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Analysis Integration Thrust

Analysis Module Catalogs
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X-Analysis Integration
(X=Design, Mfg., etc.)
+ Goal:

Improve product engineering processes by integrating
analysis models with other life cycle models

+ Challenges:
— Heterogeneous Transformations

— Diversity: CAD/CAM/CAX Models, Disciplines,
Fidelity, Tools, etc.

+ One Approach:

The Multi-Representation Architecture (MRA)
+ Initial Focus:
Automation of routine analysis for design

© Georgia Tech



Analysis Integration Challenges:
Heterogeneous Transformations

¢ Homogeneous Transformation

Design E‘D:r:'égfﬂ ° STEP EID:.-:.I‘.’;"EEH ° Design

Model A HEnss AP210 > minssiwlal  Model B
Mentor Graphics Cadence

+ Heterogeneous Transformation

Design %ﬁéjogﬂo STEP  ,,  STEP Analysis

Model A pmss, v o AP210  *°  AP209 _ Model A
Mentor Graphics Ansys
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Multifidelity Analysis

Design Model (MCAD) Analysis Models (MCAE)

1D Beam/Stick Model

flap support assembly inboard beam

3D Continuum/Brick Model
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|dealizations

© Georgia Tech

Multi-Fidelity, Multi-Usage

Design Model

-

Analysis Models

Idealized
Views |/1:I\|
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3-D bounding box
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Multilevel Analysis

Design Model (MCAD) Analysis Models (MCAE)

Part Feature Level Model
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Design Geometry - Analysis Geometry

Detailed Design Model

Mismatch

© Georgia Tech

2.2788
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Analysis Model
(with Idealized Features)

Idealizations

See VIEW A-A
ce 70 = Bolt Head Radius
(142 flat to flat distance)
ri = Bolt Hole Radius

i Bolt Diameter

| End Pad
B

VIEW A-A
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27"
’ l
] EI i
T A=
len to

Bolt Washer/
End Pad Interface
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SECTION B-B

Tension Fitting Analysis

“It is no secret that CAD models are driving more of today’s product development
processes ... With the growing number of design tools on the market, however, the
interoperability gap with downstream applications, such as finite element analysis,
is a very real problem. As a result, CAD models are being recreated at

unprecedented levels.”

Engineering Information Systems Lab ¢ eislab.gatech.edu

Ansys/ITI press Release, July 6 1999
http://www.ansys.com/webdocs/VisitAnsys/CorpInfo/PR/pr-060799.html
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Explicit Design-Analysis Associativity

bulkhead assembly attach point

CAD model

i rononne

3D VIEW
ENGINEERING REF
SCALE: MONE
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Missing

CAD-CAE ———

associativity

material
properties

idealized
geometric
attributes

analysis
results

channel fitting analysis

LINKAGE SUPPORT NO. 2 (INBOARD BEAM REF |23 L4S67)
Bulkhead Assembly Attach Point at Upper Beam Location

BATHTUB TYPE TENSION: FITTING ANALYSIS
REF(DM6-81766, “Tension-type fittings®

Allowable Loagd Pallow = 36395] LBS

WARNING: Edgeé distance ‘h"-'e - tb/2’ should be at least twice the hole DIAMETER
(2(2ri)) from the free edge to prevent tension failure in wall.

TENSION FITTING TYPE

Material Properties & Geometry:
PSIT puix [ 5960] LBS
PST E = [ 10000000] Ps1
= ] PST roi= 0.5240] IN
= PST £ie 0.4375] IN
= PSL ¥2s 0.00 IN
epu = 0.067} IN/IN FmiE 1.
epulT = 0.030 | IN/IN e 0.500} IN
= 0.310] IN tbie 0.307) IN
e = 1.267] 1N ai= 1.770) IN
____—' b= 2.440] IN nois 088 IN
Wall Tension Analvsis:
Abet = INZ fEwis PST
Agross & N2 Rtw = (Adtual)
Wall Bending Analysis: Kwall = cu = N
1= o.ea9] vt Fbw = [T 116247]) pSI et = [__o.676] 1v
fau e LB-IN MU= LB-IN .= N
Rbw = (Actual)
s exa
ni= Rewu = (Allowable)
gamma = Rbwn = (Al1owable)
: MSwall = 5,17
End _Pad Bending -Analysis: «+%%% PLASTIC BENDING ANALYSIS *#&&#&
K3 = fhe = PSI
Foe = ST
Kend = MSepb = 511
End Pad Shear Analvsis:. foe = esI
: MSeps. = 5.77

Fastener is
model .

obtained from the FEA model axial beam loads.

LE7K18 and represented as beam element number 362 in FEA
Load considered is 2G7T12U intact (Detent 0, Fairing Condition 1) and is

ench. | AJAME 12/206/96|| peviseo DATE Outboard TE Flap, Support No. 2 (2.9 300
o Bulkhead Attachment Location to |23(4Sk)

ibbulk.tem ibbulk.dca
APR ENGINEER DEVELOPED TEMPLATE
APR PAGE z H){;’
PGM 3734207 -PRCD 1AS

Engineering Information Systems Lab ¢ eislab.gatech.edu
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Analysis Integration Challenges:
Information Diversity

Environmental “Analyzable” o
“Manufacturable” Conditions Description Seecifications

. . Semantics
Description

STEP

AP220 “PWB should
) ) withstand lamination”
lamination U’
temperature =

“Warpage < 0.005 when
board is heated from 2
to 150°C”

150°C

Idealizations

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu 11



Outline

¢ Analysis Integration Challenges
¢ Introduction to Constrained Objects (COBs) =

¢ Overview of COB-based XAl

¢ Example Applications
¢ Electronic Packaging Thermomechanical Analysis
+ Aerospace Structural Analysis

¢ Summary
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Traditional Mathematical Representation
Two Spring System

System Figure
kl kZ

NNV ——r
> U L‘ Uz

Free Body Diagrams

- L]
= Ly ﬂ AL,
F

X X
11 K, K, 2
Variables and Relations

i i Relati Myt Ly =X, =Xy be, i x, =0

inematic Relations ~_ riAL =L 1L, T

L. . ny F=kAL be, . F =F. Boundary Conditions
Constitutive Relations — " 13 3°°1 2 o Y

7y :L =X, — Xy, bc, . F,=P

ry AL, =L,—L,, besiu, = AL,

1y F, =k,AL, be, iu, =AL, +u,
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Constraint Graph
Two Spring System

ry By, = kAL
be,:x,,=0
bc, 1 x,, =X,
bc, : F, =F,
be,:F,=P
begiu, = AL,
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bc1

bc3

j)
r3

P O—— bea
F,
spring2 r23
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COB Constraint Schematic
Two Spring System

Analysis Primitives

Encapsulated Relations

h

>

i3
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1Ly =X, — Xy
ALy =L, =Ly, —
F, =k,AL,

bc1

spring 1

Elementary
Spring

N k F
R

O Ly AL(Q

O X L

O X%
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System-Level Relations
(Boundary Conditions)

bc,:x,=0

bc, :x, =X,

—— be,:F =F,

bc,:F,=P
beg iu, = AL,
bcg:u, =AL, +u,
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COB Structure: Graphical Forms

Spring Primitive

Constraint Schematic

r3
O spring constant, k F— kAL force, I O
- total elongation, A L O
O undeformed length, L, | o; _ L-1L, length, L O
O start, X; L=x,—x,
O end, X, [ r1
Subsystem View
(for reuse by other COBs)
4 Elementary
Spring
OLs F G
DLy, AL(Q
O’ L
O X
© Georgia Tech

Basic Constraint Schematic Notation

deformed state

Template Structure (Schema)

S subsystem s
variable a subvariable a.d h of cob type &
o4 »O4 D a b subvariable s.b

O

relation 7/(a,b,s.c)

1 option category 1
oty F—pcd ] gpten

o [1.1] f=s.d

=p— € A e ok
M e=f T 12 f-g
equality relation option 1.2
w
L[j:1,n] aggregate c.w
@ ;QW/ element w,
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COB Structure: Lexical Form
Spring Primitive

Constraint Schematic

r3
O spring constant, k F— kAL force, I’ O
” total elongation, A L O
;
undeformed length, L _ length, L
O 920 fAL=L-1L, O
start, X;
O ’ L=x,—x
C>end,x2 [ r1

Lexical COB Schema Template

COB spring SUBTYPE OF abb;
undeformed length, L<sub>0</sub> : REAL;
spring constant, k : REAL;
start, x<sub>1l</sub> : REAL;
end, x<sub>2</sub> : REAL;
length, L : REAL;
total elongation, &Delta;L : REAL;
force, F : REAL;

RELATIONS
rl : "<length> == <end> - <start>";
r2 : "<total elongation> == <length> - <undeformed lengths>";
r3 : "<force> == <spring constant> * <total elongation>";
END COB;

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu



COBs as Building Blocks
Two Spring System

Constraint Schematic

spring 1
Elementary
Spring Lexical COB Schema Template
Ok F
COB spring system SUBTYPE OF analysis system;
O Ly AL Q O springl spring;
bc spring2 spring;
. =0 L b g b g;
1 OF’ C deformationl, u<sub>1l</sub> REAL;
O X deformation2, u<sub>2</sub> REAL;
load, P REAL;
RELATIONS
bc2 . bc3 bcl "<springl.start> == 0.0";
spring 2 bc2 "<springl.end> == <spring2.start>";
/ Elementary bc3 "<springl.force> == <spring2.force>";
Spring bc4 "<spring2.force> == <load>";
k F bc4 p bcs "<deformationl> == <springl.total elongation>";
:) C O bcé "<deformation2> == <spring2.total elongation>
:) LO AL C u, = AL, +u, O Uy + <deformationl>";
END COB;
:) X7 L C bc6
OF";
© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu 18
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COB Modeling Views

