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Biomimetics: Learning from Nature

Sticking without glue Intelligent division of work

Strong
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Introduction
1. Motivation

FN*
= State-of-the-art is a simple circular radius fillet to avoid stress
concentration (typically a quarter circle)

= (Classification in literature available for different size relations e.qg.
at shaft shoulders (diagrams, tables for K,) [Decker 1985]

= Common design procedure: Determine geometry (e.g. shaft
shoulder measures & radius) and load state, then read out stress
concentration factor (K, in German «,) from a diagram (see below)

= Advantage: Simple to apply, no tests or FE analysis necessary
= However, the state-of-the-art shows two significant limitations:

6

g sf o q 1. The efficiency of stress

s ) /4”7{5 L reduction is very limited

d 77] = with a circular notch
T45 Z q

1/

§ A 2. More efficient non-circular
S //7// Z i shapes usually have to be
& ///// ;; individually analyzed by

AT T A numerical methods (FEM)

////f///
& //l/l/l/ //I
4 ﬁ—(_;__,//lr,

1
WP Sk T alLTRaNn




Introduction
2. Intention

= (Goal is to provide well characterized non-circular notch
shapes for standard load cases and cross section transitions,
which
1. are very efficient for stress reduction;

2. are easy to analyze without use of a FE analysis, only by use of
special normalized diagrams as for the circular notch and

3. can be easily created by the use of standard features of modern
CAD tools

= To reach this goal efficiently:

— A CAE tool is required that allows to create full-parametric
geometry models

— Subsequent FEM sensitivity and optimization analyses of these
shapes based on the parametric model must be supported
= Therefore, Creo Parametric and Creo Simulate
in embedded mode were chosen (PTC Inc.)

adlLTRan
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Part A: Used Software Functionality
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Part A: Used Software Functionality

1. Parametric Modelling

In a parametric CAD model,
all objects/features like
points, lines, curves,
planes, etc. are described
associatively as parameters

The parameter values can
be changed easily; the
model just has to be newly
regenerated

Important for this is the
clean, logical construction
of the CAD model

The ideal base of a
successful notch sensitivity
and optimization analysis
is a good parameterization
of the CAD notch model,
since many different
sizes/relations shall be
automatically examined!

Very simple example:

Elliptical notch

Semi-minor-axis

(_A_\

== §.00 —==

!

Semi-major axis

== .00 =

+ T -—IE—

30.00
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Part A: Used Software Functionality

2. Software tools for analyzing parametric geometry

2.1 Introduction

= Creo Simulate offers different study types that allow to examine the
influence of different parameters to certain physical quantities (stress,
strain, stiffness, mass,...) and optimize the structure for certain goals

= These parameters can be feature

dimensions (e.g. wall thickness, Analyses and Design Studies -
radii), like used for this project, File [sif o —o BeodlE
or certain physical properties New Staic..
(E-modulus, spring stiffness,...) New Modal...
. . ; Status

= Since the CAD model is set up :::2:;;';’:'] Not St
fully parametric, a wide range of New Presirecs ,
parameter values (measures of the Mew Dynamic b

notches) can be studied and the
results can be very efficiently
displayed in sensitivity diagrams
= Note: Simulate just owns a
parameter optimizer, no shape
optimizer! Smart model (dimension) |
parameters therefore have to be Close

Mew Standard Design Study...
Mew Sensitivity Design Study...
Mew Optimization Design Study...

Close

created!
AlLTRAan



Part A: Used Software Functionality

2. Software tools for analyzing parametric geometry
2.2 Global Sensitivity Study (GSS)

Sensitivity Study Definition
Hame
= In a GSS, design variables (in our case e
feature dimensions) and their start- and
end values (domain) have to be defined
. . Type
= The CAD model is then automatically Goba Sesitity
regenerated for a number of equally S
Spaced |nterva|5 (de5|gn doma|n), regenerate (Model Regeneration Only)
meshed and analyzed
= Measure results (like max. von Mises
(S:ltresls) Vcs:l' deSIgnvarlable cahn then be \r’.::i:b: Current IStart End Units m
Isplayed In sensitivity graphs -] 7 1 15 ;ﬁ —
) p y y g p R_Steg £00 1300 1300 mm
Hint. Just change one parameter per Winkel e s 6 degrees || e
analysis to better Sresaim
understand its Lc?asllgi%tvlficr)adSeH KERBSTAR ZRUNDUNGEN Design Study Options X
. "Aindowi 1" - ZiweiR_Rs300 | Optimization Algorithm Automatic
Infl uence! 240.00 _ Optimization Convergence | (.0 %
22000 __ y Maximum lterations 0 .
= 200.00 __ [wf Repeat P-Loop Convergence
;‘180 oo —_ Steps| 28 : E’ Remesh after each shape update Options...
i“': 160.00 Shape Animate the Model oK Cancel
>§14ooo; Close
12000 |
weAt————rT 7t
o 200 t& S_%;noden KERBETAB;RL]QSDWHOO 1o aLTRan




