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ABSTRACT

The purpose of this project is to research about engineering design by using
sheet metal bending process as a case study on effect of parameters and use
engineering statistics to analyze and find interaction and significant parameters
Abaqus is an FEM numerical simulation software. Minitab is used to analyze data and
design of experiments. From the experiment and analyze we obtained the equation
that is close to the bending force equation appeared in manufacturing processes

textbooks.
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1. fwualiianildidu Aluminum 6061-T6 uawiiwgRnssuuuu Elastic perfectly-

plastic
2. Fsgvinaluresndsliiinns Springback

3. wgAnssuvestanlutig elastic lWulumunguesgn (Hook's law)
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- Die Edge Radius 2 - 10 HNadung

- Punch Edge Radius 2 - 10 diadLuns
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- Sheet Thickness 2 -4 Jaguns
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2.1 nszulUn1IsAngalanzueiu (Sheet Metal Bending Process)

Tavwusiu (Sheet Metal) vaneds Tavsuwnulnevaluiifiarumunlaiiu 3/16 dvde 4.8
fadums dvunuinnand Bendt mdnusy druanuniauazaueniduliegratsving
wnaifenldfunnludeding fie 36x96 i1 uaz 48x96 2 30 3x8 1in uaz 4x8 WA
Tavzunulneylunvemudssinnvaslangld 2 wiin Ioun Tangusuidumin (Ferrous
Sheet Metals) waslavizurudilaldmngn (Non-ferrous Sheet Metals) Tansuduiildlengn
Wulavgusiulifindnsauey Tanzwsudssinnillideandevidostuaiuurognsla Adex

Tiumnlusulansuniu loun uiuvauas wiegiiiey wiudingd Wudy
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1
v =l

lavzwriulpoinnauta dail
1. Yaniinginssuluuuvdangu - wanafnegrsanysal (Elastic-Perfectly
Plastic)
2, ammnutuvasTagiiewiniy 2770 kg/m”
3. AuAugAAsIN (Yield strength) lyinnu 200 MPa

4. PNAILLSIANEaER (Ultimate tensile strength w3 UTS) Wiy 254 MPa

2.1.1 wsiuegiiiiley (Aluminum Sheet)

2
wa ot ° v I
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o =2

UNULAENDA 3 1N ﬁqﬁuﬁaﬁauﬁ%mLLm'uaqﬁLﬂaum'l,‘z’ﬁmuLt.riumﬁﬂmué’msﬁ (Galvanized
Sheet) funn AuBNASTIUHARSUTgRaMNSU uuegiiluuausoutsnuauvule 2

viia Ao sgiillonwsiunun (Plate) Auagiliflonuniuuna (Sheet) wiuagiifiounldiuiley
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2.1.1.1 insaegiliilou (Aluminum Grades)

saliilvudaaesdluuseian 6 Ao (6061, 6063) Usznaulumiud@dmou was

Y
wuniidey Tuusuaiinanelun1sfusy magnesium silicide  (Mg2Si)  vilianaunsavin
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Asnauls wazarunsaurluadrsaunisnisonneudadu launisldnisiedmsisrining

wUsUTIU

Analysis of Variance for Bending Force, using Adjusted S5 for Tests

Source DF Seg SS Rdj SS Adj MS F F
Die Edge Radius 1 1943323 1943323 1943323 17.98 0.001
Funch Edge Radius 1 1348034 1348034 1348034 12.47 0.005
Punch Velocity i 50119 50119 50119 0.4 0.3510
Sheet Thickness 1 2666069 ©S6660689 ECeee069 E£0.19 0.000
Error 11 1188790 11887390 108072

Total 15 1319633¢

= a <
JUN 2.8 mMsNIATIYANWUSUTIU

Tne#n
DF f® pafLas
SS A9 NATINANAIED

MS fiB NalRABMaIdaY

|a‘ v o @ 4 Ly [~
IﬂUﬂ?ﬂﬂﬁlﬁﬁﬂﬂiuﬂ?iﬂNﬁﬂiﬁﬂUﬂﬁﬂumaﬁmﬂuUiﬂﬂﬂTfweaﬂ Squares

2.3.1 99ALES

Numveayaiannsodillslumsussinurdeya lasansamilaainaunis

Degrees of Freedom = Level of factor — 1 (2.5)
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2.3.2 HasIuNIa9Ey

NasIMA@09 38 Sum of Squares [unsiUSeulisurasMAIdBIYBIUAAYNGY

wazyhbiiumuuansnesEnIenguadiuindesiiisals awisamlaain Contrasts U84

NSWINAUINANEIABIRBLTNANNNNTUN Contrast Taaunismll Ao

Conitristyg.x = @£ DB E£1) -kt 1) (2.6)

WATAIIYT Contrast 184 Main Effect waz Interaction azaiunsavild lneluraduila
ynilovesaunisazlaiuniasunsau Lﬁa’l.maLﬁuﬁuﬁﬁ’aé’nmﬁﬁaaagwé’a Contrast wu

L57994N1511 Contrast 984 AB g lailu

Contrast,g = (a—1)(b—1)(c+ 1) (2.7)

o L
AZVINTIAUNTTI alalu

Contrastyg = abc +ab+c+ (1)—ac—bc—a—»b (2.8)

ANUUYINITVIRAUINANEIAD B9 AB 1A1n

SSap = ;?(Contrast,w)z (2.9)

lnen

n A9 F1UIUNITYINGN
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2.3.3 HNAAYNA9EY
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3.2 Aasevinnuudeusslnelyd CAE(Computer Aided Engineering )

8
=y

wulagldlusunsumslnluddaimus(Computer Aid Engineering: CAE)

L3
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wndenldlusunsa Abaqus ineanwuulnsdiiefisnuudause (4 CAE: ABAQUS 6.10)
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2. fMuadnYaIYBITUNY (LkUY)
Name: Die
Modeling space: 3D
Type: Deformable
Shape: Solid
Type: Extrusion
Approximate size: 0.1
Dimension: 0.02 m x 0.01 m

Depth 0.04 m

Die radius: 0.002 m
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£ Abaqus/CAE 6.10-1 [Viewperk 1]
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4. FvundnuazYetuIY (Fanm)
Name: Punch
Modeling space: 3D
Type: Deformable
Shape: Solid
Type: Extrusion
Approximate size: 0.1
Dimension: 0.02 m x 0.01 m
Depth 0.01 m

Punch radius: 0.002 m
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5. fvuadnuazvestue (Miausiulany)
Name: Pad
Modeling space: 3D
Type: Deformable
Shape: Solid
Type: Extrusion
Approximate size: 0.1
Dimension: 0.02 m x 0.01 m

Depth 0.04 m
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6. FmundnuzYB TN (Wiilave)
Name: Sheet
Modeling space: 3D
Type: Deformable
Shape: Solid
Type: Extrusion
Approximate size: 0.1
Dimension: 0.02 m x 0.002 m

Depth 0.08 m
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nsldaaantfves wiwuy, fng, Mdausulans
Name: Steel

\ian General>>Density

antuldan Mass Density = 7700

\@an Mechanical>>Elasticity>>Elastic
niduldmauauiivosiuaudsd

Young’'s  Poisson’s

Modulus Ratio

200E9 0.29
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Name: Aluminum

\@en General>>Density

91ntiulden Mass Density = 2770
\d@8n Mechanical>>Elasticity>>Elastic
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Young’s  Poisson’s

Modulus  Ratio
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@8N Mechanical>>Plasticity>>Plastic
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Yield Plastic

Stress Strain
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8. msmmua Section WerhAmantRlUldluguny

\d9n Create Section

o (YN ny a g
m‘m’mumﬂmauumawumumﬂu Steel
Name: Steel Section
Category: Solid

Type Homogenous
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\Bon Continue>>Material>Steel wainm OK
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Name: Aluminum Section