Constraint Schematic
O

O L
o——b d
o olle T

Object Relationship Diagram

COB Schema b d
Language g 8
D ®

Il

/ I/O Tables

\

Subsystem Views

/ l *xtended Constraint Graphs

O_—_
Express-G FI_(k
STEP
o Express
HTML
Constraint Schematic-I
O;  — @
20.2in
30e6 psi D a /
[edo- d
Extended Constraint Graphs-I
20.2in

© Georgia Tech

30e6 psi

Engineering Information Systems Lab ¢ eislab.gatech.edu

COB Instance

Language

l

STEP
Part 21

HTML
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Example COB Instance

Spring Primitive

Constraint Schematic Instance Views
example 1, state 1

5 N/mm Ospring constant, k :S: AL force,FO 10N
- total elongation, A L Ol
T Oﬁdeformed length,Ly | A/ = -1, length, L O 22 mm
C}E@n"n L=x,—x

O end, X,

r1

Basic Constraint Schematic Notation

Instances
100 Ibs Oi Input a = 100 Ibs
He b Result b = 30¢e6 psi
3006 psi (output or intermediate variable)
~ c Result ¢ =200 Ibs

200 Ibs (result of primary interest)

M Equality relation is suspended
Xr1

O Relation r/ is suspended
o— ©

© Georgia Tech
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Lexical COB Instances
input:

INSTANCE OF spring;
undeformed length : 20.0;

spring constant 5.0¢
start : ?;

end : ?;

length : ?;

total elongation : ?;
force 10.0;

END INSTANCE;

result (reconciled):

INSTANCE OF spring;
undeformed length : 20.0;

spring constant 5.0
start : ?;

end : ?;

length : 22.0;

total elongation : 2.0;
force 10.0;

END INSTANCE;

20



20 N/mm

20 mm

10 mm

32 mm

© Georgia Tech

Multidirectional 1/O
Spring Primitive

Constraint Schematic Instance View

example 1, state 5

force, F' O

total elongation, A L O

length, L
=220

r3
O spring constant, k F = AL
r2
® undeformed length,L, | o; _ L-L,
<>§mﬂfﬁ L=x,-x
C>§n¢.@ |

r1

40 N

2 mm

22 mm

Engineering Information Systems Lab ¢ eislab.gatech.edu

Lexical COB Instance

input:

INSTANCE OF spring;
undeformed length :
spring constant : ?;
start 10.0;
end : ?;
length : 22.0;
total elongation : ?;
force 40.0;

END INSTANCE;

20.0;

result:

INSTANCE OF spring;
undeformed length : 20.0;
spring constant 20.0;
start 10.0;
end : 32.0;
length : 22.0;
total elongation : 2.0;
force 40.0;

END INSTANCE;



Spring Examples Implemented
IN XaiTools X-Analysis Integration Toolkit

24 spring [_[o] =]
Marme Swimbol Tyne Input Walues
| root spring
W undeformed_length L=sub=0=fsub= REAL Input 20
o spring_caonstant k REAL Input A
& start ¥=sub=1=lsub= REAL Cutput Mowalue
W endl ¥=sub=2=fsub= REAL Qutput Mowalue
o length L REAL Qutput 22
@ total_elongation EDeltaL REAL Qutput 2
@ force F REAL Input 10
Solve i
root { spring )
Marne | Local [Oneway] Relation [ Active
1 ki =length= == =end0= - =star= [¥]
2 ki =total_elongation= == =length= - =undeformed_length= [¥]
3 ki =farce= == =spring_constant= * =total_elongation= [¥]
&4 spring [_[O]x]
Marme Svimbal Tyne Input Yalues
i@ root Shring
o undeformed_length L=sub=0=isub= REAL Input 20
< spring_constant k REAL Cutput 20
@ start ¥=sub=1=lsub= REAL Input 10
< end0 ¥=sub=2=Isub= REAL Cutput 32
@ lenath L REAL Input 22
@ total_elongation &DeltaL REAL Qutput 2
@ farce F REAL Input 40

root { spring )

Marne | Local|COneway]

Felation

I Ad
I Ad
3 A

=lenngth= == =gndl= - =start= ¥l
=total_elongation= == =length= - =undeformed_|enagth= [¥]
=force= == =s5pring_constant= * =total_elongation= [¥]

© Georgia Tech

ﬁg spring_system =]
Marme Symbal Tyne Input WValues
| root spring_system
@ @ springt spring
@ undeformed_length  L=sub=0=/sub= REAL Input a
@ spring_constant k REAL Input 1]
o start ¥=sub=1=lsuh= REAL Qutput I
& endl ¥=sub=2=/sub= REAL Qutput 10
@ length L REAL Dutput 10
« total_elongation EDelta; L REAL Qutput 2
o force F REAL Qutput 10
@ @ spring? spring

@ undeformed_length  L=sub=0=/sub= REAL Input a
@ spring_constant k REAL Input 20
& start ¥=sub=1=fsuh= REAL Output 10
@ endd ¥=sub=2=fzubh= REAL Output 1845
@ length L REAL Qutput 8.4
« total_elongation EDelta; L REAL Qutput na
o force F REAL Output 10

@ deformation u=suh=1=/sub= REAL Dutput 2

@ deformation2 u=suh=2=/sub= REAL Qutput 248

@ load F REAL Input 10

root | spring_system )

Engmeerma mrormaton Systems Lab ¢ eislab.gatech.edu

Mame |LocallDnewsay Relation | Active
r Y =spring1.start= == 0.0 [¥]
2 A =spring1.end0= == =spring 2. start= [¥]
r3 A =spring1 force= == =spring? force= [¥]
r4 A =gpring 2 force= == =load= [¥l
] A =deformationi= == =spring1 total_elongation= [¥]
1] A =deformation2= == =spring2.total_elongation= + =deformationt= [¥]
22




Analysis System Instance

Constraint Schematic Instance View

10.0

3.485

spring 1
Elementary
Spring 10.0
55 | Dk FQO
80 | DL, ALQH-8184+ 05 O u 1818
bc1
%, =0 D x; L] os8fs
9.818 O %
bc2 bc3
spring 2
/ Elementary
Spring 10.0 - .
6.0 O k FO—— O
8.0 O Ly ALC uy =AL, +u —O) u
0.818 Dx] LC 9.667 pce
19.48  [Ox

© Georgia Tech

Two Spring System

Lexical COB Instance

input:
INSTANCE OF spring system;

springl.undeformed length 8.0;
springl.spring constant : 5.5;
spring2.undeformed length 8.0;
spring2.spring constant : 6.0;
load 10.0;

END INSTANCE;

result:
INSTANCE OF spring system;

springl.undeformed length : 8.0;
springl.spring constant : 5.5;
springl.start 0.0;

springl.end0 9.81818181818182;
springl. force 10.0;
springl.total elongation
springl.length 9.81818181818182;
spring2.undeformed length 8.0;
spring2.spring constant 6.0;
spring2.start 9.81818181818182;
spring2. force 10.0;
spring2.total elongation
spring2.length 9.66666666666667;
spring2.end0 19.48484848484848;
load 10.0;

deformationl 1.818181818181818;
deformation?2 3.484848484848484;

END INSTANCE;

Engineering Information Systems Lab ¢ eislab.gatech.edu

1.818181818181818;

1.666666666666666 ;
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Basic EXPRESS-G notation

© Georgia Tech

‘a1

| a1l

S[1;7]

A is an entity (class)
Instance of A are objects

Ais a simple type
( BOOLEAN, LOGICAL, BINARY,
NUMBER, INTEGER, REAL, STRING)

A has two attribute, a1 and a2, that

are both type B

A has an attribute, a1, that is

O O

al

132

a Set of 1 or ore entities of type B

A is a supertype of B and C.
(B and C are subtype of A)

Unofficial extensions:
A has two levels, a1 and aZ2.
alis type B. a2 is type C.

ng Information Systems Lab ¢ eislab.gatech.edu
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COB Object Model View (EXPRESS-G

Real

Spring Schema

Real

Real

Real

Real

Real

Real

© Georgia Tech

undeformed _length
force
total _elongation
length
end0
start
spring _constant

spring

I—A&L)

ks

Lo

deformed state

Engineering Information Systems Lab ¢ eislab.gatech.edu

uj
O Real
spring_2 load
O Real
spring_1 deformation1
spring _system
Real
deformation2
—————
L
AL

25




s B =kAL
o Ly = X5 — Xy

Iy ALy =L, = Ly, ‘\

1y By = kAL,

© Georgia Tech

1Ly =X, — X,
nytAL =L - L,

X, =0

v —

Declarative Knowledge / Derivable Behavior

Two Spring System

k

uj

k;

NN\ ———>

L

spring 1
Elementary
Sprmg bCl I)CH = 0
:)L} F bc, :x, =X,
DLy ALQ bed_ be,: F =F,
bc1 N A
“ by LO bc,:F,=P
N x begiu, = AL,
/ bC6ZU2 :AL2+MI
bc2 be3| 4
spring 2
~ Elesf%%rrlltgfy Derivable Behavior
\ bc4 P
O & FC O P dr, iu, =—
O Ly ALC uy =AL, +u,t—Q) up k1
OF’ LC bc6 dr, :u, _pla iy
O x klkz

= No need to include explicitly (redundant)

Engineering Information Systems Lab ¢ eislab.gatech.edu 26



Achieving Effective System Properties
via Semantically Rich COBs

%, =0

bc1

ky

spring 1

/ Elementary
Spring

O k F

DL, ALQ

© Georgia Tech

—

bc2

spring 2

bc3

/ Elementary

/

O x

Spring
O Ly ALC u, =AL, +u,t—O) wp
OFY L (O bc6

effective spring

/ Elementary
Spring

D k)e— FQ
ALC
L QO

Derivable System
Level Properties

dr2:AL, . =AL +AL,

Engineering Information Systems Lab ¢ eislab.gatech.edu

effective
etc.
= No need to derive

= Minimal extra work
= Semantically richer

27



Constrained Object Language (COBs)

+ Capabilities & features

— Various forms: computable lexical form, graphical form, etc.
— Sub/supertypes, basic aggregates, multifidelity objects

— Multidirectionality (I/O change)

— Wrapping external programs as black box relations

+ Analysis module/template applications:

— Product model idealizations

— Explicit associativity relations with design models & other analyses

— Black box reuse of existing tools (e.g., FEA tools, in-house functions)
— Reusable, adaptable analysis building blocks

— Synthesis (sizing) and verification (analysis)

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu 28



Constrained Object Language (cont.)