Part A: Used Software Functionality

2. Software tools for analyzing parametric geometry
2.3 Local Sensitivity Study (LSS)

= The LSS was not used directly in the Sensitivity Study Definition

Name

project; it is described here just for [ipse

completeness Description

= This study allows to determine the variable
affecting the results the most - but just for | »

Local Sensitivity

one “operating point”’ per analysis! payses

Statoh, A (Siat)
= |t is thought to preliminary examine the e e e
model to exclude design variables from an
optimization study that have no or just a
small influence only F o s [T
= Creo Simulate varies (+1%) the setting value | ... ﬂ =
individually for each variable and then just B
computes the s/ope for it at the actual
operating point
Hint. Unlike in the GSS, in the LSS you may
therefore vary all design variables ‘ i
simultaneously! o
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Part A: Used Software Functionality

2. Software tools for analyzing parametric geometry
2.4 Optimization Study (OS)

Optimization Study Definiti X

Name
| zwei_Radien_optim |

= In this study, the defined design variables are
driven within their allowed domain to reach a
certain goal while still defined design limits
have to be satisfied (e.g. stress < 100 MPa)

= An optimization study without a goal (e.q.
“minimize total mass”) is a feasibility study!

= Two algorithms are available:
SQP - Sequential Quadratic Programming
GDP - Gradient Projection

= External optimizers may be embedded

= This study allows to search for the next local
minimum or maximum, which is not
necessarily the global one: The starting point
may be important therefore!

Description

Type
Optimization -

~ Minimize * | |total_mass »
“—

< Design Limits

Measure

Value Units

101.000000 N/ mm'2

Bef

max_stress... =

EQE

Analysis
Zugfall

Loadset

Name
LoadSet1

Component

KERBSTAB_ZRUNDUNC

Current Minimum Initial Maximu...

[+ 10 30 45

Units

degrees

3 1

500 20 40 &0 mm

EEE

Hint. Application experience shows that with
more than two design variables, this study often
does not work very efficient!

Design Study Options

Optimization Algorithm

Automatic |«

X

Optimization Convergence | 1.0 : %

Options...

Maximum kerations

20 : 0K Cancel

E Repeat P-Loop Convergence

E’ Remesh after each shape update

Close
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Part A: Used Software Functionality

2. Software tools for analyzing parametric geometry
2.5 Multi Objective Design Study (MODS)

File » Model Analysis Annotate Render Tools View Flexible Modeling Applications

,ﬁ Analyzsis Qf User-Defined Analyzis @ Mathcad Analysis @ Mass Properties ™ B Geometry Report * E Mesh Surface Sensitivity Analysis

*01

Uy Saved Analysis Bl Excel Analysis Ini| Prime Anatysis £ Short Edge B Draft 3B Dihedral Angle

whiaba (@) Feasibiity/Optimization | 7|

(] KERBSTAB_KONISCH_HALBMODELL PRT
£F RIGHT
7 TOP
£F FRONT
A PRT_CSYS_DEF
por | Ho

LOADCASE_TENSION

—

b/ Performance Monor | 22 TookBased 2 ExtornalAnalysis | 1] Thickness MeR g5 pairs Clearance € Curvature *  Anayats + ] Feasiityoptmizaton
T AR ad o s E

= Probably less known to Simulate users is the MODS, x
since this is part of Creo Parametric BMX functionality Ceotre Fement free
(Behavioral Modeling EXtension) N A

= This study allows to examine a complete design space Eeq con s
with many design variables systematically , Noermon oeines

= To obtain the link from BMX to Creo Simulate, an Emmss o
analysis feature has to be created in the model tree that > Bnocispx  Defed ¥
refers to a Simulate FEM analysis v e

= This analysis feature defines which result parameters [Loavcase Tenson |
(=measures from the simulate analysis) have to be e e
computed by Simulate and recorded by the BMX MODS e e

= The obtained parameter results for the complete design e
space can then be evaluated by various table and graph Resdony
display functions to better understand the model —
behavior v X e
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Part A: Used Software Functionality

2. Software tools for analyzing parametric geometry

2.5 Multi Objective Design Study (MODS)

Setting up a MODS:

1. Create a new study (File > New) and enter a
study name (never change this name later!)

2. Create the master table (Setup > Variables/
Goals) and define all design variables with their
domains as well as the design goals (=Simulate
measure results) you are interested in

3. Select the Sampling Method (usually Automatic)
4. Compute the table (Setup > Compute/Expand)

by entering the number of
experiments to generate
(often more than 1000
may be required!)

