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Review of ESL Method and Previous Work

B ESLmethod (G. J. Park) B ESL Workflow

® The ESL is defined as the static loads in the linear static
analysis that produce the same response field (displacement)
as the nonlinear analysis.

k

Solve the nonlinear analysis

a 1,

/ Compute the ESLs for discrete times

Response

L

Apply ESL on the linear model and optimize
based on a linear static analysis with the ESLs

ty tytyts | t, fime l
_ Check for convergence Stop
fesi(ta) = K Zn(ta) -
No
u Difference-Based ESL method (J. Triller) Update monfinear model based on
®  Proposes a difference-based ESL method to improve optimization results

the approximation quality
o Need to modify the mesh and use multi-model
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ESL Method vs. Incremental ESL Method  QUEST

Mzy(t) + Czy(t) + Ky(zy(t))zy (t) = f(t) e ™
A (D) Standard ESL Method Linear Stiffness

matrix is constant
Zn(t;) frsp(ti) = K (to)Zn(t;)
\ /
e I
|ncrementa| ESL MethOd Linear Stiffness
matrix is a function

Zy(t), AZy(t) fesi(t) = K (¢6-1)AZy (¢;) of nonlinear
AZN (tl ) = ZN (tl) —ZN (ti—].; disp|acement

Zy I(t1) Zy I(ti)

Nonlinear Analysis Domain Linear Analysis Domain

O©Copyright 2021 OmniQuest Confidential & Proprietary.



North American LS-DYNA User Forum 2023

Incremental ESL for LS-DYNA Implementations in \’@ﬁnm N
GENESIS QuesT

B New incremental option B Workflow for optimization with
® Solution control data: ESLBASE incremental ESL method
. .. . »(  Solve the nonlinear analysis
® Stiffness matrix is updated using I
displacement specified on ESLBASE T ime stepeand base fime sty
. ESL Ioads IS CompUted aS Updatelinearsti;rfness matrix with
. . . displacement from base time step and
- KL (DISpESLBASE) *(DISPESLOAD - DISpESLBASE) F:'t:c:m;;!u‘[e the incremental ESL';
= Where K| (Dispgg pase) 1S the updated - TPy e
incrementa s on linear model (with update
Stlffness matrlx US|ng dISplacement stiﬁ:eps:matrix} and optimize based on IinearstatiF:: analysis
from base time step
Mo
Update nonlinear model based on

optimization results
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Responses

B Displacement for each incremental ESL loadcase
disp = Azl{, (j=1,2,...,0)
B Total displacement up to time t,

l
total_disp = zy(t;) = z AZz{r

=1
B Strain energy for each incremental ESL loadcase

strain_energy = %(fESL(tj))T * AZ,{, (j=1,2,..., i)

Sum of strain energy up to time t,

| -1 T
strain_energy_sum = SEy (t;) = z > (fESL (tj)) * Azy,
j=1
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Sizing optimization of sill and floor under dynamic
impact
B [S-DYNA Loading conditions

® |[nitial velocity: 8e3 mm/s
® Endtime:0.1s

QUEST"
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ESL Loadcases and Sizing Design

B 10 ESL loadcases

ESL 1 2 3 4 5 6 7 8 9 10
loadcase

Base time 0.0 |0.01 |0.02 | 0.03 |0.04 |0.05 |0.06 [0.07 |0.08 |[0.09
Load time 0.01 1 0.02 | 0.03 [ 0.04 | 0.05 |0.06 |0.07 [0.08 | 0.09 | 0.1

