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Safe Harbor Statement



Learning Objectives

 Learn how to mid-surface and mesh solid geometry to generate a shell mesh.

 Learn how to lightweight an existing shell meshed design using Autodesk Nastran SIMP 
Topology Optimization.

 Learn how to define nonlinear materials and large displacement effects and perform a 
nonlinear analysis.

 Learn how to connect shell meshed parts in an assembly using contact.



3-Point Tube 
Bending Example

Solid Elements



Steel Tube Model

Fully constrained at 
base of pads

 Tube: AISC Steel: 
o 4 x 4 x 24 inches
o 5/16 inches thick
o Yield point 30ksi

 Blocks: Steel
 Constrained at the base of pads 

and side of pusher block

Constrained on one 
face in x-z direction, 
free movement in y

1,000 lbs



Steel Tube Material Definition



Steel Supports and Pusher Material Definition



Model Mesh Size Definition

Presenter Notes
Presentation Notes
We will start with a fairly coarse mesh to reduce the run times.  Since the tube is 5/16 thick 0.3 will mean only one element through the thickness which is not ideal with contact.



Load Definition



+Z Support Constraint Definition



-Z Support Constraint Definition



Pusher Constraint Definition



Running Linear Statics 



Fatal Error!  Why?



Getting Help



Isolating the Issue…RBCHECKMODES Parameter

Presenter Notes
Presentation Notes
This parameter will force a normal modes (frequency) solution type and remove all single point constraints.  All contact will be treated as welds.



Isolating the Issue



Rigid Body Modes Results

Mode 1 – Rigid Body

Mode 6 – Rigid Body

Mode 7 – Rigid Body – Flexible Expected

Mode 8 – Rigid Body – Flexible Expected

Mode 2 – Rigid Body

Mode 3 – Rigid Body

Mode 5 – Rigid Body

Mode 4 – Rigid Body



























Modes 7 and On Should be Flexible Modes

 Modes 1-6 are rigid body modes 
as expected

 Modes 7-11 are also rigid body 
which means there is a lack of 
constraint in the assembly

 If the frequency is near zero,
then it is most likely a rigid body 
mode

Mode 11 – Rigid Body

Mode 12 – Flexible









Remember to Zero the RBCHECKMODES Parameter



Setting Up Solver Based Contact 

Presenter Notes
Presentation Notes
ASCG is Automated Surface Contact Generation and is solver based.  Leave the Max Activation Distance blank unless you expect significant sliding.  Blank will use the AUTO setting which will allow approximately for sliding past one element face. 




Running with Linear Statics – Linear Contact

Presenter Notes
Presentation Notes
Linear contact is displacement based and is the default in linear statics when separation or rough contact is defined.   Also, note we had warning messages which we should investigate.



Review Warning Messages

Presenter Notes
Presentation Notes
In this case we had some initial penetration and protrusion which caused the solver to reposition secondary nodes which is to be expected. 



View Deformed Shape Using Actual Deformations

Presenter Notes
Presentation Notes
Use actual deformations to make sure the parts are not penetrating excessively.



Running Nonlinear Statics



Setting Up Nonlinear Statics



Setting Up Nonlinear Statics 

Presenter Notes
Presentation Notes
Generally 3-5 increments is fine for simple nonlinear contact like here and when the SLINESLIDETYPE parameter is set to DYNAMIC (default).  When its set to STATIC you may want to use 5-10 increments to allow the contact to adjust the stiffness.   If this field is left blank then the adaptive load incrementation will be enabled which starts at a small load and gradually increases the load increment based on convergence. 



Nonlinear Statics Fails?



Nonlinear Statics Fails?

Presenter Notes
Presentation Notes
The reason linear contact runs and nonlinear does not is because linear contact adds a small stiffness in the sliding direction of the contact which prevents singularities.  This is not feasible for nonlinear as it is much more sensitive to this.  There are other options like the CONTACTSTAB and SLINESTABKSFACT parameters we could explore but the best thing is to stabilize the contact.