¢ Summary
— Declarative knowledge representation combining objects & constraints
— COBs = (STEP EXPRESS subset) + (constraint concepts & views)
— Advantages over traditional representations:
» Greater solution control
» Richer semantics (e.g., equations wrapped in engineering context)
» Capture of reusable knowledge

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu 29



Outline

¢ Analysis Integration Challenges
¢ Introduction to Constrained Objects (COBs)

¢ Overview of COB-based XA| ¢=

¢ Example Applications
¢ Electronic Packaging Thermomechanical Analysis
+ Aerospace Structural Analysis

¢ Summary

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu 30
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Components of the MRA
Analysis Integration Technique

+ Conceptual architecture: MRA
+ Methodology

+ General purpose MRA toolkit: XaiTools
— Toolkit architecture
— Users guide
— Tutorials (work-in-process)

+ Product/company-specific applications
— PWA/Bs (ProAM)

— Aerospace structural analysis (Boeing PSI)
— Chip packaging/mounting (Shinko)

See for references

ing Information Systems Lab ¢ eislab.gatech.edu
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Multi-Representation Architecture for
Design-Analysis Integration

@ Analyzable
Product Model

APM

Printed Wiring Assembly (PWA)
N[ JOEE o
I:H:l= O O O
 — —
g“l:ll:ll:lm .
<nu 10 ]

sghon — !
O\ppdD = ol

[ ——
I~ = 1\ Solder
[ Component \Sclde

@ Context-Based Analysis Model

(2 Analysis Building Block

Printed Wiring Board (PWB)

CBAM ABB
APM (I)ABB
Component T, body ABB\{ISMM
Bolder Joint J— body, | [Podv, | —~<~—>
PWB | body, |

Design Tools

(1) Solution Method Model

SMM

TAVA "

¥

+ Composed of four representations (information models)
+ Provides flexible, modular mapping between design & analysis models
+ Creates automated, product-specific analysis modules (CBAMS)

+ Represents design-analysis associativity explicitly

© Georgia Tech

Engineering Information Systems Lab ¢ eislab.gatech.edu

Solution Tools
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Routine Analysis:
Opportunity for Automation

Typical PWA Design Process

Develop
Conceptual
Design —>1 PWA
Layout 1
Routine Analyses |, Acceptable
Check Layout
Performance > L t
EMI - Trace Spacing Variation > ayou o Unacceptable
Reliability Layout
Solder Joint Deformation - Thermomechanical
[Engelmaier, 1989; Lau, et al., 1986; Kitano, et al. 1995]
Solder Joint Fatigue - Component Misalignment ———T Modify
Plated Through-Hole Fatigue [Sizemore & Sitaraman,1995] . =o000° Layout
Manufacturability menss, 3
Reflow Soldering - PWA/B Warpage [Stiteler & Ume, 1996] ';'D;;,,q:o%'
Bed-of-Nails Test - PWA Deflection [lannuzzelli, 1990] .
Solder Wave - Component Shadowing Modified Layout

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu 33



Design-Analysis Integration
Methodology

Physical Behavior Research Analysis Module Catalogs
Design Handbooks

Routinization
(Module Creation)

—

Routine Analysis

Commercial  Product (Module Usage) Commercial
Design Tools Model Selected Module Analysis Tools
Solder Joint Deformation Model Ansys | R
MCAD <> R i |dealization/ Component /
Defeaturization 1 Solder Joint | C CAE ——
ECAD => & ) > €«<—> \ ::::::::;\

APM < CBAM <> ABB <> SMM Abaqus

+ Provides technique to bridge CAD-CAE gap
+ Uses Al & info. technology: objects, constraints, STEP

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu 34



Multi-Representation Architecture (MRA) «

@ Analyzable
Product Model @ Context-Based Analysis Model

XaiTools
Prototype X-Analysis Integration Toolkit

Second Generation - Java-based

(2 Analysis Building Block

ABB

body, ABBY SMM

(@) Solution Method Model
SMM

o

Ty
Tody Tody
body,

Design Tools

Solution Tools

Analysis Modules & Building Blocks

Constraint Schematics Implementations

,,,,,,,,

© Georgia Tech

Product-independent MRA toolkit

Lexical constrained objects (COBs)
— Data-driven creation
— User-adaptable
Mathematica constraint solver
— More capabilities
SMM-type wrappings:
— FEA tools: Ansys, Abaqus™®
— Symbolic Eqn. Solver: Mathematica
Extended APM technique for design links:
— CATIA MCAD modeler
Updates/Extensions in progress™:

— PWB/A: GenCAM; STEP AP210-based
APM link w/ Mentor Graphics BoardStation

— Generalized MCAD modeler links

— Advanced parametric FEA transformation
— Object-Oriented Optimization

— CORBA-based tool interchanges

— XML views of analysis results etc.

Engineering Information Systems Lab ¢ eislab.gatech.edu 35



XaiTools Tool Architecture

Company/Product-Independent View
Capabilities as of 12/98

~ Plus ECAD AP210 link Template Libraries: CBAMs, ABBs, APMs
and items from first gen. prototypes: Instances: Usage/adaptation of templates
full SMMs, complex meshing, etc.
Examples:
Design aerospace, electronics,
Tools HolE SEhemes tutorials Analysis Mgt. Tools
objects, x.cos, x.exp .
MCAD Tool Tagging Technique & COB_AnaIyS|s. Tools
; Navigator: XaiTools
Interpretive COB S XaiTool !
CATGEO erver Xa//ools Editor (text): WordPad
CATIA Interface =
O :
Material &=
Properties COB Instances %
Manager
objects, x.coi, x.step
MATDB-like files —>0
Standard \ Custom Tools
Parts I
Manager Tool Forms - _
(parameterized tool—- | Analysis Constraint
FASTDB-like files  models/partial SMMs) Codes |/ Solver

FEA: Ansys Mathematica

General Math: Mathematica CORBA Wrapper

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu 36



XaiTools Tool Architecture

Company/Product-Independent View
In-Progress & Potential Extensions as of 6/99

Design Tools Analysis Mgt. Tools

MCAD: CATIA Template Libraries: Analysis Packages*,. e Pullable Views®
/DEAS*, PrO/E*, AUtOCAD* CBAMS, ABBS, APMS, COI’IdIZ‘IOfIS Condition Mgr*’
Instances: Usage/adaptation of templates
ECAD: Mentor Graphics (AP210)
Accel (PDIF, GenCAM)* Persistent
COB Schemas Object =)
objects, x.cos, X.exp Repository S
CAD Tool i ODBMS*, PDM* , SRR
COB Server COB Analysis Tools
Navigator: XaiTools
Oo— Editor (text & graphical®)
2 =
Material m—
Property COB Instances %
Manager
objects, x.coi, x.step
>0
S / Other CORBA
2liezl Wrappers*
Parts PP \ Custom Tools
Manager Tool Forms
tool models/full* SMMs) Codes | Solver
FEA: Ansys, Elfini*, Abaqus* Mathematica
asterisk (*) = in-progress/envisioned extensions Math: Mathematica, MatLab* MathCAD* CORBA Wrapper

In-House Codes 37
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Flexible High Diversity Design-Analysis Integration
Tutorial Examples: Flap Link (Mechanical/Structural Analysis)

Design Tools

MCAD Tools
CATIA

[
|

Modular, Reusable Analysis Modules (CBAMs)

- Template Libraries of Diverse Mode & Fidelity

XaiTools  Analysis Tools

Materials DB

* = [tem not yet available in toolkit (all others have working examples)

© Georgia Tech

General Math

Mathematica
PAéy LULH",‘ 5—-& P

% FEA Ansys

Extension
Analyzable 1D,

Product Model 2D,
3D*

XaiTools

Torsion

Engineering Information Systems Lab ¢ eislab.gatech.edu 38



Multi-Representation Architecture for
Design-Analysis Integration

@ Analyzable
Product Model

APM

Printed Wiring Assembly (PWA)
N[ JOEE o
I:H:l= O O O
 — —
g“l:ll:ll:lm .
<nu 10 ]

sghon — !
O\ppdD = ol

[ ——
= ————J\ Solder
[ Component J\Soice

@ Context-Based Analysis Model @

(2 Analysis Building Block

Printed Wiring Board (PWB)

Design Tools

© Georgia Tech

CBAM ABB
APM (I)ABB
Component T, body ABB\{ISMM
Bolder Joint J— body, | [Podv, | —~<~—>
| PWB | body, |

@ Solution Method Model

SMM

TAVA "

¥

Engineering Information Systems Lab ¢ eislab.gatech.edu

Solution Tools
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Analysis Building Blocks (ABBs)

Object representation of product-independent
analytical engineering concepts

Analysis Primitives
- Primitive building blocks

Material Models Continua

6|/ 6\// Ae\ Beam

Linear-  Bilinear Low Cycle :
Elastic  Plastic Fatigue Plane Strain Body Plate

Geometry Interconnections

— Q ~efte No-Slip
T 3 Support

Discrete Elements Analysis Variables

“\VV\ - _[_ m Temperature, T
Mass Spring Damper SIS, @

Distributed Load Strain, g

Analysis Systems
- Containers of ABB "assemblies"