B Sizing design
® 7 design variables — thickness of the shell

PSHELL
T1063

1003

e PSHELL 1004
T1684
TR o PSHELL 1005
RSt el T1005

PSHELL 1062
Tioez

® Design variable range: 0.5to 3 mm

PSHELL 1887
Ti887

® |Initial thickness: 0.8 mm

B Optimization
® Min mass

node

® Displacement Y (sum) >-220 (for node 5659) 5659

PSHELL 1008
Tleas

PSHELL 1006
T1006
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Optimization result with Standard ESL Method QUEST
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=—@mni_
Optimization Result with Incremental ESL Method QUEST
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Similar answer is obtained by both response surface method (with more than 200
LS-DYNA analysis) and by difference-based ESL method in Triller's paper [2]
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Compare optimization results with/without ’@mﬂl

) ] QuesT”
incremental option
B Design variable value, mass and no. ESL cycles

Method Design variable Mass No. ESL cycles

T1002 | 71003 | T1004 | T1005 | T1006 | T11007 | 11008 | K9 | (LS-DYNA
analyses)
ESL 053696 | 0.74124 | 0.50001 | 1.0857 |2.9172 |2.9172 | 055034 [19.2 |20

Incremental | 0.50000 | 0.50000 ([ 0.50000 [ 2.84004 | 2.81353 | 0.50000 0.50000 15.4 13

- - W

Incremental ESL
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Topometry optimization of sill and floor struc

under dynamic impact
B Same LS-DYNA loading conditions as in previous example
B Topometry optimization
® Design region: element thickness of the floor panel

® Objective
= Max sum of the displacement (along negative y direction) for all esl loadcases

UEST"

® Constraint
= Mass < 1.0*Initial_Mass
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Topometry Optimization Results

B Element thickness results

Thickness distribution result with the original ESL method
(left) and with the incremental ESL method (right)
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Topometry Optimization Results

B Optimized intrusion

Method Maximum intrusion at | Mass No. ESL cycles
node 5659 (mm) (kg) (LS-DYNA analyses)
ESL 382.9 14.2 4
Incremental ESL | 221.8 14.2 15
3604 B4 2004
° ° Lose al 4os0
B Design history 7
Joss el o060
= 090 % '22’-:;- To65 %
2 ot s & £ 3004 Ton &
E 1 - -a204 4075 B
§ -0t +o94 TE: 8 a0t Loso ;:
4104 Joge E ':i' 4035 E
804 +-090
4204 098 oot Loes
Lo A2 <4-1.00
4304, . . . . . R R R . 0 40 N . . . . N .
[] 1 1 L 4 7 ] L] [} 5 0 15 20 75 30 35
Design Cycle Design Cycle
&) =
: i.
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B
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Design Cycle Design Cycle

ESL Incremental ESL
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Design of Rocker Profile with Topology and Sizing —

Optimization
B [S-DYNA Loading conditions

® |[nitial velocity: 8e3 mm/s

@mn
QUEST

® End time: 30 milli seconds
® Piecewise plasticity material
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ESL Loadcases and Topology Optimization

B ESL loadcases

ESL loadcase | 1 2 3 4 5 6

Base time 0.0 1.0 2.0 3.0 4.0 50
Load time 1.0 2.0 3.0 4.0 5.0 6.0

B Topology Optimization
® Design region: the inner solid of the rocker beam
® Min sum of strain energy from all ESL loadcases
® Mass fraction constraints 30%

©Copyright 2021 OmniQuest Confidential & Proprietary.
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Topology Results

B Mass fraction = 30%

Next Step: Sizing
optimization to further
refine the thickness of ribs

...............
.......

Topology result with the original ESL method (left)
and with the incremental ESL method (right)
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Interpretation of the Topology Result with Shell QUEST

B |nterpreted shell model and analysis results

mmmmm

rrrrrrrrrrrrr

Initial thickness: red = 2mm, blue = 1mm

Force vs. time (A: initial design), max force = 55.2 kN
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Design Requirement for Rocker Profile

B Requirement
® |nput kinetic energy =2.77 kI
® Intrusion <70 mm
® Reaction force <45 kN

e Theoretical optimal reaction force =
- - == e kinetic energy/max intrusion ~= 40 kN
z e 1
F / A
ol B
ol ! Although reaction force cannot be used as
| IS —_—

constraints directly in ESLDYNA, the mass,
displacement and strain energy can be
optimized to control the reaction force.
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MmN
UEST