Category: Solid
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26

3

9. msthanautAanimuallldluiuam
nslanmanURTuauny Steel

\don Assign Section

Lﬁeﬂ%umuﬁﬁax‘lmﬂﬁﬂmﬁuﬂa>>Done>>Section>Steel Section wana OK

& Absqua/CAE §.10-1- Wiodel Detabase: DAThesiscon Viewport 1] s - A A oo iCHONSCH
Fﬂzkuudvwxmmms«mﬁnﬂnsmaswwwwzm%smuﬁv - 8l
LSEe b« BEA A "5 g BT FO L2 O
ey MR-
[¥ Modek: |Model-l |+ Part: Die el

5 Meodel Database ~ -
= 48 Modeis 1)

= Magehl

% iy Pants (4)

# B2 Materials (2)

- & Sections )
Aluminum Sectiq
Steel Section

#* Profiles
3 assemoty
& ofk Steps (1)
O Field Output Red
Be History Output
[ Tiene Paints
B ALE Adaptive
T Interactions
T Interaction Properties + /
H Conact Controls et
1 Contact Initiskzations 'd

o] Constraints e

{ Connecter Sections. 1,
+ J Felds [l oy,

[ Amplitudes ”

i A

s BCs ;.1‘ $ e

[y Predefined Fieids el

|
| By Remeshing Rules 4 M‘x\mmmmkmmgnmuw
|E] The model databsse "D “Thesis.cse® has been opened

o

31] #i 3.12 MegumsihauautAndmualiluldluguay
] Gy a "

msldnaautAduauniu Aluminum

\@on Assign Section

idenTusundesnisldnaandi>>Done>>Section>Aluminum Section ua2na OK



27

& Abagus/CAE 6101 Di\Thesis.coe [Viewport: 1] G 5 Al i
B Fle Medd Viewport Yiew Mutgrial Secton Profile Composite Amign Specis] Festure Took Plugins Hep X7 o 80
LDEEME e« HA (R HewOW@E 90 0 LR O

23 Propenyecios Ml v ‘D ORI
5] Model Database M=
=48 Models (1)

g

Mogeid
l @ [l Parts ()

- Profies
+ A8 Assembiy
#ofh Steps (1)
%= Fild Output Requests
Bp History Output Requests
[ Time Points.
flo ALE Adaptive Mesh Constraints
T Interactions
B Inteaction Properties
i contact Controls
1 Contact Initiskizations,
#]] Constraints
& connector Sections
+ F Fiekds
[ Ampitudes
L Loads
& ocs
s Predefined Fieids
B Remeshing Rules -
D The model database ‘D “Thesis cae’' has been cpened.

UM 3.13 Medrndsainnsldnuauiilufunuu

10. MsUsnevunuieanuuuly
\Wasu Module Ju Assembly t&en Instance Part
Type: Dependent (mesh on part)
\den Auto-offset from other instance

A o v ° o 3 %
ﬁ]r]ﬂuuLaan’ﬂu\i']U'V]mE]Qn’]iu’]u’]ﬂ'igﬂalﬂﬂan"ﬁ Import part PUNULYIUT wanm OK



28

& Abequa/CAE 6.10-1 - Model Datebase: DA\Thesis.coe [Viewport: 1] PR —
B Fle Moded Vieot Yiew Jostance Comatsint Featyre Jools Plug-ins Hep W
LEE™ Be <N HA (Rl He O @90 0 &2 0

3 assemydeoots v [{ v cpan o R0

[Waodel | Aeselts Module Asmemsly v Modeh Modell v S btal [+
| &8 Model Datsbae oz
| = B Medels 0)
& Mode]
| FRrw®
+ Die
+ Pad
+ Punch
+ Sheet
+ 05 Matensls 2)
+ & Sections @)
# Profies
| =B Amembly
| # [y Instances (4}
P Position Constramts
# & Festures (1)
by sen
i Sursces
B Connector Assignments
4 @ Engineening Features
% offh Steps (1)
O Field Output Requests
B History Output Requests
[ Time Points
e ALE Adaptive Mesh Constraints
T Interactions
B Interaction Properties
i Comtact Contrals
m The model database "D:“Thesis.cae” has been cpensd

[

AauNSUTENBUTUINULIISeTU LSIRBINIRIMUA Surface YDITUNULAAETY LB IRINERD

nsiSenleanu

P
1UN Model>Surface
ANSAYUA Surface YBAUUWUU

. . < “a 1 =J
Name: Die Top>Cont|nue>LaaﬂN’J‘UENLL1JLLU‘Lmﬁ’eNﬂ’1‘§



& Abequs/CAE 6.10-1 - Model Datebase: DiThesis.coe [Viewport: 1] o i - T — = @ &

@ fle Modd Viempot Yiew [teacton Comtmnt Copnector Specisl Festyre Ioos Pugim Hep A7
LFE™ PN EBA M LI/ B9 §0 D O

% amersyotaots =+ D 0 70T
[Model | Results Moduie Inteaction [v| Mode: Modell v Step: Make Contact v

| €5 Mode Database e
| = 48 Models a)
= Model-]
# [y Ports (4)
| # [ Matenials ()
| # % Sections ()
| - Profiles
| ~ A Assembly
+ [ Instances ()
# Position Constrants
# & Festures (1)
iy Sets
i

& Connector Asgnments
+ @ Engineerng Festures
+ ofh Steps O)
% O Fiekd Output Requests (1)
# B8 History Output Requests (1)
[y Time Points
fls ALE Adaptive Mesh Constraints
T Interactions
T Interaction Propertes
i Centact Controis
i# Contact Initiskzaticns

«] Constraints A
{ Connector Sections P -
& F Fields = [X] Fifl cut the Create Surface disleg B

The model databaze D “Thes
The instance Dis-1 w :
The instance Pad-1

cpened
. 0. 0D with respsct to the asssmbly coordinate system
0, 0. with respact to the bly coordinate system
. 0 with respect to the asssmbly coordinats system

b | C)

& Abaqus/CAE 6.10-1 - Model Detabase: DAThesis.coe [Viewport: 1] I
@ Fle Modd Viempert Yiew [otenction Comtrint Cognector Specia] Festyre Joob Plugrim Help X7
LEEm™ b« BA a FRROHE 799 §0 BLE 0

3 asembydets W @ - @ o E LM

[ Model | Results Module Interacion [l Modek Model1 v Step: Make Contact v

‘ﬁlvbddlhlﬁlu i
| = 4 Models 1)
| = Megeil
| + [y Pacts (4)
# P4 Materials (2)
w f Sections @)
# Profiles
= 48 Assembly
+ [ Instances @)
W Pasition Constraints
@ & Features (1)
by sets
& BRI
& Cennector Anignments
i+ @ Enginesring Festures
+ofh Steps ()
+ O Field Output Requests (1)
# B8 History Ovtput Requests (1)
b5 Time Poims
B» ALE Adaptive Mesh Constraints
‘D Interactions
B Interaction Properties
H Contact Controls
I Contact Initiskestions.

