMachine learnings the reference Graph
for «Al» based approach G=(E,E)€G

AHigh/medium fidelity simulations
allow to generate the training data:
synthetic datasets
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RBF in a nutshell %%oios

polynomial RBF o(r)

e.g. h(x) =1 + Box + 3y + Buz Spline type (Rn) ™ n odd

Thin plate spline rlog(r) n even

Multiquadratic (MQ) [1+ 12
shift of the target point to the i-th data site r

RBF are a very powerful | ®eeee0045s xk :
mathematical tool able to TR O
interpolateeverywherein the ot = s

A space a function given at N ;
scatteredsource points f sooscooosooa -
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Interpolators in multdimensional spaces %%oios

AData science problems
Alnferences + s

Cl

AGaussian RBF is recognized as the
aw. C ySdzNI f ySug

ooo Metamodel
ooo DOE
®® Max Metamodel

= o
AU

AA Cl=0.119
1 1

AUseful forsurrogatesin
optimisation
A3D space manipulation (shape
deformation, data mapping)

AField manipulation is a key enabler
for geometric intelligence

AMapping is a key enabler for multi
LIKeaAOa FyR Ia |
SEUSYRSNE
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FZQiQs

Fast RBF at works: interactive
design.
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CAE agnostic approach

Domain Identification

e.g., automotive, healthcare, aerospace

Y

Specific Need

e.g., aerodynamic efficiency, surgical treatment optimization

Y

End-User Identification

stylists /designers, clinicians, engineering teams

Y
High-Fidelity CAE Response
CFD/FEM /multiphysics; baseline geometry; KPI targets

Y

Parameter Selection

physical and geometric variables

A

Workflow Execution

parameterization, HPC' data, ROM compression, export (FMU/.npy/ONNX)

Y
Deployment
XR/VR, dashboard, software component
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ABSTRACT

Context: Digital Twins (DTs) provide a virtual representation of physical systems, enabling real-time interac-
tion, monitoring, and decision-making. Despite their potential, building robust and interactive DTs remains
challenging, especially when experimental data are scarce or fragmented across heterogeneous domains.
Objective: This paper aims to propose a general, reproducible, and solver-independent framework for
constructing interactive DTs. The goal is to integrate high-fidelity simulations, reduced-order modeling, and
modular deployment into a methodology that can be consistently applied across sectors, ensuring replicability,
flexibility, and knowledge transfer.

Methods: The approach treats Computer-Aided Engineering (CAE) solvers as trusted black-box data generators.
High-fidelity simulations are executed at scale on HPC infrastructures to generate synthetic datasets, which
are then compressed using Proper Orthogonal Decomposition (POD) and Radial Basis Function (RBF)-based
interpolation. The resulting reduced-order models (ROMs) are exported in interoperable formats such as
Functional Mock-up Units (FMUs) and integrated into visualization environments including Unity, PyVista,
and immersive VR dashboards.

Results: The framework is validated through cross-domain case studies — automotive, medical, aeronautical,
space, and sports engineering — following a unified template that highlights replicability, flexibility, and
best practices for knowledge transfer in Digital Twins. Across these applications, the workflow demonstrates
its ability to bridge high-fidelity simulations with interactive deployment, making advanced CAE knowledge
accessible to a wider range of stakeholders.

Conclusion: The results confirm that combining HPC-enabled data generation with reduced-order modeling
and modular deployment provides an effective path toward interactive DTs. While POD-based ROMs remain
robust and consolidated, emerging techniques such as graph neural operators promise to further enhance
generalization.
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Interactive Digital Twins

AReduced Order Models (ROl <.
arecompressedPOD) ready -
to beinferred (RBF) .