5. Wait (e.g. 4000 notch
samples need 8 hours
to complete)

Multi-Objective Design Study

File able Record Tools Option

Master Table

Sampling Method Automatic

Design Variables

Breite:KERBSTA... 1.000000

rho:KERBSTAB_... 0.050000

WoE X

Diesign Goals

Max
20.000000

40.000000
0.950000

MAX_STRESS_WM:LOADCASE_TENSION

Cancel

L'} =
neDE ! BE B
e Select Goals
| DS_KONISCH_4000
Table Tree 0K
Record:
[E] MASTER_TABELLE 4000
¥ [E vM_100_101_MpA 647
Bl VM_MIN 1
Table Data
Name: MASTER_TABELLE Records: 4000
Record # MAX_STRESS.. Hoehe:KERBS.. Breite:KERBS.. rho:KERBSTA..
0 101.759200 41.000000 20.500000 0.500000

1 100.065400 60.500000

10.750000 0.725000

WL
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Part A: Used Software Functionality

2. Software tools for analyzing parametric geometry
2.5 Multi Objective Design Study (MODS)

Evaluating a MODS analysis result:

CTUGFALL

M

MAX _STRESS

Derive Table (MASTER =

Study the table result data with all the single R ’
experiment data (Table > Show Data)
Derive new subtable(s) using constraints
- define min/max values of the goal(s)
Derive new subtable(s) using Pareto method
- minimize, maximize or exclude goal(s) E— _
Derive 2D-Graphs (Tools > Graph Study) o ST TR | e RS KOS
(unfortunately, no 3D graphs are supported)
[20. 00 : ’ ‘ ’
] CEn o o Co o Selections.
1500 2 .2 %o s e mmas fonSers hamooeLs
| o o 0o o o o e ® P i——
], ° % Graph example that ] % g{igooioogogaﬁbgo Of@;gg‘i@%q = close
114 00 _| ° allows to judge about 20— %o%@)&og G258 Bo 828 Fow o,
1 o <v© : : fi T 202 e 068 202 o, OB 22 34, 08 0,2 P08
_— g o possible min. stress limit  n.uw_{o®g Baer
N g¢s o ° curves that can be — %%%08@00309% Graph example that shows
Fre. o0 03 o R Obta|ned W|th a certaln I __ C%Qc}b%ocgzgg%‘i Samp“ng pOIntS dlStI’IbUtIOn
10500 _| N notch dimension in 2000 — @@%& Zﬁfg%@oé for the design variable domain
o] 290 %% general 15.00 ] Oocgg;’:@f;gggﬁ (automatic sampling method)
o N ° o 9RO T =0 152 & o2 B0 S B P, B 0 A L
10400 _| 0Pl %Ooo 0 S, oﬁo@%ogo@ttégg@@ o000 = ngcﬁ%f@?% Q%;&i&)ﬁéﬁ%%&? %gi@
] &6 Sopin® T RO PO G e S B2 o, G0 o
62 00 _] ‘ o g 5,00 %%&cﬁp% O%®§Q%§%OOQ®O&O%DOB%O®QQD
19000 _| 0,00 o', oe%tbocp%o@&oo%@&oo%oocp @%@o@ o,
O.OGI é.DU B‘lrﬂé(i;?elﬁ-oo 210.00 !?5 (]I(] %D.UIO SS.OID 50.00 O.DDI I!D.UIO 50.(H)éeh%0.0:) 50.00 E!SO.DID l!D.DIEI %D.OE) é0.00 aLTRan



Part A: Used Software Functionality

3. Software tools for analysis speed and accuracy control

3.1 p-FEM Mesh: Auto-GEM controls 2

Goal: Big radius size

changes may

= Stress results have to be very accurate for w1« lead to unwanted
each notch size to draw smooth sensitivity mesh

graphs for the complete domain

First Approach:

= Use surface areas and edge distribution
AutoGEM Controls to obtain undistorted
quad elements

= |t turned out that if the geometry changes
heavily during the sensitivity analysis,
elements will distort and a new, often
unwanted mesh appears

Chosen Approach:

= Mesh the most interesting part of the
geometry just with smaller elements, no
attention to triangles or quad elements

= |n addition, use advanced SPA controls
like described next slide

Edge distribution

Just smaller AutoGEM control
elements and cannot be
reduced allowed parameterized!
element edge
g angle domain and

e aspect ratios (1:3)
. 8 are better to reach
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Part A: Used Software Functionality

3. Software tools for analysis speed and accuracy

3.2 Convergence settings for sensitivity analysis

control

Goals:
= Stress results have to be very accurate

Analysis speed has to be fast even though,
since a huge amount of notch sensitivity
studies have to be performed in limited time

Approaches to reach the goals:

= Use 2D models where ever possible (plane
stress, plane strain, axial symmetric)

Do not use the accurate, but relatively slow
multi-pass adaptive (MPA), instead use single
pass adaptive convergence method (SPA)

xS

Static Analysis Definition

Name:

|zugral

Description:

[T] Monlinear / Use Load Histories I
Constraints
[[] combine Constraint Sets
Constraint Set / Component

nertia Relief

| m ConstraintSet1 / KERBSTAB_KONISCH_HALBMODELL

Loads
Sum Load Sels
Load Set/ Component

| m LoadSet1 / KERBSTAB_KOMISCH_HALBMODELL

Excluded

C
onvergence  Output e

Method
Single-Pass Adaptive

Localized Mesh Refinement Check Contact Force

gl ore Interpenetration Larger Than: | o

mm

| Advanced Control...