«J] Constrainty
@ Connector Sections
+ F Fields
The instance Die-1 vas translated by 25 E 0. 0 with Tespect to the assembly coordinate system
ID The m- ncu Pad-1 was translated by 50 E- 0.. 0. wath respect to the assembly coordinate systea
i 0.. 0. with respect to the assembly ccordinate systes E

ver translated by 70
has been cres

w o o ° Iy o a v o
PAIINUUNINITANWUA Surface YDITUNUNLNAD IWLLﬂ

Pad Bottom



30

Sheet Top
Sheet Bottom

Punch Bottom

11, AISLEADUMLYLTUNULNE M aUAUNNSNAABIR34

=
1@en Translate Instance

& o v Y o , o a o v [ o v
Laaﬂ‘uu\‘l’mwmmﬂ’ﬁmﬁlmmeﬂ ﬂ]jﬂUULﬂﬂﬂﬂﬂWﬂ'QQHqiﬂqﬂ LLaﬁq@ﬁqa Laaﬂﬁ}ﬂ% a\‘lﬂ']'iu"]

Fuauluusenau

£ Aboqui/CAE 6.10-1 - Model Detebase: DAThesis.coe [Viewport: 1] — |24 5 ki)

@ Fie Model Viewpod Yiew lnstince Constraint Festyre Tooh Plugeins Help K7
LTFE® b AL EA o Wy “@EEI9 F0 BER 0
3 Auemtiyieteots [ - (@A © {02

[ Moel | Resuts | Moduie Assembly v Mode: Modell v St lntl [

| ESl Model Database e
= 43 Models (1)
= Medel-

+ (y Parts (4)

#0T Materials (2)

# % Sections @)
B Profiles

448 Assembly

v ofh Steps (1)
B Field Output Requests
BE History Output Requests
[ Time Points
fle ALE Adaptive Mesh Constraints
T Interactions
B Interacvon Properties
H Contact Centrols
I Contact initializations
] Constraints
4 Connector Sections

“F Fields
[ Amplitudes
04 Losds
s BCs

= Q-X Select a start point for the translation vector--o¢ enter XY.Z: 000000 25

The instance Punch-1 vas translated by —47 E-03. 17 SE-03. Ju E-07 with respect to the assembly coordinats systea
'nu nuuu Punch-1 vn '.nn-ln-d by 0., 5 E-03, 4.E-03 vith respect to the assembly cw-zdumu systen

e" been opened
|—,‘} Th- 'uutum Die-1 u- !rlnl!.ll-d by 0 . -8 E-03, 0. vith respact to the asseably coordinats system

sU# 3.17 ASLADUALAUITUIY



2 Absqus/CAE 6.10-1 - Model Datsbase: DThesiscae [Viewport: 1] - (|G i
[ Fle Mode Viewpot Yiew jrstance Cgmtraint Festure Jook Plug-ims Help X7 o L
LDEE= ¢ <IN HA (R e wOf@E 90T §0 &0 0
Fp asmemtiydeors v (@@ pa o5 0
["Model | Resuits Module: Asembly v Mode: Modell v Stem Intal v
|65 Mode Dutsbase H: [
| = 48 Models () S
| Mege] A
= iy Ports () 4
B Die by
+ Pad E
+ Punch '_E,‘
+ Sheet s
+ B5 Matenas ) .
+ & Sectons Q) ey
# Profiles j“ -
= 4 Amembiy - %)
+ [ Instances (4) o
PR Position Constraints *.
+ & Festures (1) Lot
b ses ‘
i Surfaces
& Connector Assignments
+ @ Engineering Fratures
+ ofh Seeps (1)

B Field Output Requests

Bp History Output Requests

5 Time Points

B= ALE Adsptive Mesh Constraints
‘T Interactions

B Interaction Properties

i Centact Contras.

The instance Die-1 vas trenslated by -25 E-03. 500 E- 06. D -uh mp-ct 1o the assembly coordinate system
[2] The inatance Pad-1 vas translated by -69 E-03. 12 E-03, ith respect to the assembly coordinate system

The instance Punch-1 ves translated by —47 E-03, 17 55- opect to the asseably coordinate system
[3] The instance Punch-1 vas trans lutud by 0. 5 E-03. 4 sssenbly coordinate system

5UR 3.18 msuUsvneviunuiloaiaanysoilm

12. AsAMUA Step dmIUNsUTEINANA
Wiy Module 1Ju Step &8N Create Step
N13A1UA Stepl: Make contact
Name: Make contact
Procedure type: General

\d9n Static, General>Continue 97ntuazintieing Edit Step Fuun 1dan Nigeom lu On

NTULEN Incrementation Wagw Initial increment size Wy 0.1 udrnm OK



32

& Absqus/CAE6.10-1- Model Database: DAThesiscoe Viewport ) o — — . sid| %
@ Fle Modd Viewport Yiew Stp Quipwt Othy ook Phugiins Hep W - X
LEE™ de«LENL BA M cwl e B0 80 B0

T3 smiydens v (e DO O R0

[ Wode | Reswls Module: Step vl Modet Modell w Step: Intal vl
| €5 Mode Databuse S T waf] -
| # 8 Sections 2 - -
| & Profiles b
[ e
e Field Output Requests 5
By History Output Requests il
4 Time Points .,
fls ALE Adaptive Mesh Constraints wn A
T Interactions M

4 4
B Interaction Properties ﬁ-‘, r

i Contact Controts

Dynamic. Explicit

i Comtact Initiskzations
Dynamic. Temp-disp, Expiicit

€] Constraints
8 Connector Sections

Ta Adaptraty Processes & >

ﬂCwummem. - ) ‘2_._‘“

The model database D “Project Abaqus‘File Absqus\2am“1\D10P10V10Diel0Funchl0Velol0-R.cee” has been opened

The model databsss "D \Thezis cas® has been open:

| The model database "D “Diel0Punch10VslolD-R cas™ has been opsned
[»] The nodel databsse "D “Thesis cas™ ha opened

5Ufl 3.19 msrimun Step

N13AMMUA Step2: Punch Load
Name: Punch Load
Procedure type: General

- ’ . ) v . & a . .
\@en Static, General>Continue NUUILTNLIAS Edit Step YU wWasu Time period
W 0.8 901U AAN Incrementation wWagy Maximum number of increments vJu 10000

Waegy Initial, Minimum increment size (01 0.1, 1E-020 mNAIAU



33

o @ B

& Abequs/CAE 6.10-1- Model Datebase: DAThesiscoe Viewport:d] oy ) | W ot
@ Fle Modd Vieapot Yiew Step Quipt Othgyr Jock Phugins Hep W

P,
LEE® " G Siep RS v s

Neme Punch Lesd
I ot isiniccsardl Type Static, bt
| €5 Model Database e || Busic | Incrementation | Other
+ 8 Sections 7) s || Type @ Automatic - Fixed
W profites Maximum number of increments: 10004
+ 48 Assembly it =
+ o TSN | Tnitial mum  Maimom
B Field Output Requests (1) || Increment size: 01 16020 1
% Bp History Output Reguests (1) (|
| [ Time Points
1 fip ALE Adaptive Mesh Constrsints
| T Interactions
| T interaction Properties
t Contact Controls
& Contact Initiskzations
| €] Constraints
| 8 Connector Sections
% F Felds

B8 Co-enecutions -
“The model database "D “ProjectAbaqu = Kbaque Zanc] \DIOF10VI0 Dle1 OPuRch10Ve1G10- cas" has been op
D The “D “\Thesis can” has bsen opensd

The model databsss "D “Diel0Punchl0VelolD-R cae” has been opened
The model databsse "D “\Thesis.cas® has besn opsnsd

gﬂﬁ 3.20 M3NMun Step

13. N1sAMuA Boundary Condition (BCs)
WAz Module 1Ju Load 1don Create Boundary Condition
N15AMUA BCs UIMULUY
Name: Fix Die
Step: Make contact
Category: Mechanical
Types for Selected Step: Symmetry/Antisymmetry/Encastre

27n1i AAN Continue WaLAaN Surface ANUTRBINNS Fix WAIAAN Done



34

& Abagus/CAE 6.10-1 - Model Datsbase: DA\Thesiz.cae [Viewport: 1] -y e S || 3 el
@] Fle Modd Viewport Yiew Losd BC Predefined Fild Lgad Case Festyre ook Plugim Help K7 - X
USEm e ALEIL BA L a Wl BT O LR O

TP aseriiyoeaons v ([ Da o F, 0

= Module: Load vl Mode: Modell v Stem: MakeContact v
5] Model Database | WY commtn By o c
+ A3 Assembly Neme: Fix Die
=ofl Steps G) Step MokeContact )
4o fnitiol
o Mk Catact Procedure: Static, General
# 0@ PunchLoad Category Types for Selected Step
* B Fidd Oupu s 0| g echasca
# g ;‘*”’:W“"l"’" | Displacement/Rotation
me Points Velocity/Angular vélecity
Other
Be ALE Adaptive Mesh Constl | Connector displacement
T Interactions Conmector velocity
P Interaction Properties
B Contact Controls
| i Contact Initiskeations
| ] Constraints
| i Connector Sections
| &F foss -
[ Ampltudes

