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Topoplogy optimization concept
Global kinetic energy 5= m pg’dv =, Iqu’TN "pNgdV
E, = %Zq | j N” pNdV,g, =%izi‘,q'TMiq'
Global potential energy E = % [[[Ee*av = A [[[4"B"EBgaV
v v

E = Ai qiT'[JjBTEBdVeqi Z%i qiTKiqz'
i=1 v, i=1

Element energies e=q Kq:;k =q Mg
Eliminate or decrease e<e "K>K
density of elements when i — Tmin’ " T ""min
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Topology optimization foundation
N
Finite element model of structure K=K ;M=) M,

Element density as design variables d,;, <d; <d  ;i=1..,N

Updated finite element matrices

N N
M=) MM ;M=Md+ > M,
i=1 k=1,k+#i
K 9K _ 0 K,
Sensitivity of matrices od, dd, ' 4,
£ = 4 =M? = iy
od_ od, ' d
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Topology optimization problem

Minimize an objective function f=r(K,M)
subject to one or more constraints g.5Jj=12,..m

Main objective = minimize weight of structure W <W,

Limit static deformation at a given location U, SUp

Increase structural compliance in static solution Cz2C_ .

Natural frequency magnitude above excitations A=A
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Weight objective sensitivity

Global gravity vector aG(i)z[, a. (i) . a,@) . a.@) . a,@) .]T
N
Weight of the structure W = ZVVi
i=1
) N
Updated weight W(d,)=dWw’ + Z W d
k=1,k+i
_ N
Mass basis WdM)=MPd + > Mld,)a,
k=1,k#i
Sensitivity of weight w =Ma,(i)= %aG(i)
od, ' d,
. oF
Gravity load F =W:;:—£ %0
$ dd

i
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Static deformation sensitivity

Linear static solution

Ku=F uwK=K"u'=Ku' =F"
Soluti itivit a—Ku+Kau—aF
olution sensitivity od od  od
Constant loading force oy 0 TKa—u =—u' 9K
ad, ad. ad.
Substitute and premultiply F' E)_u =—u' 8£ =—u' ﬁu
ad. ad. d,
Element strain energy &=u Ku
| - du(j) 1 .
Deformation sensitivity at node j od F(j)d,
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Structural compliance sensitivity

Structural compliance definition  C=F"u

T
Sensitivity of compliance JC — oF u+ FT du
o, od, od
Static solution sensitivity ok 2 S OB 0h L O OKE
o od  od, od od, od
dC JF" . . 0F 0K
Compliance in general o od ut kK (a—a’,-_a—d,-u)
E)CZBFTM uTa_F_uTa_K
9 od o o
Constant force specific of__rokK _ 1.
od od. d
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Natural frequency sensitivity

l l

Eigenvalue analysis solution (K —AM)p =0
: : _ oK dp ,dM  dA 0
—@p+K—=1 Mo+ AM ——
Eigenvalue solution sensitivity o p+ 2d o qo+adi @+ o
. X
Assumptions 0"'M @ =1 — =
adi
: " oA, dK
Eigenvalue sensitivit ——A—
2 Y ad (ad )
With matrix sensitivities o Ky s M :i(el.—zq.)
ad, d, d = d

- T

Element kinetic energy K= M @g,0p=A¢
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Optimization problem definition

Seeking for the objective f(d") = extremum
Subject to constraints g, (d)<sgt"™;j=1,..m
Design variables d" =[d, .. d,]
Objective sensitivities 7o of Jf
R
Constraints sensitivities T g, g,
od,  dd,
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Topology optimization flow

Start analysis job

- Set current design variables d“=ldf . dj ]T k=1,2,.
- Modifiy element matrices K'=K)d';M/=M}df
- Update assembled model K" = in;M" = iMl."
I =
- Solve analysis problem K‘u=F (K*+AM g =0
- Collect and compute e,k f(d"),g.(d"); f(d*),G(d")
- Call optimizer to receive d"',d*
- Continue if warranted k=k+1Lif k<k,, — 2.

