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Finite Element Analysis for the Casual User in
Inventor

JD Mather — Pennsylvania College of Technology

MD6583 This is an introductory class into the advanced topic of finite element analysis (FEA). This class will
be application-oriented rather than theory oriented, and it is intended for those of us who can gain design value from
some basic FEA techniques without having to have a PhD in mathematics. The goal is to bring the accessibility of
advanced Digital Prototyping tools to the casual user. Each year, the "expert systems" software development brings
practical accessibility to more and more users. You should jump in here and start learning these tools - now is the
time. You can leave your calculator at home.

Learning Objectives
At the end of this class, you will be able to:

e Learning objective 1 — Consider the meaning of life: How do you know you have the answer?
e Learning objective 2 — Learn how to identify the scope and limitations of FEA in Inventor software.
e Learning objective 3 - Setting up FEA of simple assemblies in Autodesk Inventor.

e Learning objective 4 — Learn how to do a parametric dimension FEA test of part iterations in Inventor
software.

About the Speaker
Dr. J. D. Mather is an assistant professor of engineering design technology at Pennsylvania
College of Technology, Williamsport, PA. He previously worked in industry positions for 15
years, including as a journeyman machinist, a research and development technician, and an
industrial engineering technician. J.D. is an Autodesk Inventor Certified Professional and an
Autodesk AutoCAD Certified Professional, as well as a Certified SolidWorks Professional. He
also serves as an Autodesk Expert Elite on the Autodesk Community Forums. J.D. received
the 2010 Autodesk Manufacturing Community Achievement Award. Contact him at
jmather@pct.edu.
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Learning Objective 1 - Consider the meaning of life: How do you know you

have the answer?
Why do FEA?

Predictive
Validation

Weight Reduction
Material Optimization

Marketing?

Units - numbers without units lack meaning.
Part of the problem in identifying whether or not you have the “answer” is that the
numbers might be very large or very small or have unfamiliar units.

Windows Calculator
Google Unit Conversion

Autodesk ForceEffect (what is Force and what is Pressure?)

=>

Calculator
{View Edit Help
Standard Alt+1
© Scientific Alt+2
Programmer Alt+3
Statistics Alt+4
History Ctrl+H
Digit grouping
Basic Ctrl+F4
»© Unit conversion Ctrl+U
Date calculation Ctrl+E
Worksheets »
F-E Exp || Mod || log || 10*

MC

MR

CE

MS

—_ é

Select the type of unit you want to convert
‘{Pressure %
From

Enter value
{Pound per square inch (PSI) v
To
[Pascal v

Note that you can get access to additional functionality of Scientific and Unit conversion
within the Windows Calculator.
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Go gle 1N=2Ibf

Web Maps Shopping Images Videos More ~

About 199,000 results (0.29 seconds)

1 newton =

0.224808943 pounds force

Note that Google will return direct unit conversions.

J Mew Tab
Cc Q

=2 Apps | &\ Autodesk [

Autodesk ForceEffect can be used for some preliminary calculations.



Reference:

Statics and Strength of
Materials, 7" Ed. H.W.
Morrow
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B F4=10000 b

N\ |Re= 5000 Ib

A L
X J’n;t‘? Ve 00

Y M, =8.66C — 10(5 sin 60°) = 0
C =5 kips @ 120° <
Y F, =A4,+Csin60°=0

A, =433 kips <

2FE =10—-A4,—Ccos 60° =0

A, =-7.5kips <
Joint A

o

2E =05F;—433=0

Fup=866kps T <
LE =Fe+0866F;-75=0
F.,.=0 <
Joint C by inspection
Fee==Skips C <
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Force and Pressure - Demonstration

(%20 bill - I need a volunteer from the audience to demonstrate the difference between

force and pressure.
First | will stand on the volunteer’s chest with one foot.
Then | will balance my weight on a nail on the volunteer’s chest.)