[y Predefined Fieids
B Remeshing Rutes
[ Sketches

= 2
- & [X] Fil out the Creste Boundary Condion dislog S
The model database "D “ProjsctAbsqus‘File Absqus’2aw“1:D10F10¥10%Diel0Punchl0Velcl0-R.cse”™ hss been openad. =
The model databsse "D “Thesis cae® has
The model database D “Diel0Punchl0Velol0-R cas’ haz besen opened "
[s] The model databsse “D-“Thesis.cae® has been opened =

A s 1 o g .
3UN 3.21 MagmMInmuna Boundary Condition

L
s

nl:: L5 ] . — = - = :J ] 1 -3
ntuarintiang Edit  Boundary Condition Wuun Adn  idenfiresiazldandail

ENCASTRE(U1=U2=U3=UR1=UR2=UR3=0) wa3nm OK

& Abaqus/CAE 6.10-1 - Model Database: D Thesis.coe Viewport: 1] P — || G pumil
8] Fle Mode Vieapot Yiew Load BC PredefinedFied LoidCise Festwre ook Plugeins Help X7 N
LZEm be <DL BA iy e @O0 S0 BE O

3 Anembyodaws v ([ 0@ 045,00

| Model | Results Meodule Load [vl Modek Model-l v Step: MakeContact ¥
| B Model Database CE ¥
| 4§ Assembly - —
= ofls Steps (3) [Q...
© o Initial R RS-
+ on Make Contrct " Edit Boundary Cg
| + o Punch Load | Name: FixDie
# O Field Output Requests (1) | twe 5 ;i (Eaci

[ Hr Output Requests {
E.,'::zw " o | Step:  Make Contact (Static, Genesal)

fe ALE Adaptive Mesh Constraints | | Region: (Picked)

T ieractions XSYMM (UL = UR2 = UR3 = 0)
B Interaction Properties.

B Contuci Coitls YSYMM (U2 = URL = UR3 = 0)
§7 Comtact Intiskzations ZSYMM (U3 = URL = URZ = 0)
] Censtrsinns | XASYMIM (U2 = U3 = URL = 0; Abaqus/Standard only)
?:mmmm | YASYMM (U1 = U3 = UR2 = 0; Abagus/Standerd only)
B e | ZASYMM (UL = U2 = UR3 = 0; Abaqus/Standard only)
IE:':::’“ | preD U1 = 22 U3 = 0)
L= | @ ENCASTRE (U1 = U2 = U3 = URL = UR2 = URG 2 )
I Predefined Fiekds.
Qg Remeshing Rules.
I Sketches
& Annctations =
= 43 Anstyss s
| ks < 2
g Adeptivity Processes Fil cut the Edét Boundary Condaion disiog Bin

The aodel detabase D “Project>hbaqus\Fi , Abaqus~Zan~1-D10F10710-Diel0Punchl0Velol0-R.cag" has been opened.

D.“Thesis.cae' has been
‘D \DielDPunch10Velol0-R.cse” has been opened.
‘D \Thesis.cae” has been opensd

gﬂﬁ 3.22 nsidenuay Edit Boundary Condition 793usiiuy



35

AsAMUA BCs vaamldnunulans

Name: Fix Pad

Step: Make contact

Category: Mechanical

Types for Selected Step: Symmetry/Antisymmetry/Encastre
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(WS = K AL Mmoo «CLERYL B A (M CUONIAC SHRRN o ') ') M )

# " History Output W e - B2 5 LE ==
Veriables | Stepn/Frames |

Output Varables

Mame fiter: [ *_r;«\

P

n-.—.és{n_::-n £ Lfi

eigy ALLAE for Whale Model
cmawmgrul.cmwmm
Damage i tor
menmmw«m
Energy lost to quiet boundaries: ALLQS for Whole Model ‘
External work: ALLWK for Whole Model i
Frictional dessipation: ALLFD for Whole Model

Intemal energy: ALLIE for Whole Medel |
Joue heat dissipation: ALLID for Whale Model

Kinetic energy: ALLKE for Whole Model

Less of kinetic energy st impact: ALLKL for Wheie Model

Plastic dessipation: ALLPD for Whole Model

Reaction force RFL PE PUNCH-1 Nede | in NSET PUNCH SET

Resction force RFL Pk PUNCH-1 Nede 2 in NSET PUNCH SET

Reaction force RFL P PUNCH-1 Node 3 in NSET PUNCH SET

Reaction force: RFL PL PUNCH-1 Nede 4 in NSET PUNCH SET

| Reaction force: RF1 Pk PUNCH-1 Node 6 in NSET PUNCH SET

Reaction force: RFL PE PUNCH-1 Node 7 in NSET PUNCH SET

v
27 2/

' . \ H P 2 | A
Tures Name Filter Wildilu *RF2* 91niuna Enter laiaSaudafavusing¥enivusudie

RF2 Tidonmausnyianun uagnm Save as



52

[@ Fle Medel Viewpot Yiew Bewh Plot Animate Rgoot Qptions Jook Pugeins Hep A . (28] [

Spvimay ws  fwas o DN HA m Ao B000.0
5 History Otput ‘-—-—-‘.Q' "e .-L...- ﬁ

- =

BR=CPEECR

Reaction force: RF2 PE PUNCH-1 Node 367 in NSET PUNCH SET

n NSET PUNCH §
NSET PUNCH
nHSET PUNCH

s5Ufl 3.43 nsidend RF2 wwdiennsw

di £ 1 g Y a -
lanm Save as t@3ud7 aEiivteng Save XY Data As Guin Wimdniden Sum waanm OK

T Abaqus/CAE 6.10-1 Viewport -
[@ Fle Modd Viewpot Yew Best Plot Animate Rgoot Optons Jook Pugeins Help W7
T EH e 3pmrimey s Hwe bl «C LN HA [ [n gl BOFD O
B History Output » - | - - ]

] FLR
2 PEPUN
UNCH-1 Mode 2

Plot curves en OK.

MNoter XY Data are saved enly for the
current Abaqus sestion.
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wdsanvihnstmuaasalumsndennswiasouds Wsunsufivzviniswdennsmsening

LS ALUNULIaI98ANN

& HorqualCAE 6101 Viewport 1 — e —e TN e G-l
[@ Fle Mode Viepot Yoew Besuk Plot Animate Rgpot QOptions Joeks Plugeins Help NP . ] L2
DFEe dpemy os  fwe pbC <@L HA i e B0 6
=3 Vst deaus W - DO @ 5,0
rromery ey Module: & oos: o G 704043 [» e bW % ED
Saawon Data M- T i
- [ hovowa 0.23)
= X¥Data-1 -+ _temp 29
X¥Data-1
_temp 1
_temp 2
temp 3
temp 4
temp S
temp 6
Jdemp T
temp 8
temp9
temp 10
temp 11
temp12
temp 13
temp 14
Jtemp 15
temp 16
Jtemp 17
temp_18 |
temp 19 | T m o T e o
Jemp 20 K& Time
Jemp.21 | ===
temp 22 ¥
_emp 23 -+
[ The XY data "XYData-1' has been created
|

UM 3.45 ATINTEMINNWS AL UAULIAN

2 W a ] ! ) v | e
19. 2zWiulgnsnanaeneenuItiu ALSIABUTI99ENTEINBLaL]AIN 157139

o ° w v el a 4 o o v a
Faavnnisusunsinlilaaninariunntu Taglui XY Data (123)>XYData-1 91nuulvwadnen

o - v A4 e
i XYData-1 udaden Plot wWelwlusunsusrunswlimdaifisansviae?



