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Exercise 2:
COMSOL tutorial on linear VS nonlinear 2D FEM calculation

Context: We study a flexure-based linear stage composed of two leaf-springs (blades), we
want to calculate the parasitic vertical displacement and the axial stiffness for several axial
displacements. We will see in this example the difference between the linear and non-linear
FEM calculation. This is illustrated in Figure 1 left and the studied structure is shown on the
Figure 1 right. It is the same structure as in Tutorial 1, however this time we study it in 2D.
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Figure 1: Linear versus Non-linear deformation — Left.
Flexible linear stage — Right.

1. Onthe VDI interface, start COMSOL (Classkit License COMSOL Multiphysics 6.2).

2. On the New model menu, select Model Wizard.
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3. On the Select Space Dimensions menu, select 2D.
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4. On the Select Physics — Structural Mechanics — Solid Mechanics (solid). Press Add,
then Study.

[ wtets Sudy sl Developr
Select Physics

5. On the Select Study — Stationary, then Done.

BN vore Octtons Geomely Matels Prysks Mesh  Susy Resuts Deveoper

a
Select Study Stationary

6. In File— Save as.., save the model with the name /in vs nonlin.

7. 1In the Model Builder — Global Definitions — Parameters 1, enter the parameters and

the values as listed below. (N.B.: A is named my h as “Ah”is reserved for the Planck
constant in COMSOL).

Label: Parameters 1

(S|
v () Global D ¥ Parameters
Pi Pa
Matehg * Name Expression Value Description
> 9 ??P:m o e 50 {mm] 005m
> ~dd Sty
. L 30 [mm] 003m
> o Study 2
« @ Results b 10 [mm] 001m
> Datasets my_h 300 [um] 3E-4m
> <L Views dx 1 [mm) 0001 m
> £ Derived Values Ess 2009 [Pa] 2611 Pa
> EH Tables

> [ Stress (solid) 1
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8. In Component 1 — Geometry, right-click and add a Rectangle.

Model Builder

« >t | EtY Bl

Type filter text

v <& EXO2.mph (root)
v (3) Global Definitions
P; Parameters 1
= Materials
v € Component 1 (comp1)
> Definitions
Geometry 1
7] Rectangle 1(r1)
[ Rectangle 2 (r2)
Form Union (fin)
> &8 Materials
> £ Solid Mechanics (solid)
> A Mesh1
> ~dd Study 1
> ~do Study 2
v @ Results
Datasets
~ Views
2 Derived Values
> EH Tables
> [ Stress (solid) 1
> ~ 1D Plot Group 5
> 7~ 1D Plot Group 6
Export
[ Animation 1
[# Reports

7

Build All

Import
Virtual Operations

Circle
Ellip;
Refta
Squl

More Primitives

Booleans and Partitions
Transforms
Conversions

Chamfer

Fillet

Offset

Tangent

9. In the settings of the Rectangle, enter the parameters as below. Click on Build Selected.

v @ EXO2.mph (root)
~ @ Global Defnitions
Pr Parameters 1
& Materls
v @ Component 1 (comp)
> = Defintion:

> B Tbles
> [ Stress (solid) 1
> 1D Plot Group 5.
>~ 10Piot Group &
- @ Expor
@0 Animation 1
@ Reports

(+  BuildSelected v [ Build Al Objects B

Labet  Rectangle |

~ Object Type

Tpe

Solid

~ Size and Shape

Width
Height:

myh
L

~ Postion

Comer

x 0

y 0

~ Rotation Angle

Rotation: 0

Layers
~ Selections of Resuting Entities

] Resulting objects selection

n physics:

Cumulative selection

Contribute te:

None

~ Assigned Attributes

[ Construction geometry

~ Information

Lastbuild time: < 1 second
Built with:  COMSOL 6.2.0339 (win6d), Feb 20, 2024, 3:4022 PM

10. Right click on Rectangle 1 — Duplicate.

+ % EXO2.mph (root)
v (@) Global Definitions
Pi Parameters 1
5 Materials
v © Component 1 (comp)
Definitions
Geometry 1