Setting Up Rough Contact to Prevent Sliding



Nonlinear Statics with Rough Contact



Setting Up Manual Contact – Delete Solver Contact

Presenter Notes
Presentation Notes
Manual contact will allow us to specify different types of contact in different areas of the model.  First we must delete the solver contact we specified previously.



Setting Up +Z Support Manual Contact



Setting Up -Z Support Manual Contact 

Presenter Notes
Presentation Notes
By checking the Max Activation Distance and not specifying any value the default will be unlimited sliding.  



Setting Up Pusher Manual Contact



Nonlinear Solution with No Sliding on +Z Support



Welding Pusher to Tube



Nonlinear Solution with Welded Pusher



Enhanced Contact

Presenter Notes
Presentation Notes
Model will take an excessive amount of time to run after doing this due to the unlimited maximum activation distance and the large contact surface area selected.





 Enhanced contact is abled with the 
ENHCCONTACTRSLT parameter

 Enabling this will improve accuracy for 
models with thin parts and only one or two 
TET elements through the thickness

 The big disadvantage is that performance 
will be much slower for larger models

 We are currently working on an improved 
enhanced contact which will provide better 
results and only a moderate degradation in 
performance

Enhanced Contact

1 2

3

4

56



Enhanced Contact Results in a More Accurate Stress

Presenter Notes
Presentation Notes
Using a maximum activation distance reduced the contact from 16M to 0.5M elements.




Using a Finer Mesh for Improved Results

Presenter Notes
Presentation Notes
If we increase the number of elements by reducing the element size from 0.3 to 0.1 inches we get 3 elements through the thickness which will improve results.



Solution Fails Due to Model Size



Enhanced Contact/Max Activation Distance/Fine Mesh



Fixing a G3004 Error Message 



Fixing a G3004 Error Message 



Reduce the Maximum Activation Distance

Presenter Notes
Presentation Notes
Using the AUTO maximum activation distance reduced the contact from 32M to 0.5M elements.  The default is unlimited sliding and since that is not needed here we will use the AUTO setting by unchecking the Max Activation Distance box.  




Another Option…¼ Symmetric Model

 If the loading and boundary conditions are 
symmetric this option makes the most sense

 The model will be cut down by ¼ improving 
performance and allowing a much finer 
mesh

 The boundary conditions will allow all 
surfaces to slide with no friction required 

 Topology optimization can easily be 
performed

 Other more complicated nonlinear analyses 
like material nonlinear can be performed 
much faster

Presenter Notes
Presentation Notes
The model, loading, and constraints are symmetric and we can take advantage of this. 




¼ Symmetric Steel Tube Model

Fully constrained at base of pad

 Tube: AISC Steel: 
o 4 x 4 x 24 inches
o 5/16 inches thick
o Yield point 30ksi

 Blocks: Steel
 Constrained at the base of 

pads and side of pusher 
block

Symmetry boundary conditions 
on x and z planes

250lbs (1/4 x 1,000 lbs)

Presenter Notes
Presentation Notes
The model, loading, and constraints are symmetric and we can take advantage of this. 




Z-Symmetry Boundary Condition

Presenter Notes
Presentation Notes
If we increase the number of elements by reducing the element size from 0.3 to 0.1 inches we get 3 elements through the thickness which will improve results.



X-Symmetry Boundary Condition

Presenter Notes
Presentation Notes
If we increase the number of elements by reducing the element size from 0.3 to 0.1 inches we get 3 elements through the thickness which will improve results.



1/4-Symmetry Load Definition

Presenter Notes
Presentation Notes
If we increase the number of elements by reducing the element size from 0.3 to 0.1 inches we get 3 elements through the thickness which will improve results.



