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EVOLUTION OF VIRTUAL PROTOTYPING

m Finite Element: structural m Multibody system:
analysis of components mechanism of rigid bodies

von NMises stress

m Flexible Multibody systems:
System approach (MBS)
& structural dynamics (FEM)
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m Structural optimization m Mechanism synthes
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B Optimization of flexible components
in Multibody systems:




AN INDUSTRIAL PERSPECTIVE... umver_saté

FEA=Finite Element Analysis MultiPhysics
MBS=Multi-Body Simulation _ in KBE
- ~ o Non-Linear
< KBE= Knowledge Based Engineering .
g GUI= Graphical User Interface FEA and MBS FEA&MBS In
A : < KBE
7 in unified GUI
=~ FEA and MBS
In standalone 2020
Linear FEA in GUI 2010
standalone _
GUI 2000 Integration
: Level 3
1990 Integration within the
Level 2 : .
1980 Integration with CAD Enlgrlgceeestlsng
Level 1 Based Pre-
through and Post- ECAESAM
Interfaces Processor al BOSS
QUATTRO
WSOUI’CGZ SAMTECH ESAMCEF samcer
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INTRODUCTION

Classical FEM approach: static load cases (empirical)

Weak coupling between FEM and MBS.:
m Coupling with pre / post processing
m Define equivalent quasi-static load cases
m Optimization of isolated components

ALISYIAIN

m Optimization of flexible components in multibody
system dynamics

m Define realistic dynamic loading

m Take care of the coupling between large overall rigid-body
motions and deformations

> FEM based approach of MBS
> Sensitivity of MBS

w > Coupling with optimization
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FINITE ELEMENT APPROACH
OF MULTIBODY SYSTEM
DYNAMICS
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EQUATION OF MBS DYNAMICS

de Liege

m Motion of the flexible body is represented by absolute
nodal coordinates q

®m Dynamic equation of multibody system

Mg = g(q,q,t) = g™ — g™

ALISHIAL

m M masse matrix of the system
m g external and internal forces

0T0C ‘TC-9T %

B The motion of the mechanical system is subject to some
kinematic constraints (joints, admissible or prescribed
motion)

®d(q,t) =0
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EQUATION OF MBS DYNAMICS

de Liege

m Solution based on an augmented Lagrangian approach
of total energy and two additional terms related to the
constraints including a penalty and the Lagrangian
multipliers A.

m Stationary conditions

Mg +B' (kn + p®) = g(q,q,t)
kd(q,t) =0

ALISYIAIN
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If

m With initial conditions

q'0) =q’, and 4'(0) = g
=

UCTION m IVITY ATION TIONS SION



TIME INTEGRATION

Université

The set of nonlinear differential and algebraic equations
can be solved using the generalized-a method by Chung
and Hulbert (1993)

Define pseudo acceleration a:

l-c,)a

ALISYIAINN

Tana, = (1_ o2 )qn+1 + afqn

n+1
® Newmark integration formulae

qn+1 — qn + h(l_ 7/)an + I’.U/an+1
q.,=9,+hq,,,+h?1/2-p)a +hpa_,

0TOZC ‘TZ-9T ¥eiN

m Solve the dynamic equation system (Newton-Raphson)
MAG+CAq+K Aq+B'AL=Ar r=Mg-g+BA
B=0
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SENSITIVITY ANALYSIS Universite

de Liege

m Gradient-based optimization methods requires the first
order derivatives of the responses

m Finite differences (Boss Quattro) PP

of N f(X+ ox) — f(X)
OX OX H

7 PARAMETERS
] ] ] [N MODELS
Perturbation of design variable
Additional call to MBS code
=» Boss Quattro task manager

h1

m Semi-analytical approach

or N r(X+ oX) —r(X) oD N D(X+ O0X) —D(X)

w OX OX OX OX
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SENSITIVITY ANALYSIS Bruls and Eberhard (2008)  unversic LI

de Liege

Derivative of response function f

f'=f_ z'(x,t)+f,

- Evaluate the derivatives of the state variables

ALISYIAI

Derivation of the state equations
Mq'+C, q+K, q'+BT}L'—r,X =0

Bq+®,=0 \
T Pseudo loads
m With the initial conditions

q'(0)=q’, and q'(0) = q
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SENSITIVITY ANALYSIS Bruls and Eberhard (2008)  uersic ||

