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Abstract
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1Introduction

In the preseat work, we explore the use of anisotropic
constitutive materials within the context of topology
optimization. The choice of wording is purposefully broad
as we aim at proposing a fairly general approach for
design optimization considering local material orientatioas
alongside with the topology.

Section I presents the motivation toward the optmization

ol o ropeosin e s dsigns couelaiog
the given material models. In Section 3 we address the
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numerical optimization schemes developed foe tailoring
material orientation layouts in the coatext of topology
optimization. Finally, Section 4 is dedicated 1o various
‘numerical experiments, analyzing the results of the present

1.1 Motivation

Bakelite was the fiest artificial fiber seinforced plastic nd
was syothesized in 1907. However, composite materials
have been a staple of mechanical engineering for centuries
prioe 1o that. Naturally occurring materials like wood 05 10 s 120
have long been used in construction, specifically for their
anisotropic properties granted by continuoas fibers. Todsy,
composite materials like reinforced conerete, plywood or
ndus
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‘perform routinely on aircralt and spacecraft in demanding
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Structural Topology Optimization with Smoothly Varying Fiber Orientations

Goal

» Anisotropic materials have been used in construction and
engineering for millennia

» Known to exhibit highly favorable stiffness-to-mass ratio when
properly oriented

> Ubiquitous in high-end fields of application like Aeronautics and
Aerospace

» Manufacturing processes rapidly progress towards handling
composites materials

> Additive manufacturing (3D Printing) can now produce composite ==

materials with oriented fibers
» Need to handle optimization of oriented fibers in multi load case
scenarios

> Local stress tensor is inappropriate

Kabir, S. M. F., Mathur, K., and Seyam, R.-F. M. (2020). A critical review on 3d printed =

......

continuous fiber-reinforced composites: History, mechanism, materials and properties.

Composite Structures, 232:111476. Visualization of local stress tensor in optimized cantilever
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Structural Topology Optimization with Smoothly Varying Fiber Orientations
FERA modeling

» Use anisotropic material properties stress vector— [7] = ClE] +——strain vector

> Define element behavior with

o o . T 1 — o313 91 + Va3l/31 V31 + V322 ]
orthotropic constitutive law 0 0 0
P Y2Y3A Y2Y3A Y2Y3A
> 9 distinct parameters viz tvisvsy 1 vigvn v tvaivie g
. Y, Y3A V1Y3A Y1Y3A
» 3 Young moduli c— | s + Voo Vo3 + oz 1 —wvpovy 0 0 0
» 3 Poisson ratios N Y1Y,A YiYoA Y1Y2A
i 0 0 0 2 0 0
» 3 Shear moduli Hi2
0 0 0 0 2uas 0
> Reduced to 6 in Transverse Isotropic 0 0 0 0 0 2un
bEhaVIO r - Constitutive law matrix in stiffness form N
‘ﬂ»faferial ‘ Ye ‘ Yy, | Y. ‘ Vry | Vs ‘ Vyz |,u1y |;1Iz | flyz ‘
Tsol0 ] 10.0] 10.0 [10.0 0251025 10.25] 4.0 | 4.0 | 4.0 oy
IsolS | 180 ] 18.0 | IR0 025|025 025 7.2 | 72| 7.2 A — 127721 — 713731 — 723732 — “P12713723
Orthob0 | 10.0 | 50.0 | 10.0 | 0.05 ] 0.25 | 0.25 | 3.0 | 2.0 | 3.0 . onnys
Ortho250 | 10.0 | 250.0 | 10.0 | 0.01 ] 0.25 | 0.25 | 5.0 | 2.0 | 5.0 Constitutive law matrix determinant

Material properties table
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FERA modeling