Solid Mesh Convergence Study

 Enhanced contact is OFF
 Mesh element size is varied 

from 1.0 to 0.08
 The peak stress will 

continue to increase due to 
a singularity at the edge of 
the support block

 Solution time goes up 
exponentially with model 
size or with the inverse of 
element size
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Affect of Element Size on Solution Time and Peak VM Stress

Solution Time (Sec) Peak VM Stress (PSI)

Presenter Notes
Presentation Notes
The model, loading, and constraints are symmetric and we can take advantage of this. 




Mesh Convergence – Element Size = 1.0in – 13Sec

Presenter Notes
Presentation Notes
If we increase the number of elements by reducing the element size from 0.3 to 0.1 inches we get 3 elements through the thickness which will improve results.



Mesh Convergence – Element Size = 0.5in – 15Sec



Mesh Convergence – Element Size = 0.3in – 34Sec



Mesh Convergence – Element Size = 0.2in – 112Sec



Mesh Convergence – Element Size = 0.15in – 328Sec



Mesh Convergence – Element Size = 0.1in – 1205Sec



Mesh Convergence – Element Size = 0.08in – 2154Sec



Stress Will Continue to Increase as Mesh is Refined



3-Point Tube 
Bending Example

Shell Elements



Midsurfacing the Steel Tube



Midsurfacing the Steel Tube



Midsurfacing the Steel Tube – Shell Idealization



Midsurfacing the Steel Tube – Specify Thickness



Using the Mesh Table to Define Different Meshes

Presenter Notes
Presentation Notes
We use the mesh table to specify a coarse mesh for the solids and a finer mesh for the shell tube.




Add Shell Edge Constraints – X-Sym



Add Shell Edge Constraints – Z-Sym



Modify Contact Definition to Account for Shell Offset



Modify Contact Definition to Account for Shell Offset



Switch Default Solid VM Stress to Shell Max VM Top/Bottom



Switch Default Solid VM Stress to Shell Max VM Top/Bottom



Shell Mesh Convergence Study

 Enhanced contact is OFF
 Mesh element size is varied 

from 0.1 to 0.02
 The peak stress does not 

increase with the same rate 
as it did with solids

 Solution time still goes up 
exponentially with model 
size or with the inverse of 
element size
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Presenter Notes
Presentation Notes
The model, loading, and constraints are symmetric and we can take advantage of this. 




Mesh Convergence – Element Size = 0.1in – 54Sec



Mesh Convergence – Element Size = 0.05in – 208Sec



Mesh Convergence – Element Size = 0.03in – 912Sec



Mesh Convergence – Element Size = 0.02in – 2983Sec



3-Point Tube 
Bending Example

Shell Element Material Nonlinear Analysis



For Material Nonlinear Use 20-40 Increments



Increase the Load 10x So the Tube Will Yield



Enable a Nonlinear Material for Tube Only



Enable a Nonlinear Material



Plastic Strain Due to Yielding



10x Stress is Effectively Less Due to Plastic Strain 



Increase Load Further to See More Plastic Strain 



Duplicate Subcase 1 and Delete Load to See Unload



Select the Last Load Case to See Residual Effective Strain



Select the Last Load Case to See Residual Effective Stress



3-Point Tube 
Bending Example

Shell Element and Solid Element Topology 
Optimization and Light-Weighting



 Objective – The goal of the design analysis

 Design Constraint – Specific limits on results such as displacement at 
point, temperature, stress, etc.

 Manufacturing Constraint – Specifies how a design region will be 
manufactured such as extruded along and axis or symmetric about a plane

 Compliance – The inverse of stiffness

 Volume Fraction – The ratio of full volume to reduced volume (effectively 
the same as mass fraction when density is constant in a design region)

 Design Sensitivity - The gradient (change) of the objective (or constraint) 
with respect to the design variable (element density) 

Definitions



Change Solution Type Back to Linear Statics



Change Solution Type Back to Linear Statics



Enable Topology Optimization Using the TOPGEN Parameter

Presenter Notes
Presentation Notes
Since we are specifying COMPVF we are minimizing compliance (inverse of stiffness) with a fixed VF constraint.  