AFunctional MockUp Units By A N T =% @
(FMU) make the models . e %\3%\,
portable \(

AUnity rendering \,

AMeta Quest 3 AR/VR o
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A simple FEA modeROM- FMU 22QlQs

ASolid model created b§AD

AThe notch effect is accurately
captured byFEA

ARBFmesh morphingallows to
create onegeometrical parameter
to change the diameter of the hole

AThe applied load is theghysical
parameter

ASnapshots are exported and the
FMUcreated by Twin Builder
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Workflow £Z2QlQs
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Ansys Twin Builder 22QlQs

AROM viewer ——
Alnput parameters | =....

are controlled by [= ==

the sliders
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rbfCAE Unity Ul £ Z2Q1QS

mmmmmm

AUnity Ul capable
to read insurface
and FMU

Alnput parameters
are controlled by
handles(json
descriptor)

A Surfacebased
rendering
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rbfVR %OiOS

AFMU are translatet
to ARM ‘

AMeta Quest 3

Alnput parameters
are controlledby
hands

AWe can add an
Immersive scene

AWireless AR/VR
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FZQiQs

Research and Industrial Examples
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Research and Industrial sectors %%Qios
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EUfunded research projects 202825 %%Qios

RBF/AERO
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next generation spine experts

AIAS2026 | ¥4 Settembre | Milano



Overview
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Overview
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Case studyBonnet Crash Design Exploration £Z2QlQs

A The study builds upon a previousD3NA
crash analysis of a Honda Accord bonnet,
where mesh morphing was used to match the
Chevrolet Silverado geometry and crash
performance.

A Here, the same baseline problem is revisited
with a different approach: moving from a
conventional optimization workflow to an
Interactive design exploration framework.

A The transient crash response is sampled at
selected time instants and used to build a
PODbased Reduced Order Model.

A The resulting ROM enables the bonnet design
space to be explored interactively, providing
an almost immediate reconstruction of the
crash response for new configurations.

YL v i S EBEIMarpayicH SDYNANto ANSYS Workbenaimd Mechanicafor car bonnet craskptimisation Marco EvangeloBiancolinj LeonarddGeronz)
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Case studyBonnet Crash Design Exploration

AModel transformation bymesh
morphing

AThe principle is to take the
control on a set of point and to
transfer the deformation to the
whole mesh

Aln this way the original model
can be projected to the target
one
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Case studyBonnet Crash Design Exploration £Z2QlQs

AAs second step,
parameterization bynesh
morphinghas been set up to
search for the matching of
kinematic response of the
structure

AUsing a supporting CAD model
to drive the parameterization
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Case studyBonnet Crash Design Exploration

A A Design of Experiments is performed over thre . . - 5
geometric shape parameters, with one transien . L v & .
. . - . 2 Setup T 2 Engineering Data d a2 Model P
LSDYNA crash simulation for each design poin - a3 @ mo s S asew 2,
. . . e v 4 G Solution v o4
A Thetransient response is sampleat selected tim e LG Y
instants, with each simulation state treated as ¢ 5 @ Resits Va6 0 paameters

individualsnapshot for the POD somuzene | isomessmen:

A Each snapshot is therefore associated with foul

input coordinates: i
. I8 * Mechanical Model
= 3 geometrIC parametel’s 2 @& EngineeringData v 4
. . 3 B Geometr v f.-"
-1 time coordinate S

support_model_imparted

A The resultindROMdescribes the crash response
a continuous function of both shape and time,

enabling the reconstruction of the transient (53 Porameter set

behavior for different geometrical configurations
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Case studyBonnet Crash Design Exploration £Z2QlQs
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Case studyROM design choice

SZQIQs

A Optimal solution resulting from the A Actual Silverado
Interactiveoptimisation

Maximum

Maximum
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Conclusions

SeQiQs

AFast RBF enable efficient geometry
manipulation and parameterization
providing a bridge between CAD models
and highfidelity CAE simulations.

AThe proposed workflow combinesesh
morphing, LEDYNA simulations and PGD
based ROM¢$o transform transient crash
1g.:lnalllys.es Intonteractive design exploration
ools.

ABy embeddinghape parameters and time
Into the reduced spacethe ROM enables
fast reconstruction of the structural
response across the explored design space.

AThis approach supports the transition from
simulation-based optimizationto
Interactive and realtime CAEdriven
decision making
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