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Problem Definition virtual@vehicle

How to find the suitable design for a new structure?

Tubular space-frame

Monocoque

Space-frame Optimal Design

> 4 s

Engineer

B Fabricated profile
I Casting

Multi material mix structure
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Source: Daimler, AUDI, Toyota, PSA, Internet
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Optimization Process

The Optimization Problem Statement:

* Objective (What do | want?)
min f(x) also min [max f(x)]
* Design Variables (What can | change?)

XL<X <XV (=1,23,..N

I

» Design Constraints (What performance targets v

must be met?)

gi(x) =0 j=1,2,3,...M

Initial design

/

virtual @ vehicle

Optimization algorithms

Variation of the

i

Analysis model:
- Analytical calculation
- Numerical calculation

design variables

Evaluation

The functions f(x), g,(x), can be linear, non-linear, implicit or

explicit, and are continuous

Example: Explicit y(x) = x2 — 2x
Implicit y3—y2x + yx -V x=0
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Structural Design — Topology optimization virtual@vehicle

= New solution —how to find the best one for the given boundary
conditions?

Steel, linear static, thickness = 1mm

3a

A
N
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» What is a possible solution with only 30% of the initial mass?
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Structural Design — Topology optimization

virtual @ vehicle

= New solution with only 30% of the initial mass

Old design

Contour Plot
Displacement(Y)
Analysis system
0.0BUE-'-gD
| -5.938E-03
-1.188E-02
—-1.781E-02
+-2.375E-02
#-2.969E-02
-3.563E-02
-4.157E-02
-4.750E-02
-5.344E-02

Max = 0.000E+00

Vin = -5 R0z Y-Displacement, [mm]

Contour Plot
Element Stresses (2D & 3D)(vonMises, Max)
Analysis system
Simgle Average
1.614E-01
l 1.435E-01
1.256E-01
—1.076E-01
+8.970E-02
~7177E-02
5.383E-02
3.590E-02
1.797E-02
3.693E-05

Max = 1.614E-01
Min = 3.693E-05

Stress (von Mises), [GPa]

Tensor Plot
Element Stresses (2D & 3D)(Major Mid Minor, Mid)

Tensor Plot (Stress)
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Contour Plot
Displacement(Y)
Analysis system
0.000E+00
-1.139E-02
-2.278E-02
~-3.417E-02
+-4.555E-02
=--5.694E-02
-6.833E-02
-7972E-02
-9.111E-02
-1.025E-01

Max = 0.000E+00
Min = -1.025E-01

Contour Plot

y

New design

P
|

N\

Y-Displacement, [mm]

Element Stresses (2D & 3D)(vonMises, Max)

Analysis system
Simple Average
1.54?E—01 9
|~1.739E-U1
1.532E-01
—1.324E-01
+1.116E-01
~9.087E-02
7.011E-02
4.934E-02
2.858E-02
7.815E-03

Max = 1.947E-01
Min = 7.815E-03

Tensor Plot

Stress (von Mises), [GPa]

Element Stresses (2D & 3D)(Major Mid Minor, Mid)

Analysis system
Major
Mid
Minor
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Structural Design — Topology optimization virtual@vehicle

What does topology optimization mean?

Contour Plot _
Element Densities(Density)
1.000E+00

fesooeor Density=0 Source: Altair .
—6.700E-01 o
5.600E-01 o
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Compliance is the objective function to minimize:



Structural Designh — Topography optimization virtual@vehicle

= New solution — how to find the best one for the given boundary

conditions?

3a

FE base model
Y Vi

Steel, linear static, thickness = 1mm

Contour Plot
Displacement(Z)
Analysis %yslem
2.492E-01
[-6.474E+00
-1.320E+01
—-1.992E+01
[-2.664E+01
-3.337E+01
-4.009E+01
-4.681E+01
-5.354E+01
-6.026E+01

e | ng = 2.492E-01
M =0:020+01 Z-Displacement, [mm]

» What is a possible solution to minimize nodal displacement?
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Structural Design — Topography optimization virtual@vehicle

= New solution

No manufacture constraints — production complexity

Contour Plot Contour Plot

Shape Change(Mag) ELSE“‘S‘;:’:ES';L(?
i T162E.02
[3.556E+00 [-6.321 E-01
3.111E+00 -1.276E+00
—2.667E+00 —-1.919E+00
2.222E+00 —-2.563E+00
=1.778E+00 +-3.207E+00
1.333E+00 -3.850E+00
8.889E-01 -4.494E+00
E4'444E-01 E-5.138E+00
0.000E+00 -5.781E+00
Max = 4.000E+00 Max = 1.162E-02
Min = 0.000E+00 Min = -5.781E+00