Maximum Stress

Advanced SPA Convergence Con... X

[wf Use Advanced Controls

Error Target

E

Use advanced SPA controls to decrease the
local RMS stress error from default 8 % to

values <<1 % near the notch surface

Remark:

The RMS stress error is the max. difference between direct (raw)
element stress and smoothened (superconverged) stress
[Zienkiewics, Zhu 1987]

Mz Size:3 [mm]

Points, Edges, Si

Local Stress Error

| 9%,

urfaces, Components

Edge
Edge
Edge

Local Stress Err

or Target

0.1

| oK

| %

Cancel
I |
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Part B: Application
Notch Stress Decrease due to the Variation of Geometry
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry

1. Model of the Cross Section Change used for Notch Examination
1.1 Geometry Description

d=10mm

H=200 mm

S Sy

D/2=100mm  9AlTRaN




Part B: Application - Notch Stress Decrease due to the Variation of Geometry

1. Model of the Cross Section Change used for Notch Examination

1.2 Normalization of Dimensions

= |n order to create dimensionless
diagrams, the model dimensions T
have been normalized d*=d/d =T =il=

= All measures are related to the web
thickness d=10 mm

= |t will be shown later that D* and H*
are large enough to have worst-case
notch stresses. Smaller values,
especially for D*, usually lead to a
notch stress decrease

= |* was arbitrarily chosen to be 10: It
just has to be long enough so that
the load introduction point is far
enough away from the notch;
therefore it is subsequently not
further taken into account

= For non-circular notches, the
normalized notch height is named
h* = h/d and the width b* = b/d

H* = H/d = 20

D* =D/d = 20

adlLTRan




Part B: Application - Notch Stress Decrease due to the Variation of Geometry

2. Range of Validity

2.1 Load Cases and Geometry Models

Analyzed was just the tension load for 2D plane stress, since it turned out
this is the worst-case condition for the examined cross-section:

= Tension creates higher notch stress than bending:
Bending is less critical

= Notch stress for the 2D plane stress condition is always higher than in
the state of 2D plane strain or rotational symmetric case

= Tension creates higher notch stress than torsion in the rotational
symmetry-model: Torsion is less critical

f? Mg r‘\‘TI\/IB
7

e

Plane stress model Plane strain model Rotational symmetric model

> alLTRanN

M
0




Part B: Application - Notch Stress Decrease due to the Variation of Geometry
2. Range of Validity _ o
2.2 Width Sensitivity Width D* = 20 chosen sufficiently large
- Almost no further influence on notch stress

Stress concentration factor K, for pure tension
Plane stress, notch with one-radius-curvature

2.9
2.8
) 2.7 —
'/ 26 / ......... R*=0.2
.- S S L e e R* =0.5
2.4
2.3
2.2
2.1

T ——

2 ; H =20 |
19 -

1.8
17 ,
16

1 5 T e e e e o e e e

1.4
1.3 =
1.2
1.1

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
D*
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry
2. Range of Validity _ N
2.3 Height Sensitivity Height H* = 20 chosen sufficiently large
- Almost no further influence on notch stress

Stress concentration factor K, for pure tension
Plane stress, notch with one-radius-curvature

2.9
d*=1 2.8 ——
""""""" 7 L
2.7 / R*=01 |
26/ . .
’ 5% L e e e R*=0.2 |
x=100x > ---R*=05 | _
. e 2.4 f — . =R*=1.0 ::
i ' — - R*=20 |
D* =20

P e TN T T o P e P e P T T TP T P T T T P

1

[}
D* =20 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

H*
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches
3.1 Overview

Six different notch shapes have been examined:

1. One-radius-fillet as “state-of-the-art”
2. Two-radii-fillet
3. Baud-fillet (R.V. Baud)
4. Method of tensile triangles (C. Mattheck)
5. Standard elliptical fillet
6. Conical round as generalized elliptical fillet
\ ° 5 4,
-
\\ )
\ i 30.00
xk
L T

20000 —

T X =2Csin?—

] T
Y = C[]ogtan (-—~+—)—sfn 6]
2 4

adlLTRan



Part B: Application - Notch Stress Decrease due to the Variation of Geometry |

3. Examined Notches i
3.2 One-Radius Fillet

?{— 5.00
= For one-radius-fillets still notch stresses remain h—————
= E.g. radius 5 mm, normalized tod = 10 mm > R* = 0.5: 1
Outer fiber tension for one-radius-fillet, R=5 mm, d=10 mm
160.00 I

g0 ane stress

= ) Pure tension

E 100.00

“»n 80.00 -

E 60.00

E 40.00 -

2 20.00 - k

0.00

Curve length [mm]