One observes that the sensitivity equations are linear
with respect to derivatives of g and A.

m At time step n+1, the sensitivities can be computed
using the same integration algorithm as for the dynamic
response except for the residuals

ALISYIAIN

m The iteration (tangent) matrix is the same as for the
original problem. Hence this matrix should be computed
and factorized only once for the sensitivity analysis at
time step n+1.

0T0C ‘TC-9T %

B See Bruls and Eberhard (2008) for details
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FORMULATION AND
SOLUTION OF
OPTIMIZATION PROBLEM
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GENERAL FORM OF THE OPTIMIZATION PROBLEM  yersite 1

de Liege

Design problem is cast into a mathematical
programming problem

min 9o(x)
X
s.t. g9;(x) < g; j=1...m
z, < x; <T; i=1...n

Provides a general and robust framework to the solution
procedure

Take benefit of the available efficient solvers :
m CONLIN (Fleury, 1989); MMA (Svanberg, 1987)
m GA, PSO, etc.
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SOLUTION ALGORITHMS

de Lidge

m GRADIENT-BASED
ALGORITHMS (SCP)

m Structural approximation +
Efficient solvers

m CONLIN (Fleury, 1989), MMA (Svanberg,
1987), GCM (Bruyneel, Duysinx, and Fleury, 2002),

SQP

ALISYIAINN

m METAHEURISTIC ALGORITHMS: GA
m Require only the computation of the function values
m Global convergence
m Large number of function evaluations

0TOZC ‘TZ-9T ¥eiN

m SURROGATE BASED OPTIMZATION

m Replace the direct evaluation of the simulation model by
a global approximation of the responses (Artificial Neural
Network, etc.)

UCTION m TIVITY ZATION TIONS USION
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DeSign Variables Univel:sité IT.

m Optimization of flexible components

=>» Sizing variables: Plate thickness, Bar and beams cross
sections, lumped properties (stiffness, mass, etc.)

ALISHIAL

= Shape variables: geometrical parameters of flexible
body shape: e.g. control node positions

0T0C ‘TC-9T %

= Topology: Pseudo density variables, e.g. SIMP E=u3E®°

m BUT NOT
m Synthesis variables of mechanisms (Hansen, 2002)
m Links and joints connectivity (Kawamoto et al. 2004)

~He—
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Objective function and restrictions Universite

m Mass of the mechanism
m Source of inertia loads
m Cost of material

m Stiffness 2> Compliance
m Compliance of component i at time step t

. T
Co®) =], &' Dedv
m Averaged compliance along the motion (Bruls et al. 2007)

_ 11"
C=?£ZC(i)(T) dr
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Objective function and restrictions umver_sité

m For robot motion: stiffness - trajectory tracking

m Perfect trajectory = rigid body trajectory T (t)
m Flexible trajectory r(t)

ALISYIAI

m Average deviation of the flexible trajectory: mean tip
deflection (Bruls et al. 2007)

J:ih\r(r)-r. o) dr
T ) rigid

= Norm 2 of deviation
s Loose control of instantaneous deviation?

= Relation between mean square deviation and max
deviation?
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Objective function and restrictions umver_sité

m For robot motion: stiffness - trajectory tracking

m Instantaneous deviation of the flexible trajectory
_‘dmin ‘ < dISt (rrigid (t) o l’(t)) < dmax

= Two constraints per time step - large scale optimization
problem

ALISYIAI

0TOZC ‘T2-9T

m Global maximum/minimum deviation constraint
[max, dist(rrigiol (t.)-r)I<d .

