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Exercise 1:
COMSOL tutorial on flexure-based linear stage stiffness calculation

Context: We study a flexure-based linear stage composed of two leaf-springs
(blades), we want to calculate the stiffness, the mechanical stress and the
displacement of the structure for a given applied force. We will see in this simple
example the basics of COMSOL software with the Structural Mechanics module.
The studied structure is shown on the Figure 1.
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Figure 1: Flexible linear stage.
1. On the VDI intertace, start COMSOL (Classkit License COMSOL

Multiphysics 6.2).
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3.

Select Space Dimension

@ S

On the Select Space Dimensions menu, select 3D.

B Qo Do

4. On the Select Physics — Structural Mechanics — Solid Mechanics
(solid). Then press Add, then Study.

T o Motes s

Select Physics

5. On the Select Study — Stationary, then Done.
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Select Study Stationary
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6. In File —» Save as.., save the model with the name /inear stage flexure.

bar.

8. In the Model Builder — Global Definitions — Parameters I, enter the
parameters and the values as listed below. (N.B.: 4 1s named my has “h”
is reserved for the Planck constant in COMSOL).

Model Builder ~ &/| Settings ¥

T~

4
4
4
4

Parameters

Label: Parameters 1
v @ Linear_stage_flexure.mph (root)
v &5 Global Definitions v Parameters

P Parameters 1 Q »
> Geometry Part Name Expression Value Description
' Materials e 50 [mm] 0.05m
v W@ Component 1 (comp1) L 30 [mm] 0.03m
v = Definitions b 10 [mm] 0.0Tm
I" J- Boundary System 1 (sys7) my_h 300 [um] 3E-4m
> [L] view F 10 [N] 10N
v Geometry 1
[FH Carm tinian i
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9. In Component 1 — Geometry, right-click and add a Block.

. g S m BuildAl B4

il Home M

P les ~
A m Block ( )
Application prs”
d

I Comy Cone
Builder 1
Cylinder
Workspace
Sphere
Model Buildg  more primitives , M
o " | & WorkPlane
Parts »
v @ Linear_stage_ Programming >
v @ GlobalDe
© param - Measure
> Geom “% Insert Sequence
= Mater =1 Node Group
v @ Compone
v = Defini Copy as Code to Clipboard 4
"l i- B¢ =’ Rename F2
I i | Settings
v 4] Geom

[5 Pproperties
1 Fg
% Mater Help F1

<

< Solid Mechanics (solid)
8 Linear Elastic Material 1
= Free1

Initial Values 1
£\ Mesh 1

10.1n the settings of the Block, enter the parameters as below. Click on Build
Selected.

Model Builder ~ *  Settings ~ * | Graphics
-1 | SElY E- S 9. Block 2 Q @~ - k(O - @@y BY -
® Build Selected * @ Build All Objects &
v @ Linear stage_flexure.mph (root) Label: Block 1 &
~ @ Global Definitions X107 m
. Parameters 1 v ObjectType A
> try Pe
Geometry Parts e ICH =
&) Materials
v @ Component 1 (comp1) v Size and Shape e
v = Definitions
-/ Boundary System 1 (sys1) Width:  my_h m o
1 m
> [ View 1 Depth: b m
v [ Geometry 1 Height: L m
1] Block 1 @ik1) -0.01
% Form Union (fin) v Position
% Materials 25
v & Solid Mechanics (solid) Base: (CRIEY v \L.
88 Linear Elastic Material 1 x  |er m x X107 m
: Free 1 v 0 0
@ Initial Values 1
1 z o m
Mesh Messages Progress Log
v @ Study 1 o [
Step 1: Stationary B
v & Results Axis type:  z-axis v [Feb 13, 2024, 10:45 AM] Finalized geometry is empty.
Datasets = [Feb 13, 2024, 10:48 AM) Saved file: C\Users\cosandie\Desktop\Linear_stage_flexure.mph (626 KE)

11.Right click on Block 1 — Duplicate.

