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Fraunhofer IPA
as a technology consultant and innovation driver

Third-largest institute of the Fraunhofer-Gesellschaft; based in Stuttgart

1,000 employees | 64.2 million euros operating budget | 20.4 million euros industrial revenues

Expertise in manufacturing engineering and automation since 1959
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Business units and working fields
An interdisciplinary organization

Director Prof. Dr.-Ing. Thomas Bauernhansl
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Department Lightweight Construction Technologies
Our expertise

Health protection
and dust & chip

extraction
technologies

= Adapted extraction
strategies and
airflow-optimized
extraction hoods

= Designing and
testing extraction
hoods and
systems

= Highly effective
extraction
solutions

Lightweight
design

= Design of fiber
reinforced
composite
materials

= FEM simulation

= Construction
methods

= Parametric
optimization

= Topology
optimization

Quality

assessment

= Solutions for the
acquisition and
documentation of
guality data

= Concepts for the
automated
acquisition of
guality data

= Data capture and
analysis

Sawing
technologies

= Machining and
cutting processes

= Saw blade design
and optimization

= Ultrasonic sawing

Joining
technologies

= Bonding

= Friction stir
welding

Machining and
cutting
technologies

= Coating technology

= Cooling and
lubrication systems

= Robot-assisted
machining

= Ultrasonic-assisted
machining

= Machining
processes for
lightweight
materials

= Simulation of
machining
processes
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Motivation

B Robotic system for drilling large structural
components

M Rating of robot kinematics and machining
quality

M Test device is used as a dummy for large
structural components

B High stiffness and light weight (because
of manual adjustment) are required
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Loading

B 4 working pieces as lumped masses
B External force represents pressure during the working process
® Influence of the gravity is studied at 0°, 90° and 180° position

B Fixed support at the arbors on left and right side

0,00 450,00 500,00 (mim)
I 0 S

225,00 675,00
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Optimization Parameters

Thickness of upper plate (initial: 10 mm)

Width, height and thickness of upper beams (50 x 50 x 3 mms)
Width, height and thickness of middle beams (40 x 40 x 3 mm3)
Width, height and thickness of lower beams (70 x 70 x 4 mm?)

2 materials for the beam structure: Steel or Aluminium
(upper plate is Aluminium)
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Simulation Model

A B C D

D Parameter Mame Yalue Unit

E InputParameters

b 0°Llage (AD)

# (L | =

B Three load cases in
[’p New input parameter MNew name Mew expression

AN SYS WOFkbenCh 39 E  Output Parameters

40 = % 0°Llage (A1)
B Deformations of 3 load cases a1 5 P35 Total_mass 207,19 s
as OUtpUtS |n parameter Set 42 __p_d P55 Maximum_displacement_0 0,12087 mm
43 = E a0=Lage (B1)
44 pd P56 Maximum_displacement_90 0,097235 mm
45 = @ 180°Lage (C1)
a6 pd P57 Maximum_displacement_120 0,067609 mm
3 p_<.| New output parameter MNew expression
43 Charts
-
2 @ Technische Daten v ,——m2 @ Technische Daten v 4——82 @ Technische Daten v
3 |0 Geometrie W ,——&3 (i} Geometrie v M3 (i} Geometrie v
4 §8 Model v ,———®% @ Model v W4 @ Model v
5 ﬁSEmp v o, 5 ﬁSetup v 4 5 ﬁ5etu|:| v o4
] Lisung ¥ 6 | §F Lisung ¥ 4 ] Lasung ¥ 4
7 9 Ergebnisse v 7 9 Ergebnisse v . 7 9 Ergebnisse v .

—= 8 rp:‘ Parameters 8 fp:‘ Parameters —=> 8 rﬂ Parameters
0=-Lage g0=-Lage 180°-Lage

||Tp:| Parameter Set . |

|
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Optimization Task

Objective functions Initial Design
® Minimization of mass m Mass: 207,2 kg
B Minimization of deformation B Deformations:

of the beam structure
for a positioning in
0°, 90° and 180° 90°- position: 0,10 mm

0°- position: 0,12 mm

180°- position: 0,07 mm
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Flowchart of Sensitivity Analysis

Design of
Experiments

= Deterministic

= (Quasi)Random

Solver

- RC YT

259
0.2 0.5
Y Axs D575 1s ! * R

Regression Methods
1D regression

nD polynomials

= Sophisticated
metamodels

llNPUT' height
INPUT: thickness
'{NPUT‘ radius
Sensitivity
Evaluation
= Correlations