= Exmined radius domain: 0.1 <R* < 5
= Minimal K, = 1.05 forR* =5

0.00 50.00 100.00 150.00 200.00

adlLTRan



Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches
3.2 One-Radius Fillet

Stress concentration factor K,, one-radius-fillet

2.8 D*=H*=20
Plane stress
2.6 Pure tension

2.4

2.2

1.8

T

1.6 \

1.4 N

R*

adlLTRan



Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches
3.3 Two-Radii Fillet

This notch type uses a large
radius R at the web joined to a
small radius r at the base with
tangent transitions,
respectively

R has the dominant influence
on the web notch stress
- choose R as large as
possible

For size reasons, R only
prevails for a small angle,
eg.3<ux<10°

(horizontal line as starting
point)

r and o« are adjusted in order
that radii transition notch
stress does not increase over
the web notch stress and the
used design space is as small
as possible

R = 200.00

Web notch stress location

- 71T REF = h

b =5.06 REF

Radii transition notch
stress location

T

Radii R, r and angle «x are
varied (height h and width b
of the notch geometry only
as reference dimension!)

adlLTRan



Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches
3.3 Two-Radii Fillet

Alternatively, sensitivity
studies with a different sketch
set-up have been performed:
Height h, width b and angle
of the notch geometry are
varied; radii R & r only as
reference dimensions

This method of approach is
advantageous if the focus is
on the absolute notch size,
not on the radii to be
manufactured

Subsequently, we will first
show some results for this
set-up

R = 107.80 REF —

—

P

—_

—

—_

F = 372REF /

500 = b

<
i

adlLTRan



Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches

3.3 Two-Radii Fillet T BT T
= For a two-radii fillet, in relation to the needed L
design space a much better stress reduction can 57848 REF — 2o

be obtained compared to the one-radius fillet .-
= Avery good example with Ki=1.0042 is depicted - i

here:

100416
41999 Outer fiber tension for two-radii fillet, h=50 mm, b=16.2 mm, a = 3°
878639

Model 1.004E+02 £1.5880 110
753120
89.0361 100 —_ /\
827601 20 \*-.. C
56 4841 E 80 —— \
50.2052 = \
43,9327 — 70
376563 o 60 \
313803 E \
25,1043 o 50 \
18.8284 K] -

E+02 g s 40 d=10mm \
' c D =H=200mm
6.27645 o 30 \
0.00049 > 20 Plane stress
Pure tension \
10 <
0
Curve length [mm]
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches
3.3 Two-Radii Fillet

= The following diagram exemplifies the stress concentration factor K, for
a notch height of h*=5 (variable are b* and )

Stress concentration factor K,, two-radii-fillet, h*=5

2 H N I O R L
'..‘ —oa=3 |
1.9 —--a=4 [
1.8 “‘ -=—a=5 |
- ',-: et o e e e e e e i - s (1:6 E
e em—— 0909 9 _ ]
17 N5 ——--a=7 |
N A I O O A B
: \‘ N Y Y N Y
1.6 \{\"._.\ D*=H*=20 E
NG E.g. lowest Ki: Plane stress |
¥ 1.5 Sy x= 3; b*=1.62; Pure tension |-
NN corresponds to:
1.4 e R*=67.848; r*=1.529
Q% 2>K=1.0042
1.3 AN (see previous slide)
S
N
1.2 NN
W
1.1 SN U= TT
1 Theinal P - -_— g% N e T
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches
3.3 Two-Radii Fillet

= The following diagram exemplifies the stress concentration factor K, for
a nhotch radius R*=50 (variable: r* and )

Stress concentration factor K,, two-radii-fillet, R* = 50
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17 \\- ‘\\ ------- (126 E
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. . 5\ - - ||
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches
3.4 Baud Fillet

= [Baud, R.V, 1934] recommended to use the shape of a free jet of water
with the equation given below, proposing C=d/1t (note log = In)

= This is a curve described in parametric representation with the control
variable 0 as angle of the curve to the X-axis

= This can be easily coded in Creo Parametric, which expects a parametric
representation in the curve equation editor

= Here, tis used as control variable 0 <t < 0.9999 to generate the curve

= 1 as upper limit (= 6=90°)
cannot be used since then Y
approaches infinity

w Relations

Mo g -0 BDEH A
N x=ce2(sinronmyp2
_ | y=crtndtan(es0mz)+ (180043 -sinct=20})
. z=0
£
~ 0"
K —=2.C-sin2(®

o ., X=2-C-sin (7)
[l ‘e,
- ", Y=C-|In(tan(3+T)) —sin6
= . 271

‘0

K4

Z=0
%3 | cartesian v|| Equation.. | From|0.00 v/ To 0.9889] v With: 6 =1t-90

X =2Csin?—
2

] T
Y = C[logtan (H-i——)—sin G:I
2 -

p Local Paramsters

C= % acc. to Baud

0K Reset Cancel

cs0
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches
3.4 Baud Fillet

To obtain a smooth transition to
the web after t approaches
0.9999, a tangent constant radius
of R=1000 mm was added

