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M.P.Bendsge and O. Sigmund, Topology Optimization: Theory, Methods and Applications, Springer, 2003
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M.P.Bendsge and O. Sigmund, Topology Optimization: Theory, Methods and Applications, Springer, 2003
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Topology Optimization: Formulation

min U'F = $(U(p))

N
nglynfgpdﬂﬁzvepe K(p)U=F
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Educational Design Tool (1)

— TOPOPT ( )

« A 99 line topology optimization code written in Matlab, Struct Multidisc
Optim 21, pp.120-127, 2001

« A web-based topology optimization program, Struct Multidisc Optim 22,
pp.179-187, 2001

« Interactive topology optimization on hand-held devices, Struct Multidisc
Optim 47, pp.1-6, 2013

|
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b
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http://www.topopt.dtu.dk/

Educational Design Tool (2)
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99 Lines of Matlab Code (2001)
Struct Multidisc Optim 21, 120127 @ Springer-Verlag 2001

A 99 line topology optimization code written in Matlab

0. Sigmund

top(nelx,nely,volfrac,penal,rmin)

— nelx and nely: number of elements in the horizontal and vertical
directions

— volfrac: volume fraction
— penal: penalization power (=3)
— rmin: filter size(divided by element size) ?

>>top(60,20,0.5,3.0,1.5)

Vehicle Design Optimization Topology Optimization - 14




Alternative ‘88 line Matlab code’ (2011)
New 99 line Matlab code (2020)

Struct Multidise Optim (2011) 43:1-16
DOI 10.1007/s00158-010-0594-7

EDUCATIONAL ARTICLE

Efficient topology optimization in MATLAB using 88 lines of code

Erik Andreassen « Anders Clausen - Mattias Schevenels -

Boyan S. Lazarov - Ole Sigmund topB8 (nelx, ne ly,volfrac, penal, rmin, £t )

Structural and Multidisciplinary Optimization
https://doi.org/10.1007/500158-020-02629-w

EDUCATIONAL PAPER

A new generation 99 line Matlab code for compliance topology
optimization and its extension to 3D

Federico Ferrari' ) . Ole Sigmund’

Received: 18 February 2020 / Revised: 2 May 2020/ Accepted: 10 May 2020
@© Springer-Verlag GmbH Germany, part of Springer Nature 2020

top99neo (nelx , nely , volfrac , penal ,rmin , ft ,ftBC , eta , beta , move, maxit)

top3D 125 nelx , nely ,nelz , volfrac , penal ,rmin, ft ,ftBC ,eta , beta , move, maxit)

Vehicle Design Optimization Topology Optimization - 15



topopt.mek.dtu.dk

e conv > imfilter: image process toolbox

The 2D MBB beam example:
>> top99ne0(300,100,0.5,3,8.75,3,'N',0.5,2,0.2,500);

The 3D cantilever beam example
>> top3D125(24,12,12,0.12,3,sqrt(3),1,'N',0.5,1,0.2,100);

NOTE: the codes contain the external function "fsparse” that is part of the
"Fast” package by Stefan Engblom. The package can be downloaded
here:

https://github.com/stefanengblom/stenglib

and installed in Matlab following the instructions in the README file.

Vehicle Design Optimization Topology Optimization - 16
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S H2A: ArM =2 A Arg

Light Weight Body
K cHRYSLER Structural Optimization Process

2008 GDIS

Topology Optimization used to define Major Load Paths

Packaging Volume Topol Results Beam Model BIW Design
Holistic Drivers Spatial load image 87 paths 202 components
« Safety

* NVH Refinement

* Durability

Vehicle Design Optimization Topology Optimization - 19




Chassis: Ferrari F458 ltalia

. 47 25
el

« A H= (cascade)
Topology optimization: 2=
Topometry optimization : 28 0|

Size optimization : & 7|

* 03 -9—:I'L—71(—7d

Struct Multidisc Optim (2011) 44:45-56
DOI 10.1007/s00158-010-0578-7

global bending stiffness

global torsional stiffness

Local stiffness of the suspensions, engine and
gearbox

Modal response

Crash linearization

Vehicle Design Optimization

INDUSTRIAL APPLICATION

High performance automotive chassis design:
a topology optimization based approach