Mag-Shape change, [mm] ' Z-Displacement, [mm]

Manufacture constraints — possible additional stiffness benefits

Contour Plot
Contour Plot
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Shape Change(Mag) .
Analysis system R'sﬁla‘feme';‘(z)
4.000E 60 el ggtem
[3.556E+00 5 769E-01
3.111E+00 7'593E-01
—2.667E+00 —-1.142E+00
T2.222E+00 T'1 524E+00
=1.778E+00 =-1.906E+00
1.333E+00 -2.289E+00
8.889E-01 -2.671E+00
IE4,4445.01 t-3.054E+00
0.000E+00 -3.436E+00

Max = 5.473E-03
Min = -3.436E+00

Mag-Shape change, [mm] Z-Displacement, [mm]

Max = 4.000E+00
Min = 0.000E+00
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Structural Design — Topography optimization virtual@vehicle

What does topography optimization mean?
Shape change variants

~— Element normal vectors -—

~

...*I----. - L IIIIIlII

\ Baseline surface
Optimized surface

FE base model
TN

Source: Altair

Contour Plot
Shape Change(Mag)

Analysis system
4.000E+00

3.556E+00
3.111E+00
—2.667E+00
—2.222E+00
—1.778E+00
[1 .333E+00

User defined draw vector
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8.889E-01
4.444E-01
0.000E+00

Max = 4.000E+00

Min = 0.000E+00 — Baseline surface

Mag-Shape change, [mm] ‘H“‘—Optimized surface
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Structural Design — Free-size optimization virtual @ vehicle

= New solution —how to find the best one for the given boundary
conditions?

Steel, linear static, thickness = 1mm

3a

A
N

Y 4 F F F e

» What is a possible solution with only 30% of the initial mass?

06.03.2015 / Jedrzejczyk 4a TECHNOLOGIETAG 2015 © VIRTUAL VEHICLE 11
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Structural Design — Free-size optimization

\gdVF]! @ vehicle

= New solution with only 30% of the initial mass

Contour Plot

Old design

Element Thicknesses(Thickness)

9.556E-01
9.111E-01
—8.667E-01
—8.222E-01
=7.778E-01
ET.SSBE—O‘I

[1 .000E+00

6.889E-01
6.444E-01
6.000E-01

Max = 1.000E+00
Min = 6.000E-01

Contour Plot

Displacement(Y)

Analysis system
0.0 80

E+
l -5.938E-03
-1.188E-02
—-1.781E-02
+-2.375E-02
+-2.969E-02
-3.563E-02
-4.157E-02
| -4.750E-02
-6.344E-02

Max = 0.000E+00
Min = -5.344E-02

Contour Plot

Element thickness, [mm]

Y-Displacement, [mm]

Element Stresses (2D & 3D)(vonMises, Max)

Analysis system

Simgle Average
1.614E-01

l 1.435E-01
1.256E-01

-1.076E-01

—8.970E-02

~7.177E-02
5.383E-02
3.590E-02
1.797E-02
3.693E-05

Max = 1.614E-01
Min = 3.693E-05

Stress (von Mises), [GPa]
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Contour Plot

New design

Element Thicknesses(Thickness)

Simple Average
1.000E+00

8.900E-01
7.800E-01
—6.700E-01
—5.600E-01
=4.500E-01
3.400E-01
2.300E-01
1.200E-01
1.000E-02

Max = 1.000E+00
Min = 1.000E-02

Contour Plot
Displacement(Y)
Analysis system
0.0%%E+80
-1.174E-02
-2.348E-02
+-3.521E-02
+-4.695E-02
+-5.869E-02
-7.043E-02
-8.216E-02
-9.390E-02
-1.056E-01

Max = 0.000E+00
Min = -1.056E-01

Contour Plot

T A

Element thickness, [mm]

Y-Displacement, [mm]

Element Stresses (2D & 3D)(vonMises, Max)

Analysis system

Simple Average
1.£96E-01

l 1.419E-01
1.242E-01

—1.065E-01

+8.876E-02

=7.105E-02
5.333E-02
3.562E-02
1.790E-02
1.829E-04

Max = 1.586E-01
Min = 1.829E-04

4a TECHNOLOGIETAG 2015

Stress (von Mises), [GPa]
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Structural Design — Free-size optimization

What does free-size optimization mean?