» Use anisotropic material properties

> Define element behavior with
orthotropic constitutive law

> 9 distinct parameters
» 3 Young moduli

» 3 Poisson ratios
» 3 Shear moduli

> Reduced to 6 in Transverse Isotropic

behavior
Material ‘ Ye ‘ Yy, | Y. ‘ Vry | Mz ‘ Vyz | fiy |;1Iz | flyz ‘
Iso10 10.0 | 10.0 | 10.0 | 0.25 | 0.25 | 0.25 | 4.0 | 4.0 | 4.0
Isol8 18.0| 180 [18.0 025025025 | 72 | 72| 7.2
Orthob0 | 10.0 | 50.0 | 10.0 | 0.05 | 0.25 | 0.25 | 3.0 | 2.0 | 3.0
Ortho250 | 10.0 | 250.0 | 10.0 | 0.01 | 0.25 | 0.25 | 5.0 | 2.0 | 5.0

4

Material properties table
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Structural Topology Optimization with Smoothly Varying Fiber Orientations
FERA modeling

Rp(ap.0p) = Talap)Te(95)CTy (05) T (ap)

» Material orientation as additional Rotsted ¥
. . . ° constitutive law
optimization variables ] _
10 0 0 0 0
> 1 density variable for each element 0 e s 0 0 s
. : Taag)= | 0 5 6 0 0 2| gy {07 e0)
> 2 rotation variables for each element 8 8 8 c —s 8 ‘ s = sin(ap)
s C
o - . . f . _ 2 o2
» Introduction of rotation matrices in Tgrsformationmatrices [ 0 es —es D 0 et
. . [ 2 2 0 —2s 0 0 ]
element stiffness matrix \ 2 2 0 s 0 0
. . . 0o 0 1 0 0 0 , c = cos(0g)
> Element stiffness matrix redefined for ToOe) = | 0 s 0 2_2 0 o | With {s—sin(f?E)
each element at each iteration 00 0 0 ¢ -s
| 0 0 0 0 s ¢ |

> Use regular hexahedral elements with

linear shape functions o -
KE = ]/ BERE(GE,GE)BEdQ
o '\Shape functions

New element 0
stiffness matrix > K g (PE, aE, GE) = pEKE(aE, HE)

Material orientation variables

5 5 <A> INS”
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Sensitivity analysis

» Use the self-adjoint property

of the compliance to obtain
the sensitivities of the
objective function

» The gradient with respect to
the densities was derived
previously

» The gradient with respect to
the material orientation
angles is derived using the
chain rule as shown
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Gradients for 97 = —pruk 0Ky ug, VE €S )
the two new dag dag Obtained by
design variables o IKO® adjoint analysis
= —ppuk—Z VE € Q
(995 pEuE 89E Ug, S
OKg T Ty T Ty T
= BT, | —CT, ToC—2 | TT BpdQ
dag f/ ESe\ogg 70 Tl g o DEC Obtained by
SKY T oTT chain rule
K /f BT (a T, CTYTT + TaT,CT 5 ) BrdQ
E JJ. aE QF
[0 0 0 0 0 0
0 —2cs 2¢s 0 0 —2(c?—3?
IMolap) |0 2es ~2cs 0 0 2(c—s%) i Je=costar)
30{}3 0 0 0 -5 —cC 0 » WIth § = Si]'l(QE)
0 0 0 c =8 0
Gradients for 0 2-s2 2-¢2 0 0 _des

the two rotation
matrices

¢ %es 2 0 22—s?) 0 0
dTe(ﬁE) 0 0 0 0 0 0 i c= (:os(()E)
- = 9 2 9 2 , with )
g ¢ —85° sc—c 0 —4cs 0 0 s = 5111(9E)
0 0 0 0 -5 —c
0 0 0 0 c —s
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Structural Topology Optimization with Smoothly Varying Fiber Orientations

Non-convexity

» The solution-space for the
material orientation
optimization is extremely
non-convex

. . : @) (b)
» Orientation of orthotropic L A
materials has multiple -
fundamental local R -

minima 5 200403 ——Shear load case
5 2.

