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Motivation ﬂ(IT
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Overview

Lightweight Engineering
adapted from [Kdrger et al. 2015]

n Lightweight potential <> Engineering efforts

Design Forming Infiltration | Curing/Cooling Structure

Process simulation for engineering design

= Early assessment of manufacturability

\/ Reduction of expensive prototype trials

Numerical expertise and computation efforts

% (iterative optimisation!) ’ ’ "
XX XX X

Goal: Accelerate process optimisation ‘
E\/j OPTIMISATION
" Integration of knowledge from similar
. . . Example virtual process chain for continuous-fibre reinforced plastics
components via Machine Learning (ML) (Resin-Transfer-Moulding, RTM)

= Joint project OptiFeed (ITA and FAST) on fabric forming -ITA FA§T
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Vision

Combine simulation and ML-techniques
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Virtual ,process experience’

®  Use physics-based simulations as a
,close-to-reality’ proxy of experiments

— Generate extensive database
with part-process-observations

®  MlL-algorithm extracts governing
process dynamics (,training’)

— once trained, it can give
recommendations for new geometries
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Generic Generic Simulation of
geometry samples process parameters part quality

A

Pretrained
New ML-algorithm Process
component recommendation

Lightweight Engineering " FAST
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Process optimisation for variable geometries ﬂ(IT

CO nce pt Karlsruher Institut fir Technologie
Idea Quality q
" Replace the ,classical’ -~
P ! [ Optimiserj @mulation (p] — Popt
iterative optimisation S ¢ F Catalogue 3\}
Parameter p with generic

@ >,  geometries /

by a more general function u:G - P* ~ & %
T / »reward signal“

Quality q
Reinforcement Learning (sutton and 8arto, 2018] PN < el
g <@ > — > > >
_ L o=
u Trial-Error-Training in a simulation environment
. . . o Geometr ML-Analysis  Process recommendation / Simulation
" Algorithm is rewarded if part quality improves v v
g u p %
" Information encoding in greyscale-images
2 Q
— —>
O O
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Process optimisation for variable geometries Q(IT
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Training .
1 S
= Database with forming simulation samples MSE = _Z()’;j —-;
n
|

Training: Iterative adaption of network parameters to minimise MSE

—  Images well suited to describe arbitrary forming geometries

A Simulation
10 1
) =
n Z
(%]
J O I I I : K X
0 10 20 30
. . ML-Training iteration
Database with draping samples
Images from [Trippe, 2019]
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Optimisation of variable geometries ﬂ(IT
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Application example

Pressure-pad assisted fabric forming zimmeriing et al. 2020, 20226]

- FE fabric model [Poppe et al. 2018, 2019]

on geometry catalogue of cuboids

=  Process manipulation by pressure pads

=  Goal: Smoothest possible draw-in

. . Curvature k ualit
— textile curvature measures quality qnt (Quality)

Kant.
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Optimisation of variable geometries

Application example | Training results
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Training progress with Reinforcement Learning [zimmerling et al. 2020, 2022b]

=  Sampling phase to gather observations

= Successful minimisation of curvature across...

= 14 training geometries

= 5validation geometries (hidden)
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Textile curvature k in 1/mm

Kqnt
(normalised and averaged)

1.0

Sampling
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Optimisation of variable geometries N ﬂ(IT
Application example | Training results C xf - # - “ Kerbruher ettt fr Technologle

Textile begins
to fold
;\/K”'_

1

Free Forming ML-recommendation
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Optimisation of variable geometries ﬂ(IT
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Application example | Training results

After training [zimmerling et al. 2020, 2022b] ® :,true”optimum

. . ® : ML recommendation
=  Testing on new geometry variants

max
Kqnt
. Doubly symmetric and mostly convex 200 .
. 175 - .
Observation s = Jad
g 150 4 / -
= ML recommendations follow geometry variation 8 125 1 ®/ Z ] Kont(Gs)
E 100 4 o g3 - antids
= Useful process recommendation < 751 / ik .
/
. . . . 50 ® 1 .
=  Continued training refines recommendations . ol—1 T
2 -
0 T T T T T T T T T T |: T T T T T K'annlp
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150175 200
» in mm
\/ Successful extraction of process experience z y
and application to new geometries 1<x
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Optimisation of variable geometries

Application example | Training results and Summary

SKIT

Karlsruher Institut fir Technologie

Optimisation approach comparison

= Conventional (genetic algorithm)
n ML-approach (geometry-informed)
Observation

= ML more efficient than conventional
— Utilise ‘knowledge’ from previous, generic samples

Summary

= ML-based optimisation for variable geometries
= Process dynamics can be learned from generic samples

" Useful process recommendations after training

" Recommendations converge to optimum

max

ant
Conventional
7] = ML-assisted
ant
min _|—|—
qnt T T T T T T T T T T

0 20 40 60 80 100 120 140 160 180 200

Number of simulation runs

\/ Once trained, the ML-model guides the optimiser
and overall speeds up the optimisation

— efficient optimisation of component variants possible!
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Outlook — Short term ﬂ(IT
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Schmidt & A
Experimental trials E:i:!;?\!gg\{?\',‘ou-

= Base plate to mount tool blocks

ML-advised clamping

— multiple geometries possible

= Frame-mounted clamps control draw-in

" Trials at ITA and Schmidt & Heinzmann GmbH
- first results hint process improvement
- ML-algorithm has learnt to give use process advise