Complete analysis job
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Mathematical optimization process

[=d"—d,—d )/2U=d"+(d__—d_)/?2

max min max min

Moving asymptotes
23 _ dik _Ck (dik—l _L]ic—l) Uik23 — dik +Ck (Ul-k_l _dik_l)

pr=wi-ary Ly A s

2ar Y 347 ="
Convexity factors - - l
(simplified) af = (d = L))" = ; if 2 ; <0;
k qk
Mathematical problem i b
k k
S .
g,(dH=g,d >+Z< )

U"—do d.O—L’.‘

Find and return optimum  f(d*)=min; g, < g™ — d*",d *
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The effect of solution and constraint type

Model statistics
- 10,000 elements (cquad4)
- 10,000 design variables

Objective : minimize mass

Objective : minimize mass
Constraint : first eigenvalue

Constraint : compliance
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The influence of modeling

Imported Result : coat_hook_quad4_nxni10_topopt
SUBCASE - STATIC LOADS 1 SUBCASE 1, Static Step 1
Strain Energy - Elemental, Averaged, Scalar

IMmpoted Rasul  coat hook Aun10 tetra Sopoet
SUBCASE - STATIC LOADS 1 SUBCASE 1. Static Step 1

Min : 0.000, Mg 1000, Units = N-mm

Units = N-mm
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Design a stool

NX H 92-0- < {3 Window «
Home Results Response Simulation Laminates
:ﬁj’: [0 B EE Layout Settings

View

NX 10 - Advanced Simulaticn - [(Simulation) table_model_sim1.sim (Medified) ]

Analysis  Application

v >

IEEOER

SIEMENS -8 X
2B a0._5X
Fij |2 synchronize

M B 4] Leck/Unlock Plane ] Lo [ Multiple Math

;:::::;ev B B @ View Synchronize V::es::; :::: @ Mc.re S':; ::e " Overall Math

C xt v Layout - Post Processing - Animaticn - Manipulation XY Graph = Functi - -
5§ Menu~  |No Selection Filter = | |Entire Assembly - - % % Qi TREOBR-&--w- 4% .
{3 | simulation Navigator (m]

Name

& mosrs -
= (&5 Groups

Fi

N Modeling Objects (Filtered)

| 5 Regions

., <441 Simulation Object Container
E.Ji + A%z Constraint Container
B | [-i* Load Container

F®| g Solver Sets

- g SOL 101
[@.1* Temperatures
[F+4& Simulation Objects
--M@}z Constraints
Be
- Subcase - Static Loads 1
+ i* Loads

1

Y & 5T

@ + (5 Results -
P T o »
Simulation File View A

‘“9 Name Status
E Session
LY =
- (48 table_model_sim1 Displayed & ...
g & table_model...
(=
Preview v

total 1
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Minimize mass, compliance constraint

NX H 9 - & - o &£ switch window [[] Window - =

View  Application NXN_TopOpt

) O B M [ Leyout settings ] Save State R, % ) ped % & 6 » &, E $- iﬁ-

[0 [ E 47 Lock/uniock Plane ] Apply from File ’ - E @& kb - -

Return to E BEl @ e = Edit Post Set Identify Create - Animate Result Result Envelope
Home ~ [ LS SR View Result Results Graph Variables Probe

Edges & Faces

F - CBA-&-m-w- &

Imported Result : mount_1_model1_sim1_sol101_nxn_topopt com,
SUBCASE - STATIC LOADS 1

Strain Energy - Elemental, Scalar
Mins : 0.000, Max ; 1.000, Unis = N-mm

% B

Legend Text

Automatic

Left

ult
Jlayed
cified

Min

0.50001 |2
1.00000

Max —Ta
0.ska<
0,500y

Units = N-mm

1bined Viewport Result
1bined Viewport Displayed

12 <

-

Imported Result : mount_1_model1 sim1_sol101 nxn_topopt complianceob] mass1s
SUBCASE - STATIC LOADS 1 SUBCASE 1, Static Step 1
Strain Energy - Elemental, Scalar

Mins - 0.000, Max ; 1.000, Unis = N-mm
Automatic

[7] Invert Spectrum

n -

Structural 1.000
! 0.958
0817
0.675
0.833
0.792
m 0750
0708
0667

/fa
0582\
0=

0.500

Units = N-mm

im Overwrite

r None

M D
x .

W | Clipped

0.

