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Topology optimization overview

Topology optimization theory

Pre- and post-processing with MSC.Patran
MSC.Nastran User Interface

Examples
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Topology Optimization
Concept

Given a predefined domain with boundary conditions and load,
find optimal mass distribution such that an objective takes a
minimum (maximum) while satisfying constraints
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Topology Optimization
Background

Topology optimization has generated widespread academic and
industrial interest for over 15 years

Bendsoe and Kikuchi
Early work related to optimality criteria methods

A variety of products including Optistruct, MSC.Construct
(now TOSCA), MSC.Optishape and Genesis

MSC.Nastran has had mathematical programming based
optimization since 1989

MSC.Patran Support was introduced around 1996
Forms a basis for topology optimization
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MSC Approach to Topology
Optimization

Leverage Existing Multidisciplinary Design Optimization
Capability in MSC.Nastran

Adapt to Special Topology Optimization Requirements
Large Number of Design Variables
Special Response Quantities
Special Filtering Techniques

Leverage Existing MSC.Patran Support for Design
Optimization
Include Features from the Optishape Preference
Provide Specialized Results Processing using Existing Tools
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MSC.NASTRAN IMPLEMENTATION OF STRUCTURAL
OPTIMIZATION

One time around the loop is referred to as a design cycle or design iteration

Improved
Design

The required number of
iterations of the external loop

Structural must be small.
Response
+ Analysis *
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The BIGDOT Optimization
Algorithm

BIGDOT is an Optimization Algorithm provided by VR&D
that is specialized for problems with many Design
Variables

MSC has embedded BIGDOT into MSC.Nastran primarily
for performing Topology Optimization

This Feature is provided as a separate, royalty based,
option of MSC.Nastran
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Two MSC.Nastran Optimization Options

Design Optimization
Multidisciplinary Design Optimization (shape and sizing)
Uses DOT or ADS as the optimization algorithm
Limited number of Design Variables (<4000)
Performs limited Topology Optimization
Topology Optimization
Provides BIGDOT
Enables large scale topology optimization
Does not support Design Optimization
Design Optimization and Topology Optimization
Enables all MSC.Nastran optimization

Choice of optimization algorithm

Can solve shape and sizing optimization tasks with thousands of
design variables.
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Topology Optimization Theory

Two Classic Topology Optimization Problems

Statics
min ¢ =f"u(X ) (compliance)
s.t. jp(x HQ <M;0< X <1 (mass target)

Normal Mode

max frequency
s.t. jp(x HQ <M;0< X <1 (mass target)
Q
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Topology Optimization Theory

Three Methods

Homogenization method ( Bendsoe & Kikuchi, 1988)

Density method or SIMP (Solid Isotropic Microstructure with
Penalization)

Hard-kill and soft kill Methods
Density method is becoming popular due to its generality
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Topology Optimization Theory

General Topology Optimization Problem

minimize f(x)
subject to g;(x) < 0, j=1,2,..,m
0.0<x<1.0
Here any design response (mass, displacement, eigenvalue,

compliance, etc. ) and their combinations can be the objective and/or
constraints. In addition, more than one constraint is allowed.
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Density Method Used in SOL200

Design variables are the normalized material density of each designed
element (has fewer design variables compared to the homogenization
method)

The power law penalization on Young’s modulus E is used to achieve a
0-1 density distribution

1

Ei/Eo

Pi = XiPo
E; = xPE, where penalty factor p > 1

0 Density 1

MS&SOFTWARE@ : Huntington Beach, California



SOL200 Topology Optimization Strategy

Advanced Approximation

The original optimization problems is solved by solving a series
of explicit approximate problems

Density and Young’s modulus are used as intermediate design
variables

Intermediate design responses for eigenvalues (Rayleigh
Quotient)

Adjoint method is used for topology design sensitivity
analysis
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SOL200 Topology Optimization
Strategy

Incorporate BIGDOT

A move limit adjustment strategy is implemented to
achieve faster convergence and robustness

A filtering algorithm is used to prevent checkerboard-like
material distribution

A minimum member size is used to control the degree of
manufacturing simplicity
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SOL200 Topology Optimization
Capability

Topology Designable Elements

SOL200 can topologically design any element with a
property that references an isotropic material (MAT1); e.g.,
CROD, CBAR, CBEAM, CBEND, CTRIA3, CTRIASG,
CTRIAR, CQUAD4, CQUADS, CQUADR , CSHEAR,
CHEXA, CTETRA, CPENTA, and CWELD

Multidisciplinary Analysis Types

Support all SOL200 existing analysis types: statics, normal
modes, buckling, direct frequency, modal frequency, modal
transient, complex eigenvalue, flutter and static aeroelasticity
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SOL200 Topology Optimization
Capability

Design Responses, Objective, and Constraints

DRESP1- the analysis responses directly from an
MSC.Nastran analysis. Such as compliance, mass fraction,
displacement, stress, eigenvalue, etc.