= Reduced regression
= Variance-based

Design of Experiments generates a specific number of
designs, which are all evaluated by the solver

Regression methods approximate the solver responses to
understand and to assess its behavior

The variable influence is quantified using the approximation

functions
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Metamodel of Optimal Prognosis (MOP)

B Approximation of solver output by fast surrogate model

B Reduction of input space to get best compromise between available information
(samples) and model representation (number of inputs)

B Determination of optimal approximation model

MLS approximation of difference
Coefficient of Prognosis = 89 %

B Assessment of approximation quality

B Evaluation of variable sensitivities

Coefficients of Prognosis (using MoP)
full model: CoP = 89 % ®

T T T T
- INPUT: depth [ 2300
10 %
L 2000
()
@ INPUT: height g
. (]
*qum 34 % L1500 5
& 5
m
o 1000

|_
2 PUT: thickness
= 34 %
= - 500
- PUT: radius
38 %
1 1.05 =
| I I 1 0.95 055
0 20 40 60 80 0.85 Frickn

CoP [%] of OUTPUT: difference
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Definition of Parameter Bounds

w
il = Statisch-mechanische Analyse
2 | @ Technische Daten « ,———M2 @ Technische Daten ' g~ 2 & Technische Daten v
3 i) Geometrie W g3 (i} Geometrie g 3 |} Geometrie v .
4§ Model v ,——W4 @ Model v W4 §P Model v 4
5 @ setup v 5 | @ setup vy 5 @ setup ey
6 | G5 Lasung v o, 6 | @5 Losung v o4 6 @3 Losung v 4
7 |@ Ergebrisse v 7 | @ Ergebnisse v 4 7 |@ Ergebrisse v o4
8 rﬂ Parameters 8 rp:] Parameters 8 ?p_ﬂ Parameters
0=-Lage 90°-Lage | 180°-Lage
Na?ne Parameter type Reference value Constant Resclution Range Range plot
! 1 %Lower_beam_distance Optimization 80 Continuous 60 100 _
|E'pj Parameter Set
2 Lower_beam_height Optimization 70 Continuous 40 100 _
3 Lower_beam_thickness Optimization 4 Continuous 2 1] _
Lower_beam_width Optimization 70 Continuous 40 100 _
5 Middle beam_height  Optimization 40 Continueus 30 70 L
6 Middle_beamn_thickness Optimization 3 Continuous 2 (1] _
7 Middle beam_width  Optimization 40 Continueus 30 70 L
& Upper_beam_height Optimization 50 Continuous 370 _
9 Upper_beam_thickness Optimization 3 Continuous 2 1] _
10 Upper_beam_width Optimization a0 Continuous 30 T _
11 Upper_plate_thickness  Optimization 10 Continuous 10 30 _
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Design of Experiments

M 200 Latin Hypercube Samples

B 10% failed designs due to conflicting geometry parameters

65

INPUT: Upper_beam_height
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Influence of Parameters

B Thickness of upper plate is most
important for the mass

B Parameters of lower beam
sections have highest
influence on deformations

Maximum_displacement_180

Maximum_displacement_90

Maximum_displacement_0

Total_mass | 0-16
0.14
(g,@ é’? 0.12
o &
IS ‘k/‘ O & S O 0.1
2 &L & 3 £ <
& &7 & &7 N & @’ £ 0.08
</ o © Yo o/ 0 ’g <
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The Multi-Objective Optimization Task

B Several optimization criteria are A
formulated in terms of the input h
variables x

f1(x) — min

fn(x) = min

B Uncountable set of solutions,
if criteria are contradicting

» Good compromise between
different objectives is searched

» A Posteriori Preference Articulation
B Search before making decisions

» Find Pareto optimal solutions and
select the most suitable

N
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Definition of Optimization Goals

m Goal 1: Minimization of the mass (initial 207 kg)

B Goal 2: Minimization of sum of deformations
in 0°, 90° und 180° position (initial 0,26 mm)

Objectives

Marne Critericn Expression

Value

Objective_mass hAIM Total_mass,/1000

0.207195

Objective_displacerments MIN Maxirurm_displacement_0+Maxirmum_displacerment_80+Maximum_displacerment_180 0.285717