Sizing design to fine tune the shell thickness

B ESL Loadcases

ESL 1 2 3 4 5 6 7 8 9 10
loadcase

Base time 0.0 1.5 3 4.5 6 9 12 15 18 21
Load time 1.5 3 4.5 6 9 12 15 18 21 24

B Sizing optimization
® Outer shell is not designed (thickness =1 mm)
® |nner ribs designed; range of the thickness is from 1.0 to 3.5 mm

©Copyright 2021 OmniQuest Confidential & Proprietary.
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Sizing Optimization

B Casel
® Min mass with displacement < 70 mm, min sum of strain energy (weighting factor 0.1)
Thickness 60172 etore
s i
o
s T
Tl
/
’ 10 /
A a 5
Optimized: ESL cycle 9, Mass = 1.92 kg, max intrusion = 67.3 mm Force vs. time (A: original design, B: optimized ESL

cycle 9), max force = 44.8 kN
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Sizing Optimization

B Case?2
® Min sum of strain energy with mass <= 1.0*initial mass, and with displacement < 70 mm
Thickness refore
E\;/ﬁ%
E A
Dol {
/ N
ol
/
¢ é 0.005 0.01 0.015 0.02 0.025 0.03
Optimized: I_ESL cyf:Ie 4, Mass = 1.95 kg, max Force vs. time (A: original design, B: optimized
intrusion = 67.4 mm ESL cycle 4), max force = 45.2 kN
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Sizing Optimization -- Summary

B Comparison

Problem formulation Max reaction | Intrusion (mm) | Mass (kg)
force (kN)
Initial 55.2 75.0 1.95
Case 1 Min mass (wt = 1.0) 44.8 67.3 1.92
Min sum of strain energy (wt = 0.1)
with disp < 70
Case 2 Min sum of strain energy 45.2 67.4 1.95
with mass < 1.0*initial_mass
with disp < 70
XYD 60-

Ircforc

Ircfore

A_x_force @ Slave-43-file0

A x_force @ Slave-43-file0
B x_force @ Slave-43-file1

B x_force @ Slave-43-file1 50

o
=]

40 / ] 0 B
: T - P e
: b Dol \
x 20 // i
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Topography optimization of a tube under crush QUEST

B [oading conditions

® |[nitial velocity: 8e3 mm/s
® Endtime:0.04s

Ircforc

0.14 W\ _A_y_force @ Master-106-file0

y_force (E+6)
o
[=]
(-]

Time

Force vs. time (A: initial design), max force = 147 kN
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Design Requirement for Crush Tube

B Requirement
® |nput kinetic energy =4.92 kJ
® Intrusion <160 mm
® Reaction force <50 kN

Ircforc

0.14 W\ _A_y_force @ Master-106-file0

— Theoretical
0.12 optimum

y_force (E+6)
o
[=]
(-]

|
VRS, Theoretical optimal reaction force =

lﬂ ——— kinetic energy/max intrusion ~=30 kN
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ESL Loadcases and Topography Optimization QUEST

B 10 ESL loadcases

ESL loadcase 1 2 3 4 5 6 7 8 9 10
Base time 0.0 0.004 | 0.008 | 0.012 | 0.016 0.02 0.024 | 0.028 | 0.032 | 0.036
Load time 0.004 | 0.008 | 0.012 | 0.016 | 0.02 0.024 | 0.028 | 0.032 | 0.036 | 0.04

B Optimization
® Objective
= Min sum of strain energy for all loadcases
® Constraints
= Displacement along Y >-160 mm

® Max perturbation
= 10 mm

©Copyright 2021 OmniQuest Confidential & Proprietary.
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y_force (E+6)

y_force (E+6)

0.16

XYD

hy Optimization
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0.14.