C reflects the width b of the

notch. It was therefore regarded
as design variable and was varied
between 1 <C<6

After normalization, we obtain
b*=C*=C/d=0.1...0.6

For the Baud recommendation we
have b*=1/1r=0.3183

The notch dimensions shown right
reflect the ideal dimensions found
in this project (b*=0.492):
Smallest notch size with K;=1
(exact value 1.00046)

C=492mm=>b

' ! B R e =
L o £

' =— 100000 N

LN

T[m T T} -------------------- S

__—Baud curve length
=43.0931 mm
(for t=0.9999)

PRT_CSYS D y

41.5834 mm

h=
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches
3.4 Baud Fillet

= Notch analysis results

Von Mises Stress Von Mises Stress
b=C=4.92 mm b=C=d/m=3.183 mm
Outer fiber tension for baud curve Best solution found Baud recommendation

130 100,046 127.643
,‘I ‘ 92 9000 119 665
120 7 P — 86 7747 111688
e | 80 5495 103.710
" 1 D00E+02
- 74 52472 957322
110 By -
Pl A 68 3989 87 7546
4
100 ] || 62 2737 797769
56 1484 717993
50 0231 638216
_ 90 ||
= 43 8979 558440
o 377728 47 8663
E, 80 I 316473 “““““ 305887
n c 255231 319110
2 70 — £ 19,3968 23.9334
" ~ 132715 15.9557
9 60 < 74627 797809
K Q 000012 000044
<
= 50
c
S
40
30
20 || o—C =492 mm
10 | ===-C=d/m=3.183mm 1 2765402
0 | —
0 50 100 150 200
Curve length [mm)]
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches
3.4 Baud Fillet

= |t can be observed that no other notch shape keeps the outer fiber stress

so close to the nominal stress along the complete notch length like the
optimized baud curve:

Original and optimized Baud curve in comparison

13 I I O O R
'-1 | I I | [ 1 | 1
'.' t‘ 6 =89.991° .
y 1 = tpax © 90° H
w 1.2 7 v =0.9999 *90° [—
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4‘;; ! [ |
= ‘l' 1
L 11 :
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~ e’
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E 1 — %
s ' — \
W
]
2
+= 09
s
©
o
E |
O 08 — Optimized Baud curve, b* = C* = 0.492
. === =(0riginal Baud curve, b* = C* =d*/m=0.3183
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches
3.4 Baud Fillet

= Stress concentration factor K, as function of the normalized Baud curve
width b*(=C*) for dimensioning

Stress concentration factor K,, Baud fillet

25

D* =H*=20
2.3 Plane stress
29 Pure tension

2.4

—”'

e
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1.8 \
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1.5

Stress concentration factor K;
/

1.4
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches
3.5 Method of Tensile Triangles

Mattheck recommends
» Three/ Four isosceles triangles
=  First triangle: 45°

= For the following triangles the angle is bisected (22.5° 11.25° etc.) and the starting
point is the middle point of the hypotenuse from before

= To avoid high singular stress at triangle transition points:
— Manually put a spline over it - tangential transition in tensile direction
— Or use one-radius fillets as large as possible = tangential transition in tensile direction

[VORGERENSWEISE Adverse:

s ®@ = Construction in CAD program is
oo problematical

= Spline is individual and unhandy
@ & = Several one-radius fillets result in an
irregular contour
/

= 45° corner at the bottom: Singularity!

According to Mattheck: “This location is
not critical.”

A/

€= ZUGRICHTUNG =)

4

g

d/2=5mm

LTRanNn
Sketch varied from [Mattheck, C., 2006] d <




Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches
3.5 Method of Tensile Triangles

e (111454
200.000 200.000
186.429 186.429
6.50 172.857 172.857
159.286 159.286
145.714 145.714
132,143 132.143
118.571 118.571
| 105.000 105.000
91.4286 L 91 4285
77.8571
542057 77.8571
50.7143 64.2857
37 1425 50.7143
235714 871429
10.0000 23.5714

10.0000
0.00154

0.00429

PRT CSYS DEF

With 45° corner at bottom: With applied one-radius
Singular peak stress! fillet (1mm) : K, = 1.1
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches
3.5 Method of Tensile Triangles

35

T QOuter fiber tension for Tensile Triangles
220 : : :

650 i . .
——Tensile Triangles, with 45° notch,
200 singular peak stress
180 —Tensile Triangles, 1 mm radius at

r & Spline
: b — 160 bottom AMith A5 crorner At /hotto
é:.' g "-I\I L4 CUTITUT AU T U LCLuUTIdD
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T n
=0 Q
) 2 100
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches
3.6 Standard Elliptical Fillet

= For the standard elliptical fillet,
the two semi axes are always
parallel with the web/base,
respectively

