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OUTLINE

1. Simulation & Al @ Michelin R&D

2. Predict rubber mix behavior during
the manufacturing phase

3. Accelerate tire rolling simulation
during the design phase

4. Estimate real-time tire performance
during the usage phase
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SIMULATION & DATA:
FROM MOLECULE TO VEHICLE

Material conception levers

Product performance - optimize material recipe
SR virtual submission & virtual tire

- virtual material for simulation

Services & usage Tire conception-levers.
- predictive maintenance : o« K

-

- real time condition assessment ) o
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MODELS IN ENGINEERING

Physics-based Al
E=Ktripvt? KeoSoonee™) Zrop=ffpbet-p2
ALL KINEMATICS ALL NUMBER ALL FLUID DYNAMICS
EQUATIONS THEORY EBUATIONS EQUATIONS

1%, > =AW AUIX@IY)  CHyt OH + HEAT—> HO* CH, +H,EAT

ALL QUANTUM ALL CHEMISTRY
MECHANICS EQUATIONS EQUATIONS

SUQU() xSUUEY Sy 7s 10 pp RO W (0)
ALL QUANTUM ALL GAUGE. THEDRY
GRAVITY ERUATIONS EQUATIONS

..> O (HvBBLE MoEy) .
HO+Q+GA... {= O (FLAT SPHERE MODEL) H _ % _ O

- <O R o) ALL TRULY DEEP
ALL (OSMOLOGY ERUATIONS PHYSICS EQUATIONS
Complex phenomena Impressive results in various fields
D Laws of physics |:| No need to understand physics
|:| High cost (time & expertise) |:| Need data

Still unknown physics Generalization

5
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ROM METHODS FOR DESIGN
SPACE EXPLORATION

Goal: approximate a parametric field of interest in a known design space

-
‘ Ly hﬂ D | =% B I'Iﬂ”
Offline ROM training ‘ Dim. Reduction | g Reduced space | Solution approximation

| 4] regression
*Run N costly *E.g. POD: mode “E.q. POD: i -
simulations for # matrix U - E.g. Radial Basis Ug('unew)' i
values of parameters a=U"u Function interpolation |
| H . (RBF)
&Store u(p)inA e J L ) L ) L
[Rzme

ROM: reduced order modelling 6
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SYSTEM MODELS & SEQUENTIAL
DATA ASSIMILATION

REAL SYSTEM

Leveraging physics knowledge
and databases

Combining sensors data

—— o —
o mm mm

NOISY Yt [&fj{l h'l.} Y(w)
PHYSICS-INFORMED DATA

MODEL LEARNING

And data-driven
model learning

PRIOR AND
PHYSICAL
KNOWLEDGE

With physics knowledge

Thanks to data fusion
and Kalman filtering PHYSICS-BASED RESIDUAL
MODEL MODEL
[ A B RESIDUALS
C o fusr

- mm mm e

To estimate product
state

UNCERTAINTY
CERTIFICATE

M =
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FROM RUBBER MANUFUFACTURING TO TIRE
USAGE TWINNING

Molecule to Mat. Simulation | | Tire & Vehicle Simulation Embedded Tire Twin |

N
!,,) MICHELIN
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TRANSFORM PROCESS MANUFACTURING WITH
SIMULATION & DIGITAL TWINS

.| Context
i Michelin ambition for 2030: 40% of renewable/recyclable materials in all
products

Allow the industrialization and reduce the time-to-market of our new
technologies

Targeted domain
Material output (metal, textile, rubber) dynamical control through continuous
learning
Production process maintenance and optimization with process line Digital
Twin
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WHAT WE ARE TARGETING WITH
DIGITAL TWINS

Real process A numerical version of the
_ 3 (((.))) process

Sensors

Input
command

Virtual model of a physical process: leverage real-time data and simulations
to analyze, predict, or optimize performance within an online feedback loop.
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RUBBER MIX NUMERICAL MODELLING...
NOT THAT EASY

Multiple processes:
o Cylinder tools
o Calender

o Mixer

o Extruder

o Cooling belts

NAFEMS 2026 Michelin Classification : D3 Conservation : WA
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PHYSICS-BASED SIMULATION FOR RESEARCH &

PRODUCT DESIGN
MATERIALS M""L ':"';' g :" ;ISRIIIIG

NAFEMS 2026

GREEN TIRE

-

~

END PRODUCT

CURING PERFORMANCES
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PHYSICS-BASED SIMULATION OF RUBBER MiIX
PROPERTIES INSIDE MANUFACTURING PROCESS

o High Fidelity simulation with in-house finite element solver
o Non-Newtonian highly viscous fluids

o Generalized Stokes eq. for mechanics

o Non-linear temperature eq. with viscous dissipation

o Non-linear thermo-mechanical coupling

o 0(10°) nodes

o Quasi-static simulations
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ROM-BASED DECISION-MAKING ASSISTANT FOR
MIXING LINE PROCESS