o BOE > TR E LS
BT o Definitions  Geometry Materials Physics Mesh Study Results Developer
2 5. Variables « = Import oD A
A ] Pi | B =S $H 4y |
Cunctinne = i Part Libraries 3
Application  Com| Build Selected 7 Build Add Solid Add Add Build  Mesh Cc
Builder L e All Material ~ Mechanics + Physics Mathematics =~ Mesh 1.
kspace @ Build Preceding F6 Geometry Materials Physics Mest
A Add Before » )
Viodel Buildy Settings >0
N Add After » .
(Copylas Gode o Cipbosed * | ® Build Selected ~ ® Build All Objects ®
i Copy CuleC

v @ Linear_stage. Label:  Block 1 »

5 = Duj Ctrl+Shift+D
v @ Global D¢
'\ Paran =/ Grou CulsG v Object Type
> @ Geon W Delete Del
Type:  Solid -
% Mate| @ Disable [z}
v @ Compon¢ REnare £ ¥ Size and Shape
v = Defin =
gl © settings Width:  my_h m
> [ v 2 Properties Depth: b m
v 4] Geon' @ pelp 3l Height: L m
] Block 1wy
% Form Union (fin) ¥ Position
i Materials
v % Solid Mechanics (solid) Base: (RCoNtSY b
8 Linear Elastic Material 1 x €2 m
5
5 freet v o o
% initial Values 1
A Mesh 1 z 0 m
v Study 1 o £
Step 1: Stationary
v & Results Axis type:  z-axis <

Datasets
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12.In Block 2, change the sign of the x base position from -e/2 to e/2. Click

on Build Selected.

S DBEHE o NEE

= Defntons  Geometry_ Materals _ Physic
A ] : F ;
Fun
Applicati Component Add P t
Builder 1+ Component
9~

s Mesh  Study

Results  Developer

=
H
Build
All Material  Mechanics +

= Import s L

Part Libraries

Settings v
® Build Selected ¥ @ Build All Objects &

Label: Block 2

v Object Type

Type:  Solid

v Size and Shape

Width:

my_h

13.Become familiar with the graphical interface. Hold the left click for
pivoting the geometry. Hold the middle click to zoom in and out and hold
the right click to translate the geometry. To reset the view, click on the

button shown below.

. @ . ~ — o- -ERe- cE@E ~
107
P o
-4
(N

0.01
0 m
-0.01

z

o - 0.02

o
0.02

v = Definitions

I~ Boundary System 1 (sys1)

> 1A View 1
v [A] Geometry 1

Block 1 (blk1)
Block 2 (blk2)
{4 Form Union (fin)

x# Materig'~
v Solid v %
8 Linf
= Fre|
& Init
Mesh 1
v Study 1
Step 1:
v & Results 3

Datase| _

Derive¢

Tables
% Export
4 Reports
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15.1In Settings, add the following parameters. They correspond to stainless

steel.

»
Property

[/ | Young's modulus
[/ | Poisson's ratio

[/ | Density

rho

Variable | Value

200e9

nu 0.3

Property group
Young's modulus and P...
Young's modulus and P...

Basic

16. In the Model Builder, right click on So/id Mechanics, add Fixed

Constraint.
ainwe Dy
Home D¢
A 0

Application Compd
Builder 1

Workspace

Model Builde

ype er tex

v = Definiti

.-/ Bou

> Vie

v Geome

{7 Blo

{7 Blo

For

I" v : Materig
= Ma
Solid M

D, .
W Ling

dh v

D
m Fre

Material Models

Volume Forces

Mass, Spring, and Damper
Domain Constraints
Variables

More

Boundary Load

Fixed Constraint
Prescribed Displacement
Roller

Thin Layer

Connections

Mass, Spring, and Damper
More Constraints

Pairs

Variables

More

Edges

Points

17.0n the Settings pane — Boundary Selection, make sure the Activate

Selection button is turned on and select the lower faces (blade’s roots)

towards the negative z-direction.