P=F/A

Where: P=Pressure; F=Force, A=Area

Demonstration — Why do we get different results with the “same” input
conditions?

l=+— 25—
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MNodes: 4727 MNodes: 4730

Flerments: 2988 Elernents: 2393

Type: Yon Mises Stress Type: Won Mises Stress

Unit: MPa Unit: MPa

/2472014, 4.28:14 PM g/24/2014, 4:26:06 PM
124.8 Max 123.9 Max

0.2 Min

Percentage Difference Formula

(1123.9-124.8|)/((123.9+124.8)/2))*100)=0.72% difference
http://www.mathsisfun.com/percentage-difference.html
http://www.calculatorsoup.com/calculators/algebra/percent-difference-calculator.php

In general we are looking for “ballpark” answers when doing FEA Analysis.

Learning Objective 2 - Learn how to identifying the scope and limitations of
FEA in Inventor software.

Theory-based Calculations
FEA stands for Finite Element Analysis. (consider the implied limitations)

“Hand” Calculations Example ANSI/ASTM Pipe (see Appendix)
Demonstration — Beam and Column Calculator

Demonstration — Inventor FEA Analysis

Demonstration — Inventor Frame Analysis

Stress/Strain Graph (Reference Younis, 2014, pg 10)
Definition: of Safety Factor


http://www.mathsisfun.com/percentage-difference.html
http://www.calculatorsoup.com/calculators/algebra/percent-difference-calculator.php
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There is a Beam/Column and Plate Calculator in the

Assemble  Simplify [EMHGLM 3D Model — Sketc

- Inventor Design Accelerators. Simply start a new
D—E—D @ IEI & Change = Trim To Frame i . o .
P o rimjeaens @SS€MDIY file (*.aim) and go to the Design tab.

Connection Pin Frame IE Notch :-3 Lengthen/Short:

Basiar \ An existing Object (*.ipt) can be selected from the graphics
% Remove End Treatments window, or select from the Section profiles.

Bolted Clevis | Insert

Ep.
T | <pAssembly Vie 3= Refresh

{3 ANSI-ASTM Pipe.ian ?(') Frame Member Info
Erelationships |[ k3 Beam/Column Calculator || Beam and Column Calculator
EERepresentations .
i rame
lorigin ﬁ Beam/Column Calculator XL Model |f§ Beam Calculation | l¢ Beam Graphs | Ja Column Calculation|
Beam / Column Component Caleul
Plate Calculator
Object [ e
H — © Annulus
[Tee
Dimension Size Desc O Polygon
=L 4.000 in Secti [] Rectangle Materi
= s 0.000 in~2 Secti A Triangle 0
) ~
= W 0.000 in"3 Secti D e
= ow, 0.000 in"~3 Secti . vield
) . I I-Section
= 0.000 in~4 Mom Wod
_ : odu
@ 7, 0.000 in~4 Mom| L, L-Section
= w, 0.000 in*3 Torsi |, U-Section Modu
= 0.000 in"4 Torsional Rigidity Mo... Densi
= B 1.188 ul Shear Displacement ...
Annulus @
Dimensions Preview
Dimension Size Description
D 1.315in Diameter
d 1.049 in Inner Diamg
< | 11 | »
oK ] l Cancel

For a nominal size 1”7 pipe.
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Annulus @

Dimensions Preview
Dimensian Size Description
D 1.315in Diameter
d 1.049 in Inner Diame
< | 1] | p

0K ] [ Cancel

Beam and Column Calculator

i

aC Model |ff§. Beam Calculation | l#¢ Beam Graphs | Ja Column Calculation|
Beam / Column Component Calculation Type
Secti A
Object [] Beam Calculation
Flip Section
[] column Calculation
Dimension Size Description
= L 36 in Section Length Material
= S 0.494 in~2 Section Area
| i
= w, 0.133 in"3 Section Modulus [ Juser material
= Wv 0.133 in"3 Section Modulus Yield Strength 5"r 30020 psi b
= I 0.087 in"4 Moment of Inertia -
* Medulus of Elasticity E 31910000 psi 3
= 3, 0.087 in"4 Moment of Inertia
= w, 0.266 in"3 Torsional Section Mo... Modulus of Rigidity G |GU0oonops
& 3 0.175 in~4 Torsional Rigidity Mo... Density p 490 Ibmass/ft~3 »
= B 1.188 ul Shear Displacement ...
¥ ¥
’ 0K ] [ Cancel

If you click on User Material - there are thousands of Materials in the Design Accelerator.