Cancel

OK Apply

NX 11 - Pre/Post - [(Simulation) mount_1_model1l_sim1.sim (Modified) ]

SIEMENS 5 X
LEO_ X

7a Combination
71 Reduction
74 Multiple Reduction

Imported Result : mount_1_model1 sim1_sol101_nxn_topopt oo
SUBCASE - STATIC LOADS 1

Strain Energy - Elemental, Averaged, Scalar
Min : 0.000, Max : 1.000, Units = N-mm

1, Static Step 1

Averaged

Units = N-mm

Imported Result : mount_1_model1 sim1_sol101_nxn_topopt compliancechj mass1s
SUBCASE - STATIC LOADS 1

Strain Energy - Elemental, Aversged, Scalar
Min : 0.000, Max : 1.000, Units = N-mm

1, Static Step 1

Averaged
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Design a drilling platform

NX H 9 - & - o [ switch Window [[] Window « = NX 11 - Pre/Post - [(Simulation) tower_1_model1_sim1.sim (Modified) ] SIEMENS . & X
Home  Results  View  Application  NXN_TopOpt IR~ I 4
& O B B [F Levout Settings [ save state ] J %= 8 ., IE: $_
[M B B 47tock/uniock Piane [ Apply from File ® | -
Activate B B B © View Synchronize Result Result More
Meshing = Variables Probe »
Context = Layout - Pos - -
Sy Menu -~ |No Selection Filter v | Entire Assembly - g Ti~-ow BN .
& | simulation Navigator |
Name C. Status Filter
% -Qt0|ver_1_modell_si‘.. Displayed & ... 2
- M &5 tower_1_mode...
i}:_ 9 tower_1_mod... Not Loaded
- + (@& Mesh Controls
1 + (AR Polygon Ge... (Filter| _
- M@ 2D Collectors 1
+ (A% ThinShel... (Filter
8 + A% ThinShel... (Filter
[20] A 3% Connection ...
% B9 CSYS (Filter
+ (& Groups (Filter
W iR Fields
“F3 Modeling Objects ... (Filter
0\ & Regions (Filter
4 Simulation Object... (Filter
I:Uj + MA¥g Constraint Con... (Filter «
< m »
Simulation File View A
Name Status
E Session
[N -
- @ tower_1_model... Displayed & ...
g‘ & tower_1_mo...
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Minimize mass, complaince constraint

NX H 9-8-o Switch Window [7] Winsow = ¥ NX 11 - Pre/Pest - [(Semutstion) bracket_newdv_ 0% _1.5m (Modéed) | sigmENns . DO X
EN o View  Apphcaion NN TopOpt Sma 0%
» \ } Lot -.,:wg.» 2 Lot '.:n J R % ,{ A ‘Al v Al '. E ., :;}- & - {5 - ,‘: (om:«ts-on
1 i A leaumion Pane 8] Apply trom Pie P D - 8 8 Z]Requasn
Beturn te ey PR tonPort  Sct  loertfy Creste arimare Rewalt  Resut Crweicpe . 3 s ~ More
Moget® B D Viewimavenoe View Resm Rewns Goga * ¢ Vanadies Pode g Muwte Redumion . .
W Mera s e Selechon Filler * Enfie Asiembly - oW N E o
© | Pont Processing Nevigueer Impoded Resull - tower test onginal
Name Descnptan i SUBCASE 1, Static S SUBCASE - STATIC LOADS 1 SUBCASE 1, Static §
& « Be Rascton Mement | Strnin Energy - Elemental, Scalar Strnin Enorgy - Elomontal, Averaged.
« By Raaction Foece - No.. Min : 0.000, Max . 1.000, Units = N-mm Min . 0.000, Max : 1.000, Units = N-nm
,?_ o By Peaction Momart
i + By Resction Fesce - No
o B Faaction Moment
- + B Peacton Feece - No 1.000 1.000
4 o B Paacton Maoment I l
’ + B Feacton Fosce - No 0542 0942
.: o & Peacton Moment ' '
2 o By Oviglocernent - Nodal
o By Botatice - Nodal 0583 0553
‘Eq-, « B Strens - Demental
s Oy Stress - Blerment-No 0.825 e
“ + B Gnd Powt Feece - Ble.
+ B Gnd Powe Moment 0.767 0.767
@ o B Gnd Poet Reactoon F
o By God Powt Reaction 0.708 0.708
= v B Grd Powt Appled F ‘ I
3 + B Gnd Powt Agpled M.
©) o By Total Residual Fosce 0090 9,950
o B Total Rewdust Mcen I
'-,9 + B Stran Energy - Bem & 0.502 g 0.502
* [ Stran Energy Demsity ]
B\ + SUBCASE.STATC LORDS 0533 0533
) vengens
i - I fungerions 0475 0475
« G Post View 20 Srmn Lrarg,
= [ Frnge Prots
= St gt
-‘.U « ) 30 Derments .
. o [ Annctstions 0.358 0.358
- (g Groups 2 :
oy PostGroupl 2638 Blermen 03 0 :\*}
- = = | Units <&gnm
% Units = N-am
-
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Mid-loaded bridge model design space