Specialized
- Predefined templates

Y| q(x) Distributed Load

Rigid \L o
Support 3 -
= Beam

Cantilever Beam System

General
- User-defined systems

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu 40



Primitive ABBs

1D Linear Elastic Model Extensional Rod ,
1L
— 1, L A
i moci O —
youngs modulus, £ mvé — e e
shear stress, T rs shear strain, y O - One D Linear
cte, O mv5 Elastic Model
O y= 1 O O } tire. T o1 (no shear)
s emperature,
< h dulus, G O ] O E i i
Oyoungs modulus, E shear modulus, o reference termperature, 7, AT=T-T, o . mv2 elastic strain, €, 0
poissons ratio, v G= E ” O smvi ¢ mv3 thermal strain, (S
o 2A1-v) ar- g — 0
dte, o force, F r4 mv4 mv1 strain, €
_F o 3 O
Otemperature change, AT £ =oAT1 r4 thermal strain, €, area, 4 G_; EhEss © O
1
temperature change, AT
O elastic strain, eeC) Q)
r3 strain, EO 2 | AL 3
£=—
| L o e undeformed length, I
stress, 0 _9 — r2 .
£= E=E, ¢, start, x r1 AL=L-L, r total elongation, AL
O——— £ O . s . O
end, x L=px,~x, r length, L
O - - O
Usage by Flap Link Model
© Georgia Tech

Engineering Information Systems Lab ¢ eislab.gatech.edu
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Multi-Representation Architecture for
Design-Analysis Integration

U

@ Analyzable
Product Model

APM

Printed Wiring Assembly (PWA)
N[ JOEE o
I:H:l= O O O
 — —
g“l:ll:ll:lm .
<nu 10 ]

sghon — !
O\ppdD = ol

[ ——
= ————J\ Solder
[ Component J\Soice

@ Context-Based Analysis Model

(2 Analysis Building Block

Printed Wiring Board (PWB)

Design Tools

© Georgia Tech

CBAM ABB
APM (I)ABB
Component Ty body , ABB\{ISMM
[Solder Joint +— body, | [Goady,| —~<—>
| PWB | body, |

@ Solution Method Model

SMM

TAVA "

¥

Engineering Information Systems Lab ¢ eislab.gatech.edu

Solution Tools
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Analyzable Product Models
(APMs)

Provide advanced access to design data needed by diverse analyses.

Design Applications Analysis Applications
Add reusable
CE— - Combine multifidelity
Solid information idealizations
Modeler / \ FEA-Based
— ¥ Analysis
\ e
Materials : Po— |
Database |- j >
\ : .| Formula-
—=— | Based
- el alysis
Daas; :g‘:;z Analyzable Product Model o e
(APM) —

@ Support multidirectionality

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu



Flap Link Geometric Model

(with idealizations)

ts] ‘
T AN
sleevel Z:I
dsl

red = idealized parameter

Sy Vg

t
htotal \tf/b \lj: tw hw
Tr

Section B-B
(at critical_cross_section)

Detailed Design

© Georgia Tech

Multifidelity Idealizations

Engineering Information Systems Lab ¢ eislab.gatech.edu

L
—> B \ — ‘)
0
shaft + sleeve?
ribl rib2
N
d
%B 52
Leff’
( A1 ( 457
0
Yl
Yy, - ]
h b > N h b t o n
total \l/ w w total \l/ w -
v 1 |
/I\ < Wf >|| /I\ < Wf >||
tapered I basic |

28



Flap Linkage Example

Manufacturable Product Model (MPM) = Design Description

flap_link
.—
sleeve_1
——>®—————»O 9 ;
Sleeve 1 Sleeve 2
—»O
—»0
sleeve_2
—»0 R
——»O
——»O
©  Product Attribute L 50
shaft cross_section wf
R; | Product Relation o
—»O
t1f
—»O
tof
——»0
rib_1 b
—>&—1—0
—»O
: R
— »0 2
rib_2 b
—>®———>0
—»O
t R
O
material name
—>»@®—»0O
45
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F

lap Linkage Example

Analyzable Product Model (APM) = MPM Subset + |dealizations

flap_link effective_length
) |
® 4 2
t
sleeve_1 w t, N
! Sleeve 2
r
X

©  Product Attribute

R. | Product Relation

@ Idealized Attribute

. Idealization Relation

© Georgia Tech

sleeve_2

shaft

rib_1

rib_2

material

W —
—>———

t
——»O
-
X

cross_section wf

tw

|y cosgedin ar
\]

———»0———»0

1

t2f

critical_section critical_detailed

=.

N—
critical_simpl wf ’ Rio
=‘
t
L »@ E

name Vv

stress_strain_model Iinegr elastic cte

46
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APM Interface with
Tagged CAD Models

1)

APM
COB Tool

7) Solve idealizations
8) Use in analysis

A

2) request

part number :
holel.radius :
hole2.radius :

lengthl : ?;

N9162” ;
25
2

COB instance format

© Georgia Tech

6) response

part number : “

holel.radius
hole2.radius

lengthl : 20.0;

3)

GIT
Interface
program

4)

tk/tcl
CATGEO
wrapper

CATIA
(CAD tool)

3 and 4 similar
to other CAD APls

Engineering Information Systems Lab ¢ eislab.gatech.edu

!

0) Designer

- Creates design geometry
- Defines APM-compatible
parameters/tags

47
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Flap Link Tagging

=| | : “:‘
DIMENS Palettes:
e [EPFRIE
ff 1 e [CREATE ]
MODIFY  |POINT
TSOLATE  |LINE
STANDARD 532252
VERTFY | o
—__|DIMENS
[DISTANCE | | 1Ex7po
OBLIQUE DIMENS?
. . CUMULATE
sleeve2.inner_diameter QRVE [ooeon
ANGLE TEXT
1.5 OFFSET  |CURviL
COORD ANALYSTS
TRANSFOR
MORTZoRT] || L TTY
VERTICAL | peer
NORMAL — l1pEnTTFY
PARALLEL  |pETaTL
. PLOT
. Lo z.2102 WO TOL ]
sleeve2.width . ST0 ToL |1 xiir2
R IHITZ
KEY TOL  |IMAGE
. STANDARD
- | GRAPHIC
ol [T N7 L LAYER
qu——wr————““‘yf‘\ TN SETS
’ MODELS
FILE
Hy
6. 25
o Jfaxs1 MSET J[*sET1 |||NSP||HXD||VU"DR||3%3" YES|[we 7]
SEL ELEM 7/ YES:START PROCESS DRAFT = =DRAFT
|I | AXS==AXS1 YU=TOP

48



Multi-Representation Architecture for
Design-Analysis Integration

@ Analyzable
Product Model

APM

Printed Wiring Assembly (PWA)
N[ JOEE o
I:H:l= O O O
 — —
g“l:ll:ll:lm .
<nu 10 ]

sghon — !
O\ppdD = ol

[ ——
= ————J\ Solder
[ Component J\Soice

U

@ Context-Based Analysis Model

(2 Analysis Building Block

Printed Wiring Board (PWB)

Design Tools

© Georgia Tech

CBAM ABB
APM (I)ABB
Component Ty body ABB\{ISMM
[Solder Joint +— body, | [Goay,| —~<—>
| PWB | body, |

@ Solution Method Model

SMM

TAVA "

¥

Engineering Information Systems Lab ¢ eislab.gatech.edu
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Tutorial Example:

Flap Link Analysis Problems/CBAMs

Flap Link SCN

(2) Torsion Analysis

(1) Extension Analysis
a. 1D Extensional Rod
b. 2D Plane Stress FEA

1. Mode:

2. BC Objects
Flaps down : F =

Shaft Tension

10000

3. Part Feature (idealized)

//

Ibs

L.= | 50| in

1020 HR Steel

1.13 |in? E= | 30e6

pSi

Gallowable =| 18000

4. Analysis Calculations

pSi

_F _ Y%
O = E AL = Leff E
5. Objective i
Ms = Battowabe _1_ | 7 03
O
© Georgia Tech

(1a) Analysis Problem for 1D Extension Analysis

Links

linkage

Material Links

Design/ldealization

y I |
<« Lq/,4>‘ . AL
P<—@ ) — P
E 4 £, 0 X

deformation model

Extensional Rod

S~ eyée length, Leﬂ.
L) 4

area, 4

mode: shaft tension cross secjon

al (isothermal)
L, AL
X, L
X5

al2
A

linear elastic model __ youngs modulus, £ al3
»O) »O)

La La

condition  reaction

O—O

stress mos mﬁ\l
Margin of Safety N
(> case)
allowable

allowable stress

E o O
F T €

actual
MS \

BC Object Links

Pullable Views* (other analyses)*

I

Solution Tool
Links

* Boundary condition objects & pullable views are WIP*

Engineering Information Systems Lab ¢ eislab.gatech.edu
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Analysis Template Usage of

APM ldealized Attributes

Linkage APM

effective_length

flap_link

sleeve_1

sleeve_2
®-

»
>@-

shaft

w
»O
——»0
r
——»0
X
L—»0
w
»O
t
——»0
r
——»0
X
L—»0

cross_section

14 4

rib_1

rib_2

material

© Georgia Tech

wf
»>@ »0
tw

critical_section

Linkage AnaIyS|s Template (CBAM)

1

» /
Sleeve | &- c
d] ‘\

linkage

Sleeve 2

- effective length, Le”.

deformation model

Extensional Rod
(isothermal)

Y

mode: shaft tension cross section __ area, 4
~

al2

L, AL g
X, L

condition  reaction

S
material linear elastic model _ youngs modulus, E a|,
O E
F €

O—O

Linkage
Extensional
Model

stress mos model

critical_detailed

o

:

b

B

name

stress_strain_model

linear_elastic cte

=
=

crmcal S|mple

4
>

Q
e

<
m&

=
©

qgineering Information Systems Lab ¢ eislab.gatech.edu

Formula-Based PBAM Margin of Safety
(Analysis Template) (> case)
allowable F——0O+ allowable sjfess
actual ()
ms g Linkage Extensional Model