2 Absqus/CAE 6.10-1 Verwport 1 - N T T e |G el
[ Fle Modd Viewpot Yiew Bewk Plot Animate Rgport Qetioms Jooh Phugim Hep X7
LG E e Iprimy s Pl Epe LR EA M n Gl BT 0

3 Vouszstiondefats [ (@« (M o M
[+l 00B: DProject/tbagus/Fie Abaquy2mm/L/D2PIVI0/DielPunch2Velol0-Rod odt [+ WA | RO

Session Data E|: "4 R -

+ @ Output Detabases 0) ] i
# [ Spectrums @) .E

et

S & le SIAULIA

JUT 3.46 mslilusunsusiundanns v

wdaniiily Double Click XY Data(1) w&aden Source tu Operate on XY Data u&3

man Continue

The XY data "XYData-1' has been created.

£ Abwuu/CAEG10- Mewportl] e T e . i . i ]
[® Fle Modd Viesport Yew Bewk Plot Animste Ageort Qstons Iook Phogeine Help A7 &
LT E e Gppimy s fimem op e <IN EA A 0l B0 0
T Visskastion dehauts (o ([ » D@ @ 7,0
Modl | Results | Modie v] 008: D/Project/Abaquy/Fie Abaquy/Zmen/L R4 odb v Wa b B0
| Sespion Data e & |
| + @ Output Databases (1) Pl
|# 0 spectrums @)
| & [ xXvPlots () = &,
- 6 (R i
X¥Data-1 ay, i
| [ Peths h%
i"'.ablwhrmﬂl noa
| B FreeBody Cuts =, 3=
| B Movies T
| R images =
2 ]
R e
A0
Fy |
s |
b A
p
o g
e i i o — 3% g
| e —y
| e L)'I
I = 2
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nuazUsINguieEng Operate on XY Data Tuan Fusaevimsimualillunsunaon

< < v ] -1 a . o
nsmnidanunsiuaznszaretesludiuil lneadin butterworthFilter(X,F) 91nuNAzUsINg

99AN butterworthFilter ( xyData=, cutoffFrequency= )

& MbwuCAEGI0L Mewport 1]

@) Fie Modd Viempent Yiew Beswk Piot Arimate - T e e T

LG EH e o pioay os

[Mosa | et |
Session Data
+ @8 Output Databases 1)
+ [ Spectrums @
+ @ XvPicts d)
- [
X¥Data-1
[ Paths
+ "y Display Groups (1)
B Free Body Cuts
IR Movies
& images

==

_—oTe T

| -] The XY data XYData-1° haw been created
bl me¥wa

ta “XYData-2" has been created

[+ Cpemecoxvoma s # « 00 B A - Uwiinis ; )
Enter an expression by typing and selecting XY Duta and Operators below. oa ® 5,05
Example maEnvelopel “KYDsta-2", "XYDeta<4") * 2.5 + “X¥Data-5" b [~ Wa pw % ED
(nyDetas, quency= |
XY Data Operaters
Name filter: |§p:| A~ K¥Data, float, cr integer
Mame Description X-X¥Deta
X¥Data-1 sumi{(Reaction force: RF2 PE PUNCH-1 Node Lin NSETF [~ integer
Ffoa
0 -
®
’
UA
sbyid)
acosd)
append{XX...))
asin(a)
tan(A)
- AR
Add to Expression| buttenworthFiter(XF)
[CronteXvOsta. | | SweAs. | [ Piotiopremion | [Clesbpremion | [ Concdl |
e . o
f
- Lx_l D‘-M -

Tuges “xyData=" Tndndl abs(A) luteaniewnile andulviden XY Data-1 fites Name

wazlutes “cutoffFrequency=" Tildadu 1 udana Save as uazna OK



&5 Abaqus/CAE 6.10-1 Viewport 1] — . L = e b sl A
[® Ele Modd Vieppot Yiew Eewit Plot Animate Rgaot QOptioms Jools Phugiins Hep K [RIF e
T A Gueimey s [0 Opweosxvome  ~ N = POAE O
Enter an expression by typing and selecting XY Data and Operators below. [(pe ® AsI0
, lm‘s\‘ Example: masnvelopel “XVDats-2", "XYData-4" | * 15 + "X¥Data-5" b Wa o % B0
;"n;ﬂm 5 = buttenworthFiter {xyData=abs { "XYData-1"), cutofiFrequency=1 ) 13
|+ 8 DutsutDmatares )
1*% Spectrums (1) XY Data Operators
| ® XYPiots (1)
- i N e [fo-] - 00w ot crmege
X¥Data-1 Hame Description X-X¥Data
Ly Pahs AVDsta 1 sum{[Reaction force: FF2 PL PUNCH 1 Node § in NSET I- integer
| i+ g Dusplay Groups (1) F-Roat
| I FreeBocy Cuts 0
I Mevies =
| @ ages ®° Save XY Data As 3 -
HName: /
Note: XV Drta are seved only for the A
«current Abagus session. abiA)
F acos(h)
"...LII (comd] ]
i)
atan(A)
oA
| Add to Expression buttenworthFiter(XF) |
| CromexvOuta. | [ Seede. ] | Ptbmpromen | | Cowbprewon | | Cimed | |
- . O
- %
& o o o B

| The XY data ‘XiData-1° has beem crsated
|E The XY data "XYData-2" has been created
[m]

Ui 3.49 msimuaalunisndennsiw

at gj o o 1 =l ot g 1 A L4
waanntulusasudvinng iwﬁam NSINIEUITLNEUNY natuIn ndmunsIAeInIs uay

ISIELNTABIUAINTS 1 a1 laannsnil

&> Absqui/CAE 6.10-1[Viewport 1] td _ - RS 4 i
[@ Fle Modd Vieaport Yew Besuk Plot Animate Agpot Qptions Jook Phug-ims Help W -
LS E e ey s fiwme  Blop ¢ AR HA [ m N Gyl FITD O
3 vivakzabon deteots (v ([ » D@ @ F, M0
| Modd | Resutts Modue =/ oo8: D:/Proy Abaquy/2mm/L/02PIVI0/ D2 ROd.ode v Waprw R0
| Seswon Duta H: ¥ R -
|+ G Output Dutasases @) &
BER S
!rﬂ @ %
| # BB XYPists 1) e i
=@ o & P
| XVData-1 5lt‘i:
I B
|, S=meX BA
[, Paths L A
% " Disphay Groups (1) o
B Free Cuts |
o s
e R g
| A
| ay @
‘ L@ :
i
K@
e w1
1 2
“ _ - - o G

The XY data 'X7Dsta-1" has been created
m The XY data "XYData-2" has been created
_ The ta ‘X¥Data-2" has been created
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3.3 A15IATIzlagldann

2

a Y aa o =4 ——— a -
nsimsevlagldadmuusdenlalusunsy Minitab Tunisiwsnedt esannlulusunsy

Minitab HUALN099NLUUNNTNAADY karIAsIzvinisanneaidadula

3.3.1 MssenuwuUNIAaasUHANIEaIANgY

I M o SR

Fle fdt Dgta Cak Rat Graph Egtor Tooks Mfindow Help Assustagt

Fl & Mt ALY d CBRTEIIRT COME T

— LRI s—

e —— e
9/3/2013 20:19:11

Welcome te Minitab, press IL Zor help.

] Worksheet 1 [a@&)
4 c1 (=] a (=] (=] s cr (= } (=] c10 c11 c12 a3 c14 as 16 ar cis 19 o -
1
2
3
4
S
6
L4
s
'.

(e (&[0 0 [l R S LS R e A 0 e AR S BT e R G R e R S 5L s |

Current Worksheet Worksheet 1 Egr 1md

31]17i 3.51 yeN9lUswnsy Minitab

1. \@8n Stat>DOE>Factorial>Create Factorial Design...