Rectangle 1 (r1)
7] Rectangle 2 (r2)
I3 Form Union (fin)

> s Materials

> &3 Solid Mechanics (solid)

> /A Mesh1

% Study 1

% Study 2

v (B Results

> % Datasets

<L Views

2% Derived Values

] Tables

[ Stress (solid) 1

~\

~\

~ 1D Plot Group 5

~ 1D Plot Group 6
& Export

[ Animation 1
[# Reports

>
>
>
>
>
>
v

&

CEEERCE R

Build Selected 7
Build Preceding 76

Add Before

Add After

Copy as Code to Clipboard

Move Down Ctrl+Down
Copy CtrlsC
Duplicate CtrlsShift+D
Group Ctrl+G
Delete Del

Disable F3

Rename 2

Settings

Properties

Help Fl
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11. In the settings of Rectangle 2, change the x-component of the Cornerposition from 0to

e. = Build All Objects.

Model Builder ~ || Settings
>t | Ety Bly S @~ Rectangle
Type filter text (* ¥ Build Selected v & Build All Objects &
v & EXO2.mph (root) Label: Rectangle 2
v () Global Definitions
P; Parameters 1 v Object Type
=) Materials
v ) Component 1 (comp1) Type:  Solid
> = Definitions
v Geometry 1 ¥ Size and Shape
Rectangle 1 (r1) .
[ Rectangle 2 (r2) At my h
Form Union (fin) Height: L
> 3= Materials »
> &5 Solid Mechanics (solid) ¥ Position
> /A Mesh1 B C
> AR Study1 ase: Orner,
> ~d Study 2 x: e
v
@ Results 0
: ? oc 005 m
> i Datasets V
> ol Views ~ Rotation Angle
> &2 Derived Values
Rotation: 0

> EH Tables

=

12. In the Model Builder, right click on Material, click on Blank Material.

Model Builder v
— >t | SEtv Elv Siv §~
v = Definitions

J- Boundary System 1 (sys1)
> [ view 1
v _J Geometry 1
Block 1 (blk1)
Block 2 (blk2)

2] Form Union (fin)
I" %+ Materig'~

o Solid M 4 Add Material from Library

% Lin¢ = Browse Materials

=
e 4 Blank Mdterial

Dm o
w Init
. Layers 4
£ Mesh 1
v " Study 1 More Materials 4
[~. Step 1:| = Import Materials
Y
v & Results = Export Materials
& Datase, _
. ®  Show More Options...
Derivec
= Tables Node Group
® Boort| g pep F1
7 Reports

13. In Settings of Material 1, add the following parameters. They correspond to stainless

steel.
Property Variable Value Unit Property group
[/ | Density tho 7800 kg/m* Basic
[/ | Young's modulus E E_ss Pa Young's medulus and Poisson's ratio
[/ ' Poisson's ratio nu 03 1 Young's medulus and Poisson's ratic
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14. In the Model Builder, click on Solid Mechanics, then in the Settings pane, tick on the
box Enable physics symbols, chose 2D Approximation as Plane stress and set the out-

of-plane 7hickness of the model equal to 4. Notice that in 2D simulations, the plane

strain approximation can lead to increased stiffness and stress linked to Poisson ratio.

v % EXO2.mph (root)
v (@) Global Definitions
Pi Parameters 1
%) Mateials
v © Component 1 (comp1)
> = Definitions
> [A] Geometry 1
> i Materials
v € Solid Mechanics (solid)
B Linear Elastic Material 1
235 Freel
& Initial Values 1
3 Fixed Constraint 1
3 Rigid Connector 1
> A Mesh1
>~ Study 1
> o Study 2
v B Results
> Datasets
> <L Views
v 4 Derived Values
M_Lin
) FEM_Nonlin
(9 Analytic
[ FEM Stiffness_Lin
/ FEM_Stiffness_NonLin
() Analytic_Stiffness
> B Tables
> [ Stress (solid) 1
> " 1D Plot Group 5
>~ 1D Plot Group 6
« @ Export
[ Animation 1
[# Reports

g
" Label:  Solid Mechanics B
Name:  solid
~ Domain Selection
Selection: | All domains -
1 s
: 5
o N
()
Equation
~ Physics Symbols
Enable physics symbols
Show or hide all physics symbols
SelectAll  Clear All
~ 2D Approximation
Plane stress -
~ Thickness
~ Structural Trangt¥41ue 001 m |
Include inertial terms -