Marco Cavazzuti - Andrea Baldini - Enrico Bertocchi -
Dario Costi - Enrico Torricelli - Patrizio Moruzzi

Topology Optimization - 20



local stiffness with
clamped sills (32 FEA)

r

bending stiffness (1 FEA) torsional stiffness (1 FEA)

local stiffness with crash linearization (1 FEA)
inertia relief (32 FEA)

Vehicle Design Optimization Topology Optimization - 21
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Topology optimization( A8 $=: ~106)

Vehicle Design Optimization

Chassis: XA A A

15.08hell
E 13.0Thickness (mm)

o I 6 e 8 R 5 (e

Solid cross-sections of Thin-walled
cross-sections

the truss-like structures
(shell)

CAD L
interpretation9 Topometry optimization

8.05hell
[ 7.2Thickness (mm)

|
Ll
Ve O oo

Size optimization(2 A=+ =330)
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Load Path Analysis Sequence

» Basic Solid

'» FE-Mesh Design Space

Vehicle Design Optimization

Topology Optimization - 23



Prof. Schelkle, Porsche AG

Vehicle Design Optimization Topology Optimization - 24
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Concept Stage of Vehicle Development

Design space Design Space: FE-Model Load Path Analysis

Virtual Prototype Stochastic-based Parametric-based
Concept Optimization Concept Finding

Vehicle Design Optimization Topology Optimization - 26



Automotive Chassis

Proceedings of the World Congress on Engineering 2011 Vol I
WCE 2011, July 6 - 8, 2011, London, UK.

Automotive Chassis Topology Optimization:
a Comparison Between Spider and Coupé Designs

Marco Cavazzuti, Dario Costi, Andrea Baldini. Patrizio Moruzzi

« Comparison Between Spider and Coupe Designs

Vehicle Design Optimization Topology Optimization - 27




S D
Active Cases

("8

Optimization Spider Coup

Constraints | 2 3

Global bending stiffness

Global torsion stiffness

C = Crash seat joints displacement —
2.25 -©- spider o _
Crash engine joints displacement —

2.00 Crash A-pillar displacement —

175 Crash pedal displacement -

Crash flame shield displacement —

1.50 Crash dashboard joints displacement | —

N > N % NN %[N | X%

1.25 Crash compliance _

NN X NN N N xS
NN X X %X NN NSNS

Normalized Mass

First natural mode -

1.00

Local front wheel stiffness along = -

075 | o || Local front wheel stiffness along y | -

1 1 1 1 1 1 1

Local front wheel stiffness along z - | -

global + crash + modal + local o
stiffness stiffness | Local rear wheel stiffness along x - | - | -

Optimization Constraints Local rear wheel stiffness along y - | - | -

Local rear wheel stiffness along =z - | - | -

N X SN NS NSNS X % % N% %[ NN+

Local engine joint stiffness along z - | - | -

N

TN >N NSNS NN XX NN X (x| N||o

Local gearbox joint stiffness along z | —

8 [ 12 | 7
10 | 18 | 10
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Results (1)

Case 4

Vehicle Design Optimization Topology Optimization - 29



Results (2)
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TIMELINE

History of Steel Industry Innovation

il S/t
A a’/f'mﬂyf-— @ YouTube

Ultralight Steel
Auto Suspensions

" o) WorldAutoSteel

Q5

Ultralight Steel

Steel E-Motive, a new steel

* Mass savings up to 34% at no industry collaboration, will

additional cost

Auto Body « Matched aluminium design demonstrate the benefits of
mass, while achieving 30% cost  steel for global mobility as a
benefit service (Maas) challenges,
« Mass savings of 25% over the characterized by fully
benchmark at no cost penalty connected and autonomous
= First demonstration in the electric vehicles.

world of extensive (80%) High-
strength Steel (H55) use

Ultralight Steel
Auto Closures

ULSAB (Advanced
Vehicle Concepts)

+ Up to 46% lighter than the + Fuel Efficient (3.2 to 4.5 L/100

FutureSteelVehicle

average benchmark krm; 52 to 73 MPG) at no cost
« First demonstration of ultra- penalty
. * Low GHG Emissions
tcr;'n [UAG mrfm] Dual thasle - Demonstrat@an of HSS and 177 kg body structure mass
ass A surface materials :;j'::;](ed High-Strength Steel 975 use of H5S and AHSS