In this case — | entered the Material properties manually.
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Beam and Column Calculator (=]
T vodel| f Beam Calculation | 125 Beam Graphs | f Column Calculation &
Loads & Supports Results |
Loads - 4 - my R ‘“.‘(\E L 36.000 in
Mass 0.000 lbmass
dial Force g Og 0.000 psi
Radial Force ]
Froperties
Distance from beginning of section
36.000 in L
Forces
(@) Force with angle
[ : JForces in X and Y axes
Calculation properties Force 100.000 Ibforce 3
[] use density Angle 0.00 deg 3
Use shear displacement ratio
” ’
Number of Beam divisions
Mode of reduced stress HMH - f, 0.000 microin H
0000 micenin | |«
[ Calculate ] [ 0K ] l Cancel ]

(Do not use Gravity/Mass/Density of part unless you consider that in the hand calculations).

Note in the dialog box, the Use density (for the hand calculation — this would have to be added
to the load).

For a pipe this short — it has little effect.

Beam and Column Calculator

T Model | f& Beam Calculation | s Beam Graphs | f& Column Calculation
Loads & Supports Results
36.000 in

Mass 0.000 Ibmass

(MM Restraint g o, 0.000 psi

Restraint 3l

11
=

Properties

Distance from beginning of section

0in »

Yielding Y 0.000 microin/N 3

Yielding Y, 0.000 microin/N }

Radial displacement Dyy 0.000 microin 3

Calculation properties Radial displacement Dy 0.000 microin 3

[¥] use density

Use shear displacement ratio

Number of Beam divisions 0.000 microin/N

Mode of reduced stress HMH - 0.000 microin

N_NNN_mirrnin

[ Calculate ] [ oK ] [ Cancel
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Beam and Column Calculator @
‘ o€ Madel | f5 Beam Calcu\ation| I£c Beam Graphs |f§ Column Calculation '@
Graph Selection Graph Results «
Shear Force L 36.000 in
YZ Plane
X2 Flane Mass 5.042 \bmass.
Bending Moment F1 |ag 27802.362 psi
¥Z Plane T 212.835 psi
XZ Plane . 0.000
Deflection Angle 41 & -0u psi
YZ Plane ¥ or 0.000 psi
1
XZ Mane o, 27804.805 psi
YZ Plane [ 568936.745 microin
XZ Plane @ 0.00 deg
Bending Stress
¥z Plane 1. Load (F1)
XZ Plane 600000 . y fy -568936.745 microin
Sh St
i;rwalr-leess 500000 | | | 568937 fy 0.000 microin
XZ Plane 400000 SSupport:
Torsional Stress . . e 0.000 Ibforce
Tension Stess T 300000 - - 20276 n 434650 microin| (oo
educed Stress b
Ideal Diameter E 200000 B 0.000 Ibforce
100000 Yy 0.000 microin/MN
o _//!'/ Yy 0.000 microin/M
0 10 20 30 fy 0.000 microin
Length [in] fy 0.000 microin
¥ ¥

568937 micro inch = .569 inch

2% difference than hand calculation (If | did the math right).

Q. Did | use gravity? If so, then | have added the weight of the beam in addition to F1 into the
analysis. Approximately 105Ibf rather than the 100Ibf specified in the hand calcs problem. (see
Appendix)

10
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-l Hd Q& B~ s ) Moenal v Next | place the same component from
Simplify g Content Center.

g Ci> €. Free Move G I:F &% shor

0 Free Rotate

Assemble Design 3D Model  Sketch

Joint Const .
Copr::’::tf(’:{;:‘ter. Crea‘t'3| ‘ ot Constrain o 1iq. EqQuivalent results from Content
- Center part.
ANSI ASTM

Select | Table View | Family Info|

Designation Length
(0.001 inch - 393.7 inch)