Override and Contribution
Equation
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18.Right click in Solid Mechanics — Connections — Rigid Connector.

o 4 ~

Material Models »
“ Home  Defin Volume Forces » | Study Results Developer
N— = Import . A
A '- Mass, Spring, and Damper > Pa:i-bmries i r‘; & . Li
Application  Componé Domain Constraints > ! Add solid Add Add Build Mesh Co
Builder 1v Variables > Material Mechanics ~ Physics Mathematics Mesh 1
Workspace More 5 Geometry Materials Physics Mesh
Model Builder | ® 8oundary Load F | Settings <k
== = TT| = Fixed Constraint Solic
= Prescribed Displacement Label:  Solid Mechanics E
v = Definition ™ Roller ’
Name: solid
- Bound m Thin Layer e
_)] (] view 1 Connections » ‘ Gonnector ‘
| Geomet
M Y| Mass, Spring, and Damper »| = Aftachment .
Block
Block More Constraints » | = Periodic Condition | . +
-
[E Form 1 Pairs L EI 2 =
v i Materials Variables b ®
> 5% Mater| More » $
v = Solid Mec
»
% Linear Edges
= Free 1 Points »
D, . Equation
& Initial Gravity
= Fixed | &. Base Excitation SElEDvEIcESvmbols
¥ Rigid ¢ )
Mesh 1 4 Spring-Damper [C] Enable physics symbols
o Study 1 #  Bolt Pretension Show or hide all physics symbols
Step 1:Sta @ Fixed Joint Select Al Clear A
v & Results
Datasets Polntloadlfiee ¥ Structural Transient Behavior
| & Test Material
Derived V¢ . Include inertial terms M
Tables Variables 4
19.Select the upper faces (axis z +) of the blades.
Settings ~ # | Graphic
o S b e & @ ® ) @ - CERe-c@E o o-
x10” m
Label:  Rigid Connector 1 s 4
~ Boundary Selection -4 (\:
Selection:  Manual hd 0.01
4 .
10 -
o m
Edge Selection p0:0L
Point Selection .
Override and Contribution v . 0.02
Equation o

v Coordinate System Selection

20.Right click on the Rigid Connector — Applied Force. In the Settings
pane, put F'as the x-component of the applied force.

@D dd = Thermal Expansion

Home  Del i Harmonic Perturbation
A ﬁ & Appliee Force)
Application  Compo| =" Applied ent
19 o

Builder

Mass and Moment of Inertia
Workspace .
Spring Foundation

Model Builde Load Group

P

Constraint Group

ype filter text

Copy as Code to Clipboard

v 2 Geomet| - Move Up Ctri+Up
Blod & copy Ctri+C
§ 0% % Dupi Ctrl+Shift+D
= Duplicate trl+Shift+
Forl . P
v i Material =/ Group Ctrl+G
> %a Mat( [l Delete Del
v % Solid M¢ @ pisable F3
Dm |-
'n- Liney o Rename [
+» Free -
B8 |nitie | Settings
= Fixe E‘ Properties
= Rigi Help £
A\ Mesh 1
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21.In the Model Builder, click on Solid Mechanics, then in the Settings pane,
tick on the box Enable physics symbols. That makes appear the rigid

connector linking the flexures and the fixed constraints.

Model Builder - 8| ettir
< = T W -9

Labet:  Solid Mechanics
v = Definitions Nome: [sokd
Boundary System 1 (sys1)
> [0 view1 ~ Domain Selection

v [7] Geometry 1
Block 1 bik1)
Block 2 (bk2)
Form Union (fn)
% Materials
> 4 Material 1 (mat’)
v Solid Mechanics (solid)

B Linear Flastic Material 1

% freel

Selection:

=

Al domains

Equation
v _Physics Symbols

hable physics symbols

@ initial Values 1
= Fixed Constraint 1
v = Rigid Connector 1
Applied Force 1
v A Mesh1 Show or hide all physics symbols
&l sze

v W Mapped 1

Select Al Clear All

rtrbuton 1 v Structural Transient Behavior

ribution 2

Include inertial terms

~ % Graphics Convergence Plot 1

z

Lo

Progress Log Table 1

Messages

]
{Feb 13, 2024, 11:18 AM] Mesh consists of 1920 boundary elements and 368 edge elements.

{Feb 13, 2024, 11:20 AM] Complete mesh consists of 7680 domain elements, 5312 boundary elements, and 768 edge elements.