06.03.2015 / Jedrzejczyk

Variable thickness of each element

Source: Altair

F F

FE base model

Contour Plot

Element Thicknesses(Thickness)
1.000E+00

8.900E-01
7.800E-01
—6.700E-01
[S.EDOE-01
4.500E-01
3.400E-01
2.300E-01
1.200E-01
1.000E-02

Max = 1.000E+00
Min = 1.000E-02

Element thickness, [mm]
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Structural Design — Size optimization virtual @vehicle

= New solution based on the topology optimization results

Topology results interpretation Tube sections Tube-like structure

Source: Altair
Steel, linear static, DIM1 =1.5mm, DIM2 = 0.5mm FEbasemodeI

T

Size optimization results

Contour Plot
Displacement(Y)
Analysis system
1.088E-0¥3
[-1.755E-02
-3.620E-02
—-5.484E-02 v
L -7.349E-02
-9213E-02

1.108E-01 : \
|E1294E 01 | _ \
1481E-01 | _ \
1.667E01 = X
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o Y-Displacement, [mm] i FE model — optimized tube diameters L
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Structural Design — Size optimization

What does size optimization mean?

Tube-like structure

\gdVF]! @ vehicle

Section dimensions (DIM1 & DIM2) as variables

%

TN

FE base model

|

N/

Size optimization results

Telem

C

%

DIM1

D Zelem

Source: Altair

Optimized tube diameters table

DESIGHNED PROPERTY ITEMS TABLE

DVPREL1~-2 TUSER-ID

FROP-TYFE FPROP-ID

ITEM-CODE FPROP-YALUE

FE model — optimized tube diameters

i

06.03.2015 / Jedrzejczyk

DVPEEL1 12 PBEAM 5600001 DINZ 9.000E-01
DYPEEL1 11 PEEAM 5600001 DINM1 1.900E+00
DYPEEL1 10 PBEAM 5500001 DINZ 2. 100E+00
DYPEEL1 9 PBEAM 5500001 DIM1 3.100E+00
DYPEEL1 8 PBEAM 400001 DINZ 3.000E-01
DYPEEL1 7 PEEAM 5400001 DINM1 1.300E+00
DYPEEL1 b PBEAM 5300001 DINZ 2.000E-01
DYPEEL1 5 PBEAM 5300001 DIM1 1.200E+00
DYPREEL1 4 PBEAM £z200001 DINZ 2. 300E+00
DYPEEL1 3 PEEAM 5200001 DINM1 3. 300E+00
DYPEEL1 2 PBEAM 5100001 DINZ 1.100E+00
D¥YPEEL1 1 PBEAM 5100001 DIM1 2. 100E+00
4a TECHNOLOGIETAG 2015 15
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Structural Design — Composite optimization virtual @ vehicle

= How it works?

Free-size optimization
Definition of most efficient ply shapes Ply slicing
Ply shapes determination

e
J

Initial design
e.g. [0,45,-45,90]

Q@ —

Size optimization
Plies number of each ply shape

Composite shuffling to satisfy engineering requests

Stacking sequence to satisfy
manufacturing specifications .
Source

06.03.2015 / Jedrzejczyk 4a TECHNOLOGIETAG 2015 © VIRTUAL VEHICLE
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Design Optimization — Vehicle overview

06.03.2015 / Jedrzejczyk 4a TECHNOLOGIETAG 2015
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Design Optimization — Vehicle overview virtual@vehicle
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Design Optimization — Loadcases definition virtual {} vehicle

The principal ‘normal running’ global road loadcases were selected as follows:
Front Torsion

[dnp Jo ¢

1. Three Polnt Bending o) gﬁ%?%’gzaa'sﬁcsllain(Scaiarvalue.Max) —‘
% 7 » ::253E~0: P

2. Front & Rear Torsion - N —2 !g%ééég
3. Braking into Front & Rear ' | fﬁzﬁ

h 0.000E+00
4. Cornering M= 0 0008+00
5. Vertical Bump Front & Rear R £
6. Bending for the front & rear axle loads Effective plastic strain, [-]
7. Equivalent Static Front, Rear & Side Crash

.l
Fundamentals of
Automobile Body

palqiyc

Structure Design

First-order models enable instant analysis for the
what-if questions during early design phase, Donald E.
Malen

by Donald E. Malen

SAE nternational

06.03.2015 / Jedrzejczyk 4a TECHNOLOGIETAG 2015 © VIRTUAL VEHICLE 19
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Design Optimization — FE model virtual@vehicle