["] Minitab - Untitied o 0T 1
Eée Edit Dgta Colc gt Geph Editor Jooks Window Help Assistagt

SE & 0 o et ey @t CBRTOIPR: GOM@M *
AEEFTIERE '
ANOVA »

T T ¢ T
"rﬁvz-m‘m Control Charts b ResporseSudace b [ Leim 2
[ Quelity Tooks b Mg
orappo  MispSeiel b Teguehd b
Welcome to Miniteb, m : i
Wreplay Dezign..
Inbles »
Henparametrics »
oA ,
Bower and Sample Size »
] Woraheet 1 7+ o @ (i)
+ a =] a ] s [ 7 ) [ an 1 a2 a3 a4 as e o7 cas s o -

gﬂﬁ 3.52 msaaﬂLLuum'iﬂmaaaLMﬂmﬁ&laLﬁugﬂ

2. senuuunsvaassunAnalualiujUlneidion General full factorial design

1o L A v ]
wazldduiusudsnnaanisnaassluyes Number of factors

MiMib-Umited 0 T = L T T =0
Fle Edit Dpta Cakc St Graph Egtor Jook Window Hep Assistigt
=0 & BT tiks OTF CBTODRT COE =
IRk w4 @
R AL AL | A—— |1 Y L
(3 session [IER -]
9/3/2013 20:19:11
Welceme to Minitab, press F1 for help. Create Factorial Design E
Type of Design
© devel foctorial (defouitgeneraters) (240 15 factors)
© 2devel factorisl (pecify penerstors) (210 15 fackors)
© 24evel soht plot (hard-to-change fackors) (210 7 fictore)
(210 47 factors)
[T ® General i factorial design (210 15 facters)
Maber of factors: (KB =] /) Display Avalable Desirs... | '
) Worksheat 1 ™ Desre... | | [e)@®]
. c1 [=] a [ =] [ =] U c1s c16 ar c1s cie c -
1 o [o | _cma
2
3
]
s
6
7
8
= -

(T A - e R L g A R 1
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° A o s s = " ] 1
3, fvuadesmulsiassenuvasiaulsinoiden Designs...  3ntuldteuas

sefurasuysaslu a1nduadn OK

[ Mol Untied TR | o » T b i 3 2@ 2

Fle fdt Dgta Lok St Graph Egtor Jook Window Help Assstagt
GE S m- @11k OrE CBOOIIR: GOM *
S T R | . L

(D session EICRE

9/3/2013 20:19:11

Welcome te Minitab, press F1 fer help.  Croate Factorisl Design - Des -
Factor Mame Number of Levels
A Die Edge Radus 2
B Punch Edge Radus 2
c Punch Velodity 2
° 2
|
Humber of eplcates: 1 =
) workaheet 1+ = =
v a a o ] o o ol ca  as  cs a7 cs o oo -
Heb = Concel
i e | o ] _cmu |
3 -
3
4
5
6
7
s
°
i v
e (B ) 0 5 VR kRIS e A BB b G 23 e 1 i St i oo 50
Creste s two-level o full factorial design, or a Plackett-Burman des [Speskers: 66%

o RL R

o =l
sUfl 3.54 MseenuuUMsNAABILNANBITIALANFY

4. fvuasusavsEauvesmLUsiaeadn Factors... ntuldaseausiuas

szugeUaIsiagiulsl 9 ntundn OK
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[7] Minitab - Untitied g - _! — il i
Fde ot Dpta Colc St Guph Egitor Jooks Window Help Assitagt
FE S Ro-HriAyOrTE CBTQIDRT COE =

: L' AN
a5t |k # 2 i SEC L |
(T Session FRECHE ]
9/3/2013 20:19:11
|cmrx§;u_m_'__ o " 1
Create Factorisl Design - Factors ===
Factor name Type Levels Level Values
A umesic v 2 z ']
[] PunchEdgeRa  humeric w| 2 2 ')
(4 PuchVelodty  Numeric | 2 4 ]
L] SheetThidnes  Mumerkc | 2 2 4 »
I Workshoat 2+ ol@ (3]
T a a o s o | me [ ] o= [f a3 «as oar oas  av cwo-
1 et eeep—
: = e ——
3
4
5
6
7
]
‘. -

(B (2 0 u Vi S N Ou A St S8

5. qzlan1sensnaasunall ntdufiuw Bending Force adldras C9 wald

Tunsiiudoya

=lox]

[ Ble Edt Ogu Cok St Gagh Eftor Took Wndow Hep Assistnt
SIS she o B AL Ot CBTOIFWE COME T
AL B, IR

| & & = ) K| s

. a a a 4 o ] =2 (] o c0 | cu1 | a2 o3 4 s cl6

StdOrder RunOrder Ptiype Blocks Die Edge Radius Punch Edge Radius Punch Velocity Sheet Thickness Bending Force |
1 1 1 1 1 2 2 4 2
2 2 2 1 1 2 2 4 4
3 3 3 1 1 2 2 10 2
. 4 4 1 1 2 2 10 4
s 5 5 1 1 2 10 ‘ 2 | == |
6 6 6 1 1 2 10 ] 4 I
7 7 7 1 1 2 10 10 2 |
8 e ] 1 1 2 10 10 4 |
° 9 9 1 1 10 2 4 2 |
10 10 10 1 1 10 2 4 4
1 1 1 1 1 10 2 10 2
1 12 12 1 1 10 2 10 4
13 13 13 1 1 10 10 4 2
14 14 1 1 1 10 10 4 4
15 15 15 1 1 10 10 10 z
16 16 16 1 1 10 10 10 4
17
18 |

| o L s :J o/
Ul 3.56 msumsneaes (Msnaassuanaiioaiiugudmsufinuiudsi 2 seau)
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3.3.2 n15ATITRANLUTUTIY

mnm‘si‘haadlﬁmﬁaLam‘lﬁ'ﬁmgamldmﬁwmimaaammmiﬂﬂmﬁmswﬁmm

wUsusulalae

Fle [t Dpta Cok St Goph Eftor Iock Window Help Asstagt

sH & A~ - FEtik:s Oty (4B-Q0I8wH COM =
fo| =2 bLa|F A2

[ — - I [ k|

PR e

——— 28/1/2013 15:32:51

7] Wodsheet 14 ™ o [@n

v a a a 2] =] ) =] ] o e o1 a2 o3 ce  as | ce
StdOrder RunOrder CenterPt Blocks Die Edge Radius Punch Edge Radius Punch Velocty Sheet Thickness Bending Force

1 1 1 1 1 2 2 4 2 1083.51

2 2 2 1 1 10 2 4 2 526.50

3 3 3 1 1 2 10 4 2 497.58

L] 4 4 1 1 10 10 4 2 380.79

5 s 5 1 1 2 2 10 2 956.03

6 [ ] 1 1 10 2 10 H 547.09

7 7 7 1 1 2 10 10 2 50648

] [ s L 1 10 10 10 2 64,56

L] ° e 1 1 2?2 ? 4 4 TWNT?

(. NN e e A AR S L [Bve. (@ o =

Current Worksheet: Worksheet 14

JUT 3.57 M3 NMIMAADILALTEYAINNTIIADUTININAY

1. \@en Stat>DOE>Factorial>Analyze Factorial Design...
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Minitab -
Fle Ect Dgts Celc St Graph Editor Jools Window Hep Assistagt

SE & %Ry Evicutina e Ot 4B OIEWR OOM *
S| =3 =3 b & Reyeeitiin :
ANOYA v .

- I T 11 Creste Factorin Design..
(2 Session Control Charts ?  BepomseSuface » O, Define Custom Factorial Design... =ra) a
Quality Tools * o Matuee * @ sciect Optiomal Design =
——— apf1z  RebiySewval b Taguchi » PV Bre-Process Respenses for Analyze Vanabiity...
vanite ’
Y y & ostomge. [
Tibles ) o Desplay Design.. AV Anslyze Yariabildty...
i 1" Eactorial Plots...
oA » [& Contour/Suface Plots...
Power and Semple Size ¥ |} Qvetaid Contour Plot...
(&% Besponse Optimizer...