Ircforc

_A_y_force @ Master-106-file0

0.12
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XYD
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Ircforc

_A y_force @ Master-106-file0

_B y_force @ Master-106-file1

Incremental ESL
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A: original design,
B: optimized

Incremental ESL method

Optimization Max Contact Force Max Intrusion
Baseline 147 kN 161 mm
Topography with ESL 100 kN 145 mm
method

Topography with 64 kN 155 mm
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Topography Optimization (uniforg!) o

ni
UEST

i
D: topography with extrusion with es!
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Topology optimization of a car body with multiple — ’Omﬂl

dynamic loading conditions
B [S-DYNA loading conditions

Side impact

Time= 0.019999 i
ntours of Resultant Displacement ¢
in=0.000854492, at node# 44235 o
Time = 0.030001

a & Sz Contours of Resultant Displacement
2.926e+00 _ min=0, at node# 27161
2.561e+00 _ ‘max=8.6505, at node¥ 9216
2.195e+00 _
1.829¢
1.464e
1. |

Rear impact

Roof crush
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ESL Loadcases and Topology Optimization QUEST"

B ESL loadcases B Topology optimization
Impact <l loadcases ® Objective: min. normalized strain energy
condition for each ESL Loadcase (17 total)
frontal Loadcase no. 1 2 3 4 5
Load time (s) 0.005 0.01 0.015 | 0.02 | 0.025
side Loadcase no. 6 7 8 9 10 : . ;
Base time (s) | 0.0 0.005 [0.01 |o0.015]0.02 ¢ Topology region: symmetric about ZX
Load time (s) | 0.005 | 0.01 0.015 | 0.02 [ 0.025 pIane, with minimum member size as
rear Loadcase no. 11 12 13 14 15 % .
Base time (s) | 0.0 0.005 |0.01 |0.015]0.02 1.0*average_element_size
Load time (s) | 0.005 |0.01 0.015 | 0.02 [ 0.025
Roof Loadcase no. | 16 17 B ESL Cycles
Base time (s) 0.0 0.025
rordzmels) 1002 1989 ® Maximum number of ESL cycles (LS-DYNA

simulation) is set as 10

® GENESIS optimization will restart for every
5 cycles to run LS-DYNA analysis for
checking convergence
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Topology results UEST"

B FElement density and isosurface results (ISO view)

TOPOLOGY DESIGN ELEMENT DENSITY, DESIGN CYCLE NUMBER = as

T Y DES| v ITY. DESIGN CYCLE NUMBER = 4
OFOLOGY DESIGN ELEMENT DENSITY. DESIGN CYCLE NUMEES s 0.0 Isosurfoce enclosing 49% of topdlogy reqion

ol
2
7

e
et
sty

4
ot
"\1/' "

\L"

Cycle 45 Topology Result Cycle 45 Topology Result

opology element density and isosurface result with the incremental ESL method
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Topology results

B FElement density and isosurface results (top view)
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opology element density and isosurface result with the incremental ESL method
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Topology results

B Element density and isosurface results (top view with roof hiding)
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opology element density and isosurface result with the incremental ESL method
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Topology results

B FElement density and isosurface results (bottom view)
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opology element density and isosurface result with the incremental ESL method
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I T

Topology result

Isosurface results (cut-away view)
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Cycle 45 Topology Result

opology element density and isosurface result with the incremental ESL method
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Summary QUEST

B ESL with incremental option produces more accurate approximation for
nonlinear responses
® Therefore, more accurate sensitivity for optimization

B ESL with incremental option potentially takes less number of ESL cycles
(LS-DYNA analysis) to converge

B ESL with incremental option takes longer time in each GENESIS analysis
because each ESL loadcase with base time needs to assemble a new
stiffness matrix
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Questions?

B Thanks for attending
B Contact

® jp@omniquest.com
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