Model overview

Forces

Constraints (SPC) \4
Non Design Space RBEZ2 Rigid Elements

Design Space

Non Design Space — Cut-Out

Material: steel, linear static

06.03.2015 / Jedrzejczyk 4a TECHNOLOGIETAG 2015 © VIRTUAL VEHICLE 20
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Design Optimization — Topology

Vertical Bump Rear 15t Run
OptiStruct Results

Steel, Vol. Fraction = 0.055

OSSmooth Results for 2" Run

Side view

Isometric view

06.03.2015 / Jedrzejczyk 4a TECHNOLOGIETAG 2015

virtual @ vehicle

Contour Plot

Element Densities(Density)

Value Filter >= 0.30000
-1.000E+00
-9.222E-01

8.444E-01
~7.667E-01

6.889E-01
-6.111E-01
+5.333E-01

4.556E-01
-3.778E-01

3.000E-01 =
Max = 1.000E+00
Min = 3.000E-01

Contour Plot
Displacement(Z)
Analysis system
4.5)4 9E-0y1
2.316E-01
1.134E-02
~-2.089E-01
-4.292E-01
-6.495E-01
-8.698E-01
-1.090E+00
-1.310E+00
-1.531E+00

Max = 4.519E-01
Min = -1.531E+00

Z-Displacement, [mm]

Contour Plot
Displacement(Z)

Analysis system
4.519E-01

2.316E-01
1.134E-02
—-2.089E-01
-4.292E-01
-6.495E-01
-8.698E-01
-1.090E+00
-1.310E+00
-1.531E+00

Max = 4.519E-01
Min = -1.531E+00

Z-Displacement, [mm]

© VIRTUAL VEHICLE
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Design Optimization — Topology

virtual @ vehicle

Vertical Bump Rear 2"d Run
Contour Plot
Element Densities(Density)
Value Filter >= 0.30000 g
1.000E+00
[9.222E-01
8.444E-01
—7.667E-01
[6.889E—01
—6.111E-01
75.333E-01
4.556E-01
3.778E-01
3.000E-01

Max = 1.000E+00
Min = 3.000E-01

FE model for 2nd Run Element density, [-]

OptiStruct Results Steel, Vol. Fraction = 0.230

Contour Plot
Displacement(Z)

Analysis system
[4.1 4E-01 ]

1.989E-01

-1.961E-02
—-2.381E-01
[-4.566E-01

-6.752E-01

-8.937E-01
E-1 .112E+00

Side view

-1.331E+00
-1.549E+00

Max = 4.174E-01
Min = -1.549E+00

pa1iqiyo.d JUaSU0D INOYIIM uoledldnp 10 8INSO|ISIP ©

Z-Displacement, [mm]

Isometric view
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Design Optimization — Topology virtual {} vehicle

Equivalent Static Side Crash 1% Rur]/,.f]
OptIStrUCt ReSU|tS T g ( \\ ‘E:I(::;Zl:lrtgg:\sities(Density) ) \\P \

Value Filter >= 0.30000
1.000E+00

9.222E-01
8.444E-01

~7.667E-01
I~6.889E-01
-6.111E-01
5.333E-01
[4‘556E-01
3.778E-01
3.000E-01
Max = 1.000E+00
. Min = 3.000E-01 S
\; Steel, Vol. Fraction = 0.030 _
M Element density, [-]
Contour Plot
Displacement(X)
OSSmooth Results for 2" Run Analysis system
[1.683E+00
1.449E+00
—1.215E+00
[9.814E-01
7.474E-01
5.135E-01
2.795E-01
4.546E-02
-1.885E-01

Max = 1.917E+00
Min = -1.885E-01

X-Displacement, [mm]

Contour Plot
Displacement(X)
Analysis system

i 1.917E+00
TOp view 1.683E+00

1.449E+00
—1.215E+00
[9.81 4E-01

7.474E-01

5.135E-01
[2.795E-01

paligiyoad JUSSU0d INOYIIM uolyedl|dnp 10 9INSO|ISIP ©

4.546E-02
-1.885E-01

Max = 1.917E+00
Min = -1.885E-01 .
X-Displacement, [mm]

06.03.2015 / Jedrzejczyk 4a TECHNOLOGIETAG 2015 © VIRTUAL VEHICLE 23
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Design Optimization — Topology
Equivalent Static Side Crash 2" Run