1/2 %0109 & |35
1/2 % 0.147
3/4 % 0.113
3/4 % 0.154
1x0.179
11/4 x0.140

11/4x0.191 View Tools Help
11/2x0.145

11/2 % 0.200 0O LA HaFFeRe B-EHE
2%0218
2%0.218 X/

2x0.436 --@m Fasteners
21/2x0.203 --ﬁl Other Parts
21/2x0.276 ~ [H-om Shaft Parts

Place from Content Center

Se s Elj"L. Structural Shapes ANSI ASTM Pipe Extra Strong  Pipe Standard
--L. Angles Weight
--E Channels
| As Standard --E I-Beams

- Round Bars

&) Round Tubes

. (O] Square/Rectangular Tu
. [] square/Rectangular/He

o J[

Beam and Column Calculator

[T Tees
‘ at Model | J& Beam Calculamn| l#¢ Beam Graphs | £5 Column Calcu -p% Tube & Fipe
Graph Selection Graph | i p Search results
Shear Farce L 36.000 in
XﬂZ ;Ilaﬂe Mass 4.630 Ibmass
ane
Bending Moment F1 Og 27713.395 psi
¥Z Plane T 212.001 psi
XZ Plane )
Deflection Angle 4 - ¥ N 0.000 psi
YZ Plane 7 oL 0.000 psi
. Iane L G 27715.828 psi
YZ Plane Frme 568074.963 microin
XZ Plane Lo} 0.00 deg
sndng s T
XZ Plane 500000 - . - - . . fy -568074.963 microin
Shear Stress 500000 | | | | | 568075 £ 0.000 microin
YZ Flane 1. Support
XZ Plane 400000 I ) I I - SUppo
Torsional Stress _ 1 2. Support
;egsnondsstgess £ 300000 T T T Fy 0.000 Ibforce
educed Stress 5
Ideal Diameter = 200000 I Fy 104.630 Ibforce
100000 I ) Fy 0.000 |bforce
0 _//[’/ Y, 0.000 microin/N
T T
0 10 20 30 Yy 0.000 microin/M
Length [in] fy 0.000 microin
£ 0 AAR micrain %
¥ ¥
ok [ cancer || 11




Placing from the Frame Generator.
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Insert E

Frame Member Selection Orientation

Standard © (@) ® _I_
[ANSI ,l 0.000 in P
Family f—
[ANSI ASTM - Pipe - l L) 0.000in b
Size G’

0.00 d
1x0.133 v & ® . eq b
Material [ Align
[Steel, Mild vl Custorm Point %
Appearance Placement
[ﬁ As Material vl E [} Merge
B =F N ' nce| Apply

(2 = oK Cancel |

Running Analysis from Frame Analysis.

Inventor Frame Analysis can only be used with
components created using the Frame Generator — all

other components will be ignored.

-

Manage

View Environments GetStarted Add-Ins  Autodesk S
mir {J~ B Beaing @ DiscCam ~ =
l—” l,. T Cane?
V-Belts ~ Parallel Spli *
Frame || Shaft Spur M iR & SRR Compre
Analysis| Gear Key _ﬂ_ O-Ring

Begin Frame Analysis

Activates the environment to analyze and simulate frames in your
assembly.

Define nodes and apply loads and constraints to the assembly.
Study the behavior of the frame structure to validate and
optimize your model.

Press F1 for more help

12
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x

7 Type: Displacement

3 ANSI-ASTM Pipe.iam (LevelofDetail1]

E‘FESimu\ation:l Unlts: |n

o—
2% Modes

EF Beams 9/7/2014, 3:44:34 PM

&y Materials

T ectiond

] Rigid Links

:}_Re\eases 0!5686 Max
B Constraints

L =F Fixed Constraint:1

]

E %agfawty [ 0 . 4549
£ Force:1

- [ Results

(1) Status
—0.3411 |
—0.2274
0.1137
0 Min
7 Type: Normal Stress Smax
Bl ANST-ASTM Pipe.iam (LevelofDetaill) . .
2 2] simulation:1 Unlts: kS|
&3 Nod
e 9/7/2014, 3:47:24 PM
Ex Sections
-1 Rigid Links
o I27.8 Max
= %Constraints
|—=PFixed Constraint:1
= & Loads
E%Grawty [ 22-24
&2 Force:1
= [ Results
— B Displacement
[]—EFUFCES | 16.68
&[] Moments — _
B (%] Normal Stresses E——
E; Smax
: oo L1112
= Smax(Mx)
E Smax(My)
s Smin(Mx)
2 smin(My)
Fi Samxlir;l ! 5'56
- (%] Shear Stresses
&[] Torsional Stresses
I (=] biagrams -
—Elgrugbes 0 Mln
— (1) Status

13
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Running Analysis from Stress Analysis.