Transient Solver Settings
Typical Wave Speed for Perfectly Matched Layers
Discretization

Dependent Variables

15. Component 1 — Detinitions — Right click on Selections — Explicit. Name the Label

Fixed boundaries, set the Geometry entity level as Boundary and select the two lower

edges of the blades.

Model Builder

v & EXO2.mph (root)
v () Global Definitions
Py Parameters 1

= Materials

> [A] Geometry 1

> iz Materials

v £ Solid Mechanics (solid)
B Linear Elastic Material 1
&5 Freel
B Initial Values 1
& Fixed Constraint 1

£ Rigid Connector 1
> A Mesh1
> o Study 1
> ndd Study 2
> @ Results

~ *| Settings ©0
Explicit
Label:  Fixed_boundaries B
¥ Input Entities
Geometric entity level:  Boundary -
2 &
=0 =
‘_ 6 G -
2§

[C] All boundaries
[] Group by continuous tangent

¥ Output Entities

Selected boundaries v

16. Right click on Solid Mechanics — Add Fixed Constraint.

v =2 Solid I

B Lir

&3 Frf

B Ini

& Fix

 Ri¢

> /A Mesh
> ~do Study 1
> ~do Study 2
> @ Results

OODODOOD
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17. Fixed Constraint 1 — Boundary Selection — Select the Fixed boundaries previously

defined.

Model Builder
-t | TEE- - §-
Type filter text
v £ EXO2.mph (root)
v () Global Definitions
P Parameters 1
i Materials
v Q Component 1 (comp1)
v = Definitions
v T Selections
% Fixed_boundaries
Boundary System 1 (sys1)
View 1

>
v &2 Solid Mechanics (solid)
& Linear Elastic Material 1
23 Freel
2B Initial Values 1
£ Fixed Constraint 1
£ Rigid Connector 1
> A Mesh1
>~ Study 1
>~ Study 2
> @ Results

v v
c
Label:  Fixed Constraint 1 B
~ Boundary Selection
Selection: | Fixed_| i -]

2 Manual

5 All boundaries /\ ‘

Override and Contribution

Equation

18. Right click on Solid Mechanics — Connections — Add a Rigid Connector.

Mode
-t
e filter text

v % EXO2.mph (root)
~ (@) Global Definitions
Pi Parameters 1

~ % | Settings v
Solid Mechanics

o

~ Labek  Solid Mechanics 8
Name:  solid

~ Domain Selection

% Materials
~ @ Component 1 (comp1) Selection: Al domains -
v = Definitions N
v T Selections u o
% Fixed_boundaries 2
2] Boundary System 1 (sys1)
> [ View1
> 7] Geometry 1
> 5t Materials
v & Solid
2o Material Models :
28 Lin ation
25 Frel  Volume Forces »
i I
B Init|  Mass, Spring, and Damper » (S
i Domain Constraints » [ble physics symbols
S Rig
» A W] Veriables . vor hide all physics symbols
>~ Study 1 More » [AIS el
> @ Study 2
Approximation
> @ Results | © BoundaryLoad pprox
&5 Fixed Constraint stress -
£ Prescribed Displacement
ckness
& Roller
£ Thin Layer m
Connections »
Mass, Spring, and Damper » |
More Constraints »| & Periodic Condition | =
Pairs *» |nsient Solver Settings
Variables * bical Wave Speed for Perfectly Matched Layers
More -
retization
Points »
pendent Variables
D Gravity

19. Rigid Connector 1 — Select the two upper edges of the blades. Add a Prescribed

displacement in x direction, enter the dx as value. Let the y displacement free.