Base
plate
Tool
blocks
example tool configuration % Severe folding % v’Folding mitigated v
(view from top)
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Outlook — Long term ﬂ(IT
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Use case
Application to ‘real-world’ scenarios @ P
" Comlex geometry, more process parameters,... & Ne o
" Other manufacturing processes t )
P doy,
Integration of prior knowledge [R@'ssi etal- 2019] -4 m Z +fo= o
"  Integration of known physics into training (PINNSs) — 5w =0
— physically-consistent results [Wirth 2022 ﬂ o asT = hy

More advanced ML-techniques

"  Graph neural networks for further generalisability

CNN GNN FE mesh
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Sources

Alphabetical order
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Albrecht et al. 2019

Bonte et al. 2007

Guo et al. 2016

ISO TR 581

Karger et al. 2015

Pfrommer et al. 2018

Poppe et al. 2018

Poppe et al. 2019

Raissi et al. 2019
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F. Albrecht, C. Zimmerling, C. Poppe, L. Karger, F. Henning:
Development of a modular draping test bench for analysis of infiltrated woven fabrics in wet compression molding. Key Engineering Materials, 809, 2019

M.H.A. Bonte, A.H. van den Boogaard, J. Huétink:
A Metamodel Based Optimisation Algorithm for Metal Forming Processes, Advanced Methods in Material Forming, 2007

X. Guo,W. Li and F. lorio:
Convolutional neural networks for steady flow approximation. Proceedings of the 22nd ACM, 2016
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Development and validation of a CAE chain for unidirectional fibre reinforced composite components, Composite Structures, 132, 2015

J. Pfrommer, C. Zimmerling, J. Liu, F. Henning, L. Kérger, J. Beyerer:
Optimisation of manufacturing process parameters using eep neural networks as surrogate models, Procedia CIRP, 72,2018

C. Poppe, D. Dérr, F. Henning, L. Karger:
Experimental and numerical investigation of the shear behaviour of infiltrated woven fabrics, Composites Part A, 114, 2018.
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Alphabetical order

Sutton and Barto 2018 R.S. Sutton and A. Barto:
Reinforcement learning - An introduction. MIT Press, Cambridge/USA and London/United Kingdom, 2 edition, 2018

Trippe 2019 D. Trippe: Untersuchung der Eignung tiefer neuronaler Netze zur zeiteffizienten Bewertung der Drapierbarkeit endlosfaserverstarkter Bauteile.
Masterarbeit (Betreuer C. Zimmerling), Karlsruher Institut fiir Technologie - Institute fiir Fahrzeugsystemtechnik (KIT-FAST), Karlsruhe, 2019.

Wiirth 2022 T. Wiirth: Solving parametric PDEs with physics-informed neural networks — An example from composite manufacturing.
Masterarbeit (Betreuer C. KrauR und C. Zimmerling), Karlsruher Institut fiir Technologie - Institut fiir Fahrzeugsystemtechnik (KIT-FAST), Karlsruhe, 2019.

Zimmerling et al. 2019 C. Zimmerling, D. Trippe, B. Fengler, L. Kdrger: An approach for rapid prediction of textile draping results for variable composite
component geometries using deep neural networks. AIP Conference Proceedings, 2113: Art. 020007, ESAFORM 2019, Vittoria-Gasteiz/Spain, 2019

Zimmerling et al. 2020 C. Zimmerling, C. Poppe, L. Karger: Estimating optimum process parameters in textile draping of variable part geometries - A reinforcement learning approach.
Procedia manufacturing, 47, ESAFORM 2020, Cottbus/Germany, 2020

Zimmerling et al. 2021 C. Zimmerling, P. Schindler, J. Seuffert, L. Karger: Deep neural networks as surrogate models for time-efficient manufacturing process optimisation. PoPuPS of ULiege
Library, DOI: 10.25518/esaform21.3882, ESAFORM 2021, Liege/Belgium, 2021

Zimmerling et al. 2022 C. Zimmerling, B. Fengler, L. Kdrger: Formability Assessment of Variable Geometries using Machine Learning — Analysis of the Influence
of the Database. Key Engineering Materials, 926, ESAFORM 2022, Braga/Portugal, 2022

Zimmerling et al. 2022b C. Zimmerling, C. Poppe, O. Stein, L. Karger: Optimisation of manufacturing process parameters for variable component geometries using reinforcement learning,
Materials and Design, 214, 2022

“FAST

ITA Reinforced! ML for Efficient Process Optimization in Textile Draping for Composite Production Lightweight Engineering
Innovation Day 2023 Clemens Zimmerling Institute of Vehicle System Technology

.
.
oe®



AT

Karlsruhe Institute of Technology

ma |
_ITA

i~y
SIMUTENCE e
;) Virtual Composite Solutions E

P Schmidt
“~2% SAERTEX' Heinzmann

% Bundesministerium iGF AF

\ fiir Wirtschaft

“.’ c) sgl carbon und Klimaschutz

’ . . Forschungskuratoriu.m Yl
% renumics textil ™\

CIK#NI 7.4 HEXAGON

composites innovation

‘e’EL‘ZTe‘chnik ﬁ

)
'7-‘;' DASSAULT
LD SUSTEMES

Thank you

for the great support.

MlL-algorithms for efficient process optimisation of variable geometries Lightweight Engineering
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