E = FlaGaac PR IRl Material
Assemble  Simplify Design 3D Model  Sketch Environments
- O ﬂ—ﬂ a &
R e @ X S s Q k, F
o O rFe o G
Dynamic | Stress | Frame Inventor = Cable and Tubeand BIM Eco Materials Adviser Convert to | Add-Ins

Simulation |Analysis| Analysis Studio Harness Pipe  Exchange ‘Weldment

Begin Stress Analysis Convert v | Manage

3l Activates the environment for parametric studies to determine
how geometric variables impact your design.

¥ | “rAssen

4 ANSI-ASTM| Apply boundary conditions to your components and study the
£ Relations| resulting structural behavior.
[z Represen

£ origin @
(S ansEas] - N
(5. Frame G B
-

=+ B Frame0o!
[ Relati

5y

e

€z Repre! <
[ origin S
iy Frame — &
I AnsI ™

g

Press F1 for more help

Type: Displacement

Unit: in

972172014, 3:41:40 PM
0.5749 Max

0.46

0.345

0.23

0.115

0 Min

14
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Type: Von Mises Stress

Uit ks

972172014, 3:45:39 PM
2773 Max

22.22

1671 I

5.69

0.19 Min

Type: Safety Factor

Urit: ol

9/21/2014, 3:46:33 FM
15 Max

E ——
6
3
1.08 Min
0

Equivalent results with 4 different techniques.

15
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Experience-based Validation

Validate your digital analysis model with empirical data for predictive purposes.

Demonstration — Hook Example (split faces)

We often need to define faces on which to apply our
loads and/or constraints.

Demonstration — Carabiner

How we present our analysis to non-experts is important.

We can show animations as illustrations.

We can create reports to establish a chain-of-evidence.

hutodesk 360 o -
Bl same Scale N\ Smooth Shading
D Color Bar G1| Adjustedx2  ~
ence L?J-, Probe Labels Undeformed
| Displa| Actual

Adjusted x0.5
Adjusted x1

Adjusted x2

Adjusted x5

16
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Demonstration — Automobile Jack Lift Plate (what does our experience tell us?)

Notes on applying loads/constraints.

Adding pressure load to internal faces — watch out for face
seams.

Location of the glyphs is not important.
There was an issue in 2015 SPO with the arrow glyphs not showing correct direction.

17
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Learning Objective 3 - Setting up FEA of simple assemblies in Autodesk
Inventor.
Frame Analysis — the Crane problem — a word about modeling technique.

Contacts
Validate your digital analysis model with empirical data for predictive purposes.

What is the important parameter to us? Calculated Stress? Displacement? Safety
Factor? | would argue that it is almost always Displacement while most FEA users
would pick one of the other two.

Demonstration — Latch Bolt Example (split faces)

Type: Displacement

Lnit: in

10/17/2014, 5:37:41 PM
0.001602 Max

0001282

0.0003651

0.000641

0.00032

0 M

Local yielding can occur initially until the load is transmitted at lower stress by the full joint.
(Younis, pg. 135 2014).

18



Finite Element Analysis for the Casual User in Autodesk Inventor

Dynamic Simulation
Exporting Motion Loads from Dynamic Simulation to the FEA environment.

Demonstration — Car Jack Handle

What implication do these twisting forces suggest for the Carabiner analysis from above?

Learning Objective 4 - Learn how to do parametric dimension FEA test of part
iterations in Inventor software.