Min Compliance with a Fixed VF Constraint



Generated .STL File



Min Mass with a Stress and Compliance Index Constraint

Presenter Notes
Presentation Notes
Since we are specifying VFSTRESS we are minimizing volume/mass with a stress and compliance index constraint.








Generated .STL File



More On Inventor 
Optimization



Topology Optimization



 Determination of optimal principal material distribution for a given problem

 A powerful tool for concept design stage

Topology Optimization with FEA



 For fixed mesh, determine density (xe) of each element

 Structural volume

 Element stiffness
 SIMP = Solid Isotropic Material Penalization

(Not  limited to isotropic materials)

 Exponent p:
 Reduce grey area, force zero or one

 Typically, p = 3

Topology Optimization Using SIMP - Nastran

xe = 0: void
xe = 1: material Design variable

NE

e 0
e 1

V( ) x v
=

= ∑x v0: volume of an element

p
e e 0[ ] (x ) [ ]=k k

1       xe

k0



 Optimization algorithm 
searches for local 
minimum…global 
minimum is not 
guaranteed

 Starting with different 
initial volume fractions 
and different mesh 
densities will result in 
different designs

Global Versus Local Minimum

Global
optimum 
solution

Design

Objective Local optimum

Global optimum



Gradient-based Methods
• We do not know the function before optimization

• We can only evaluate the function and gradient at a given design

Optimum 
solution

Design

Objective

Start

Move
Gradient

Check
Gradient = 0 Stop

(Sensitivity)



How Constraints Play in Optimization?

Optimum 
solution

Design

Objective

Start

Move

Constraint
violated

Constraint
satisfied

Most cases, constraints determine optimal design

Single constraint example

Design 1

Design 2

Constraint
violated

Constraint
violated

Objective
decreased

Constraint 1 = 0
Constraint 2 = 0

Optimum 
solution

Two constraints example



Objective Min/Max/Either Multiple Load 
Cases

Solution 
Sequence

Compliance Min Yes LS
Compliance Index Min Yes LS
Max Displacement Component in Model Min No LS
Specific Grid Point Displacement Component Min No LS
Max Constraint Force Component in Model Min No LS
Specific Constraint Force Component Min No LS
Stress of a Specific TOPVAR Region Min No LS
Stress of all TOPVAR Regions Min No LS
Volume Fraction (Mass Fraction) of a specific TOPVAR Region Min Yes LS
Volume Fraction (Mass Fraction) of all TOPVAR Regions Min Yes LS
Thermal Energy of a Specific TOPVAR Region (Compliance) Min Yes LSSHT
Thermal Energy of all TOPVAR Regions (Compliance) Min Yes LSSHT
Average Temperature of a Specific Set of Nodes Either No LSSHT
Delta Temperature of a Specific Set of Nodes Either No LSSHT
Global Temperature of a Specific Set of Nodes Either No LSSHT
Normal Modes Frequency Max Yes NM
Normal Modes Eigenvalue Max Yes NM
Buckling Modes Eigenvalue (load factor) Max No LB

Nastran Topology Optimization Objectives

LS = Linear Statics, LSSHT = Linear Steady-State Heat Transfer, NM= Normal Modes, LB = Linear Buckling