NEW
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Multi-Objective Optimization using the
MOP-Approximation

Steel construction can obtain much smaller deformations with higher mass

Design Number: 95
o o t Middle_beam_height
A - Middle_beam_thickge
E ® Mid&ietb?m_ Design Number: 107
Q — 7 7 = {
- ] E g Upper_plalie_thi 9; Mlddle_bg?)m_helght i i
0
5 — E Sl Lower_b%aom_h : Middle_beaEn_thickness a
o —
£ E “é | Lower_bsgm_ Lo :ErMiddle_bggm_width a
) 2 3 3
o > B Lower_bearn_thid| [T Upper_plate thickness :
— = (o] 5
Ew < -2 ; Upper_be3arn_h Ew Lower_btleam_hetght
Of P -
) C)- .| Upper_bear;_thi 8 : Lower_bigm_mdth i
- — [
o a Lower_beam_thickness
I e L E 2.5915
v 6 2b 4'0 Gb 1- Upper_beam_hbeight
> Relative Size to Bo Design Number: 192
S O ~ Upper_bea
Q0 = 30

r—' Middle_bearzn_thickness i

o] 0 20 40
l'-; < é Upper_plat;eo_thickness
ia) ] £ , R—
e o 5 Lower_gbge'gr;l_helght
: w—
ki 93.13
gv Lower_bg.a4n7\it1hickness
N < Upper_be3a0m_height |
D. i .’ e | i Upper_bear2r1_thickness v
! I I I
Upper_beam_width
0.1 0.125 0.15 0.175 0.2 0.225 0.25 0.275 0.3 l = I i@ .
0 BJ . Ob]ectlve_maSS Relative Size to Bounds [%]
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Multi-Objective Optimization with MOP-Approximation

o
2
s
b
B Deformations in 0°, 90° und 180° 8
position are not in conflict to each other sl
E
B Deformations smaller than 0,15 mm %g
seem to be not possible with Aluminium =
T T T T T T T T T Eo"
gm
oI”N’_, & | 2
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0.6

displacements

OBIJ: Objective
0.3

Validation of Approximated Pareto-Frontier

B Pareto designs on MOP-approximation agree very well
with simulation results

0.5

0.4

0.2

T T F T T T
o . .
( Steel - Aluminium
MOP 5
Ert
FEM @
0
jaB
U
'Uloo
o
2
]
o
Oyw
=l
(0]
]
* e [
| | | | | ‘.\ ng O
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OBJ: Objective_mass OBJ: Objective_mass
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0.6

0.5

Objective_di%placements
0.3 0.

0.2

Optimal Design at the Pareto-Frontier

B Deformation is limited to 0,2mm

» Height and thickness of lower beam

are most important

016 0.18 0.2 022 024 026
Objective_mass

ponse
3

Numzber of Res

10

I

8

ﬂ

6
l

4

;

M

Number of Parameter

RESPONSE DATA: (Design Number: 23)

Maximum_displacement_180
0.0539732

Total_mass
191.353

ob
o

20 40 60 80 1
Relative Size to Response Range [%]

o

Middle_beam_height
30

l

Middle_beam_thickness
2.0033

IJ

|

Middle_beam_width
32.062

1
H

Upper_platl%_thickness

Lower_beam_height
99.711

Lower_beam_width
40.789

Lower_beam_thickness
5.0247

1
IJ

ﬂ

Upper_beam_height
30.111

Upper_bear;l_thickness —

M

|

H

Upper_beam_width
30.138

o

20 40 60 80 100

Relative Size to Bounds [%]

o
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Single-Objective Optimization

B Optimization goal: minimization of the mass

B Material of beams: Steel

B Constraints: Deformations (0°, 90° und 180°) smaller than 0,1mm

Ohjectives

Mame Critericn Expression Value
Objective MIN Total_mass 207195
new
Constraints

Mame Left side expression Criterion  Right side expression Value
Constraint_( Maximum_displacerment_0 = 0.1 0120873 <01
Constraint_90 Maximum_displacement_80 = 01 00972345 =01
Constraint_180  Maximum_displacement_180 = 01 00676094 =01

MEW

dynardo
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Optimal Design 1: Continuous Design Parameters

Initial Design
B Mass: 207,2 kg
B Deformations:
0°- position: 0,12 mm

90°- position: 0,20 mm

180°- position: 0,07 mm

Optimized Design
B Mass: 186,1 kg (-10%)
B Deformations:
0°- position: 0,10 mm (-17%)
90°- position: 0,08 mm
180°- position: 0,05 mm

~ Fraunhofer
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Optimization using Discrete Design Parameters

Abmessung kalt- Quer-

gifmigt ;?h:i“- B Parameters have been chosen according to

acne . . .