Labet Rz Connector | E '"
< oy Sion
o | b < oaw
= 0.026
P
v ot
o oo
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20. Right click on Mesh I — Add Mapped. Then on right click on Mapped 1 — Add
Distribution.

» :BV Build All
Ubet Mesh1
~ Sequence Type
User-controlled mesh

~ Build Settings

Build new operations automatically

21. In Distribution 1, select the four long edges of the blades and enter the parameters as
below. Applying non-evenly distributed elements along the mesh is good for calculating
accurately the stress at the roots of the blades, where its value and gradients are maximal.

v OLoi3e o8/ 2Q@r ¢H Ly B @@ BE 20 (M8 T 0@
 Buid Selected 8 Buld AN

Label: Distribution 1 B oo
~ Boundary Selection !

0.028°
0.0267

s @ M oo

0.0227

0.0187
00167
o0.0143

00127

0.0087

0.0067

0.0047

0.002]

22. Right click on Mapped 1 — Add Distribution. In Distribution 2, select the two upper
surfaces of the blades and insert 8 as number of elements.
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23. In Study 1 — Step 1: Stationary — Study Extensions, tick the box Auxiliary sweep and

then click on the Add button and select dx as the swept parameter. Fill the range

unit as specified. The deformation will be calculated for each position in the range.

o

R ]

~ % EXO2mph (root)
~ @ Global Definitions
P Parameters 1
%) Materials
v Q Component 1 (comp1)
v = Definitions
v @ Selections
‘& Fixed_boundaries
Boundary System 1 (sys1)
View 1
> [A] Geometry 1
> i Materials
~ 2 Solid Mechanics (sofid)
B Linear Elastic Material 1
25 Freel
B Initial Values 1
5 Fixed Constraint 1
€ Rigid Connector 1
Mesh 1
Size
Mapped 1
Distribution 1
£ Distribution 2
v Study 1
|7 Step 1: Stationary
> Ifhe Solver Configurations
>~ Study 2
> & Results

v
= Compute C* UpdateSolution
Label: Stationary B
v Study Settings
[] Include geometric nonlinearity

Results hile Solving
~ Physics and Variables Selection o]

[ Modify model configuration for study step

»
Physics interface

@ | Solid Mechanics (solid)

Solve for | Equation form
4 | Automatic (Stati...
Values of Dependent Variables
Store in Output
Mesh Selection
Adaptation and Error Estimates
~  Study Extensions
] Auiliry sweep
Sweep type:

Specified combinations  ~

" Parameterr | Parametervaluelist | Parameter uni

dx ~ |range0055) mm
vm-O
Run for: | Last parameter -

[ Automatic remeshing

Remesh in geometry:  Geometry 1

and

24. Right click on Study I — Compute. Then go on the ribbon — Study — Add Study —

add a Stationary study.

+ Add Study

Studies

v ~do General Studies

FN

Preset Studies for Sefe

Eigenfrequenc
Frequency D6
Stationary

3
i
=]
&
b1
o
3

€d Physics Interfaces

Eigenfrequency, Prestressed
Frequency Domain, Prestressed
Frequency Domain, Modal

BEL

Linear Buckling

1S
E) O G oy e s,
D8R P [@ Mode Analysis
M Home Definitions  Geometry  Sketch  Materials  Physics  Mesh  Study Results  Developer M Random Vibration (PSD)
N - AT T " Response Spectrum
= ~&f "0 ., 8 f0 - Time Dependent, Modal
1) X - - H V. Time Dependel o
Compute Study Add 9 Updatve-Solutlon Show ORResstDefauit Bl Study Parametric Function Mate > ~do More Studies
+ N\ Study /", Get Initial Value  Default Solver Steps~ Sweep  Sweep  Swe ~d Empty Study
Study Solver s

25. Set the same parameter as in Study I, except this time you tick the /nclude geometric

nonlinearity box. Right click on Study 2 — Compute.