Design Constraints Range Multiple Load 
Cases

Individual 
Load Cases

Solution 
Sequence

Compliance Range Yes Yes LS

Compliance Index < Upper Yes Yes LS

Max Displacement Component in Model < Upper Yes Yes LS

Specific Grid Point Displacement Component Range Yes Yes LS

Max Constraint Force Component in Model < Upper Yes Yes LS

Specific Constraint Force Component Range Yes Yes LS

Stress of a Specific TOPVAR Region < Upper Yes Yes LS

Stress of all TOPVAR Regions < Upper Yes Yes LS

Volume Fraction (Mass Fraction) of a specific TOPVAR Region < Upper Yes Yes LS

Volume Fraction (Mass Fraction) of all TOPVAR Regions < Upper Yes Yes LS

Thermal Energy of a Specific TOPVAR Region Range Yes Yes LSSHT

Thermal Energy of all TOPVAR Regions Range Yes Yes LSSHT

Average Temperature of a Specific Set of Nodes Range Yes Yes LSSHT

Delta Temperature of a Specific Set of Nodes Range Yes Yes LSSHT

Global Temperature of a Specific Set of Nodes Range Yes Yes LSSHT

Normal Modes Frequency > Lower No No NM

Normal Modes Eigenvalue Range No No NM

Buckling Modes Eigenvalue (load factor) Range No No LB

Nastran Topology Optimization Design Constraints

LS = Linear Statics, LSSHT = Linear Steady-State Heat Transfer, NM= Normal Modes, LB = Linear Buckling



Manufacturing Constraints Combinable With

Non-Design Regions All
Minimum Member Size All
Symmetry Min Member Size
Design for Extrusion Min Member Size
Design for Milling Min Member Size
Design for AM Min Member Size

Nastran Topology Optimization Manufacturing Constraints



Minimum Member Size Manufacturing Constraint

 Fixed at one end and edge loaded at the 
other end

 Objective is minimize mass
 Constraint is maximum vertical 

displacement at loaded edge
 Manufacturing constraint: minimum 

member size (prevents non-designable 
feature generation)

Min member size = 2.0
50.6% mass reduction

Min member size = 4.0
47.2% mass reduction

Min member size = 
6.0
40.4% mass reduction



Non-Design Region

Non-Design Region

Design Region

Example #1 Model Definition
• Boundary Condition: Fixed at 

bottom corners
• Loading:

• Point load in vertical and 
shear directions

• Design constraints: 
• Desired volume fraction
• Stress limit
• Displacement limit
• Lowest frequency

• Objectives: 
• Minimize compliance
• Minimize mass/volume

• Manufacturing constraints:
• No symmetry
• With symmetry



Topology Optimization Example #1



Topology Optimization Example #1



Inventor Nastran Optimization Parameters - TOPTGEN

Keyword Objective Design Constraint(s) Solution Type
DISABLE N/A Topology optimization is disabled N/A

COMPVF Minimize 
compliance 

Mass/volume fraction below Linear Statics

VFSTRESS Minimize 
mass

Max stress and compliance index in 
design region below a specified value

Linear Statics

VFDISP Minimize 
mass

Max displacement and compliance 
index in model below a specified value

Linear Statics

VFSPCF Minimize 
mass

Max reaction force and compliance 
index in model below a specified 
value

Linear Statics

VFFREQ Minimize 
mass

Frequency above a specified value Normal Modes



Inventor Nastran Optimization Parameters -
TOPTDESIGNCONSTR

TOPTGEN Setting TOPTDESIGNCONSTR Description
COMPVF Volume fraction upper limit between 0.05 and 1.0

VFSTRESS Stress upper limit 

VFDISP Displacement upper limit

VFSPCF Reaction force upper limit

VFFREQ Frequency lower limit 



Inventor Nastran Optimization Parameters -
TOPTCOMPINDEX



Inventor Nastran Optimization Parameters -
TOPTDESIGNREGION

Topology design optimization design region property identification 
number.   

1

 Note: Specifying the wrong ID may result in an 2299 or 5125 fatal 
error



Inventor Nastran Optimization Parameters -
TOPTMANCONSTR



Inventor Nastran Optimization Parameters -
TOPTMANCORD



Inventor Nastran Optimization Parameters -
TOPTMANDIR

Keyword TOPTMANDIR Definition
DISABLE No  manufacturing constraints specified

SYM Symmetry plane or planes specified in the TOPTMANCORD system

EXT Extrude direction axis specified in the TOPTMANCORD system

ALM Print direction axis specified in the TOPTMANCORD system

MILL Mill direction axis specified in the TOPTMANCORD system



Inventor Nastran Optimization Parameters -
TOPTELEMSYMTOL

YZ Symmetry

Independ
ent

Element

Depend
ent

Element



Inventor Nastran Optimization Parameters -
TOPTMAXACTDISTUse this to specify a minimum member size

 TOPTMAXACTDIST is ½ minimum member size
 To specify a minimum member size of 1 use 0.5.  