51



Flap Linkage Extensional Model:
Lexical COB Structure

COB link extensional model SUBTYPE OF link analysis model;
DESCRIPTION
"Represents 1D formula-based extensional model."
ANALYSIS CONTEXT o
PART FEATURE

y L
Ly [ AL
2 — F
E A E,0 x

deformation model

link : flap_link | R
BOUNDARY CONDITION OBJECTS o o . d
associated condition : condition; e anat tonsion o socton e P
MODE materal _inearsasc model _younge modtis £ i3 |
"tengsion" P condition  reaction Oi : 2
OBJECTIVES svess mos model
stress mos model : margin of safety model; Nargin of Safely
ANALYSIS SUBSYSTEMS */ B e Ol alowable stress
deformation model : extensional rod isothermal; ”m%
RELATIONS
all : "<deformation model.undeformed length> == <link.effective length>";
al2 : "<deformation model.area> == <link.shaft.critical cross_ section.basic.area>";
al3 : "<deformation model.material model.youngs modulus> ==
<link.material.stress strain model.linear elastic.youngs modulus>";
al4 : "<deformation model.material model.name> == <link.material.name>";
al5 : "<deformation model.force> == <associated condition.reaction>";
alé : "<stress mos model.allowable> == <link.material.yield stress>";
al7 : "<stress mos model.determined> == <deformation model.material model.stress>";
END COB

Desired categorization of attributes is shown above (as manually inserted) to support pullable views.

© Georgia Tech Cqtegorizatian capabilities is a planned Xaifools extension. 52



FEA-based Analysis Subsystem

Used in Linkage Plane Stress Model (2D Analysis Problem)

Higher fidelity version

vs. Linkage Extensional Model

deformation model

Plane Stress Bodies

OL

O ws,

O ts,

Ors,

O ts,

Ors,

O wf

O tw

O tf

OE

linkage inter_axis_length
»O
sleeve_1 w
>
t
>f\
E
>f\
sleeve_2 w
>
t
. »O
mode: tension g
O »O |
shaft  cross_section:basic wf
»O »O »O
tw
>f\
tf
—»0
material name E
> »O
Iinear_elastic_modelJ \Y
»O

condition reaction
)

ov

OF

allowable stress
>

allowable inter axis length change

u, mos model

Margin of Safety
(> case)
allowable G

actual

MS O

>

stress mos model

Margin of Safety
(> case)
allowable C

O ws,

Parameterized
FEA Model

u

X,max

[}

X,max

[ link_plane_stress_model

<=

[_ 0[]

actual

MS O

Name Type [l Input Values
@ root link_plane_stress_mods!
9 @ link flap_link
@ part_number STRING Input "HYZ-510"
@ description STRING Input “flap link type 5"
@ designer STRING Input 1. Smith"
© & material material
© 3 arigin coordinate
@ inter_axis_lenoth REAL Input 6.29
@ @ slesvel sleeve
& wicth w REAL Input 2
@ outer_diameter REAL Input 2
@ inner_diameter REAL Input 1
@ wall_thickness t REAL Output 04
© @ origin coordinate
@ @ hole hole
@ 3 sleevel sleeve
@ & shatt tapered_beam
@ effective_length  Lssubeeffsfsub>  REAL outt 5
@ 3 ribt tin
@ @ rib2 i
© @ e _mas_madel margin_of_safety_madel
@ rnargin_of_safety| M3 REAL Qutput -0.23797207632
@ allowanle REAL Outaut 18,000
@ determined REAL Qutput 2362118164
@ @ w_mos_model margin_of_safety_mode|
@ margin_of_safety MS REAL Output 2003021218528
@ allowable REAL Output 0005
@ determined REAL Output 00016643839
@ @ associated_condition condition
@ description STRING Input “flaps down’
@ reaction REAL Input 10,002
@ deformation_model link_plane_stress_abh
9 ex REAL Output 30,000,000
9 nuy REAL Outut 0.3
L2 REAL Qutput 5
et BEAl Outea
Snlve
deformation_model ( link_plane_stress_abh )
Wame |_Local |Oneway| Relation [ Active
¥ ¥ <u= == AngysFlapLinklus pan_number,<exs, <nusy= <= s>, [vi ﬂ
¥ ¥ <si> == AnsysFlapLink[sx,par_number,<ex>,<nuxy>,<|>, <ws1>,= V|-

© Georgia Tech
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Flap Linkage Torsional Model

deformation model

O L

Torsional Rod

o

0 Q

Sleeve 1 Sleeve 2
linkage . effective length, L . al
L 4
cross section:
mode: shaft torsion effective ring polar moment of inertia, /  al2a
—»O »O :
=Oouter radius, r, al2b
material linear elastic model _ shear modulus, G  al3
»O
condition  reaction
O—»O
allowable stress
twist mos model stress mos model
Margin of Safety Margin of Safety
(> case) aIIOV\{abIe (> case)
allowable il allowable
actual actual
MS MS

© Georgia Tech
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Diverse Mode (Behavior) vs. Linkage Extensional Model

[_[O]x]
Symbol Type Input Values
@ root link_torsional_model
Q@ link flap_link
@ part_number STRING Input "WYZ-510"
@ description STRING Input "fap link tvpe 5"
@ designer STRING Input "J. Smith"
@ @ rnaterial rnaterial
@ allowable_twist_factor REAL Input 0.001
@ allowable_inter_axis_length_C=sub=.. REAL Input 0.001
& @ origin coordinate
@ inter_axis_|length L=sub=a. REAL Input 6.25
@ @ sleevel sleeve
@ @ sleevel sleeve
& @ shaft tapered_beam
@ effective_length L=sub=e. REAL Cutput &
@ allowable_twist REAL Cutput  0.005
@ @ ribt tib
@ @ rib2 tib
@ allowable_inter_axis_length_C=sub=.. REAL Cutput  0.005
9 @ associated_condition condition
@ description STRING Input "2G dive"
@ reaction REAL Input 4,000
9 @ stress_mos_model margin_of_safety_maodel
o allowable REAL CQutput 18,000
@ determined REAL Cutput 4703115814226,
W@ margin_of_safety MS REAL Qutput  2.82724
Q@ @ twist_mos_model margin_of_safety_maodel
o allowable REAL CQutput  0.005
@ determined REAL CQutput  0.002133917635
@ margin_of_safety MS REAL CQutput  1.336538461438
@ @ deformation_model tarsianal_rod
@ theta_start &theta,=.. REAL Cutput Mo value
@ theta_end &theta,=.. REAL Cutput Mo value
@ st &phi; REAL Output 0002138817695
@ torgue T REAL Cutput 5,000
4 radin . pEal Qutnit na no. 4 ¥
Solve
deformation_maodel { torsional_rod )
Name[ Relation [active] L.
r <twist= == =theta_end= - <theta_start= [vi ks
r2 =material_model.shear_strain= == =twist= * =radius= f =undeformed_|length= vl A
r3 =material_model shear_stress= == =torque= * =radius= / =polar_moment_of_inertia=| [¥] i
1 <material_madel temperature_change= == <temperature= - <reference_temperatur... | v
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Major Types of Analysis Objects

// Part Feature \ Analysis Subsysters

APM Entities 19— idealizations Analysis
Context-Based S Building Blocks

Analysis Model oundary Londition (ABBs)

CBAM Objects —

( ) N .. Solution
Conditions & boundary variables Method Models

Next-Higher (SMMs)

CBAMs

Analysis Mode | allowables
Context \\ | |

- Associativity
Objectives — Linkages ~

allowable
MS <actual

> - /

Analysis Context CBAM = why + how
 Analysis specification (why vs. how) = Analysis Context
* Definable during early planning stages + Analysis Subsystems (ABBs, etc.)

analysis problem a.k.a: template, + Associativity Linkages
context-based analysis model (CBAM), ° Can be new, reused, or adapted template

analysis module * INstance can contain one or more runs

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu 55



Outline

¢ Analysis Integration Challenges
¢ Introduction to Constrained Objects (COBs)

¢ Overview of COB-based XAl

¢+ Example Applications ¢=
¢ Electronic Packaging Thermomechanical Analysis
+ Aerospace Structural Analysis

¢ Summary

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu 56



M STEP AP 210
A" PWA/B Design Information

Physical
Component Placement
Bare Board Geometry
Layout items
Layers non-planar,
conductive & non-conductive
Material product

Geometry
» Geometrically Bounded

2-D Shape
» Wireframe with Topology
» Advanced BREP Solids
» Constructive Solid Geometry

© Georgia Tech

Product Structure/
Connectivity

* Functional
« Packaged

Requirements
* Design

» Allocation

* Constraints
* Interface

Part
« Functionality
* Termination
« Shape 2D, 3D
Single Level Decomposition
Material Product
Characteristics

Configuration Mgmt

Identification

Authority

Effectivity

Control

Requirement Traceability
Analytical Model

* Document References

Technology
« Fabrication Design Rules
* Product Design Rules

Engineering Information Systems Lab ¢ eislab.gatech.edu
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SYSTIT STTOIEITES & STRTORASTICRY, Jie
VR PR Aroclans g Sanies fo e
Laas, Sace G e itelirence conamtriies

JIL
}

[ ]
5!13)
Circuit Express AMCOM Georgia

% 33* P Tech
Atlanta ||
ECRC '’

1ﬁh(‘.iemrg;;|.1='| r

=

Atlanta

PLECRC

Electronic Commaron Risource Corler

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu



P ProAM Focus

Highly Automated Internet-based Analysis Modules

Feedback,
Products
4>

/Response to RFP,
Technical Feedback,
Products

ProAM Focus |, ernet-based

Engineering Service
\ Bureau
> Life CyCIG Atlanta

World Wide
End User

AMCOM

Needs Physical Simulation

/

Idealized
Product

U-Engineer.com

Missile Mfg.