Model B

v 4 EX02mph (root)

~ @ Global Definitions
Pi Parameters 1

% Materials
v @ Component 1 (comp)
v = Definitions

~ i Selections
‘& Fixed_boundaries
| Boundary System 1 (sys1)
> [ view1
> [A] Geometry 1
> it Materials
v & Solid Mechanics (solid)
2B Linear Elastic Material 1
&5 Freel
2B Initial Values 1
3 Fixed Constraint 1
3 Rigid Connector 1
v A Mesh1
ze
lapped 1
[ Distribution 1
F Distribution 2
v " Study 1
|7 step 1: Stationary
> [fre Solver Configurations
v~ Study 2
|7 step 1: Stationary
> [fre Solver Configurations

~ @ Results
> il Datasets
> =L Views

> E% Derived Values
> [ Tables
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= Compute (* Update Solution

Label: Stationary (5]

~ Physics and Variables Selection 9

[] Modify model configuration for study step

»
Physics interface

@ | Solid Mechanics (solid)

Solve for | Equation form
[4 | Automatic (Stati...

Values of Dependent Variables

Store in Output

Mesh Selection

Adaptation and Error Estimates

“

Study Extensions
(V] Auxiliary sweep
Sweep type: Specified combinations

» . =
Parameter1 | Parametervaluelist ~ Parameter uni

dx v |range(0,05,5) mm
+ 5\ ML
Run continuation for:  Last parameter -

[] Automatic remeshing
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26. In Study 2 — Solver Configurations — Stationary Solver 1 — General — set the relative

tolerance to 0.00001. Right click on Study 2 — Compute. In case we let the default

value of the relative tolerance, the stiffness curve would be tainted with numerical noise.

Let us notice that we run the Study 2 calculation twice, as the So/ver Configuration is

created during the first run. Doing so allows us to configure the solver before the second

run. Note that it is also possible to access the solver configuration by right clicking on

the study and running the Get Initial Value command.

Model Builder v v
- - ¢ ® Sty Elv v @~ Stationary Solve
o |~ Compute to Selected = Compute
v & EXO2:mph (root) Label: Stationary Solver 1 =
> () Global Definitions
> % Component 1 {comp1) v General
v ~do Study 1
IZ Step 1: Stationary Defined by study step: Step 1: Station, v 3
v SolverCc{nflguratwns Relative tolerance: 0.00001]
> [+d Solution 1 (sol1)
v~ Study 2 Linearity: Automatic v
[= Step 1: Stationary
v [T Solver Configurations Output
« .
v (= aSUOIUt'On 2 (s0l2) Results While Solving
5t Compile Equations: Stationary
> uxw Dependent Variables 1 Constants
v Statio.nary Solver 1 ~ Log
Direct
} Advanced [T] Keep warnings in stored log
[ 2
215 Parametric 1 <---- Stationary Solver 1 in Study 2/Sclution 2 (sol2)

== Fully Coupled 1 Started at Feb 20, 2024, 4:51:22 PM.

27. We will now compare visually the deformation of the blades in the case of linear and

non-linear calculation. In Results — Stress — Right click on Surface — Delete.
v ~db Study 1 ]

[= step 1:
> [Trs Solver | [ Add Plot Data to Export

v " Study 2 Copy Plot Data to Clipboard

Translation

[= Step 1: - 0
> e Solver Copy as Code to Clipboard »
v @ RESUltS L MoveDown Ctrl+Down
cs D.atase Copy Ctrl+C
> =l Views
v Derived E] Duplicate Ctrl+Shift+D  nd
5) FEN [ Delete Del Insfo
FEN ~ .
An (, Disable F3 be:
[ FEN =0 Rename F2
FEN B Settings |
(85) An| .
> B Tables Properties
v 5 Stress ( Help F1 ‘
n Surrace T FIIIETTC _uyle
v [ Line1

. Plot Array
=% Deformation 1

v [ ] Line2
=% Deformation 1
> " 1D Plot Group 5
> " 1D Plot Group 6
> Export
[# Reports
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28. Right click on Stress — add Linetwo times and set the parameters as below. Be sure to
set the maximal displacement in both cases (Parameter value and Solution parameters).