{Feb 13, 2024, 11:24 AM] Number of degrees of freedom solved for. 117229 (plus 1 interal DOFs).
[Feb 13, 2024, 11:25 AM) Sokution time (Study 1): 106 5. (1 minute, 46 seconds)
{Feb 13, 2024, 11:47 AM) Saved file: C:\Users\cosandie\Desktop\Linear_stage_flexure.mph (9768 K8)
- [Feb 13, 2024, 3:20 PM] Saved file: CAUsers\cosandie\Desktop\Linear_stage_flexure.mph (9768 KB)

22.In the Model Builder, right click on Mesh 1 — More Generators —

Mapped.

et ot Ol e puidan F8
. =gy
m Definiior *# Edit Physics-Induced Sequence e Deveiopey
N # Import
A Bl | & FreeTetrahedral gy H
o [i Part Libraries 3
Application  Component Swept Add
Builder 1~ ( Material M«
Boundary Layers
Workspace Mo Wik docaatme | atosedate |
More Generators » Free Triangular |
Size Free Quad
Size Expression M
£ Distribution Edge
v = Definitions | @8 identical Mesh Vertex
%= Boundary S =5 Comer Refinement
> [ view 1 nce Type
Scale
v 1 Geometry 1 ntrolled mesh
Block 1 (blk Modifying Operations fontrofied mes
Block 2 (bl Copying Operations * s-Controlled Mesh
&4 Form Unio
m _J m Eniof Booleans and Partitions * e
v & Materials . r
> 5 Material 1 Cleanup and Repair 4
v Solid Mechanic Entities D
8 Linear Elas| 1= import (s
% Free1 N hanics (solid)
A statistics
8 Initial Valu( -
= Fixed Cons Copy as Code to Clipboard >
v = Rigid Conn % Duplicate Ctrl+Shift+D
ApplieS [y Delete Del
Mesh 1
= Rename F2
v Study 1
Step 1: Station{ Settings
v & Results ) Properties
Datasets Help F

Derived Values

23.0n the Graphics window, select one large face on each of the two blades.

-0.02
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24 .Right click on Mapped 1 — Distribution.

Model Builder v 1
- Etv Elv Siv g
v = Definitions
.- Boundary System 1 (sys7)
> (L] view Build Selected F7
v 3 Geometry 1 -
D Block1 by | L Size
7 Block 2 (blk2) i Distribution
I=3] Form Union (fin) I Edge Groups
i v ¥ Materials Copy as Code to Clipboard
> 5& Material 1 (mat]
v % Solid Mechanics (so| Copy cul
% Linear Elastic M| = Duplicate Ctrl-
% Free1 [l Delete Del
%8 Initial Values 1 | ) Disable 3
= Fixed Constraini _ Rename B
v = Rigid Connector
= Applied For¢ I Settings
v /A Mesh 1 B] Properties
4 size Help F1
I‘ Mapped 1
v Study 1
Step 1: Stationary
v & Results

25.Select one long edge on each blade (one that belong to the faces that you
selected on point 23). In Number of elements, in the Settings pane, put 80.

/O~ v ®e @ B

(@]

- EE

BEA zo- -

. o

4 o

26.Right click on Mapped 1 — Distribution. Select one middle edge on each

blade (one that belong to the faces that you selected on point 23). In Number
of elements, in the Settings pane, put 12. Click on Build Selected.

>

B Advanced mechanisms for extreme environmnents

4

0.02

-4

0.01

-0.01



=PrL

27.Right click on Mesh 1 — Swept. Right click on Swept I — Distribution.
Make sure the two blades are selected. In Number of elements, in the
Settings pane, put 4. Click on Build Selected. Verify visually that the

volumes of both blades are fully meshed.

(e v .
e NEedA »o ®  Build Al %8
Home  Definitions ~ Geome &, Free Tetrahedra
SN "
Al B QD [ s
Application  Component Add | & Boundary Layers
Builder 1+~ Component
More Generators »
Workspace Model
_J Size
MOdel Builder _J Size Expression
== ) = Bt~ Y ==V Distribution
Type filter text f7  Identical Mesh
v = Definitions T Corner Refinement
1/ Boundary System 1 (sy¢ = gcale
> View 1
5 . Modifying Operations >
v 2| Geometry 1
T Block 1 (blkT) Copying Operations L
0 Block 2 (blk2) Booleans and Partitions 4
Form Union (fin) Cleanup and Repair 4
I" v i Materials .
) Entities >
> 5= Material 1 (mat7)
v %7 Solid Mechanics (solid) < Import
U8 Linear Elastic Material | = Export
D
D- Free 1 Plot
s Initial Values 1 .
= Fixed Constraint 1 SRS
v = Rigid Connector 1 Reset to the Physics-Induced Sequence
= Applied Force 1 @ Lock Mesh
A
M l\\/lesh i ' Clear Built Mesh
A Size M Clears
”g ear Sequence
v M Mapped 1 ! e
£ Distribution 1 Copy as Code to Clipboard 4
{4 Distribution 2 4| Duplicate Ctrl+Shift+D
v "o Study 1 [l Delete Del