Nearly 50% GigaPascal Steels
Low Total Life Cycle Emissions
Mass savings at no cost penalty

Near-term production
applicable

-
o~

® e o8 o oe o
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FutureSteelVehicle

Phase 2 — Report

AE_|7:”E§A_”éO_” 2__||% April 20, 2011

FutureSteelVehicle

UltraLight Steel Nature’s Way to Mobility

Auto Closures
ULSAS
ULSAB-AVC
UItranght
Advanced
Steel .
Vehicle

Auto

Suspensions Concepts |

Vehicle Design Optimization Topology Optimization - 32



FSV Design Methodology

Phase1
Technology Assessment

Phase 2
Report

Final Design

Confirmation Styling &

erodynamic

Gauge

Optimization inear-Static

Topology
Optimization

Non-Linear Dynamic
Topology Optimization
(LF3G)

Design\’
Confirmation Sub-System
Topography
Optimization

Detail Design

Vehicle Design Optimization Topology Optimization - 33




FSV BEV Packaging

Phasel —
Technology

ssessment .
Powertrain

ayout

390.0
ityéiplg +} 1065.0 . 2500
495.0 780.0
2524,0 —————————

Topology
Optimization
Minimum Vision & Obscuration Requirements

Low-Fidelity 3G
Body Structure Design Optimization

Sub-System

Optimization 23 o : /\ @ an

13° Ramp Breakover Angle
16° Approach Angle 25° Departure Angle

Minimum Angles & Clearances

————
— —
) =
/ ' - \
\
>
/

Vehicle Design Optimization Topology Optimization - 34



Aerodynamics & Styling

Phase1

Phase 2 Technology Assessment

Report

Final Design
Confirmation

Gauge
Optimization

inear-Static
Topology
Optimization

Non-Linear Dynamic
Topology Optimization
(LF3G)

Design\‘
Confirmation Sub-System

Detail Design
3G Optimization
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Topology Optimization Load Cases

Phase1

Phase 2 echnology Assessment

Report

Final Design

Confirmation Styling &

erodynamic

Gauge

Optimization inear-Static

Topology
Optimization

Non-Linear Dynamic
Topology Optimization
(LF3G)

Design
Conflrmatlon\“ Sub-System
Topography
Optimization

Detail Design
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Linear-Static Topology Optimization

Phase1

Phase 2 echnology Assessment

Report

ackagin
Final Design g9ing

Confirmation Styling &

erodynamic

Gauge

Optimization inear-Static

Topology
Optimization

Non-Linear Dynamic
Topology Optimization
(LF3G)

Confirmation Sub-System

Topography
Optimization

Detail Design
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T2: Topology Optimization

— geometry developed by the topology optimization was
manually interpreted into a CAD (Computer Aided Design)
model usina enaineerina iudament

Topology Results
30% Mass Fraction

Interpreted CAD Geometry

Vehicle Design Optimization )gy Optimization - 38




LF3G Load Path and 3G Optimization

Phase1

Phase 2 Technology Assessment

Report

Final Design

Confirmation Styling &

erodynamic

Gauge

Optimization inear-Static

Topology
Optimization

T3

“Non-Linear Dynamic
Topology Optimization
(LF3G)

Design\‘
Confirmation Sub-System
Topography
Optimization

Detail Design
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Low Fidelity 3G (Geometry, Gauge & Grade)
Optimization

Phasel —
Technology

Assessment Powertrain

Styling
& CFD

Topology
Optimization
Low-Fidelity 3G

Body Structure Design Optimization
Sub-System

Optimization

T

]

T
VL
[T

[N
T
L]
-
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Sub-Systems 3G Optimization

Phase1
Technology Assessment

Phase 2
Report

Final Design

Confirmation Styling &

erodynamic

Gauge

Optimization inear-Static

Topology
Optimization

Non-Linear Dynamic
Topology Optimization
(LF3G)

Confirmation Sub-System

Topography
Optimization

Detail Design
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Resultant Force [(%total load)