2. Aan OK

B B D Gk S Goph Etor Toch Wiedow Hep Anstmt
SE S hm - B M OrF (BRI OIFWR COM =

| =L=8ch& £|
—— LY ]| E— k5 L3

(T Session olf@l's

28/1/2013 15:32:51 -
amatyee Factors Design ==
Bendyg Ferce Besponses:
Bending Force’
. '
[ woroheet 14 7 - | eredcsen... | ERICRE S
+ [=1 (=] [=] 4 (=] | Govhs... goage... c1 c12 13 c14 c1s e -
StdOrder RunOrder CenterPt Blocks & dius Pun Weghts...

1 1 1 1 1 2 .

2 2 2 1 1 10 teb Sl

3 3 3 1 1 2

4 4 4 1 1 10 10 4 El 80.79

] 5 5 1 ! 2 2 10 2 $36.03

3 6 6 1 ! 1 2 10 2 547.09

7 7 7 1 1 2 10 10 2 506.48

8 ] L] 1 L u 10 10 2 364.56

[ a L] 1 1 ? 2 “ 4 un i
i f

i T R L e, it it ]

o a F
UM 3.59 MyILATIRAINIYIUTIU
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3. ldm1519 ANOVA unaldlunsiesney

sEH & @ tihs Ot CRTOIDRHCOE =

f|<E-Rea | ¥ A 2
I — ot h o - =1k AR SN
it R T T TR T ST T T T T L P s = = e PRSI
Qsession i f=f®) 8|
Estimated Effects snd Coefficients for Bending Force (coded umits) B
frezn Effect  Coef
Ceastant 1342.5
Die Edge Radius -697.0 =248.5
Funch Edge Radius -520.5 -290.3
Punch Velocity -111.8  -56.0
Sheer Thickness 14719 736.0
Die Edge RadiustPusch Edge Redius  260.6  130.3
Die Edge Radius*Punch Velccity 12.4 6.2
Die Edge RadiustSheet Thicimess -393.4 -196,7
Punch Edge Radius*Punch Velocity 4.2 2.6
v
) worsheet 14 alf@ia])
+ a c2 (=] (-] (=] o6 (=) s (=] (=1] a1 az a3 c14 c1s €16
StdOrder RunOrder CenterPt Blocks Die Edge Radius Punch Edge Radius Punch Velocity Sheet Thickness Bending force
1 1 1 1 1 2z 2 4 2 1083.51
2 2 2 1 1 10 2 4 2 526.50
3 3 3 1 2 2 10 4 2 487.58
4 ) 4 1 1 10 10 4 2 380.79
5 5 5 1 1 z 2 10 2 956.03
L] 6 L 1 1 10 2 10 2 547.09
] 7 7. 1 1 2 10 1 2 506.48
8 L] L] 1 1 10 10 10 2 364.56
L] L] Q ] 1 ? 2 4 a LT -
v

'gﬂﬁ 3.60 1519 ANOVA

3.3.3 N15IATITUNITONNDELTLEY

1. \@8n Stat>Regression>General Regression...



64

=fels
Qualty Teoks | Eitted Line Plot...

30 3400.42 2329 Refisbility/S E . R N

R denctes an chsern  Multiveriste B o
Time Series 3
9/3/20 Ik » ) Lartal Lot Squars..
Honpacametrics * |43 Binary Logistic Regression...

Welcore to Minitsh, EDA * |/ Qrdinal Logistic Regression...
Retrieving project Bower and Semple St LG, Nominal Logistic Regression..
€ '
) weraheet 2 =l@ral

. a a a 2 =] 3 a s © c1w a1 oz o3 a4 as  as | ar | -

StdOrder RunOrder Ptlype Bocks Die Edge Radius Punch Edge Radius Sheet Thicness  Force

1 1 1 1 1 2 2 2 94727

2 27 2 1 1 2 2 3 17587

3 3 3 1 1 2 2 4 291670

4 4 4 1 1 2 6 2 688.27

5 5 5 1 1 F 4 6 3 181737

[ [ 6 1 1 2 L] 4 239246

7 7 7 1 1 2 10 2 50546

[y ? 3 1 1 2 10 3 127085
4 o 9 L] 1 1 ? m 4 2NR2.22

| 8]

[ BN
Pedform c

2. Tuves Response \den Bending Force

Tuaos Model 1@en Die Edge Radius, Punch Edge Radius, Sheet
Thickness, ‘Die Edge Radius’*‘Punch Edge Radius’, ‘Die Edge Radius'*‘Sheet

Thickness’, ‘Punch Edge Radius*‘Sheet Thickness’ nuadn OK



171] Minitala - PROJECTZMPI . e i i =0 8

Fle Edt Dgta Cak Sat Goph Egtor Jooh Wiedow Hep Assistant

FEH & s - - H Ay Ord CHRTOIPWE COE ™
g CIdel 2

T dwlretaail— dxialx]

(3 session CREcHE]
30 3400.42 232939 T4.M120 470,432 342647 R ‘
R deaotes an with a lage zed zesidual. (oo Regression  ——]
9/3/2013 23:41:11 L S~ Mo, [y Pl
C1 FiType Mogiel:
C4  Blocks Sheet'
Welcome to Minitsb, press FL for halp. CS  Die Edge Radus mﬁpmﬁm
Retrteving project from file: "C:\USERS\GSNDESKIOPMINITANA| (O Puch Edge Rad |3y Puch Edge Rackug =Sheet Thidmess'
8 Beruieg Force
G (optonal):
= 5 : '
'Workshest 2 *** ef@la 1
6] optons... | Boxlox.. | predeton... | =rem)
a a a [=] o [5] | a2 a3 4 as as a7 -
StdOrder RunOrder PtType Blocks Die Edge Radus Pusl g | e | gwecage.. |
1 1 1 1 1 2
2 z 2 1 1 2 .|
3 3 k] 1 1 2 Help L= Cancel
. 4 4 1 1 2 AL
5 5 5 1 1 2 L] YR
[ 6 L] 1 1 2 L] 4 239246
7 7 ? 1 1 2 10 2 50546
s [ L] 1 1 2 10 3 127085
o 9 a 1 1 ? " 4 2042.77 -
. 3

Fle f6t Dga Cakc St Gooph Editor Jook Window Hep Assistat
sE & CIE mtih, Ot 4B OITwH COM =

AG L XL P
oy N # =3 | p— (RPN
T e T e e —_— e e e T e
Qoo s i N =
General Regression Analysis: Bending Forc versus Die Edge Rad, Punch Edge R, .. e
Regressica Equation
Bending Force = =1236.2¢ + 27.4051 Die Edge Radius « 2.05334 Punch Edge
Radius + 1136.77 Sheet Tnickness + 6.21377 Die Edge
Redius*Pusch Edge Radius - 47.1316 Die Edge RediuseSheer
Thickness - 352235 Funch Edge RadiustSheec Thickness
Feezzicients
. '
[ Werkshent 27+ s l@ia]
: a a a s (=] % c7 ] ] 10 a 2 a3 14 c1s as  ar *
StdOrder RunOrder Pllype Blocks Die Edge Radius Punch Edge Radius Sheet Thickness Bending
1 1 1 1 1 2 2 2 W
2 2 2 1 1 2 2 3 173876
3 3 3 1 1 z 2 4 291670
4 4 4 1 1 2 6 2 68827
5 ] H 1 1 2 6 3 141737
6 6 6 1 1 2 6 4 239296
7 7 7 1 s 2 10 2 30546
] 3 ] 1 1 2 10 3 127085
L] Ll Q 1 1 » mn & NA2.27 i -
el
N ) B we-. (&0 o ) TR T
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4.1 miwﬂamuwﬂmaﬁﬂaLﬁugﬂﬁqw%'uﬁnmﬁfuwsﬁ 2 5¥AU