NX H 9L © Qw.ndcw-s

Home Results  Response Simulation  Laminates
rea) [0 B [ Leyout Settings AL

B 4] Lock/Unlock Plane

View

A

NX 10 - Advanced Simulation - [(Simulation) bridge_2_model1_sim1.sim (Modified) ]

Analysis  Application

= +: |2 Synchronize

EZ Multiple Math

SIEMENS _ & X
LIRS B

Activate ) X Result Result 9 Single .
Meshing ~ H B @ View Synchronize SRS PrcEs @ e [# Overall Math
Context + Layout - Post Animation - Manipulation - XY Graph Function Math - -
5§ Menu~ | No Selection Filter | Entire Assembly - BEHOB-LL.-®-w- 4% .
& Simulation Navigator [m]

Name

R

)
|

& 57 I B

Y

o &

B
£
[

18 bridge_2_model1_sim1.sim -
- [ bridge_2_modell_fem1.fem
7 bridge_2_model1_fem1_i.prt
+-[[]&> Mesh Controls
+ [z Polygon Geometry
+- &> 2D Collectors
+ [0 %% Connection Collectors

1

Modeling Objects (Filtered)
{3 Regions
- Simulation Object Container
- Eﬁ Constraint Container
2o
+[A.# Load Container -
< [T} 3
Simulation File View A
Name Status
Session
- (/8 bridge_2_model... Displayed & ...
@ bridge_2_mo...

Preview A4
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Minimize mass, displacement constraint

NX H =2 -&- o Qwindow-=

Response Simulation

") O B [F Leyout Settings T]
[ B 4] Llock/Unlock Plane 4
Return to = Edit Post  Set
B H & v i
Model - % View Synchronize View

=¥ Menu ~  |No Selection Filter + | |Entire Assembly

& | Post Processing Navigator

Name Description
+- @& Reaction Moment - N...

P

+- % Reaction Force - Nodal

<|?£_ +- @ Reaction Moment - N...
+- @ Reaction Force - Nodal

7,

Fal +- % Reaction Moment - N...

+ & Reaction Force - Nodal

+ s Reaction Moment - N...
+. @ Displacement - Nodal

+- @ Rotation - Nodal

s Stress - Elemental

+- @ Stress - Element-Nodal
+ @ Grid Point Force - Ele...
+- @ Grid Point Moment - ...
+ @& Grid Point Reaction F...

& Grid Point Reaction M...
+ % Grid Peint Applied For...
+- B Grid Point Applied Mo...
+-f Total Residual Force -...
+- f Total Residual Mome...

8 o7 3° pr

Y

+- @ Strain Energy - Elem...

+- @ Strain Energy Density...
B viewports
- /™ Fringe Plots

+ @ Post View 3 Strain Energy - Ele
- | Fringe Plots

R Post View 5| (MASTER) Strain Hi
n L3

11,

B G B

=)

<

?2hae

Identify Create

NX 10 - Advanced Simulation - [(Simulaticn) bridge_2_meodel1_sim1.sim (Medified) ]

Laminates  View  Analysis  Application

- B . .