£
S 150€+03
1.00E+03 - Azimuth

» Number of local minima v =0 12 2 a0 (ndogroes)

2.50E+00

increases exponentially s
° ] ——Tension load case
with the number of 2 e e
design variables i e
0 90 180 270 3p0 (Indegrees;

Solution spaces for 1 orientation variable

7 75 < INSA
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Non-convexity

» The solution-space for the
material orientation
optimization is extremely
non-convex

» Orientation of orthotropic
materials has multiple
fundamental local
minima

» Number of local minima
increases exponentially
with the number of
design variables
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Region 1

Region 2

Compliance for
tensionload case

o

Y . 90 2
Azimuth region 2 180 <
(in degrees) 270

360
Solution space for tension load case
with 2 orientation variables

B.W. PEDERSEN, Structural and Multidisciplinary Optimization (2026)

()

mz

Azimuth region 1
~+ 0 (indegrees)

- mm)mm)—mm) ) mm)

Region 1

o S -~ %0

20 - 5 s
Azimuth region 2 180 > Azimuth region 1
(in degrees) 270 + 0 (indegrees)

360
Solution space for shear load case
with 2 orientation variables
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Non-convexity

» The solution-space for the
material orientation
optimization is extremely
non-convex

» Orientation of orthotropic
materials has multiple
fundamental local
minima

» Number of local minima
increases exponentially
with the number of
design variables
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Region 1

Aggregated compliance
with sum strategy

N . 90 =
Azimuth region 2 180

e ¥
fon 1 pzimuthregion 2 180
(in degrees)

Solution space for
sum aggregation

Solution space for
max aggregation

- mm)mm)—mm) ) mm)

Region 1

Aggregated compliance
‘with soft max strategy

400
350 -
300
250 -

200
0 ¥ ~ 90
y Azimuthregion 1 pgimuthregion2 - 180 v Adimuth region 1
270 #0 (indegrees) (in degrees) 270 + 0 (indegrees)
360

Solution space for
soft-max aggregation
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Optimization scheme

» Pure gradient-based
optimization schemes are |ill
suited for this problem

» Hybrid scheme

> Simulated annealing
» Continuation scheme on move limits

» Initial bounds at 45° and exponential
decay at a rate of 0.9

> Gradient descent
» No need for explicit box

constraints due to the
orientation periodicity
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O:E{*O.‘Efc"Jsm YE € Q
d(_‘l:E
aJ
_ sm‘ FEecQ
Op < O 90, VE €

Pure gradient descent update rules

Objective function

Simulated annealing gradient

“energy” term Move limits

a.J
ap + min (max (O:E — JC 5 T op — -ma) L —l—ma) ., YEeQ
sm UOE
. . C aJSTn.
fg < min | max | g — , g —mg|.0g+me ). YE€Q
Jem O00g

Hybrid design update rules
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Structural Topology Optimization with Smoothly Varying Fiber Orientations

Orientation regularization and length-scale control

» Orientation field lacks length-scale
control

> Regularization scheme to ensure
continuity of material orientation field

> Filtering in vector space

> Applied after each design update

iteration
Zi’ew}j‘,eée
T ecw Orientation filtering
OE = , VE €8 i vector space
E VeWE e
eCw

_qbe 1td)E¢e§0

where ¢e =
(e otherwise

Correction for periodicity

WE.e = R— H"LE — ;)’;e” Weight filter with linear decay

1
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1.40E+03
1.20E403
1.00E+03

¢ sooes02

Compliai

6.00E+02

4.00E4+02

with regularization

e Withoout filtering
e With filtering

2.00E+02 |

0.00E+00

35 40 45 50 55 60 65 70 75 80

Optimization iterations

Structural Topology Optimization with Smoothly Varying Fiber Orientations, M.-P. SCHMIDT, L. COURET, C. GOUT, C. B.W. PEDERSEN, Structural and Multidisciplinary Optimization (26020)