Prime 1

RFP with Product Data (STEP, IPC, ...) Data

v

Self-Serve
Results

Friona
PWB Fabricator

SME 2

Rockhill
PWB Fabricator

SME 1

Tempe
PWB Fabricator

SME n

/

\

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu
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7 Whv Do SME Manufacturers
,/4 i y
WA Need Analysis?

+ Typically niche-experts
— Precise mfg. process knowledge

— Specialized product design knowledge
(ex. PWB laminates)

+ SME analysis needs
— Product improvements (DFM)
— Mfg. process troubleshooting
— Mfg. process optimization

+ More accurate data — Better analysis

+ Bottom linEigfiglerdelds, Lower Cost,
Better Quality, Fewer Delays

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu
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Barriers to SME Analysis

+ Lack of awareness

+ High costs of traditional analysis capability
— Secondary: Specialized Software, Training, Hardware
— Primary: Model Access/Development, Validation, Usage

+ Lack of domain-specific integrated tools

Skilled Personnel

Product Model Analysis Model

e e o
£

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu
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3 Netscape

Fie Edi View Go Communicelor Help

4 "Bookmarks & Location: [t /7u-engineer com/ep-analysis-semvices hinl

=] @) whatsRelsted I

Plane Strain Mod:
Wariation)

PTH Deforma
IPC 278 Model

(cylinder/Coffin-1y
Mirman Beam Mc
Azisymmetric Mo

Palmeren-Miner
& =

PWB Layup Design

Classical Laraina” 3

PWB Analysis Services (Bare Board) =

Post-Lamintation Thickness - |/ @ O @ | v [AP210

Coefficient of Thermal Bending - |/ @ |0 | @® |« [AP210

PWB Warpage Analysis

R = Pt wapcge Notcope BB

File Edit View Geo Communicator Help
- T
i Backmarks A il hirl =]

Since the residual stresses which cause warpage are partly due to the cosfficient of
therrmal expansion (CTE) mismatoh betwween the materials in a PWB board, we may wish
to scarch the reference books for other composite structures which warp due to
mismatched CTEs.

One such structure is a himaterial beam bending due to a uniform increase in
temperature. Hence, we may wish to use this formula for a first order analysis of PWB
Warpage

So o, AT
t

Warpage

Analysis Documentation

In fact,if the analysis variables are selected correctly, it tums out that this simple model
captures the maximum warpage wherever it occurs on the PWB! (For further details,
cxamine our Analysis Model Explanation page,) For example, fo model the board Yeh et
2L analyzed with FEM (llustrated at the top of the page) the figures for the ‘input’
variables are

Undeformed (i e. initial) Length L = 276 tm

Undeformed Thickness t= 1.08 mm

Temperature Change AT =70 °C (from 257 to 95°C)

Specific Coefficient of Thermal Bending ez, = 1.10x107C (Fom 25°10
95°C)

Sinos the formula doss not predict the dirsstion of the warpage, the resulbant warpage
figure (approzimately 0,58 mm) represents the following PWE configurations (Warplage
v

4|

™l | Documert: Done.

[
File Edt View Go Communicator Help

PTH Analysis Results

Input Variables

Drilled hole diameter, d: 0.025 inches

PWE Bosrd thickness, H. 00625 inches

Basrel average plated thiskness, b,: 0.0012 inches

Barrel minimum plated thickness, t,, - 0001 inches

Estimate of Plating Quality, Ko: 6

Redustion in local cross sectional area due Lo plating or dilling defects, K : 10 %

Chenge in temperature, AT: 00°C
Reference temperatute (ambient), T,z 25°C

Compression moduly
Coefficient of Therme

Page - Netscape
File Edt View Go Communicator Help

Coefficient of Therms ;‘
Glass Transition Tem
Tensile modulus of b tb—> "*
Plastic modulus of ba,
Vield Strength of har H —>Me— tI N
Ultimate Steength of
Plastic strain at fracty,
Cosfficiert of Thetms
L 777773
Analysis Model
1BC-D-279 Plated Thr *I‘O%
Results
Average Siressinih | pioqge fit in the following properties of the PTH to be analyzed, then press the ‘Continue
Maximum Strainint| oo tytton, (Typical values have been provided.)
PTHharvel Fatigue I k s B -
{f
E PTH Geometry
1= Drilled hole radius [oomzs | inches
H - PWB board thickness. 0.0825 inches
PTH *As Manufactured" Properties
4, - Barrel average plated thickness T2 mils
1,,- Barrel mininmum plated thickness To mils
K - Estimate of plating quality. E =
K, - Reduction in cross section due to local defects. 10% Reduction =
|

™l |Document: Done

Ready-to-U

se Analysis

[ PwWB Warpage Analysi
File Help

PWB Thermal Bending Model (1D Formulae)

Internet-based Engineering
Service Bureau (ESB) Tools

W Layup

e

PWB Tolal Diagonal [4ss181356024792
Thermal Bending Coef, (xk) | 3.496038E-7

Temperature Change a

Warpage

Warpage Ratio a

Margin of Safety 0

Calculate Results

PWVA Plane Strain Model (20 FEA)

Initial Temperature [

Final Temperature
Terperature Change
FEA Min Elem Div
FEA Aspect Ratio
Max Stress XX

Local Warpage
Warpage Ratio
Margin of Safety

=] =] =] =] =] =] =] =

creste FEAINDUE | View FEA Input

Calculate FEAResults |

=——

[ pielectric 1 Conductor

A/ B Parameters

Deseription

PiNA Part #

PiNE Part#

PB Pre-Lamination Thickness
PiNB Post-Lamination Thickness
P Total Width

PiE Total Length

Alowable Warpage Ratio

Warning Module PWA

ABC_9010
ABC_3230
0.0814

0.07303000000000001]
3.70999953953933959

28
00075

Modules

Lower cost, better quality, fewer delays in supply chain

© Georgia Tech
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Paper-based IPC-D-279
Plated Through Hole Fatigue Analysis

PR Ik
1

I R LA
drn E&[}u if#@ﬂlglgﬂlulllll b
o

F

L
T s O
i %f{ D ;!-iﬁl

‘| |PC-D-279

Design Guidelines for Reliable
Surface Mount Technology
Printed Board Assemblies

o L

T

e o
= e s L =
~'-¢'$—u:=:';—.—.==.ﬁ‘ =

e

_LH.
L
=
==

it —
| . R
W

© Georgia Tech

Tedious to Use

PTH/PTV Fatigue Life Estimation

[tcrg—am WAT+§, EE—Er}AE EE,

Tavg ~ AE-EE+£;-§;'
E. - K
(%_%}M'AE'EE_S_;:'A@' < =
Ar = Fa
e A By +A, .
10
0.1785log=—
Y Ly N
Nfﬂﬁﬂfmj +0.92: |2 " Ae=0
E 10.36
1
— i
Nf (I%):NI(SU%) lﬂ(]. UGII)
In{ 0.5)
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Product Data-Driven
IPC-D-279 PTH Analysis Module

Easier to Use
+ Data Driven aspect: Web
+ Local Browser Compu
+ Less Errors than manu
+ Exhaustive search
+ Data Compression
e

e.g. 100x)
ed ( g
<?xml version="1.0"2> ID.D125 inc
<!DOCTYPE GenX 3¥STEM "genx.dod™: il =R .
<Genix WE
<HEADER GENX VERZICN="0.h" H = P . (J + SeCu rlty
mn

GEMERATEDEY SOFTWARE="GTENL" board ID.DBES

GEMERATEDEY SOFTWARE VERIICN="Andyl" thickness.
DIMENS ICN="THOU" GRID VALUE="50"
INGLEUMITS="DEGREES"™ HISTORY="1" >

@D GenCAM/GenX
P

JavaScript
parsing

<AZSEMELY DEF
USEDIN MNAME="C100" MNAME="Nodem <100

Wrhoard” NUMBER="11149-14811" REVISICHN="Rev PTH "As Manufactured™
S66g 20> Properties
<ATTRIBUTE GROUP="alpha"
MAME="m part" VALUE="EIZ 9600" /> t, - Barrel
<ATTRIBUTE GROUP="alpha" = T oL
average . i
5 | plated =
OCESSY | (Wlay take some time on large Cen files) LI 4| | »
|@ ’_l_lg My Computer 7
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Analysis Data Flow
Web-based Approach

SME ESB Web ESB Analysis
Client Server Server

Analysis Tool
html form script

g = =
http , ftpijz
Pentium PC html page Pentium PC html page  Sun SPARCstation
Web Browser httpd, etc. Mathematica

email
notification W

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu
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ESB Analysis Module
Catalogs & Documentation

(0] x|
File Edit “iew Go Communicator Help
# w!vBookmarks Jg Location:Ihttp:Nu-engineer.coma"ep-anal_l,lsis-sewices.html j ﬁ"w"hat's Related m
PWB Analysis Services (Bare Board) -
PWEB Warpage - Metscape
File Edit %iew Go Communicator Help
PWE Layup Design M M&'Bookmarks J‘ Netsite:|na’epa’pwba’warpagea’thermal-bending-modela’general-descriptiona’default.htmlj

-

Since the residual stresses which cause warpage are pattly due to the coefficient of
thermal expansion (CTE) rismatch between the matenals m a PWB hoard, we may wish

Fost-Lamintation Thickness - Fix | & @] @ < | AP210 to search the reference books for other composite structures which warp due to
rmsmatched CTEs.