= One single constraint
= Non smooth and strongly non linear
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NUMERICAL APPLICATIONS
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TOPOLOGY OPTIMIZATION OF ROBOT -
COMPONENTS (Bruls et al. 2007, 2010) Ve Linge

m Two-dof robot-arm

o 05 1

time (s)

B Topology optimization of truss-like components

s SIMP model E=p3E°
m CONLIN
m Semi-analytical sensitivity
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TOPOLOGY OPTIMIZATION OF ROBOT
COMPONENTS (Bruls et al. 2007, 2010)

B Minimum compliance
= 1
min, C:?J‘Zc(i)(r)dr
0 |

Density st V < O . 4\—/

0.627

0.512 21

0.396

N
(@]
=
o

0.281

0.165

iteration

w Non convergence at iteration 7
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TOPOLOGY OPTIMIZATION OF ROBOT
COMPONENTS (Bruls et al. 2007, 2010)

B Minimum average deviation

min J:lh\r(r)—r.. ()| de
X T ) rigid

st V <04V
Density
1.00
0.802 e o o
N S — d_% gr
@) L
[y 0.604 1 -
© ’ “1 _% gl
= el
0.406 -
£ar
=
3 3t
0.208 =
2-
1k
0.0700

(=)
=)
o

~ 10 15 20
iteration

w Convergence OK!
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COMPONENT OPTIMIZATION OF A o 8
2-DOF ROBOT ARM Universite L T2

Two-dof robot arm (Ata, 2007)
trajectory time: 0,5s

l,=1,=600 mm

M= 1kg

Aluminum: 72 GPa, v=0.3
p=2700kg/m3

ALISH3

Trajectoire du modéle rigide Evelution de () Evolution de 6,(t)
400 T 130 . o0 .
350
120
300
'Em = o
E 200 k)
ahe 150 = 100
100
90
a0
i) - L L . &0 i i i i
0 100 200 300 400 o o1 0.2 0.3 0.4 0.5 X
X [mm] temps [5] temps [s]

BlIRopuCTIoN [gEMaEs  SENSUINITY  MRBIMMIZATION  SSSRRLICATIONS  JSGRINCLUSION



SIZING OPTIMIZATION OF ROBOT s
COMPONENTS Ve age

Modeling of the flexible
components as plates of A \
variable thicknesses: T1...T6.

ALISHIAL

Prescribe the joint motion from \
rigid body simulation

m Optimization problem

0T0C ‘TC-9T %

m Deviation each time

min mass
o step
s.t. deviation <10 mm — || < dist(r, g (€) =1 (1)) < d,
5<T <200 mm

B Solution GCM @ruyneel et al. 2002)

~He—
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SIZING OPTIMIZATION OF ROBOT o
COMPONENTS Ve lnge

Evolution de la masse Evolution de I'écart max avec |a trajectoire
10, T T T T T T T 12 T T T T T T T
— BF 7 o . ]
a E Constraint violation: OK
Y ° 1
% &,
‘T a
<
2 4 6 8 10 12 14 16 18 20 2 4 & & 10 1z 14 16 18 20
[térations [térations
T1 [mm] T2 [mm] T3 [mm] T4 [mm] TS [mm] T6 [mm)]
100 100 100 100 100
a0 a0 &0 80
B0 80 &0 (14
40 40 0 - a0 | 40
0 20 20 20 20
| [ | I l

5 10 15 20 O 5 10 15 20 ° 5 1w 15 20 ° 5 1w 15 2 ° 5 10 5 0 ° 5 10 15 20

T6-231 mm

w By chance, one feasible solution using finite difference sensitivity analysis
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SIZING OPTIMIZATION OF ROBOT y
COMPONENTS e =

Evolution de la masse Evolution de I'écart max avec la trajectoire
T T T T T T T A T T =