Additionaly, right click on Line 1 and Line 2 and add Deformaiton.

- % Plot M= = = =
5 Plot = = = =

v @ Bx02mph stet | [ne3
Labet Line 1 > ® o Labek Line2
P
< &h ' Data
Datsset Study 1/Solution 1 sol1) Study 2/Solution 2 (s012)
Parametervalue (b (mm)): 5 From parent

v Expression

Expression:

solid.disp

Qualy
Inherit tyle

Qualty
Inherkt Style

Plot Array plot Array

eformation
1D Plot Group 5 10 Plot Group §
10 Plot Group & 10 Plot Group 6

29. In Stress — Line I (and Line 2) — Deformation 1, set the scale factorto 1.

A -x -
- . -
v %@ BX02mph (root) Labet:  Deformation 1
Global Definitions
e ~ Expression
X-component:
Y-component:
m
[ Descript
Title

v Scale
Scalefactor: [ 1
Advanced

1D Plot Group 5

10 Plot Group 6
> @ Export
7 Reports

30. In the Graphics window, you should see the deformed blades in blue and in green,
respectively as calculated from the linear and nonlinear analysis. Look carefully at the
top of the blades. There is no “shortening” of the blades in the case of the linear analysis.
The non-linear analysis provides more realistic result.

dx(11)m5 mm Line: Displacement magnitude (m) Line: Displacement magnitude (m) o
oosz}
o3| 4
oo
oo |
ool
oon]
oo}
ool
ooz}
oar|
oo
ocezl
of
|
oo
o o oem oe eem wm oam  om oen om omm  m

31. We will now evaluate the vertical displacement of the translation stage given by the
linear calculation, by the non-linear calculation and by the analytical formula. In Results
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— Derived Values — Add three times Global evaluation. In the three of them, fill
respectively the following settings for the Label, the Dataset and the Expression.

Settings ~x» | Settings v * | Settings -
Global Evaluation ( aluation Global Evaluation
= Evaluate v = Evaluate v = Evaluate v
Label:  FEM_Lin =] Labek FEM_Nonlin E Label: Analytic 2
v Data v Data v Data
Dataset: Study 1/Solution 1 (sol1) . 3y Dataset: Study 2/Solution 2 (sol2) v 39 Dataset: Study 1/Solution 1 (sol1) =]
Parameter selection (dx): ~ All v Parameter selection (dx): ~ All ~ Parameter selection (dx): ~ All v
~ Expressions + v =he ~  Expressions + v ek~ ~ Expressions + v e~
» . . » . . - »

Expression Unit Description Expression Unit Description Expression Unit Description
solid.riglv mm Rigid body displacement, y-comp... solid.rigl.y mm Rigid body displacement, y-comp... -3/5%solidriglu*2/L | mm

32. Inthe FEM Linevaluation, click on Evaluate. Then on the second and third evaluation,
click on the little arrow and evaluate in the 7able 1.

S v 5 v

Gl o3ion ol

=|Evaluate ~ = Evaluate v = Evaluate v

e te (Table 1 - Global Evaluation 1) (F8) = New Table 5] New Table =
£ Table 1 - Global Evaluaf Table 1 - Global Eval

~ Data Table 2 - Line Integratio Table 2~ Line Intpg

Dataset: Study 1/Solution 1 (sol1) | B Table 3 - Analytic_Stiffness (s0l2) =] Table 3 - Analytic_Stiffness (soll) > &

Parameter selection (dx): Al - Parameter selection (dx): Al v Parameter selection (dx): ~ All -