Coefficient of Thermal Bendi - v | AP210
oeflicient of Thermal Bending ) ® o © One such structure 15 a bimaterial beam bending due to a unifortn increase in
. temperature. Hence, we may wish to use this formula for a first order analysis of PWEB
PWEB Warpage Analysis Warpage.
Thermal Bending Model < ol fo | o |ol|l® |« | AP210 g
Classical Lamina Theory Moga\ 2D | fx ® (ORI O TN g PWB: Thermal Bending S= Oy IEAT

\ Warpage

. . A

Plaqe _Stram Model (Material D 4 ol @ < | AP210 \ / arpage g
Variation) ¥

PTH Deformation & Fatigue Analy:

In fact, if the analysis variables are selected correctly, it turns out that this simple model

P 279 Model N captures the masmum warpage wherever it occurs on the FWB! (For further details,

ederCoffin. ML 1D | (= (\@F | ® | O v || Genit exarrine our Analysis Model Explanation page.) For exarnple, to model the board Veh et
(eyhnder/Coffin-anson) al analyzed with FEM (llustrated at the top of the page) the fipures for the 'mput’

] wvariahles are:
Mirman Beam Model 1D | fix) .P\f\@) O v || Gen3

- Undeformed {1e. muibal) Length L = 276 mm
Asisyrometric Model 2T & @\ v || Gendl Undeformed Thickness t = 1.0% mm
Temperature Change AT =70+C (from 25° to 93°C)
FPalmgren-Iiner Model ‘ = ‘ Ji(x) | Specific Coefficient of Thermal Bending o, =1 10z107#C (from 25° to
| == |Document: Done 950C)

Since the formula does not predict the direction of the warpage, the resultant warpage
| figure {approzimately 058 mum) represents the following PWE confipurations: (warpage =
1 v

=l |Document: Done
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Solution Method - An indication of model computational cost.
Jix Formula Based

Finite Element

Utility Ranking - A measure of analysis model validity.
Demonstration
Trends
Iagnitude Relative
Abszolute

® ® OO

Tool Availahility - A measure of implementation maturity.

A "P" suffiz mdicates the ranking 15 backed by physical measurements.

@] Concept
O Prototype
® Pilot
@ Froduction
Availahility
E
B 2B e
E 2 2 £ t|¢
Z 2 E # | & E’?
_E 2 = = | o= = Supported
=] & = # & & | Design Formats =
= (== [Document: Done Sse % AR Rl A 2

© Georgia Tech

File Edit Wiew Go Communicator Help

j @'W’hat's Related m

PWB Analysis Services (Bare Board) B
PWB Layup Design
‘ Post-Lamintation Thickness ‘ - ‘ S ‘ @ ‘ @] @ v ‘ AP210
‘ Coefficient of Thermal Bending ‘ - ‘ J(x) ‘ ® ‘ @ || v ‘ AP210
PWB Warpage Analysis
‘ Thermal Bending Model ‘ 1D ‘ Sz ‘ 0] ‘ ® v ‘ AP210
‘ Clazsical Lamina Theory hlodel ‘ 2D ‘ F(x ‘ ® ‘ @] @] ¥ ‘
Plaqe Stram Mlodel (Mlaterial oD - O o @® < | 4210
WVariation)
PTH Deformation & Fatigue Analysis
IPC 279 Model
{cylinder/Coffin-Ianson) D /() or ® o v peeaX
‘ Mirman Beam Model ‘ 1D ‘ Flx) ‘ @p ‘ ® -/ ‘ GenX
‘ Azdsymretric Model ‘ 2D ‘ | ‘ ® " ‘ Gen
‘ Palmgren-Idiner Model ‘ - ‘ Jix) ‘ ‘ o v ‘ d
’E’@| | Document: Done SE S
67
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/
,ﬂM
Ay ESB Characteristics

+ Self-serve analysis

— Pre-developed analysis modules
presented in product & process contexts

— Available via the Internet

— Optionally standards-driven (STEP, GenCAM ...):
» Reduce manual data transformation & re-entry
» Highly automated plug-and-play usage

— Enabled by X-analysis integration technology

+ Full-serve analysis as needed

+ Possible business models:
(beyond ProAM scope)

— Pay-per-use and/or Pay-per-period

ch ~ ¢ ~x Engineering Information Systgms Lab ¢ eislab.aatech.edu 68




ProAM Design-Analysis Integration

Electronic Packaging Examples: PWA/B
Design Tools — = —| Modular, Reusable Analysis Modules (CBAMSs)
—| Template Libraries
ECAD Tools
Mentor Graphics,

PWB Layup Tool
| XaiTools PWA-B

Laminates DB

Materials DB

© Georgia Tech

* = [tem not yet available in toolkit (all others have working examples) ** = Item available via U-Engineer.com

of Diverse Mode & Fidelity

\

Solder Joint
Deformation*

XaiTools Analysis Tools
STEP AP210,

GenCAM**,
PDIF*

_PWA-B_ General Math
; ~sa | Mathematica

1D,
2D,

Analyzable 3D
Product Model
. PWB
XaiTools Warpage
\ o

PWA-B
2D

FEA Ansys

PTH
Deformation ok T p—
& Fatigue** 1D, | '~ | |
2D "

Engineering Information Systems Lab ¢ eislab.gatech.edu
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PWA/B Analyzable Product Model
(partial)

© Georgia Tech

= photos| ) primary structural materi : STEP EXPRESS-G Notatio
Image [0 - Physical | total width i MSOIIC-j attribute 1
- . descriptio Obiect - O ateria Entity Al atribue s ey 5
String O ) total height o O .
6 T total length o o) S[1:7] (@ sety
rt bex Entity A| Entity = Class of Objects
Integer [O—P2rHM part b (a subclasg) [ISO 10303-11
a
Currencyl> cost i
(|) X (|) component ¢
reference
, , - - assembly] Component designator
Part Part component occurrences~ location O
\
|
(') <assembly; (I>
body styld ' layers wh O surface
O—22CY SV Electrical Ye§ PWB PWA <component occurrencesy PWA — O
Component C .
<componenty Component| <location>
solder ioin Occurrence
magnitud @) (') (S
O—tolerancqd  Discrete PWB Layef Integrated Solder| © y| 2D
tingComponent Component Joint ion| Location
Q-Rower ratin p p (fotation
| |
O O O O O
Resistor Capacitof Inductor Micro- Discrete
o) o) Processor| | Network
Transistor, Diode
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Solder Joint Deformation CBAM

Informal Associativity Mapping

@APM PWA Component Occurrence @ CBAM Component Occurrence Plane Strain Model

1} linear-elastic model
T primary structural ® @ABB Plane Strain Bodies System
2> . .

material 1_; total height, h . o 2 -

?gilrc‘]ter base: Alumina ® " = bOdyl 7;)
N ( EpOxXy ) 7 | v

. 'I ——— 3 (I) body , body ,

E PWB . FR4 PM = ABB : =
core (} < > body2 plagi ;ZZ%/ ibodyl. ,i=1.4
1=} | == p == == | ( materiall.(E,V,OL)

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu



Solder Joint Deformation CBAM

Constraint Schematic

3)APM o D (2)ABB

Mg 0 / \ \

\

solder joint
shear strain
range dgformation model
lane Strain
Badies System
approximate maximum @) T, aQ
inter-solder joint distance L,
! L,
— i h
component | A~ total height * c h,
occurrence  component primary structural materia s eaife TrEsl RS
wc O—0O »O O model 1
b 1.25 Te
[1.1] T,
length 2 | . \_i Ly B
- 2 h 12,
: . . total thickness s h,
pwb primary structural materlax linear-elastic mpdel stress-strain
—0 140, Q) = model 2
O rectangle [1.1]‘ S T,
. »O detailed shape [1.2]'\' geometry model 3
solder joint fgl\der . linear-elastic model [2.1] stress-strain
—0 149 O */ average model 3
_~, bilinear-elastoplastic model 1 -JI>_O T3 Y xy, extreme, 30
— [2.2] Tsj

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu
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Iterative Design & Analysis

PWB Layup Design Tool

| Layup build-up type: ]
S 1 esiee Layup
repreg! [1080°3 < [oo0er 0.0084 00084 Prepreg. Polyclag-Tetra .
B Re-design
| ~][o0se 0064 00058 Prenes #Pane e
MNesting factor Total PostLaminatonNom Thick:  [008976 | |
FEErTall]

Analyzable

Product Model

3 x 1080

Tetra GF

2x2116

Tetra GF

3 x 1080

© Georgia Tech

1 0z. Cu

2 0Oz. Cu
1 0z. Cu

1 0z. Cu
2 0z. Cu

10z. Cu

1D Thermal Bending Model

o Warpoge Analyss Lo
et

PWB Thermal Bending Model (1D Formulae) B RIBLD
P8 Total Diagonal
Cost. Themmal Bending (a6) |3 95577610018T317ET

Temperature Change 75

Warnage

Warpage Ratlo [0oossezT0aT6218505

Margin of Gafety. [0zai0si7aersas .