Inventor Nastran Optimization Parameters -
TOPTMAXBETA









Inventor Nastran Optimization Parameters -
MAXTOPTITER



Inventor Nastran Optimization Parameters -
TOPTITERTOL



Inventor Nastran Optimization Parameters -
TOPTDATABASE



Obj: Min. Compliance,  Constraint: Desired VF, no Sym



Obj: Min. Compliance,  Constraint: Desired VF, with Sym



Obj: Min. VF (mass),  Constraint: Stress & Comp. Index



Verify Stress Constraint Using Equivalent Stress



Verify Stress Constraint Using Equivalent Stress



Import Generated Geometry to Build New Design



Import Generated Geometry to Build New Design



Import Generated Geometry to Build New Design



Obj: Min. VF (mass),  Constraint: Stress & Comp. Index



Obj: Min. VF (mass),  Constraint: Stress & Comp. Index



Obj: Min. VF (mass),  Constraint: Disp. & Comp. Index



Obj: Min. VF (mass),  Constraint: Disp. & Comp. Index



Obj: Min. VF (mass),  Constraint: Frequency



Obj: Min. VF (mass),  Constraint: Frequency



Obj: Min. VF (mass),  Constraint: Frequency > 10Hz



Obj: Min. VF (mass),  Constraint: Frequency > 12Hz



Commonly Used Topology Optimization Parameters

Parameter Description Default Suggested 
Range

Remarks

MAXTOPTITER Limits the number of design 
iterations

200 100 - 300 Increase when iteration limit exceeded

TOPTELEMSYMTOL Tolerance for symmetry 
manufacturing constraint

1.0E-02 < 1.0 Increase if elements are not linked

TOPTITERTOL Tolerance for overall design 
iteration tolerance

5.0E-03 < 1.0E-02 Reduce for better accuracy/increase for 
better performance



Generative Design Versus Topology Optimization
• Topology Optimization (TO) is a subset of Generative Design
• TO is a tool based on B-Rep geometries and the Finite Element Method that is used primarily to remove 

unnecessary material from an engineer’s best guess at one initial design shape of a product
• Generative Design (GD) is a design exploratory process that is based on specified constraints such as design 

space, materials, cost, operational requirements, strength, and proposed manufacturing methods and is based 
on generative AI algorithms that perform DOE analyses to synthesize combinations of discrete values of the 
input variables within the user-specified ranges of possible values  

• GD does not require an initial design but establishes a design domain for each set of design variables and 
creates the geometry associated with the specified boundary conditions such as locations of applied loads, 
supports, and interfaces with other parts and selected regions within a design domain can be restricted from 
being modified

• Benefits of using GD:
― Reduced weight and amount of materials
― Reduced product development time
― Reduced costs
― Affords very complex geometrical designs amenable to AM processes
― Creates an array of novel, yet feasible, design concepts for consideration by the design engineer



Autodesk Fusion 360 Generative Design
 The user defines preserve geometry and obstacles 

o Preserve geometry is any geometry not in the design space (e.g., 
attachment and load points)

o Obstacles are empty spaces where material is not placed (e.g., allows 
access for attachments and tools)

 A design space is created either using starting geometry or a 
bounding box if no starting geometry is provided

 The user defines loads and boundary conditions on the preserve 
geometry

 Better support for manufacturing constraints and the ability to use 
multiple design constraints such as stress, displacements, 
frequency, and buckling all in one compliant design

 Multiple outcomes with advanced ways to sort designs based on 
weight and cost

 Seamless design verification

 Currently solid models only

Preserve Geometry 

Obstacle Geometry 

Preserve, Obstacle, and Design Space 



Fusion 360 Generative Design Outcomes
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