4

lhl_d

MajorLoad PathComponents

Front Rail
Shot Gun
Rocker
B-Pillar

Vehicle Design Optimization

T4 Load Path Mapping

mFrontHCAP
=FrontODB
) = R2ar0nE
) ERaIng i =5is
. tgof i ®Pola
Side e » Roof
L RearoDE =
L Eront ODB b b
FrontMCAF sToralen

Selected Sub-Systems

® Rear Rail

®* Roof Rail

® Tunnel
Reinforcement
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Body Structure — Sub-System 3G Optimization

Phasel —
Technology

ssessment .
Powertrain

ayout

Styling
& CFD

Topology
Optimization

Low-Fidelity 3G
Design Optimization

Optimization

Vehicle Design Optimization

Design Space (common)

7 Independent Control Points

Move together for flat
mating condition

Floor side inr
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History of WorldAutoSteel Projects

1998

4 Ultralight Steel
Ultralight Steel Auto Suspenders

Auto Body

{

Ultralight Steel Advanced
Au;?) Iglosur?s Vehicle Concepts

Vehicle Design Optimization

Future Steel
Vehicle

%\ STH]
S AT

Steel E-Motive
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Engineering Approach

« advanced CAD and CAE tools, coupled with the
latest Advanced High-Strength Steel grades to
produce an innovative vehicle architecture that
meets the future Mobility as a Service needs

Phase 0 Phase 1 Phase 2

-

‘ —

e

s
i 2 o . - - { b
1 b B 1
. 1 e - .. .
5 o) : ; .
2 e . Steel material grade &
el e] perfarmance gauge final optimisation
optimisation & conl ion
Preliminary material
assignment
- -_ = s 1
: s\ §
|_r -"__ 4 .-' ‘u—
(=7 -

FEA topology

Manufacture and
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Key Innovations

— Autonomous vehicle AHSS body structure
 front occupants are positioned rear facing towards the front of the vehicle
« B pillars are housed within the door structure
« passenger side doors have a “scissor” type motion

 seating position and door configuration enable a more open, spacious
feeling interior

« competitive weight and stiffness performance
— AHSS Passenger Protection Zone
— Short Front Crash Zone structure
— Small Overlap Front Crash Glance Beam iz~
— (Rocker) Hex beam energy absorbers
— Hydroformed in-door B-Pillar
— Integrated Battery Carrier Frame
— Semi-glazed lattice roof structure

o

Vehicle Design Optimization Topology Optimization - 46



Technical Approach, Phase O

— Powertrain sizing and specification study
— Chassis system selection and sizing

— Vehicle package study

— Topology Loadpath Optimisation Simulation
— Competitor Vehicle Benchmarking

— Exterior Styling Study

— Vehicle curb weight verification and system weight budget allocation

SEM1

SEM2

Vehicle Design Optimization

735

735

1880

SEM1 SEM2
Number of passengers 4 6
Battery (kWh) 75 96
Motor front | front/rear
Curb weight (kg) 1512 1873
Gross weight (kg) 2012 2548

Topology Optimization - 47



Occupant seating position/configuration

Meets requirement '_f_l_,"

D

Not recommended

Ingress/Egress
Level 4 compatible
“

Conclusion for Steel E-Mative
application

©0®0000C0O0
2000000
0000000
2000 000

| Must have - Non negotiable need or requirement

' | Should have — Important, not vital but add
significant value
Could have = Nice to have initiatives that have a
small impact if left out

j — Not a priority at this point in time

Vehicle Design Optimization

DNOR N NON VEOR®

0000 000

Ver 1.

Ver 6.

Ra De | [ricaRDO}

(mm) Dimension
Fail Ral Depth 70
Clearance Rai Clearanca 115
H30 a5
Hs 450

O

sam percentie manikin | By

Ver 3.

Ver7.