¥ Expressions + v =hv ¥ Expressions + v =hv ~ Expressions + v =hv

» » ) : - » : ; -

Expression Unit Description Expression Unit Description Expression Unit Description
solic.rigv mm Rigid body displacement, y-comp... solid.rigl.v mm Rigid body displacement, y-comp... -3/5*solidriglu”2/L  mm

33. In Results — Tables — Table 1, fill these names for the Headers of the Columns.

-1

Settings

?) Update
Label: Table 1 =
¥ Data

Presentation format: ~ All v

I Import v
¥ Storage

Store table: In model v

Maximum number of rows: 10000

¥ Column Headers

e Column Header
1 dx (mm)
2 Lin

3 NenLin
4 Anlt
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34. In Table 1, click on the Table Graph button. You can see that in the case of the linear
calculation, the vertical displacement of the stage is null, while the non-linear analysis

and the analytical formula match well, with a parabolic shape.

1| Settings
I TEe B H Y
2 Update
% EXO2mph (root Label Tavle 1
Global Definitions
> @ Component 1 (comp?) ~ Data

Presentation format: Al

= Import +
v Storage

Store table: In model
Maximum number of rows: 10000

~ Column Headers

X olin
Analytc Stifness * Columa
les

2} Header
e 1 axmm)
Table2 z o
Tble 3 3 Nontin
~ I Stress s 1 4 Ank
v T tne1
Oeformation
v O i

Deformation 1

v "\ 1D Plot Group 5
Table Graph 1

v "\ 1D Plot Group 6
Table Graph 1

B Export

7 Reports

-1 Gra va
Bo-a
Stage vertical displacement o
o —
—tn
0.05 NonLin
— anit
01 ~_
\‘\
N\
015 ~
0.2
£
E 025
03
035
04
0.5
0.5
o s 1 15 2 25 3 35 4 as s
dx (mm)
Messages ~ Progress Log Table @
de(mm) Un  Nontin | Ankt e Graph
00000 00000 00000 00000
0.50000  6.2045€-11 -0.0050014 -0.0050000
10000 1.2409€-10-0.020012 0020000
15000 186T1E-10-0.045015 -0
2.0000 -
25000

35000 4343410024599
40000 4.9636€-10-0.32181
45000 |5.S841E-10-040777
6204E-10-0.50460

024500
032000
040500
050000

35. We will now evaluate the axial stiffness of the translation stage given by the linear

calculation, by the non-linear calculation and by the analytical formula. In Results —

right click on Derived Value — Integration — add Line Integration two times.

v @ Results
> % Datasets
> =L Views
v B4 Derived Values
(3 FEM_Lin
(&5 FEM_NonLin
© Analytic

[ FEM_Stiffness_Lin
FEM_Stiffness_NonLin
£9) Analytic_Stiffness
v [ Tables
[ Table 1
B Table2
B Table3
~ [ Stress (solid) 1
v Line 1
=% Deformation 1
v [ ] Line2
= Deformation 1
“ ~ 1D Plot Group 5
[E2 Table Graph 1
v~ 1D Plot Group 6
[E Table Graph 1
> @ Export
[# Reports

B Point Evaluation

Global Evaluation

Point Matrix Evaluation

(@) Global Matrix Evaluation

[ system Matrix
Average
Integration
Maximum
Minimum
Measure
More Derived Values

Evaluate All

Clear and Evaluate All

It

<] Node Group

JIf Volume Integration

I/ Surface Integration
[ LineIntegration

Copy s Code to Clipboard »

=S Settings
[5) Properties

Help

36. In the two of them, fill respectively the following settings for the Label, the Dataset and
the Expression. For the Selection, select the previously defined Fixed boundaries set of

edges.