10219 available supplier profiles
HxBxT M A
mm kg/m cm?
40x20x 2,0 1,68 2,14

2,5 2,03 2,59

3,0 2,36 3,01
*45x25x 3,0 2,83 3,61

c ADx30x 3.0 283 361 Name Parameter type Reference value Constant Operation Resolution Range Range plot
) ) )
C h0x20x 3,[] 2,83 3.51 1 Lower_beam_distance  Optimization 20 Continuous a0 100 ﬁ
50x30x 2,0 2,31 2,94
25 282 350 2 Lower_beam_height Optimization 100 ] Ordinal discrete by value 40: 50: 60: 80: 100 ii i ii
) ) )
3'[] 3'30 4'21 3  Lower_beam_thickness Optimization 4 0 Ordinal discrete by value 253456 iiiii
4,0 4,20 5,95
© 60x30x 3,0 3,?? 4,81 4 Lower_beam_width Optimization 60 (] Ordinal discrete by value 40: 50: 60: 80: 100 iiiii
60x40x 2,0 2,93 3,74
25 3 60 459 5 Middle_beam_height Dependent 40 (] Middle_beam_width
] 1 !
3'0 4’25 5’41 6 Middle_beam_thickness Optimization 2 (] Ordinal discrete by value 2:25:3:4:5 iiiii
4,0 5,45 6,95
50 6,56 8,36 7 Middle_beam_width  Optimization 40 | Ordinal discrete by value 30: 40: 50: 60: 70 (1111
*70x40x 3,0 4,72 6,01
4.0 6.08 775 8 Upper_beam_height Dependent 30 [ Upper_beam_width
) ] )
70 x50 x 2'[] 556 454 9 Upper_beam_thickness Optimization 2 (] Ordinal discrete by value 2:25:3:4:5 iiiii
2,5 4,39 5,59
= i 6,61 10 Upper_beam_width Optimization 30 [ Ordinal discrete by value 30: 40: 50: 60; 70 iiiii
/)] ThyssenKru 8,55
y pp 10,40 11 Upper_plate_thickness  Optimization 10 Continuous 10 30 ﬁ
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Optimal Design 2: Discrete Design Parameters

Optimized Design 1
B Mass: 186,1 kg (-10%)
B Deformations:
0°- position: 0,10 mm (-17%)
90°- position: 0,08 mm
180°- position: 0,05 mm

Optimized Design 2
B Mass: 193,3 kg (-7%)
B Deformations:
0°- position: 0,10 mm (-17%)
90°- position: 0,08 mm

180°- position: 0,05 mm

Best Design #255

10

Il

I

Middle_beam_height
30.918

l

Middle_beam_thickness
2.0599

U

" Middle_beam_width
40.295

" Upper_| plat% thickness

Number of Parameter
| [

1

1

Lower_beam_height
799.819

Lower_beam_width
47.464_

H

Lower_| beam _thickness
4.0273

UIJ

Upper_beam_height
30

Upper beam _thickness
2.0073

l

Upper_beam_width
34.435

o

8H

-
o
o

20 40 60
Relative Size to Bounds [%]

Best Design #1

N

1
:

l

Mlddle be%m helght

Middle_| beag\ thickness

8

Middle begm width

~ Upper._| plat% thickness

6

I\

!
:

1

Lower_beam_height
100

" Lower_beam_width
40

4

!

IJ

Number of Parameter

|

|

Lower bea? thickness

~ Upper_| beam _height

Upper bearzn thickness

U

" Upper_beam_width
30

o
o

20 40 60 80 1
Relative Size to Bounds [%]
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Summary

M Sensitivity analysis helps to better understand the
physical phenomena and to check or validate the
simulation model

M [dentification of important parameters helps to
significantly simplify and accelerate the
optimization task

B MOP-approximation can be used for fast
pre-optimization step or multi-objective case
studies

Thank you

For more information please
visit our homepage:

www.dynardo.com
www.ipa.fraunhofer.de
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