Offline Simulation
database

Regression problem in the
reduced space

Dimensionality reduction

~ 103 simulations

Predictions of physical

Inhouse FEM solver Reduced basis .
fields

NAFEMS 2026 Michelin Classification : D3




ROM-BASED DECISION-MAKING ASSISTANT
FOR MIXING LINE PROCESS

Materials and process

3D mixer ROM Physical Fields of
parameters Interest
25601 8 I‘ l:(z)gemé
5. ONMEROTOR | s
") REVOLUTION | e o]

=)

trgy = hours
tromy = seconds

Internal FEM
solver

NAFEMS 2026 Michelin

Classification : D3 Conservation : WA



OUTLINE

o Simulation & Al @ Michelin R&D

2. Predict rubber mix behavior during the
A manufacturing phase

3. Accelerate tire rolling simulation during
the design phase

4. Estimate real-time tire performance
during the usage phase
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FROM RUBBER MANUFUFACTURING TO TIRE
USAGE TWINNING

Molecule to Mat. Simulation | | Tire & Vehicle Simulation Embedded Tire Twin

Q
__ W® MICHELIN
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ZONAL ROM FOR 3D ROLLING

METHOD

® Our approach is inspired from | .
Zonal ROMs for incompressible | i1 fidelity model Lowidelity riodel
flows. (Qur)

PR

-
-—-

[Buffoni et al., Computs. FI, 2009] i
[Bergmann et al., JCP, 2018]

®@ The original approach couples
a high-fidelity model with a low
fidelity POD ROM.
= The overlapping region is used to

find the POD coefficients in the . (Q)
online phase.

Overlapping region (Qo)

T22  NAFEMS 2026 Michelin MICHELIN
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ZONAL ROM FOR 3D ROLLING

CONTEXT
Constitutive law I = 9p W (F) in Qx(0.7).
Equations of motion —ptt +DivIT+ f, =0 in Qx(0.7),

u=wug on [y x(0,7),

Boundary conditions
v=Ff, on I'yx(0.7),

U, < g. HV < 0-. ('u-.v — g)HV — on r‘% X (OT)
ITL- || < o [IL, .
y on I3 x (0.7,
—II, = |11, | T if w; # 0.
Initial conditions w(0) =wug, w0)=wu; in Q.
NAFEMS 2026 Michelin
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ZONAL ROM FOR 3D ROLLING

METHOD High-fidelity High-fidelity
Zohe solution
|
«Imaginary»
Rim
* Low fidelity
M Boundar
Conditior}:s

POD
coefficients

W
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ZONAL ROM FOR 3D ROLLING

METHOD High-fidelity Zonal
zone ROM
|
«Imaginary»
Rim
* Low fidelity
M Boundar
Conditior}:s

[Danan et al., Finite Elem. [l 2
Anal. Des., 2025] W
2_5 NAFEMS 2026 Michelin Classification : D3 Conservation : WA MICHELIN




ZONAL ROM FOR 3D ROLLING

RESULTS (1/2)

*+ Behavior law: Mooney-Rivlin
Total Lagrangian Formulation

+ Boundary conditions:

o Angular velocity: 50 rad/s
Vertical displacement: 55 mm
Inflating pressure : 101 MPa
Friction coefficient: 0.1
Perfectly rigid ground

o O O O

+ Time related parameters:
o Number of time steps: 130
o Time step: 107* s

+* Number of DOF:
o Classical physical solver: 145,080
o Physical solver within hybrid solver: 122,400 (radius filter=900)
» 15% of the dofs are handled by the ROM

s Zones:
o Volume: High fidelity (HF), low fidelity (LF)
o Surface: rolling condition (R£), Inflating (€ ), Contact (€2)

"26  NAFEMS 2026 Michelin MICHELIN
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ZONAL ROM FOR 3D ROLLING

RESULTS (1/2)

High fidelity FEM simulation Fast-Zonal hybrid approach
CPU Time: ~3h16mn (4 timesteps for online training)
CPU time: ~1h38mn

® Speedup ~50%
® Max relative errors:
= Jongitudinal displacement:  0.11%

= vertical displacement: 1.13% W
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ZONAL ROM FOR 3D ROLLING

RESULTS (2/2)