28.In Study 1 — Stationary, tick the box Include geometric nonlinearity.

v Tl

Model Builder

8 Initial Values 1

= Fixed Constraint 1
v = Rigid Connector 1
Applied Force 1

o

= Compute

* Update Solution
Label: Stationary

¥ Study Settings

iclude geometric nonlinearity

v £\ Mesh1 ¥ Results While Solving
__J Size
"| . Mapped 1 ] Plot
Distribution 1 Plot groug
Distribution 2
- [@] swept 1 Probes: All N/
Distribution 1 Update at: Steps stored in output e
v Study 1
Step 1: Stationary ¥ Physics and Variables Selection
> ™. Solver Configurations [] Modify model configuration for study step

v & Results
> Datasets
v Derived Values
Global Evaluation 1

Physics interface
®  Solid Mechanics (solid)
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29.S8tudy 1 — Settings pane — Compute. Wait a couple of minutes!

30.We will now evaluate the results! On the Graphic pane, evaluate the
maximum von Mises stress value and location. Right click on Derived

Model Builder

9~

8 Initial Values 1
= Fixed Constraint 1
v = Rigid Connector 1
Applied Force 1
v Mesh 1
Al size
v ¥ Mapped 1
Distribution 1
Distribution 2
v [&] swept1
Distribution 1
Study 1
Step 1: Stationary

> ™ Solver Configurations

v & Results

> Datasets
vt Derived Values
Global Evaluation 1
> B Tables
~ @ Stress (solid)
~ @ Volume 1

Deformation

v

Update Solution

Study Settings

¥ Information

Last computation time:
1min42s

Last computation date:
Feb 13, 2024, 11:25:43 AM
Computed in version:

COMSOL 6.2.0.339

Values - Maximum — Volume Maximum.

File Home  Definitions  GeomatarMatariale — Dhucice—Moch—Study  Results  Developer

A

Application
Builder

[
Component
1v

om

Workspace Model

Model Builder

= Applied For
v /A Mesh 1
;j Size
v i Mapped 1
[& Distributior —
[l Distributior

M v ] swept 1

i Distributior| i

v 790 Study 1
[~ Step 1: Stationary
> ™ Solver Configuratic

v & Results

> Datasets

Point Evaluation

Global Evaluation

Point Matrix Evaluation
Global Matrix Evaluation

System Matrix

E-= [= Import 5]

i il

Build [f| Part Libraries v
All Material
Geometry Materials

Settings

Average »

) Derived Values
Integration 4
Maximum » | ¥ Volume Maxinjum
Minimum » | v Surface Maximum
Measure » | wa Line Maximum
More Derived Values 4
Evaluate All

= Clear and Evaluate All

Node Group

Copy as Code to Clipboard 12

Settings
Properties

Help F1

v & Derived Values
Global Evaluation 1

> 5 Tables

I

31.In the Settings pane, select the two blades bodies and in Expression, type
solid. misesGp — Evaluate. Read the maximal stress in the 7able, below
the Graphic pane.

vl Builder - #|| Settings .

= Evaluate ¥

Applied Force 1 Label:  Volume Maximum 1

v A Mesh1
&) size v Data
v W Mapped 1
Dataset:  Study 1/Solution 1 (sol1) v

Distribution 1

Distribution 2 o @irai
Im v @] swept1
Z Distribution 1 Selection: | Manual -

v Study 1 @ 5 .
Step 1: Stationary =
> " Solver Configurations d
v & Results
Datasets
v ¢ Derived Values
Global Evaluation 1
~ Expressions . e

»
Expression
SolidmisesGp |

| Nmn2
Deformation d C

wax Volume Maximum 1
Tables
Unit

v W Stress (solid) Description

~ @ Volume 1 von Mises stress
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32.In Results — Stress — Volume 1, replace the expression by solid.disp —
Plot. Asses visually the displacement.