= bl

Label:  FEM_Stiffness_Lin

~ Data
Dataset: Study 1/Solution 1 (sol1)
Porameter selection (dx): Al

v Selection

Selection:  Fixed_ boundaries

&

~ Expressions

" expression Unit Description

-solid.RFx/solid.iglu N/m
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Label:  FEM_Stiffness_NonLin
~ Data
Dataset: Study 2/Solution 2 (s0l2)
Parameter selection (dx): Al

v Selection

Selection:  Fixed_boundaries

~ Expressions
" Expression Unit | Description
solid RFx/solid.rigl.u N/m

&0 W &

+v &

12



=PrL

37. In Results — Derived Value — Add a Global evaluation. In settings, fill the following
settings for the Label, the Dataset and the Expression. The later corresponds to the
analytic formula of the stage’s axial stiffness.

1
= Evaluate v

Label:  Analytic_Stiffness =
¥ Data

Dataset: Study 1/Solution 1 (sol1) !
Parameter selection (dx): Al =

¥ Expressions + v =

i Expression Unit Description

2*E_ss*b*my_h”3/L*3  |N/m

38. In the FEM Stiffness Lin evaluation, click on the FEvaluate button. Then in the
FEM Stifthess NonLin and Analytic Stiffness, Evaluate in Table 2. In Results —
Tables — Table 2, fill these names for the Headers of the Columns.

Settings v

%) Update
Label: Table 2 B
~ Data

Presentation format: Al -

[ Import ~
~ Storage

Store table: In model -

Maximum number of rows: 10000

¥ Column Headers

* Column Header
o (mm)

1

2 Lin

g NonLin
4 Anlt

39. In Table 2, click on the Table Graphbutton. You can see that the linear calculation gives
a constant value and is close to the value given by the formula. Additionally, the non-
linear stiffness calculation gives the same value as the linear and analytic approaches,
but increases as the axial displacement gets larger.

Stage stiffness

a120F

Lin
anof Nonin |
— Anlt

4100

4090

4080

4070}

Kx [N/m]

4060}

4050

4040}

4030}

4020}

4010}

4000}

o 0.5 1 15 2 25 3 3.5 4 45 5

dx [mm)
Messages ~ Progress Log Table
e E SEck
dx(mm) Lin | Nonlin | Anlt

00000 NaN NaN 40000
0.50000 4001340024 /4000.0
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40. Finally, we will animate the translation stage. In Results — right click on Export —

Animation — add Player.

v {E Results
> i Datasets
> =L~ Views
v 252 Derived Values
(5 FEM_Lin
CIFE [ pata

Plot
Mesh
Table

| @ Image
Animation > |[EB Py
"
= ExportAll [ File

2| Node Group
Copy as Code to Clipboard »
v " IDP 5 Settings
o Bpxz. [E Properties
R Help Fl
v (& Export
[ Animation 1
[# Reports

41. In the settings of Animation — Playing — Repeat — choose Forever. On the Graphics
window, click on the Play button and enjoy watching the motion of the stage!

m P N -
» aa@~r@H L @o-a@d
2 Y hm Line: Displacement magnitude (m) Line: Displacement magnitude (m) o

0.034

1 Show

Label:  Animation |

~ Scene 0.032

Subject:  Stress (solid) 1 > B o003
0.028
0.026

v Target

Torget:  Player
0.024

> Animation Editing 0.022
0.02
0.018

0.016

0.014

~ Frames o012

0.01

0.008
. 0.006
. 0.004

0.002
v Playing 0

Display each frame for: 0.1 s -0.002f

Repeat Forever - 0.004

o 0005 001 0015 002 0025 003 0035 004 0045 005 0055 m

To summarize, we have seen in this tutorial:
¢ 2D FE modeling.
e Predefine sets of boundaries to be used at a later stage.
e How to sweep over positions to calculate several deformations.

e How to mesh with custom distributions of elements to match the stress level and
gradient.

e How to evaluate the trajectory of a rigid connector.

e How to evaluate the reactions forces while integrating (summing) along the edges
where fixed constraints are set. Small individual reaction forces are summed on
nodes when Line Integration is evaluated.

e How to animate the FE model.
e The difference between the linear and non-linear FEA.

e The agreement between the linear and non-linear FEA and the analytical formulae.
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