Optimizing a Part.
You can set up semi-automatic testing of iterations of your design. With cloud-based
computing — | predict that this will become real-time and transparent in the future. With
the setting of a few base parameters — expert systems will be continually analyzing our
design in the background. The opportunity to get in on the ground flow is now — that is
why you should be learning this stuff.

Demonstration — Thumb Slide Example

19
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Notice that the part has features that are not relevant to our design analysis. Including these
non-relevant features in the mesh would only increase the analysis time without any value.

) Thumb Drive S
& Material
& Constraints
&, Loads

™ Contacts
[ Mesh

2 Results

— E Von Mises §
— E 1st Principa
— E 3rd Principa
—[¥] 2 Displacer
— B safety Fact
e EI Stress
=N Displacemel
#- [Z] Strain

0,003192
0.001596

0 Mn

0.004788

fl Parametric Table

Design Constraints

Constraint Name Constraint Ty| Limit Safety Factor | Result Value Unit
¥ | Volume View the valug 0.0194748 in™3
Min Safety Factor Lower limit |1 1 @ 1.37432 ul
Parameters
Component Name Feature Name | Parameter Name | Values Current Value | Unit
»| Thumb Drive Slide Lock.ipt |Extrusion2 Thumb_Position  |0.1,0.125,0.15 — VYlpis in
Thumb Drive Slide Lock.ipt |Extrusion2 Slot_Length 0.25 - 0.4:5 U |oas in
Thumb Drive Slide Lock.ipt |Extrusion2 Slot_Width 0.03,0.062,0.09 |V 0.03 in

20
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Final Thoughts... ... do we know what we think we know?

Conclusion: What have we learned?

Recognize that units are important.

Recognize when differences are important.

Recognize the limits of the “ball field” in which we are operating.
o Isotropic material properties.

Relatively rigid materials (not highly elastic, not brittle*).

In the linear portion of the stress/strain curve.

Relatively small deformations.

Slowly applied loads. (not impact loads)

[ ]
O O O O

Recognize that Safety Factor is not a test of “breaking”.
o Cannot “extrapolate” information with SF<0 because this is a non-linear portion
of the curve, outside of the limits of Inventor linear static stress analysis.

And my final thought.
Parse* these statements:
“Hand calculations serve as a “sanity check” for our digital analysis.”

“Good correlation between the FEA and the hand calculation gives us a high degree of
confidence in the FEA solution.”

*Parse
verb
3. ...to analyze (something, as a speech or behavior) to discover its implications or
uncover a deeper meaning.

If you have some good hand calculation examples of other than trivial geometry — please
forward them to jmather@pct.edu

21
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Appendix: Example Hand Calculations

i, D ﬂruSI/ﬁS//)? DIPE
j—‘\ /Udm/na/ S/Z@l ‘“ 83"

<L — Jd  Wwe =367
D= 1,315
/Mam*,?ﬂ%‘ 0"“:7 J = I'qu
}/na(Jf’.a' (W) = /OOLé‘P
"'_d_dp_:?e, - » .0*\. Y Psi
Q‘ \ l/ [}

4 N/ = 5
—."‘:nfi’_‘D"-{:—C!—2 (’)’,\?"\ D)/ 7PS,'
T YV g =3l xi9 ™

ga-ﬁajj Fgc-(o;/;- _ l(‘ X —(J\_J’L._’_
2 s | (e 2
A
SEs 4@( (e g-#lc"ve,‘,,a_y ~ ?
— = e -S:nqy =T
Disp = ¢
Se = &

- Ve |4 Stress
Sy— Yie 6, res | % fy\a—({f&(
o \/.-hn(?q IﬂC\J‘J‘Vs

Hand calculation results:
Snmax=27,108 psi
Disp=0.558"

SF=1.1

D bor+ €S ‘pfoy‘l.,q 74&*’1 Cjécok
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References:

Inventor Quick Start — Perform Static Stress Analysis
http://akn.autodesk.com/maps/ENU/869946164#n=1391619412&c=987182764

Statics and Strength of Materials, 7" Ed. H.W. Morrow

Up and Running with Autodesk Inventor Professional 2014: Part 1 — Stress and Frame Analysis.
Wasim Younis.
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