12

35.
< o
m o = 2
= £ £ -
» g F Constraint vio
- 16 /'
- 0 o et e
< (1
5.
24 6 8 10 4z 14 16 18 20 2 4 6 8 10 12 14 16 18 20
o [kérations Itérations
V)
b
B T1 [mm] T2 [mm] T3 [mm] T4 [mim] TS [mm] T8 [mm)]
la‘ 140 200 200 1 100
120
100 160
” o Minimum size?
&0
e 50
20
pE=Ti==1  glesadssmsscsscessed plesssssesmiscesseend o kesscssacesseczese

51&152&“51(!1520&E'Itl-iﬁi*ﬂn51&152&“51(!152&&'51-5152(!
Generally, optimization procedure fails
w (here semi-analytical sensitivity analysis)
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SIZING OPTIMIZATION OF ROBOT o
COMPONENTS Uni:?fé'éi .

m Open questions
m Origin of the problem?
m Suitable formulation?
= Deviation at each time step
= Average deviation
» Global deviation constraint (max)
m Choice of optimization algorithm?
» Gradient-based algorithm
= GA, surrogate (ANN)

m Answer:
m Plot design space (slices for selected design variables)
m lteration points trajectory in the design space
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SIZING OPTIMIZATION OF ROBOT s
COMPONENTS Ve age

B One deviation constraint per time step

C - - -
z m Complex feasible design domain
<
m
py) o, .
A 30 oy, _|dmin| < dISt(rrigid (t) —l’(t)) < dmax
> 2 50 |
-3 W
X £ 10 |s structural approximation
o 3
¢ . procedure adapted to such
': problems?
©
3 50 50  °

5 [mm] T6 [mm]

o IR

)
S

CONLIN, GCM, MMA, SQP faileglelj0
Surrogate (ANN) failed :
GA: very heavy solution ol.

y
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SIZING OPTIMIZATION OF ROBOT
COMPONENTS

Université
de Liege

7
<
m
Pu)
(0p)
. 150
¥ »
_<
= €
A é 100
> 3
¢ E
‘I\) E a0.
o O
E “@
o
0.[3
—h'{
10 <N
20

30

40
TS [mm] 50

Failure for gradient-based methods
Success for ANN surrogate models and GA
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-

35 30 25
T6 [mm]

IVITY

20

15

m Global maximum deviation constraint
® Non smooth but less complex topology of design space

[max, dist(r, g, (t) —r(t))] < d.

Evolution de I'écart pour T5=25mm
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ALISYIAIN
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SIZING OPTIMIZATION OF ROBOT
COMPONENTS

Université

Average deviation constraint (d<5 mm)
m Smooth and less complex topology of design space
m Loose control of the instantaneous deviation

d=

% Hr(f) ~ Ligig (T)H2 dr

O'—.—|

g B8

1
||ILI

&

8

&cart moyen [mm)]
=

10

L]
8 gy 4

Success for GCM, SQP

w Success for ANN surrogate models and GA
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SHAPE OPTIMIZATION OF ROBOT |
COMPONENTS Ve lnge

Modeling of the flexible
components as plates of A
variable width: Z1...Z8. 20 \

Prescribe joint motion from 2% \
rigid body simulation Wz

ALISHIAL

m Optimization problem

0T0C ‘TC-9T %

m Semi-analytical

min mass Lo
sensitivities
s.t. deviation <10 mm
5 gTi <200 mm m Deviation each time
step
B Solution GCM (Bruyneel et al. 2002) _|dmin| < diSt(l‘rigid (t) - l‘(t)) < dmax

~He—
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SHAPE OPTIMIZATION OF ROBOT .
COMPONENTS R

Nature of deviation constraints at t=15 and t=20

T=241s] T=49]s]
e
E
=
10 a3
£ T 0
¢ W
E‘ o ‘_':’fv_y_:;‘;’;'#-" 25
RO 0
£ _ e . R
= 5 ” T 0 zemm
E e 2 °
olj [mm]
E Global max /min deviati
N [ | OoDa ax IN deviation
B Ecart min Ecart max
3 .
20 .
15
o E
£ i
= TS
8
-16—
5
20—
s TN
i Er i 5107;)\ i .
0w 5w 10"% 24 frmm] Za[mm. 25 5s T s 108
77 [mm] 77 [mm]
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SHAPE OPTIMIZATION OF ROBOT
COMPONENTS