Structural Topology Optimization with Smoothly Varying Fiber Orientations

Orientation regularization and length-scale control

| ot - eA 80— L N, NN\
| BitgptagiusrLSanels S\ \ \| \!
| FIDEIL NN\ !
\ NN\
| e SN\ \i

» Regularization scheme prevents rapid
changes of local material orientation

» The filter radius controls the maximum
curvature of the material orientation field

I
Y sl (a) \:
» Length scale controland mesh Y e s
L) d d . h. d b t . th :’:M-‘e’s“ g g;s’-o;—//"“—\—\v\v{\‘QQQ\‘\‘\: :””2’,, ————— :::::::\\\\.\:\\\\I
independence Is achieve y tying e ::Fgé/'/ A A N DN NN 22 ; Py pimiarte NN NN
I 1 t. t t th h /u rradius 1. y"xe"s"“-\\\\\\\\\\| |}ﬂt9rj§djlf$;3:VDKeL_\\\\\\\\\'
reguiarization parameters to e mes VeotatHarice N AN N NN NN N U Cgninti .
. ofﬁg 7987 mplignce ¥104:3 S NN AN\
resolutlon | }ﬁé//////.-~\\\\\\\\ \\ I/////////‘/”‘"#"“\\\\\\\\I
A ot SNNNANNN b ot SN NN
I//////// o ~ \\\\\\\: [t NN\ A\
— Leer s NN INNN o ot e SN WV
E erE eﬁbe l,::// \\\QQ\\\\' [ O it it g NS N\
k) . . fl i Haf \\\\§ '/./// et (c) Ett:
r ecw Orientation filtering | R e g ;
bE="= > VEERQ nvectorspace Eoconsmapomnsesemanue N 06 se rasacare s ek onso N
D AR AARAL =N - -
EZUEWE'E FVIesh ! 256X 160 2NN U CMeshI25BXT60 i i Ry
(400505%2577000000007 R N v - SRR IR
ecw (Filter radius /135° ter radius MRy
AR A AR AAAAARARATA NN . N NN
e Compliance:94.1/°°7 22772 N R
- — Qe It O - e <0 ) o Vagiosseitliiaassesetssnesiy WY ¢ 3 e N
where ¢e = . Correction for periodicity PRaaAAR AR asees AN G RN
(e otherwise PR e AN e S NN
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AN
AR A R
o NN
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Optimization problem formulation

1/n
. . arg min - Jg,(p, ., 8) = Flus)" - .
» Final formulation for topology pice.® igz;c( )" ) objective unctin
optimization st. Kip,a,0)u;=f;, Yie LC Equality Constraint
> 3D on multiple load cases O<pp<l1, VEeQ BoxConstraint
e . . _ Box Constraint
> Sensitivity driven T<ap<w VEER .
. . . o 71_/2 < HE < 71_/2! VE € Q Box Constraint

> Synchronous optimization of L _ _

local material density and Giot(p) = TeTaRET. > (pEvE)—1<0 Inequality Constraint

orientation tot "7 peq

» The resulting designs have an
optimized topology and
material orientation field
smoothly varying throughout

10000 | Fully clamped region 7

g

. g
the design space 51
o
§
W N\ e
3loads
14 ‘
0 5 10 15 20 25 30 35 40 “
Optimization iterations v
13 Compliance history on a test scenario using material Ortho50 ?g ( ; INS”
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Global convergence

1.00E+06 Compliance
» Classic SIMP already has no .
theoretical guarantee of global
convergence

> Nevertheless “grey” initialization and 1.00E+05

length scale control usually
considered good enough

» Non-convexity more pronounced

with anisotropic material
1.00E+04

» Numerical experiments allows
evaluating global convergence
> Different 2D and 3D cases

> Different material orientation 1.00E+03
initialization strategies 0 10 20

Xinit
RandXY

Rand0

Yinit Zinit
RandXZ RandYZ
Rand1 Rand2
30 40 50 60

Optimization iterations

Yinit Zinit RandXY

Compliance

RandXZ RandYZ

EN )
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Structural Topology Optimization with Smoothly Varying Fiber Orientations