= So here, the notch height h and
notch width b always reflect the e
semi-major and semi-minor axis
of the ellipse:

5.00

adlLTRan




Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches
3.6 Standard Elliptical Fillet

760

Curve length [mm]

100600 . . . . 60.00
o4 212 = Also with th_e elliptical fillet type low K,
88.0247 can be obtained (here e.g. K, = 1.006),
S but the utilization of material is by far
69.1624 not as good as with the Baud fillet: 1
62.8750
565875 QOuter fiber tension for ellipse h*=6; b*=0.76
50.3001 105
44.0126
37.7252 100
314377 *‘H\\ n
251503 95 N
18.8628 = 00 N
T~
12,5754 a \
628793 Z 85 N
0.00048 A \
¢ 80 N I
5 75 \\
§ 70 \ /
c AN
: ~ /
~—"
60
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50
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches
3.6 Standard Elliptical Fillet

= The following diagram exemplifies the stress concentration factor K, for
a couple of normalized notch heights h* for dimensioning

Stress concentration factor K;; elliptical fillet

2
h*=1.5
1.9 Lowest K, of this ~ |———————+&n— h*=2.0 B
18 diagram: e
: K, = 1.006 ~ -
h*= 6, b*=0.76 ===-h*=3.0
1.7 i i —
(see previous slide) — . h*=6.0
16 Best designs / | B
: are here! / e One-R* fillet
¥ 1.5 / 7l — ' -
/ / D* = H* =20
1.4 Elliptical fillets equal Plane stress -
: 3 \( v one-radius fillet ! Pure tension
1.3 N / o — L —
1.2 — v — ~— .
- : = \ S
1 1 '.. | __—-—"'_-""-——-—- ................................. \
) L —"ﬁ;é --------------------- B S S O O e —
! T
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3

b*, R* for one-radius fillet

adlLTRan




Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches
3.6 Standard Elliptical Fillet

= Why do the curves have a sharp bend?

Stress concentration factor K;; elliptical fillet

125422
2 117,583 111661 : :
109744 104,682
101.900 97 7033 h*=1.5
840669 90 7248 —
862282 || 105668 || B
1.9 o 15 as o 83 7459 | i N
20 5508 924595 TEFET2 1l | sssssss h*=2.0
1120 85 8554 59,7685
| 792513 | | 52 8008 H
18 ij i;iz 726472 558311 h*=3.0
66 0431 -—- ¥
291959 O 48 8524
313571 418737
17 235184 || Ee02 j; iizg B 34.8950 ® —
156797 30 6268 279183 — h*=6.0
7.84095 330227 209376
1 6 0.00222 26 4188 13.9589
. 54402 B 198145 [ . |
. 122104 699020 e One-R* fillet
o 0.00150
2_, 1 5 000228 | |
. 105TE+02 i I
— D* = H*=20
Plane stress
14 ' -
// Pure tension
J
13 NG —
f
\ —_____...—-
f
1.2 e -
/ ___,....-——"""" .........................
.....
—-____...-—-' TS

11 3 — PP TTY L i o s A P —————

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3

b*, R* for one-radius fillet
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches
3.7 Conical Rounds as Generalized Elliptical Fillets

= The conical round is a standard
feature in Creo Parametric

» |t is defined as follows:

— Line segments PR and QR are tangential
to the ellipse at points P and Q

— The line segment RM = a+c touches
chord PQ at its midpoint M

— Point C is the crossing point of the
parallel line tangential to the ellipse
with RM

— Rho=a/(a+c) determines for the conical
bow segment PQ the shape of the conic
section

— In our special case depicted right, if RP
and RQ are perpendicular to each other
AND exactly reflect the major-semi axis
h and the minor-semi axis b of the
ellipse, we have rho =2 -1 =
0.41421...

—  For other values of rho see next slide
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches
3.7 Conical Rounds as Generalized Elliptical Fillets

= For our special notch case with PR = h and
QR= b we conclude below:
— rho > 0.41421: “slim” fillet
— rho < 0.41421: “fat” fillet

—  The parameter rho therefore seems to be an ideal
additional control to further optimize our standard
elliptical notch (having rho = V2 — 1 fixed)

—  For better understanding, a more general case example
is shown right

130.25 REF

10388 REF

Remark:
In Creo Parametric, rho values between 0.05 and 0.95 are supported

#PSIGN_SKETCH_RHO 1

\\
\\
1041421 rho
\

HICAI _ROUND
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches

3.7 Conical Rounds as Generalized Elliptical Fillets

= Alternatively, instead of changing rho of the conical round we could
tilt the semi axes of the ellipse and vary their dimensions