Université

m Comparison between: CONLIN, GCM, SQP

C - - - - -
z m Deviation at each time step v.s. max deviation
<
m ALL VALUES 25 MINMAX 25
Py
(0)]
73 :|
=z <
2
=
*
N
=
N
©
H
(@
27 [mm] ——5QP mono 27 [mm]
——GCM v3
Disconnected design space! ——Conliin OUT

m All gradient-based algorithms converge when starting
from a feasible design point
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SHAPE OPTIMIZATION OF ROBOT s
COMPONENTS Ve e

m Comparison between: CONLIN, GCM, SQP

C - - - - -
z m Deviation at each time step v.s. max deviation
< ALL VALUES 10 MINMAX 10
Py
& 25
o~
< — 20
o NEL
N
b 10
N
©
S 7 55 18 5 0 25 ——SQP mcn; 10 15 20 25
Trapped in disconnected ™ —GCM VS &7 mm}
design space! ——Conlin OUT

m Gradient-based algorithms + local minima and
unfeasible starting point

m Global criteria improves the situation and helps to find
F7Zse_global optima

ba_ﬁz:‘m
/.
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SHAPE OPTIMIZATION OF ROBOT
COMPONENTS

m Comparison between: CONLIN, SURROGATE+GA, GA

(a
= Nombre d'itérations Masse
z 800 16
. 700 14
Py 600 _ 12
wn B 300 @ 10
= = .% 400 E‘ 8
_| i
- B 300 @ 6
QZJ = 200 =
- « mm 2
(o)) 0 0
'{J Caonlin QUT Surrogate Opt  Evolution JCO Real Conlin OUT Surrogate Opt  Evolution JCO Real
-
N Constraint at each time step — feasible starting point
H
© Mombre d'itérations Masse
900 8
500 7
700 B
00 5 5
§ 500 =
' 400 §
£ 200 g .
200 2
100 1
Il . :

Conlin OUT Surragate Opt  Evolution JCO Real Caonlin OUT Surrogate Opt - Evelution JCO Real

Constraint max deviation — unfeasible starting point
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SHAPE OPTIMIZATION OF ROBOT .
COMPONENTS ol

B Comparison between: CONLIN, SURROGATE+GA

Conlin QUT Surrogate Opt

w Constraint at each time step — feasible starting point
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CONCLUSIONS

Université

m Optimization of structural components can be carried
out in the framework of flexible multibody simulations

m Dynamic coupling between large overall rigid-body
motions and deformations

m Single dynamic analysis instead of a patchwork of
(empirical) static analyses

m Design constraints defined with respect to the actual
dynamic problem

ALISHIAL

0T0C ‘TC-9T %

B Lack of past experiences in
m Formulation of optimization problem
m Solution strategies

~He—
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CONCLUSIONS

de Liege

m Design problem is complex: naive implementations do
generally not work!

m Trajectory following

m Time step deviation constraint are very difficult but may
work when starting from feasible starting point

m Global max constraints are non smooth - GA + surrogate

m Average deviation are the easiest ones but what is the link
to local deviations?

ALISHIAL

0T0C ‘TC-9T %

m Solvers

m Gradient-based solvers can work efficiently when starting
from feasible design

m GA give poor results
m Surrogate models + GA are reliable and robust
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PERSPECTIVES

Université

®m Mixed formulations including global (average)
constraints and time step constraints should be the best
compromise

ALISHIAL

m Revisiting solution algorithms for dynamic problems!
m Structural approximations: local / global: trust regions?

m Reliability and robustness when starting from unfeasible
design points

0T0C ‘TC-9T %

m Other design criteria for time domain analysis of
dynamic systems:

m ISE, ISA
m Rise time
m Controller and actuator activity...

~He—
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