DRESP2 — a synthetic response that utilizes the equation
iInput features in MSC.Nastran

DRESP3 — an external response that is evaluated by
iInvoking an external (to MSC.Nastran) process via an
application programming interface (API)

Any DRESP1/2/3 can be the topology design objective
and/or constraints
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How to Use SOL200 Topology

MSC.Nastran Input Bulk Data Eentry
Topology designable regions (TOPVAR)

TOPVAR ID LABEL PTYPE XINIT XLB DELXV POWER ID

Two new DRESP1 responses are introduced for topology
RTYPE=COMP defines the compliance of structures
RTYPE =FRMASS defines the mass fraction of designed elements
MSC.Patran supports Quick (Classic) Topology Optimization
and displays topology results
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Topology Optimization in MSC.Patran

MSC.Patran’s Nastran preference has been enhanced to support quick
topology optimization in SOL 200

Derived from OPTISHAPE preference

Retains some key features of OPTISHAPE preference

More consistent look & feel

More robust infrastructural support
> Analysis types, element properties, ...

vV V V V
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- ==, | Topology Optimization

o | WSchastrn | “Customized Solution” option has been added in the
el ' Analysis form
» Main entry to quick topology optimization

Study: | |

Available Jobs

A

Jok Matme

IEIEI

Jak Description

MSC Masztran job crested on
04-Aug-04 st 171517

Deszign Study Select..

Dezign Chjective Select...

Translation Parameters..

Direct Text Input...

Subcases..

|
|
|
Optimization Parameters.. |
|
|
|

Subcasze Select..

Customized Solutions...
e —
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Topology Optimization

“Use Customized Solutions” option can be used to activate the quick
topology optimization runs
» Default is off — normal SOL 200 optimization rum

Default — Normal SOL 200 run Quick topology optimization run

Customized Solutions |

M=C Mastran
Customized Solutions

Customized Soluktions |

M= Mastran
Customized Solutions

[ Use Customized Solutions v lise Elstomizad Saitions

MS&SOFTWARE@

Design Domain...

Dhiectives Constraints...

Sptimization Sontrol ...

0.4 I Cancel

Tivpe: Topology ™ | Type:

Topology ™ |

Dezign Damain...

Chiectives Constraints...

Cptimization Contral. ..
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Topology Optimization

“Design Domain” option can be used to define the intended design
domain
» Using element properties | =

i prop I General Section Beam ( CBAR 1 I

o] ot

Customized Solutions |

M=C Mastran _|;|
Customized Solutions: g -
Matme Type

Filter | * *
v L=ze Customized Solutions; ) I

Sort by Mame | Sort by Type

Type: Topology ™ | I~ Highlight Elements

/jr'oper‘ties as Design Domain
Marme Type =

—

<’ Dezign Domairn... A‘
T—

|

|

Ohjectives Constraints...

Optimization Contral. .

Remove Selected Rows | Remove &l Rows I
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Topology Optimization

“Objective_Constraints” option can be used to define the optimization

objectives and constraints
2
3
—&nalyzis Dizcipline

M= Mastran {= Static
Customized Solutions
 Mormal Modes

[v L=e Customized Solutions;

—Chjective Function

Type: Topoloogy "'l * Minimize Compliance

—Mass Target Constraint

Design Domain... | Fange: 0.0 ==x==1.10
/\
< Ohjectives Constraints... J >

\ E——
Optimization Cortral . |

ok | efaut | {Eance

Ol I Cancel |
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Topology Optimization

“Optimization Control” option can be used to define the optimization

control parameters

Customized Solutions H

M= Mastran
Customized Solutions

[v L=e Customized Solutions;

Type: Topology ™ |

De=ign Domain... |

Ohjectives Constraints... |

/\

< Optimization Cortral . | >
— E——]

Ol I Cancel |

MSC A SOFTWARE.

[ Dptimization Control Paramek

—static Problem

=101

Initial De=ign (0.0 = XIMIT ==1.0)

Lower Bounds (0.0 = XLB ==0.1)

Maximum Design Cycles (DESMAX = 0]

Penalty Factor (1.0 == PCVWER == 6.0)

Mave Limit (0.01 == DELX == 0.3)

Tolerance of convergence (DESMAX = 0)

Default |

Cancel |
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DISPLAYING OPTIMIZATION
RESULTS

MSC.Nastran produces a file with .des extension

This file contains the resulting optimal element density
distribution.

MSC.Patran 2005 only supports post-processing of 2D
optimization results. Support of 3D optimization results
Is planned for 2005R2.