= However varying rho is easier and more stable (feature dimension)

rho = 0,2 rho = 0,5

adlLTRan
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry
-
3. Examined Notches
3.7 Conical Rounds as Generalized Elliptical Fillets tho L
070
= The conical round allows very low K, (here e.g. K, = 1.0006) h
for bigger h* and utilizes the material much better than the |
standard elliptical fillet
1
1 001E+02 10016102 Outer fiber tension for conical round, h*=6, b*=0.825, rho=0.7
9.381e+01 110
8.756e+01
8.130e+01 100
7.505e+01 “"'--.\ /\
6.880e+01 = 20 o’
6.254e+01 % 80
5.629e+01 —
5.0036+01 @ 70
4.3786+01 g \
< 60
3.752e+01 : \
3.127e+01 g 50
2.502e+01 E \
1.876e+01 c 40
1.251e+01 g 30 \
6.254e+00 \
§.4446-05 20 \
10
0 10 20 30 40 50 60 70

Curve Arc Length (mm)
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches
3.7 Conical Rounds as Generalized Elliptical Fillets

The following diagram exemplifies the stress concentration factor K, for

a very small normalized notch height of h*=1.5 for dimensioning, for
comparison with the one-radius fillet

Stress concentartion factor K,, conical round, h* = 1.5

35 . . .
. Too slim fillets (big rho) | | | | [ [
'\ have higher stresses than B*=H*=20 —p=041 — - p=0.5
. - || the one-radius fillet! Plane stress == p=06 e p=0.7
3 My ; Pure tension | | ===-- p=0.8 —-=-p=09 B
S One radius fillet
e
~.—
2.5 Bt e rey
Lowest K, of this diagram: T —
o K, =1.042
2 h*=1.5, b*=0.625, rho=0.5 One radius fillet with
\ R*=1.5 (K;=1.173)
15 N Sy
DN EE T W e
\ ...................................
: ..._..__..__'.-=—.!-—---——-—--...---.:-_-
1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
b* for conical round, R* for one-radius fillet
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry

3. Examined Notches
3.8 Notch layout library

= Further considerations show that it is possible to draw condensed
diagrams summarizing the ideal notch dimensions for each notch type
to reach a minimum possible K, (approaching 1)

= The resulting notch layout library allows to quickly design the best notch
for the actual K, value needed without additional, time-consuming and
expensive FEM-analysis, just by reading out the necessary dimensions
b*, h*, rho, R*, r* or & from the suitable diagram

I Size b* vs. rho of conical rounds with h*=6 and lowest possible K,
Strews concanation tacter Wy twe rodd filet, h*s 1 1.007
D*&N*=20

Plane stress
| Pure tension 1.006

S

-
.
e,

06 065 o7
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry

4. Result Comparison
Notch Shapes and their Efficiency

= The standard circular fillet is very inefficient: Very huge R* are necessary
to obtain K, approaching one

= The Baud curve is clearly the best shape from the efficiency point of view,

closely followed by conical rounds with rho>+/2 — 1 and then standard
elliptical fillets

= Surprisingly, with the exception of the Baud curve probably, there seems
to be no ,ideal” solution for the notch shape (e.g. a certain “ideal” semi
axes relation for the ellipse or a preferred rho for the conical round): The
best solution depends on the priority (small h* and/or b* and/or K))

= For the Baud curve itself, the theoretical difficulty is that the curve has to
be “cut” at its end (e.g. after 6=89,991° like in this presentation) and
rounded to prevent a singular location (=edge<180°). This also effects its
length along the web and slightly the local stress there

= In general, if K, > 1, then all the notches become very size sensitive: A
further small decrease in K, often means a significant increase in fillet
size; furthermore, the FEM results appear to be more sensitive to small
numerical disturbances
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry

4. Result Comparison
Notch Shapes and their Efficiency

= Size comparison of some very good

solutions found

(for H*=B*=20) i fillet envelopes h* x b*
[Notchtype [ No.[ h* b* R | ol1 | rho K,
One radius fillet 1 - - 0.5 - - 15257 | | 5
One radius fillet 2 - 5 - ~ [ 1.0544 - |
Two radii fillet 3 5 1.62 - 3 - | 1.0042
Baud fillet 4 - loa92| - - - |1.00046
Standard elliptical fillet] 5 6 0.76 - - - |1.00608
Conical round 6 6 0.825 - - 0.7 |1.00064 ‘

[
Bt
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Part B: Application - Notch Stress Decrease due to the Variation of Geometry

4. Result Comparison
Notch Shapes and their Efficiency

= Size comparison of some different
notches, all with K, =1.05

(for H*=B*=20) fillet envelopes h* x b*
One radius fillet 1 - - 5 - - - |1.0544 | BT
Two radii fillet 2 - | 30 o6 8 - |1.0498 : :
Two radii fillet 3 3 1.16 - - 6 - 1.0495
Baud fillet 4 - 0.45 - - - - 1.0531
Standard elliptical fillet 5 2 |0.725( - - - - 1.0491 b
Conical round 6 1.5 ] 0.6 - - - 0.5 |1.0484 L
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~ INNOVATION MAKERS

Thanks for your attention!

For any questions or services,
please contact the authors under
roland.jakel@altran.com

g
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Part C: Appendix
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