M1519% 4.1 mmuammamﬂmimaamwﬂwaL‘%'aaLﬁugﬂﬁm%ﬁﬂmﬁnmsﬁ 2 S¥AU

Die Edge Radius | Punch Edge Radius | Punch Velocity | Sheet Thickness | Force
(mm) (mm) (mm/s) (mm) (N)
2 2 a 2 1083.51
10 2 q 2 526.50
2 10 4 2 487.58
10 10 a4 2 380.79
2 2 10 2 956.03
10 2 10 2 537.09
2 10 10 2 506.48
10 10 10 2 364.56
2 2 4 4 3340.72
10 2 4 4 1902.74
2 10 4 4 2101.00
10 10 a4 aq 1365.08
2 2 10 a4 3066.01
10 2 10 a4 1639.66
2 10 10 aq 1986.90
10 10 10 q 1225.68
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4.2 mﬁmsﬂzﬁwamsmmaaauﬂwm’%aaLﬁugﬂﬁm%’uﬁnmﬁmmiﬁ 2 5AU

4.2.1 AN1FIATIZURANTENULAALALUS

AN5199 4.2 FN51LARANANTENUADULSIANVDALAREAILUST
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Effect MS % Effect

Die Edge Radius 3900621 14.77
Punch Edge Radius 2684494 10.16
Punch Velocity 102492 0.39
Sheet Thickness 17361556 65.69
Die Edge Radius*Punch Edge Radius 548322 2.07
Die Edge Radius*Punch Velocity 996 <0.01
Die Edge Radius*Sheet Thickness 1229946 4.65
Punch Edge Radius*Punch Velocity 20387 0.08
Punch Edge Radius*Sheet Thickness 454464 1.12
Punch Velocity*Sheet Thickness 57303 0.22
Die Edge Radius*Punch Edge Radius*Punch Velocity 5519 0.02
Die Edge Radius*Punch Edge Radius*Sheet Thickness 51186 0.19
Die Edge Radius*Punch Velocity*Sheet Thickness 1700 <0.01
Punch Edge Radius*Punch Velocity*Sheet Thickness 3392 0.02
Die Edge Radius*Punch Edge Radius*Punch Velocity*Sheet Thickness 2321 <0.01
Total 26432066 100

e

MS f® Mean Square

% Effect fD $08AZUDINANTENURBLSITINUAALAILUT

- =l =] ] - 1 @ = s < A w
L"LJ,EN"U']ﬂﬂ']i“ﬂﬂaENLLWG"’WI’e'JL‘iEJBLG]QJEUEY]WEUﬂmﬁ’WI’JLLU‘iW 2 5¢AU WUNINAABILNDAR

Y] 1 s 4 s & F 5 =
FILUS LATINANTILANINANTZNUABUTIFnTBIuAaEMLUS a8Wiuladn Punch Velocity

nansEnuliies 0.39%  deldindusudsilifidud dgyse Bending Force wazanunsann

o . 4 & a & u - ' = o
fuUs Punch Velocity ean iieiagdinseimulsinasetwaxndenld




4.2.2 HANSLNUITIUTENINAMUS

Bending Force (N)

Interaction Plot for Bending Force

Data Means
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Interaction Plot for Bending Force

Data Means
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Interaction Plot for Bending Force

Data Means
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4.3 n1svaaesANaEaRNUdMTUANYIRLUTI 3 sPAU

d' =l [ o o =f s d' s
M1579% 4.3 mﬂmamwamﬂmwmamLLwﬁweaLsaamugﬂmmumﬂmmuﬂiw 3 AU

Die Edge Radius | Punch Edge Radius | Sheet Thickness Force
(mm) (mm) (mm) (N)

2 2 2 956.03
2 2 3 1761.09
2 2 a4 3158.56
2 6 2 693.67
2 6 3 1409.84
2 6 a 2500.22
2 10 2 506.48
2 10 3 1276.74
2 10 a4 1986.9
6 2 2 691.12
6 2 3 1470.78
6 2 a4 2369.56
6 6 2 491.66
6 6 a3 1002.36
6 6 4 1573.12
6 10 2 417.28
6 10 3 881.1

6 10 4 1336.88
10 2 2 557.09
10 2 3 1118.98
10 a L 1639.66
10 6 2 423.99
10 6 3 935.65
10 6 a4 1687.5
10 10 2 364.56
10 10 3 795.14
10 10 4 1225.68
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Bending Force (N)

Die Edge Radius (mm)

H‘ 1 @ ] a = .
gﬂ‘w 4.11 LafIAILIINAAINNITINEDIYIRIEAYN Sheet Thickness dmm

4.4 A15IATIZARANIINAaRLHANaEsaALsUd S URNEIRLUST 3 SEAU
v

4.4.1 A15IATIZVRANTENULABLAINYS

o i s ' as
M99 4.4 P15 UARNANTENUADLSINAUDILAATAILUT

Effect MS % Effect

Die Edge Radius 1809760 14.79
Punch Edge Radius 1361795 )
Sheet Thickness 8566161 69.9
Die Edge Radius*Punch Edge Radius 97063 0.79
Die Edege Radius*Sheet Thickness 248790 2.03
Punch Edge Radius*Sheet Thickness 133526 1.09
Die Edge Radius*Punch Edge Radius*Sheet Thickness 27785 0.23

Total 12254480 100

74



75

4.4.2 HANTENUIIUTENINALUS

Interaction Plot for Force

Data Means
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Interaction Plot for Force

Data Means
2500 A Die Edge
Radius(mm)

2 2000- ’ <
8 Nl 6
é —.-- 10
o 1500
£
5
o
81000 -

500 - v

; 3 4
Sheet Thickness (mm)

Ul 4.14 uanwwansvuIInszmine Die Edge Radius fiu Sheet Thickness

nnnsIagiulagn nansgnusIugening Die Edge Radius AU Sheet Thickness Fail
HALINABEMAN Sheet Thickness fANtay nisiUasuulas Die Edge Radius awiinavinl
useildlunszuaunng Wiping-Die Wasuwlasies widawan Sheet Thickness fiAnann N3
\WabuLUas Die Edge Radius asilnavhliussitlélunszuauns Wiping-Die wisuuyasnn
U wazHanTEMUIIMTEIIN Punch Edge Radius fiu Sheet Thickness Gafiuunlfululumns

WefULALNaNIENULaENI

4.5 Regression Model

PAMsranmMsaeLdsilavvainsnaasunanaiealiugudmiuAinwiiuls

]
=

7 3 s¥au annsauiunasaaun sl
4.5.1 Empirical Model

4.5.1.1 Engineering Unit

Bending Force = —1236.84 + 27.4D + 2.09P + 1186.77T + 6.22(DX P) (4 1)
— 4713 (DX T) —35.88(P X T) :



27

Toeil

D = Die Edge Radius (mm)

P = Punch Edge Radius (mm)
T = Sheet Thickness (mm)

4.5.1.2 Coded Variables

Bending Force = 1230.1 — 306.68D. — 272.95P. + 688.679T, + 99.52(D. X P,) (4.2)
—188.53(D. X T,) — 143.53(P. x T.) '

el
Dc
P
T. = Sheet Thickness

*suUsluaunis Coded Variables agldidua1sening -1 §9 1 uagamisann Coded

Die Edge Radius

I

Punch Edge Radius

YpaumaziLUslaan

D-6 4.3

p, =22 @.3)
PF=6 4.4

P, = — (4.4)
Py

Te =~ (4.5)

Tneaesuyslawad

2<D<10

2<P<10

2<T<4

4.5.2 nN15W1A1 Factor K
o o v i i d‘ 4 ] a v
Suannsvih iy Dimensionless WoangUaunisiigenn lngdaguaunsiiidu

F=KZ (4.6)
Tagn
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Bending Force
F= 4.7)
UTSX Sheet Thickness X Width of Sheet Metal

L

Sheet Thickness (4.8)

Sheet Thickness 4 Punch Edge Radius + Die Edge Radius

Taee Bending Force 1utana1naun1s Coded Variables Tnganansavaaunisiaiu

F=0.352XZ (4.9)

oA K = 0.352
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