MS&SOFTWARE@ : e Huntington Beach, California




POST-PROCESSING OPTIMIZATION

RESULTS

Importing optimization results
Under File/Import..., select Results and Patran 2 .els...

Select the template named “topo.res_tmpl”.

Select the results file

| = ®= eF EE-

=2 edit_surface_remove_werkex
Cfree_body

Lok in: | ‘=3 Support_PATRAN

I ABAQUS deck
I anSYS_deck

|1 arbitrary_section Cgap
[:I composites_material [:I GPStress
| edit_surface_composite ca large_disp

|1 edit_surface_edge_match [CILs_pYMAsD_deck

File name:

Files of type:  |PATRAN 2 els Files {*els} d

o=l

Ohject: Results ™ I

=151

i Template for PATRAN 2.5 Import Results

-]« & ef E-

Look in: I £ res_templates

pthermal_15_nodal.res_kmpl
pthermal_1-8pfl_nodal.res_tmpl
pthermal_1pFlx_nodal. res_tmpl
pthermal_nod_T.res_tmpl

Loak jr: I 3 topology_optimization

-l « & ef E-

|

sinda.res_tmpl
. topo,res_tmpl @
test.des

Kl

File name:

€)

Itu:upu:u.res_tmpl

Files of bype: |Fi|es {*.res_tmplt

MSC A SOFTWARE.

File name:

Ibike_frame.des

-Apply- I

Files of type: | PATRAN 2.els Files {8ls)

Huntington Beach,
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POST-PROCESSING OPTIMIZATION

RESULTS

Displaying optimization results
Go to Results/Create/Fringe
Select Plot Options

Set Averaging Definition
Domain to None and Apply

Action;  Create 'l

SR

Scale Factor I 1.0
Fitter “alues: More ™ |

Averaging Definition:

Doamain: |pone ™

Method:  Derivestverage 7 |

Extrapolstion : Shape Fn. ‘l

[~ Use PCL Expression
Lefine PCL Expressian... |

Position.. ((MON-LAYEREDT) |
[ AZnimate
Apply Reset

Existing Fringe Plots... |

Sawve Fringe Plot A=

Apply Reszet




MSC

SOFTWARE.

[ bridge1.db - default_viewport - default_group - Entity = |I:I|i|

MSC. Patran 2005 10-Sep-04 15:07:34 1.00+000

Fringe: DESIGH CY'CLE ;. 30, testdes, Element Density Distribution, Topology Optimization, . (NOM-LAYERED)
9.33-001

&.67-001

8.00-001

7.34-001

6.67-001

5.00-001

5.34-001

- 4.67-001

= 4.01-001

3.34-001

2.67-001

2.01-001
1.34-001

b 6.76-002

1.00-003

default_Fringe :
Mae 1.00+000 @Elm 1.1
Min 1.00-003 @Elm 1681
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Examples

A Bicycle Frame
2442 CQUAD4 elements
Minimize compliance with 30% mass target

\\\
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Examples

Michell Truss
7566 QUADA4 elements
Minimize compliance with 20% mass target
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Without filtering With filtering (TCHECK=1 as default)
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MBB BEAM

MBB Beam

Design space 2mm x 6mm
Minimize compliance with 50% mass target
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MBB BEAM

Different mesh results in a different design
Too many small members for a finer mesh model

4,800 CQUADA

MS&SOFTWARE@

N s =

.

(b)120,000 CQUAD4
Without minimum member size control

California
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MBB Beam

Minimum member size (TDMIN on DOPTPRM) is used to control the
degree of manufacturing simplicity and achieve a mesh-
Independent design

(a) 4,800 CQUAD4 (b)120,000 CQUADA4
With minimum member size control (0.5mm)
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Examples
A Pump Lid

— 18821 HEXAS8 elements

— Minimize compliance with 5% mass target

MS&SOFTWARE@ : Huntington Beach, California



= -

A Pump Lid
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Benchmark Examples

A Bonnet Structure
1400 QUAD4 elements
Minimize compliance with 30% mass target

£ i
T
i

LI =
R S S e
L
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A Bonnet Structure
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3D-Beam
=3D Beam

—0537 HEXAS8 elements

—Minimize compliance with 20% mass target
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3D-Beam
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Spare Tire Mount

33,120 HEXAS8 elements

ith 30% mass target

lance w
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Spare Tire Mount
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Ongoing Activity
More functions for MSC.Nastran 2005R2 & beyond

Support manufacturability requirements such as castability
(draw direction), extrudability, and symmetry constraints

Support composite elements and superelements

Support regional mass fraction, compliance, and minimum
member size control, and manufacturability requirements

Support topology and non-topology design variables
simultaneously
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Discussion

Thank you!

Any Questions?

MS&SOFTWARE@
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