& » 3, Ez: & |£ a Combination
L M %] Reduction

Animate Result Result Envelope

Variables Probe L;'-' Muttiple Reducion 2

More

| @ synchronize

| Multiple Math

Single
i
Math £ Overall Math

SIEMENS _ & X
P a0_5X

1.000
0.846
0.892
0.837
0.783
0.729
0.675
0621
0.567

—
f—
= 0512
=io.45ﬂ

Units = N-mm

Impocted
SUBCASE - STATIG LOADS 1

1.000
0.946
0.892
0.837
0.783
0728
0675
0.621
0.567

—
—
-
ﬁadsa

Units = N-mm

Result : bridge 2 mn10_topopt

SUBCASE 1, Static Step 1

Strain Energy - Elementsl, Averaged, Scalar
Hin : 0.000, Max : 1.000, Units = N-mm

2015/03/19
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Bottom loaded bridge model designh space

NX H 9~ B - » @window-~ NX 10 - Advanced Simulation - [(Simulation) truss_beam_sim1.sim (Modified) ] SIEMENS -5 X
Home  Results  Response Simulation  Laminates View  Analysis  Application PlE o @._ 58X
= £ = = = e » 3 # b % X = ¥ e
: 7 g : = F #o = o
® G o F 2R P a FE @ # B, & @ sy o=
Activate Manage Physical Modeling More Locad Constraint Simulation Region Solution Solve =) Element Node/ More Show Reverse Show Show © More
Meshing~  Materials Properties Objects . Type~ Type~ Object Type~ * Quality Element x Only Face Display Adjacent and Hide =
Context = Properties ¥ Loads and Conditions - Solution v | Checks and Information = Utilities - -
= Menu~  |No Selection Filter v | Entire Assembly v L S W R W TEO M- m r@-wr 4% “
& | simulation Navigator [m]
Name
P& i
[Agg CsYS
?;- & Groups
Fid Fields
‘ ‘5| -TModeling Objects (Filtered)
e (5 Regions
O 40 Simulation Object Container
- ¥z Constraint Container
? [T ] Fixed(1)
l?n_ (7 Y UserDefined(1)
= --[.2 Load Container
W M @ Force(1)
(& Solver Sets —
--%g SOL 101
o\ [3-#* Temperatures
[+ Simulation Objects
@ +-[@%z Constraints -
<« m »
@ Simulation File View A
Name Status
= Session
L)Y ) )
-8 truss_beam_sim1 Displayed &...
E -9 truss_beam_...
-3 truss_bea...
[ﬂﬂ & truss_... =
Preview v

total 2 "W
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Minimize mass, displacement constraint

NX H 9~ &~ o @window~s

NX 10 - Advanced Simulation - [(Simulation) bridge_1_model1_sim1.sim (Modified) ]

“ Home Results Response Simulation Laminates View Analysis  Application

') [0 B EZ Layout Settings

Return to Edit Post Set Identify Create Animate Result Result Envelope
Model »

=y Menu ~ No Selection Filter + | |Entire Assembly

_;J % @ Ya z " &, | - \- 74 Combination
@M B 4] Lock/Uniock Plane 4 = \Q B & E— $- | #1 Reduction

B | '$) View Synchronize View Result Results Graph e« » Variables Probe i Multiple Reduction 3

ext v Layout - Post Pr - Anima

«

More

I=+% L@ Synchronize
7=

SIEMENS _ & X
LB 05X

o

15

=

AL
=l

& 5 3P br

Y

e/

B % 2 6

: : Imported Result : bridge 1 nxn10_topopt mass 40
Post Processing Navigator [m} SUBCASE - STATIC LOADS 1

Strain Energy - Elemental, Scalar

e Descnton M 0.000, Max 1,000, Units = Nemm
18 bridge_1_model1_sim1 -
- SOL 101 NX NASTRAN, Str 000
<%3+g Structural = -_ 0958
%3¢ TopoOptSolution Topology Optimiza| | | 0917
875
»
3 Imported Results L 0833
- %3 bridge_1_nxn10_topopt_... Nastran, Structura 0.792

+ [ Displacement - Nodal
+- [ Rotation - Nedal
+ [ Stress - Elemental
+-H Stress - Element-Nodal
- @ Strain Energy - Elem...
o — — ] ]
+- @ Strain Energy Density...
+- [ Reaction Force - Nedal

Imponed Result  bridge 1 nxn10_topopt mass 40
SUBCASE - STATIC LOADS 1

+- B Reaction Moment - N... mﬂnoﬁmmum’:n:w
+- @ Grid Point Force - Ele...