Mechanical performance of isotropic and orthotropic materials

» Goal: Comparative numerical experiment to determine
the benefits of optimizing the orientation of
orthotropic materials

100000

» Solution: Emulate pseudo-isotropic behavior of
polycrystalline structures

> Cantilever optimization on 512 x 256 grid with high
volume fraction

. Pseuido-isotropic (Ortho50)
e Qirth otropic (Ortho50)

= = = Pseudo-isotropic (Ortho250)
= = = Orthotropic (Ortho250)

» Results: Material orientation optimization increases the
stiffness of the resulting structure

> 2.9x higher stiffness with Ortho50
> 6.5x higher stiffness with Ortho250

g Compliance E

L ]

°

L

.

e

1 100 TT T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T I T T T T T T T T T T T T T T T T T ITT T ITTT 1T 1
o 0 10 20 30 10 50 60
'.0 Optimization iterations

o, Compliance history (log scale) comparing the performance of

»e pseudo-isotropic and orthotropic constitutive materials

0anl®2009:0%62% ganana.
Differently oriented crystallites
structure of iron, steel and zinc in a polycrystalline material

15 Compilation of polycrystalline structures composed of crystallites (CC BY-SA 3.0)
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Performances on high resolution mesh

» Procedurally generated high-resolution test case
with multiple load cases

» Synchronous optimization of material densities and

orientations

» Volume fraction constraint set to 10%

» Hardware

> FEM generation and optimization steps executed on
20 Cores 2.40GHz Intel Xeon CPU

> FEA step with Jacobi CG solving for equilibrium
executed on a NVIDIA Quadro RTX6000 GPU

Mesh resolution 64 x 64 x 64 | 128 x 128 x 128 | 160 x 160 x 160
Number of load cases 5 5 8
Number of displacement variables 823 851 6 440 043 12 519 819
Number of design variables 792 432 6 291 456 12 288 000
Time per optimization iteration ~ 90s — 160s | = 330s — 400s | ~ 1200s — 1400s

Result of 3 runs at varying resolution and number of load cases using material Ortho250

16
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Fully clamped corners
Multiple distinct load cases
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Performances on high resolution mesh

—— Load case 1
1000 -
\ — Load case 2
:—Loadcase?-
1
100 - :—Load case 4
1
| —— Load case 5
___________________ Load case b
g
g0+ —s - @@ FTTmmEmmmmTmmmTETTT —— Load case 7
-
E Load case 8
S
1 rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrTrrrrTrrTTrTr T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T TT T T T ITTT I T

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120
Optimization iterations

17 Compliance history for the 8 load cases on the 160 x 160 x 160 mesh
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Application

GE Jet Engine Bracket
Design Challenge

Load Conditions 1 Load Conditions 2

Static Static
Vertical Horizontal
8000 Ibs up 8500 Ibs out
Load Condition 3 Load Condition 4 A
Static Static Torsional
42 degrees from Horizontal plane at
Vertical. centerline of clevis.
9500 Ibs out 5000 Ib-in
Lood Interfoces Interfoce 1
Interfoce2
Interfoce S
Interfoce4
Interfoce S

https://grabcad.com/challenges/ge-jet-engine-bracket-challenge
18
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Loaded
regions

Bolted regions

Raw isosurface of the optimized design
2.7M optimized hexahedral elements
8.1M design variables

10000000
/ Effect of MinMax formulation
1000000 ——Load case 1
Load case 2
E ! \\kaﬁh‘_ -~ Load case 3
E- ~~ Load case 4

10000 - -

o 5 10 15 20 25 30
Optimization iterations

Compliance history for the 4 load cases using material Ortho250
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Application

AngularVelocity
-2.5e-01 0.1 0 0.1

e

Streamlines calculated on the
density and orientation fields
of the optimized design

GE Jet Engine Bracket
Design Challenge

Load Conditions 1 Load Conditions 2

Static Static

Vertical Horizontal

8000 Ibs up 8500 Ibs out

Load Condition 3 Load Condition 4 A

Static Static Torsional

42 degrees from Horizontal plane at . .