. Meets requirsment @
Continued development O

for Phase 1
Not recommended ‘
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Topology Loadpath Optimisation Simulation

 define the major structural loadpaths in the body
given a set of loads that represent the typical
conditions that the vehicle may experience during
its lifetime, including crashworthiness loads

Vehicle Design Optimization

Baseline, no structural doors

Baseline
(twin non-
structural

doors)

Y“"--L X

Single
structural
door

Two
structural
doors
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Technical Approach, Phase 1
T L e 0 5 0 N V3 ETRB R R

Engineering Phase

Phase 1

Body architecture concept development

| sadpath, hpam-r.'lmrmre kfvy section pmflpﬂ *nml

Cnpmnslﬁr af q!aza‘l umhndy f.lrurmrsl rnnrs-pt

Battery concepts development Hewlnpmpm alterrative battery struchure concepts / Crevelopment altermatne batlery struclure concepls
Body subsystem concepl _ Front, rear crash sfructure, rackers, modules

Closures WHDEPT ﬂ"r""ﬁ'“Pm"’- i_ Side closure & Rilfate concept exploration Side closure & IjJ_I'!ﬂTF Concept P.xpfrarmﬁ
Major Project GalewaysiMilestone reviews 0 @- @

Body structure loadpath

Topology optimisation
loadpaths

Front and réar crash
struciures

Sizing calculations

Rocker &side structure

Vehicle Design Optimization

Unibody steel body structura
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Vehicle Weight

SEM 1 3000
Subsystem Status CD Source/estimation BIW Material VEHICLE BOX VOLUME RE=07355,.
2800 ® EVStesel
Estimated from a2Zmac1 statistical analysis. Includes seating, trim panels, glazing, front end & S5
Body non-structure  177.2  clip, exterior panels 2600
MULTI
Body Structure  282.0 <CD> design value from 3D CAD .
2400 * ALUM
Front sub-frame 16.5  <CD> design value from 3D CAD =)
L e Linear (EV Sleel)
Battery case i annn
(structure) 59.0 <CD=> design value from 3D CAD §
Rear sub-frame  10.2  <CD> design value from 3D CAD £ 2000 SEM1 vehicle curb weight
) ) 3 is 27% lighter than 2018-
Front suspension 114.0 <CD> design value from 3D CAD @ 2022 EV average (steel
S 1800
Rear suspension 114.0 <CD> design value from 3D CAD 5 BIW)
>
Braking 59.7  Estimated from a2mac1 statistical analysis 1600
Estimated from a2Zmac1 statistical analysis (steering rack and tie rods only, no wheel column, 1400
Steering 26.0 EPAS etc) . h
Tires and wheels  84.0  Estimated from a2Zmac1 statistical analysis 1200 ir;“ .
s i
Motor Trans Front  63.0  Estimated from a2Zmac1 statistical analysis and Fiat 500e 165 ‘{N\‘ el
Battery system less 7 ] 1 13 15 7 19
case 2458 <CD> Ref BOM including 5kg of fluids, busbars, cooling plate, modules and PDU Vehicle Box Volume | x w x h (m3)
Propulsion controls  60.0 Estimated from a2mac1 statistical analysis 2400 Curb Weight Walk. 2022 BEV Passenger Car Benchmark vs SEM1 2035
Electrical-non ﬁ
propulsion 35.7 Estimated from a2mac1 statistical analysis 2200 2111
Cooling and heating 30.0 Estimated from a2mac1 statistical analysis
2000
Closures 109.3 <CD=> design value from 3D CAD =)
=
Bumpers 26.0 Estimated from a2mac1 statistical analysis E 1800
Vehicle curb =)
weight 1512.2 kg 2 1600

1400

1200

1000
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Features for Weight, Stiffness and
NVH performance

® EV Steel BIW BOX Volume (length x width x height m?)

— BIW weight
. = SEM1 ~T @
— Body Structure Stiffness b R 5 L |
. . 470 werss Linear (EV Multi) ® )
— Gauge thickness for weight, _ ks L~
i %;ZG R 0?1“7
stiffness and strength ¢ oo ST gz
— BIW Joining Methods e 8 g4 @ mimame
— Lightweight design coefficient = o _ <
. . . . @

— Static vertical bending stiffness * T
— NVH performance AL IR T T 0

Loadcase/requirement Target value SEM1 performance

Body in white weight <309.3kg 282kg

Static torsional stiffness >25,000 Nm/deg 63,285 Nm/deg

Static vertical bending stiffness >9 000 N/mm 13,438 N/mm

Trimmed BIW first mode >28Hz 32Hz

Trimmed BIW first battery mode >35Hz 35Hz

Trimmed BIW local dynamic >H X equivalent 5 x dynamic bushing

attachment stiffness dynamic bushing stiffness achieved

stiffness
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