+ [ Grid Point Moment - ... —_— 1.000
+ B Total Residual Force -... [ . °9?:
+ @y Total Residual Mome... 2:15
+- B Grid Point Reaction F... 0833
+ B Grid Point Reaction M... 0.792
+- [ Grid Point Applied For... = Gt
++ 8 Grid Point Applied Mo... S
+- [ Reaction Force - Nodal L B
+- @ Reaction Moment - N... =f0m
+- [ Reaction Force - Nodal - -g'ﬁ

<« m »

Units = N-mm
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Effect of gradated density to static deformation

blade_stat_grad_decrease_s : blade_stat_grad_decrease Resuit blade_stat_grad_increase_s : blade_slat_grad_increase Result
SUBCASE 1, Static Step 1 SUBCASE 1, Static Step 1
Normalized Material Density - Elemental, Scalar Normalized Material Density - Elemental, Scalar

Min : 0.531, Max : 1.000, Units = Unitless.
D

Min : 1.000, Max : 3.345, Units = Unitless
D : Di - Nedal

o]

Material gradation

l 1.000 l 3.345
0.961 3.150
0.922 2,955
Nominal density deformation
y 0.844 2.564
0.805 2.368
blade_stat_s : blade_stat Result
SUBCASE 1, Static Step 1 i i
Displacement - Nodal, Magnitude
Min : 0.000, Max : 2.883, Units = mm oo Jary
Deformation : Displacement - Nodal Magnitude 0.726 977
0.687 782
2.883
I 868 B s
2643 I I
I 0.609 I 391
0.570 95
2162 I I
0.531 1.000
I~ <=
Um‘.s/’ Unitless Units ﬁ Unit
1,662 *
1.442 blade_stat_grad_decrease_s : blade_stat_grad_decrease Result blade_stat_grad_increase_s : blade_stat_grad_increase Result
SUBCASE 1, Static Step 1 SUBCASE 1, Static Step 1

Displacement - Nodal, Magnitude
Min : 0.000, Max : 3.213, Units = mm
:D

- Nodal M;
l32|3

2.945

Displacement - Nodal, Magnitude
Min : 0.000, Max : 2123, Units = mm
Deformation : Displacement - Nodal Magnitude /

|2123

1.946

2678 1.769
2410 1.592
2.142 1415
.
1.874 1.238
1.607 1.061
1.339 0.885
Modified deformations
0.803 i 0.531
0.538 I 0.354
0.268 I 0.177
0.000 0.000
I / 2 S e
Units £ mm e Units £'mm i
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Effect of gradated density to natural frequency

blade_mode_s : blade_mode Result

Load Case 1, Mode 1, 645.825 Hz
Displacement - Nodal, Magnitude

Min : 0.000, Max : 3.019, Units = mm
Deformation * Displacement - Nodal Magnitude

l 3.019

blade_mode_grad_decrease_s : blade_mode_grad_decrease Result
Topology Optimization, Mode 1, 779.834 Hz

Displacement - Nodal, Magnitude

Min : 0.000, Max : 3.870, Units = mm

Deformation : Displacement - Nodal Magnitude

2.768 ! 3.870
239 3.547
2.265
3.225
2013
2.902
1.761
w1510 2580
1.258 2257
1.006 mm 1935
= 0.755
l 1.612
0.503
I blade_mode_grad_increase_s : blade_mode_grad_increase Result
0.252 Topology Optimization, Mede 1, 440.877 Hz
. Displacement - Nodal, Magnitude
0.000_ Min : 0.000, Max : 1.736, Units = mm

Deformation : Displacement - Nodal Magnitude:

. 1.736

1.592

Nominal mode shape

1.302

Units gl\r(m

/‘\“
zC YC

Increasing density
inward

Increasing density
outward

0.434

0.289

0.145

0.008"

Units ! i’
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Density distribution as design tool




Topology optimization of lattice supported structures

Structure with lattice Optimization result Necessary lattice

Restricted design space Minimal lattice support
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27

Optimization of additive manufacturing lattice cells
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Conclusions

Summary KOMZSIK WHAT EVERY ENGINEER
. . . . o SHOULD KNOW ABOUT

Topology optimization became an everyday tool in ©. COMPUTATIONAL

engineering by lowering the need of engineering intuition RN A=

Second Edition

and finite element method enables its implementation ANALYSIS

LOUIS KOMZSIK

Topology optimization produces empty spaces inside or a
graded density distribution but additive manufacturing is
able to build cavities directionally vary the density
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