< Different (visco) hyperelastic composite materials I AResa iR ane i
Total Lagrangian Formulation AN nunnggsgntigefustgantiziin

< Boundary conditions: | iy RNBRCgd ol ol ot Satdfstiiom
o Vehicle velocity: 15 Km/h 1 i e

Angular velocity: 4.15 rad/s
Vertical displacement: 80 mm
Inflating pressure : 0.18 MPa
Rough ground contact

66.3mm

©)
©)
©)
©)

+ Time related parameters:
o Number of time steps: 60
o Time step: 2.1073 s

% Number of DOF:
o Classical physical solver: 397,058
o Physical solver within hybrid solver: 66,000 (Tire tread only) e a0

1
Champ couran it:DEPL, Unités , Min = 0371686, Max = 80 3968

> 83% of the dofs are handled by the ROM d .

W
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INTEGRATION INTO MICHELIN IN-HOUSE

SOLVER: VALIDATION (INITIAL GUESS ONILY)

5|

Charﬁp courant :DEPL, Unités : mrm, Min = 0.37 1686, Max = 80 3968
Ternps :0

Composante 1 N

x
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FROM RUBBER MANUFUFACTURING TO TIRE
USAGE TWINNING

Molecule to Mat. Simulation | | Tire & Vehicle Simulation Embedded Tire Twin

Q
_ W® MICHELIN
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SDV NEEDS RELIABLE & REAL-TIME STATE ESTIMATION OF
ITS COMPONENTS

As ground mobility is heading towards Software-Defined Vehicle, the nature of the interactions
between physical subsystems in the vehicle and in the cloud will be significantly reshuffled.

Embedded Digital Twin technology is both a need and an opportunity to operate those interactions.
It should not limit to mechatronics — but also extend to Tire and Tire+Road.

Physical World Digital Twin

:| Perception Layer : : | A Priori informations :
:| Captures and transmits real-time datas @ : | Defined & intrinsic informations
:| about what’s happening in the physical system : | about the system

:| Modeling Layer : —-—El :
:| Evaluate the current state of the system n@ 8l |:
:| both long-term & short-term dynamics — |:

:| Actuation Layer : @
:| From Answers to queries, alerting to @
:| Live prediction of metrics, Automated actions

"33 NAFEMS 2026 Michelin MICHELIN
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4 TIRE DIGITAL
Trwini

BUILT FROM BASIC
TO ADVANCED
FEATURES

Need for solid technical
foundation

A digital twin to bring more

insights...

...with higher
technical challenge

34 NAFEMS 2026 Michelin
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MICHELIN SMARTLOAD: REAL-TIME
ACCURATE ESTIMATION OF VEHICLE

AND TIRE LOAD

Real time load estimation compared with measurement (Rear-Right wheel):

0.04

0.02

0.00

Vehicle mass (kg)

—0.02

—0.04

6000

Vehicle mass estimation

S

—0.04

—0.02 0.00 0.02 0.04
Time (s)
== = Ground truth

Tire load estimation ™= Estimation

5000

4000

3000

Tire load (N)

2000

g 1000

Video SmartlLoad

36 NAFEMS 2026 Michelin

—0.04

-0.02 0.00 0.02 0.04
Time (s)

Test passenger car with 25 configurations tested
Error on total vehicle mass: -2% +/- 1,7% at 10 (42 kg +/- 34 kg)
Error on tire load: -1,8% +/- 2,45% at 10 (10,4 kg +/- 14 kg)

mean : -41.9@
std : 34.23

10 A

Count

20.0 variable
M 0 estimation_FrL
17.5 30 estimation_FrR

3 estimation_RelL
0 estimation_Ref

% Oy MICHELIN
Cqu:.f;f' ation D3 Consel vation : WA


https://youtu.be/43JbWflpvw4

ONLINE HYDRO STATUS MONITORING

MICHELIN

!,,ﬁ, MICHELIN
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FROM PHYSICS-BASED
SIMULATION TO DIGITAL TWiInNS ?
SOME TAKE AWAYS

Create Tangible Value(s)
v'Onboard end-users during dev phase to facilitate UX
v'Deploy Minimum Valuable Product to quickly assess value

Leverage Relevant Data
v'Realistic accessibility of data and, above all, relevancy for model training

Combine with Physics: maturity and relevancy of physics understanding and models
v’ Powerful physics-based models are essential to complement Al

v'Multi-skills teams and teamates: tire, process, materials, datascience, physics, applied maths, scientific
computing, signal processing

Adapt Methodology to the Use Case
v'From pushed cutting-edge methods to simple yet robust approaches

38 NAFEMS 2026 Michelin Classification : D3 Conservation : WA
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