Vertical. centerline of clevis. Angular velocity display help

S 5000 sin locate and check the smoothness
of the material orientation field

Lood interfoces interfoce = even in the highest curvature regions
Interfoce.
Interfoce S

Interface4

Interfoce S

https://grabcad.com/challenges/ge-jet-engine-bracket-challenge
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Structural Topology Optimization with Smoothly Varying Fiber Orientations
Application

Juno space probe
Structural frame optimization

» Scenario based on Juno space probe

> Optimization of High-Gain Antenna (HGA) support
frame

> Multiple load cases based on assembly in VAB and
launch peak G-Forces

> Comparison of optimized topologies achieved using
isotropic and oriented orthotropic constitutive

materials '

20 Optimized structural frame using isotropic material Optimized structural frame using oriented orthotropic material ?g ( ) INS”
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Structural Topology Optimization with Smoothly Varying Fiber Orientations

Compliant mechanism optimization

» Compliant mechanism optimization is a type of problem where optimal material orientation

may not be aligned with local stress tensors regardless of the number of load cases
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Optimized force inverter on a 100 x 100 mesh
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Application
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Extension to varying degree of orthotropy

» Introduce an additional optimization variable for the ratio of orthotropy

Cg(r)= (Tgcartho +(1- TE)insa)
o X

1/n

Ratio of  Orthotropic Isotropic . o Z T, A"

orthotropy material material arg Eif}, Jsm(p1 a,9, T) - o (f‘t u,,)
T

Gradient for

the new (_9CE 1 _ i . — f. 1
design variable\ 9 =q (Tq Cortho — (1 - TE)q lCisa) st K,(p, (x,9,‘r)u, fo vielLO

E
0<pp <1, VYEcQ

—r<ag<w, YEeQ
—m/2<0g<w/2, VEe&Q
0<7tp <1, VE€Q

1
Gio = —-1<0
) = T 2 e

Isotropic Optimization formulation with additional design

variable controlling the ratio of orthotropy

Orthotropic

o— . . . .
23 Optimized material orientation field Optimized ratio of orthotropy field
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Extension to varying degree of orthotropy

» Introduce an additional optimization variable for the ratio of orthotropy

Cg(r)= (Tgcartho +(1- TE)insa)
o X

1/n

Ratio of  Orthotropic Isotropic . o Z T, A"

orthotropy material material arg Eif}, Jsm(p1 a,@, T) - o (fl u.,,)
T

Gradient for

the new @CE 1 _ i . — f. 1
design variable\ 9 =q (Tq Cortho — (1 - TE)q lCisa) st K,(p, a,@,‘r)u, fo vielLO

E
0<pp <1, VYEcQ

—r<ag<w, YEeQ
—m/2<0g<w/2, VEe&Q
0<tg <1, VEe€Q

1
Crot(p) = =——= > pr—1<0
‘ t(p) G:Ot . ‘Q| EEQPE -

Orthotropic

Optimization formulation with additional design
variable controlling the ratio of orthotropy

2 Optimized material orientation field Optimized ratio of orthotropy field
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Conclusion

» Mathematical model incorporating oriented orthotropic material in density based topology
optimization

» Use of a hybrid optimization scheme to handle the non-convexity of the material orientation
optimization problem

» Convergence and performance analysis of the proposed method in high resolution multi load
case optimization scenarios

» Demonstration of compatibility with other constraints like the porosity control and other
problem formulations like compliant mechanisms

» Extension to introduce another additional design variable allowing to optimization scheme to
choose which material type to apply while simultaneously optimizing its density and
orientation
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