FE model for 2" Run

OptiStruct Results

Side view
06.03.2015 / Jedrzejczyk

Steel, Vol. Fraction = 0.320

virtual @ vehicle

Contour Plot
Element Densities(Density)
Value Filter >= 0.30000
1.000E+00 -
[9.2225-01 o,
8.444E-01 L
~7.667E-01
[6.889E-01
6.111E-01
[5.333E-01

4.556E-01
3.778E-01
3.000E-01

Max = 1.000E+00
Min = 3.000E-01

Contour Plot
Displacement(X)

Analysis system
1.866E+00

1.639E+00
1.412E+00
—1.185E+00
[9.580E-01
—7.311E-01
+-5.042E-01
2.773E-01
5.041E-02
-1.765E-01

Max = 1.866E+00
Min = -1.765E-01

Contour Plot
Displacement(X)

Analysis system
[1.866E+ 0

1.639E+00
1.412E+00
~1.185E+00
[9.580E-01
7.311E-01
5.042E-01
2.773E-01
5.041E-02
-1.765E-01

Max = 1.866E+00
Min = -1.765E-01

X-Displacement, [mm]
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Design Optimization — Topology

All combined loadcases 1st Run
OptiStruct Results /

OSSmooth Results for 24 Run

Steel, Vol. Fraction = 0.100

Isometric view

OSSmooth Results for 3 Run

Isometric view

06.03.2015 / Jedrzejczyk
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virtual @ vehicle

Contour Plot

Element Densities(Density)

Value Filter >= 0.30000
1.000E+00

9.222E-01
8.444E-01
~7.667E-01
l6.389E-01
~6.111E-01
5.333E-01
4.556E-01
3.778E-01
3.000E-01

Max = 1.000E+00 ||
Min = 3.000E-01 |

Element densigl,i [—]

Contour Plot ~_ \/ertical Bump Rear
Displacement(Z)

Analysis system

[1 .490E-01
-1.014E-01
—3.517E-01
[-6.020E-01
-8.523E-01
-1.103E+00
-1.353E+00
-1.603E+00
-1.854E+00

Max = 3.993E-01
Min = -1.854E+00
Z-Displacement, [mm]

Equivalent Static Side Crash
Contour Plot
Displacement(X)

Analysis system
[1.100E+ 0

9.579E-01
8.157E-01
—6.736E-01
[5.31 4E-01
3.892E-01
2.471E-01
1.049E-01
-3.726E-02
-1.794E-01

Max = 1.100E+00
Min = -1.794E-01
X-Displacement, [mm]
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Design Optimization — Topology

All combined loadcases 3@ Run

FE model for 3@ Run

OptiStruct Results

Isometric view
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Steel, Vol. Fraction = 0.325
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virtual @ vehicle

Contour Plot
Element Densities(Density)
Value Filter >= 0.30000
1.000E+00
[9.222E-01
8.444E-01
—7.667E-01
[6.889E-01
6.111E-01
5.333E-01
4.556E-01
3.778E-01
3.000E-01

Max = 1.000E+00 %"
Min = 3.000E-01

Element density, [-]

Vertical Bump Rear

Contour Plot

Displacement(Z)

Analysis %ystem
6.968E-01 y
2.975E-01

-1.019E-01
~-5.012E-01 |
-9.005E-01
-1.300E+00
-1.699E+00 =
-2.099E+00 (& 0
-2.498E+00
-2.897E+00

Max = 6.968E-01
Min = -2.897E+00

Z-Displacement, [mm]

Equivalent Static Side Crash
Contour Plot
Displacement(X)

Ana_}vsis system
1.721E+00
[1.510E+00
1.299E+00
—1.087E+00
[8.758E-01
+6.645E-01
E4.532E-01

2.418E-01
3.048E-02
-1.809E-01

Max = 1.721E+00
Min = -1.809E-01

X-Displacement, [mm]
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Design Optimization — Topology

\gdVF]! @ vehicle

Available interpretation possibilities of the topology optimization results

Tubular space-frame

Materials

Space-frame

N~~—

cturing & Joining Tec

Monocoque

Multi material mix structure

Unibody

06.03.2015 / Jedrzejczyk 4a TECHNOLOGIETAG 2015

paligiyoJid 1uasuod 1noylim uoiedljdnp 1o 3inNsojasIp ©



Summary virtual@vehicle

The optimization (especially topology) is only an advice tool, not a “magic
black box” for ready-made solution

» Topology optimization shows the flow of forces for given boundary conditions

» For all types of optimization the boundary conditions need to be defined
precisely

» There is a further potential to reduce the mass of the structure — results
interpretation plays a very important role at this stage of development to use
the full advantage of the optimization process
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