lo} Builder ve ~ % Graphics Convergence Plot 1
SW-E-H- - - - W\ c- viero-BEEC- -
a plot
Volume: Displacement magnitude (m)
Applied Force 1 Label:  Volume 1 x10” m
v A Mesh1 S s
Al size v Data
v Mapped 1 0.01
Dataset:  From parent -
Distribution 1
N Distribution 2 v Expression . B owv O
"” v (@] swept1
-~ Distribution 1 Expression: oo
v Study 1 solid.disp| 2
Step 1: Stationary Unit ’\I,.x 0.02
iver Configurations. o
v & Results - 0.02
Datatets [ Description:
v 14 Derived Values Messages  Progress Log Table2
Global Evaluation 1 Pocameters B = gem y .

wx Volume Maximum 1

Tables " Name |Vl |unit | Description von Mises stress (N/m*2)
« @ Stress (solid) soldrefpnix |0 m  Reference point for moment computation, x-coordinate 5227668
v @ Volume 1 soidrefpnty |0 m_ Reference point for moment computation, y-coordinate
Deformation solidrefpntz |0 m_ Reference point for moment computation, -coordinate
Export
7 Revorts

33.Right click on Derived Values — Global Evaluation.

|
A |

Definitions ~ Geometry ~ Materials  Physics Mesh I

Point Evalyatia
Application  Component Global Evaluatig
Builder S
y Point Matrix Evaluation
ks

) Global Matrix Evaluation

System Matrix

Average »
Integration 3
v = Rigid Connec Maximum N
Applied |
pplied Minimum »
v A Mesh1
Measure »
Al size
v W Mapped 1 More Derived Values »
Distributi¢ —

Evaluate All
Distributi¢ |
= Clear and Evaluate All

v ] swept 1
Distributi¢ = Node Group
v Study 1 Copy as Code to Clipboard »
Step 1: Stationary
> ™ Solver Configurat Se1n9S
v & Results (51 Properties
> [ Datasets Help -
Derived Values
Tables

34.In Expression, click on the little button on the right - Component 1 —
Solid Mechanics — Rigid connector — Rigid Connector 1 — Rigid body

displacement — solid.rigl.u. Evaluate and see the displacement value of

the rigid connector 1 along the x-axis in the 7able.

v

Viodel Bu

v ¥ Mapped 1

Distribution 1

v s

Distribution 1
v Study 1
Step 1: Stationary
™ Solver Configurations
v & Results
Datasets
v % Derived Values
Global Evaluation 1
Tables
v @ Stress (solid)
v @ Volume 1
Deformation
Export
7 Revorts

H £ Tupe here to search

~ *  Graphics Convergence Plot 1

v v elC~ v [

@ h

= Evaluate ¥
Label:  Global Evaluation 1
v Data
Dataset

Study 1/Solution 1 (sol1)

~ Expressions

»
Expression Unit Description
solid.rigl.u m Rigid body displacen 504091 - Rigid bady displacement, x-component - m
v Model
Global definitions
v Component 1 (comp1)
Definitions
> Frames
v Solid Mechanics
Global
> Reactions
- - v Rigid connectors
Expression v Rigid Connector 1

solid.rigl.u solid area_rig1 - Area - m?

Rotation matrix (spatial frame)
Description:
v Rigid body rotation (spatial frame) - rad

v Rigid bodydisglacement (spatial frame) - m
solid md body displacement, x-component

™ p= A = ® solid.nrtr” Riaid bodv disolacement. v-comoonent
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35.Finally, replace the expression so/id.rigl.uby F/solid.rigl.u and evaluate.
The stiffness of the linear stage is calculated along the x-axis.

v % Graphics Convergence Plot 1

Settings
-
v B Ly et b Cv @
= Evaluate ¥
Label: Global Evaluation 1
v Data
Dataset:  Study 1/Solution 1 (sol1) \
¥ Expressions v v
» N o aliza
Expression Unit Description
F/solid.rig1.u O N/m z
AN
Messages Progress Log Table 1
835 () 85 50 oss 0= m
Rigid body displacement, x-component (m) | F/solid.rig1.u (N/m)
M= 0.0023471 42606

Fxnression®

Congratulations, you have now reached the end of this COMSOL tutorial and you are now able to
model and simulate a basic mechanical structure!!
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