Calculats Resulis = oietectic. [——J conductor

Quick Formula-based Check

Calculals FEA Results

PWE Plane Strainfodel (2D FEA) PWAIB Parameters
Intial Temperature E PV Deseription [Warming Module P
Final Temperature E PWAPan# [ecwoio
Temperature Change. I FWB Description [Warming Module Pwe___
FEAMIn Elern Div _ B Part# T
FEAAspect Ratio | PWB Pre-Lamination Thickness | 006799999999999399
MaxStress 2207 PWB Post Lamination Thickness [006376
Min Siress )0 [osmeee PWB Total Width 69 39
Local Warpage [zreee PWE Total Length () 38
Warpage Rato 00075
Wargin ofSafety

Create FEA Inout View FEAIngul

o, AT

PWB Warpage Modules

2D Plane Strain Model

Fie tep

PWB Thermal Bending Moel (1D Formulze) B IR
PWB Total Diagonal
o Thermal Bending (ab) [ 38657761091878317E-7

Temperature Change 75

Warnage

Warpage Rato 00569270870218505
Margin o Safely 3103174687543

Calculats Results = ovetectric ] Conductor

Create FEA Inout
Calculals FEAResults

View FEA Input

Detailed FEA Check

PLOT HO.
DAL SOLUTION
ST2P-1

PWB Flane Stisinodel (2D FEA) PWAIB Parameters

Iniial Ternperature. [ VWA Deseription [Waming Moguie Pia
Final Temperature | PWAPar# T
Temperatura Change I PWB Description [Warming Module PWe___
FEAMin Elern Div | B Part# EX
FEAAspect Ratlo [« PWB Pre-Lamination Thickness [ 006799999999999998
MaxStress 30¢ 326287 PWB PostLamination Thickness [008376
Min Stress X0¢ I W Total Widh 09 39

Local Warpage [zrees PWB Total Length ()

Warpage Rafo

Margin o Safety 2821354933726088

by defomation (for warpage check)

Engineering Information Systems Lab ¢ eislab.gatech.edu
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© Georgia Tech

PWB Thermal Bending Model (1D formula-based)

PWB Warpage CBAM

(i)

B. Thermal Bending

PV

deformation model

Thermal
Bending System
O pwb »O total diagonal al1 o) 5 o AT
»O total thickness al2 ®o t
>Ocoeffic:ient of thermal bending al3 o o, 5
O AT
O T
O T, ference
O warpage mv1

Engineering Information Systems Lab ¢ eislab.gatech.edu
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Aerospace Structural Analysis Test Case
GIT Work in Boeing PSI Project

1)

Design Objects Analysis Objects Pullable Views

flap support assembly inboard beam (a.k.a. “bike frame”)

bulkhead assembly attach point

>

Fostore

fitting analysis

diagonal brace J
attach point e

Modular, Integrated, Active, Multidirectional,
Reusable, User-Definable

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu 75



Flexible High Diversity Design-Analysis Integration

Design Tools

| MCAD Tools |

TP T T T ]

| =l |

Materials DB
MATDB-like

Fasteners DB
FASTDB-like

* = [tem not yet available in toolkit (all others have working examples)

© Georgia Tech

Aerospace Examples:

“Bike Frame” / Flap Support Inboard Beam

Modular, Reusable

\ 15D
Lug:

Axial/Obligue;

Analyzable Ultimate/Shear
Product Model
el

<4 Fitting:
Bending/Shear

XaiTools

Analysis Modules (CBAMSs)
Template Libraries of Diverse Feature:Mode, & Fidelity

XaiTools

1.5D =

. Analysis Tools

ke |

General Math

Mathematica

In-House
Codes

3D
Assembly:

Ultimate/
FailSafe/Fatigue*

Engineering Information Systems Lab ¢ eislab.gatech.edu
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Elfini*
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Today’s Fitting Catalog Documentation
from DM 6-81766 Design Manual

Calculation Steps

Categories of Idealized Fittings

© Georgia Tech

End Pad Analysis — Two margins of safety, one from the bending stress and one for the shear stress will be calculated. A / ra Bolt Head Radius
Unless otherwise noted, do not extrapolate the K3 curves. ngie = o e R e
. . " " Bolt Diameter
1. End Pad Analysis - Bending Channel Flttlng F[tt[ng r'_ [EndP:d
) r b . . See VIEW A
Stepl: Compute <L and 2. End Pad Bending Analysis N
h h N7
Step2: From FIGURE 3-3 read K. If b/h is less than 1.0, use the K3 value for b/h equal to 1.0. VIEW A=A
If r;/h is greater than 0.4, use the K3 value for r;/h equal 10 0.4. b b nd Pa
1 g 3 1/ eq B 2 "| — I _J/- End Pad
Step 3: Determine the bending stress, fbe: ’/ H r
- I B
= Ky (2e - 1) L : @ P
Jbe 3 Y2 ] B k:{.liy ili__z
Step4:  Determine the allowable apparent bending stress, F, from the plastic bending curves in the n—the Bolt Washer/
appropriate  DM—4XXX using K = 1.5 and an actual extreme fiber stress equal to Fp,. (;oltlfl?:arr;“e e
not shown
Step5:  The margin of safety is SECTION B-B
F
MS. = - b - Sce VIEW A-A — - ro Bolt Head Radius
Jm f e 70 = Bolt Head Radius (172 flat to flat distance)
\ (172 flat to flat distance) See VIEW A - A P n = Bolt Hole Radius
2. End Pad Analysis — Shear th polHle Radis N ,« Bolt Dimeter
"~ Step1: Actual shear stress is End Pad Nt % Frared
P
fe = VIEW A-A
2 r 0 le VIEW A-A
Step 2:  The margin of safety is “ ~— R R
F . b End Pad N\ ¢
MS. = & — | s A \s"gq
Jm f se [ o= Bolt Washer/
A FA End Pad Interface
@\ r s
S g END PAD VIEW
Channel it ey pen
anne " 2
F 'tt " ggg l"‘:?;;‘::érfac: Ba th tUb
I I n g (Bolthead o ig g
not shown) g n
SECTION B-B SECTION B-B Flttlng

Engineering Information Systems Lab ¢ eislab.gatech.edu
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Object-Oriented Hierarchy
of Fitting ABBs

Specialized Analysis
System

Fitting System ABB

l load P

ABB
* = Working Examples
Specialized Analysis
Body
Fitting Casing Body Fitting Washer Body Fitting Bolt Body*
) ' washer L 2l
casing
- . . Open Wall Fitting - Fitting End Pad ABB
Channel Fitting Casing Body Casing Body ( :%1;\/%
Bathtub Fitting Angle Fitting i Fitting End Pad
Casing Body Casing Body Bending ABB

Open Wall Fitting
End Pad Bending ABB

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu

Fitting Wall ABB

- Fitting End Pad
Shear ABB*

Channel Fitting
End Pad Bending ABB*
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Channel Fitting System ABBs

End Pad Bending Analysis

DM 6-81766 Figure 3.3

SECTION B-B

channel fitting factor, K3

EEEEE===

O bolt.hole.radius, r, r

" ERpsEae= =

h o = e 1
O end_pad.height, h b e N ]
O end_pad.width, b h ;

r2 r3

O end_pad.eccentricity, e p
(O —base.thickness. t, o = K;(2e— tb)—2
O end pad.thickness, t. ht;
O load, P

actual bending stress, fbe

End Pad Shear Analysis

bolt.head.radius, r,

r1

end_pad.thickness, t,

Jse

load, P

O
O
O

© Georgia Tech

P

27yt

e

actual shear stress,

se

O
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Implementation of Channel Fitting Factor, K3
as a Reusable Relation in an External Tool

Design Manual Curves

il
S h
1.0 0.
1.00 = =
0.95
X ——
0.90
/"
0.85
0.80
0.2
075 —
0.70 ——
]
(065 —
7 0.60+—+< 03
: ——
0.55 —— =T
--'-—.'.-..-
0.50 —
1 | 0_4
0.45 —
_-——"--"_._-
0.40 T
035
/’/r’
0.304
0.25
10 12 14 16 18 20 22 24 26 28 30
b
h
r 1/h=0.1 r 1/h=0.2 r 1/h=03 r 1/h=0.4
b/h K 3 b/h K 3 b/h K 3 b/h K 3
1.0 0.836 1.0 0.5525 1.0 0.395 1.0 0.28
1.04 0.8575 1.04 0.575 1.04 0.415 1.04 0.2975
1.1 0.8752 1.1 0.596 1.1 0.437 1.1 0.317
1.2 0.898 1.2 0.618 1.2 0.461 1.18 0.335
1.34 0.92 1.34 0.641 1.34 0.485 1.34 0.359
1.5 0.938 1.5 0.66 1.5 0.505 1.5 0.375
1.8 0.9645 2.0 0.705 2.02 0.55 2.0 0.415
2.1 0.985 2.54 0.74 24 0.575 2.52 0.445
3.0 1.035 3.0 0.756 3.0 0.607 3.0 0.468

© Georgia Tech

DM 6-81766 Graph (Figure 3.3)

Engineering Information Systems Lab ¢ eislab.gatech.edu

Mathematica Implementation

0.9

0.8

0.7

0.6

0.5

3
0.55
0.5
b
0.45 J—
h
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Reusable Channel Fitting
Analysis Module (CBAM)

product structure

strength model

analysis context (channel fitting joint) PO't head :
O— O e i ¥ »Oradius. 1y & r,  Channel Fitling
1ting ole radius, r Static Strength Analysis
O—1O—1+—0 »O 2 y g Anay
) »O width, b O b
mode: (ultimate static strength) | SR . IAS Function
+——O O . Ref DM 6-81766
It »O thickness, t, P
»)—height, h % A
base hole .
- radius, r, r
m > 2
thickness, t, ¢
wall ; O %
(—thickness. t, O ¢,
»()___angled height, a
material »O—Max allowable ultimate stress, £, F,
p »O allowable ultimate long transverse stress. £.7 For
) O max allowable yield stress,f, F
ty
] O max allowable long transverse stress, £,/ 7 For MS,.,O
Y wa
) O max allowable shear stress, L', F !
) (O blastic ultimate strain, €y ej);; Ms,,, O
plastic ultimate strain long transverse,€,..7 epul T
——O MS
»(O)—Young modulus of elasticity, £ E o O
condition: load. P
b0 »O—22% Ty O P,
heuristic: overall fitting factor, J,, )
]ﬂl
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Application to an Aerospace Part
APM Associativity with Tagged CATIA Model

Bike Frame
CATIA CAD Model

Diagonal Brace Lug

UPDATE  [POINT
RENUMBER  [LINE
LIsT DIMENS
STRING TEXTD2
TYPE DIMENS2
N | wsewm oo

Bulkhead Fitting Casing

IDENTIFY [Palettes:

POINT
LINE
CURVE2
PLAE
LINITL
DIMENS
TEXTD2
DIMENS2
AUXVIEW2
PARANGD
TEXT

SET CURVEL
CUR SET  |ANALYSTS
TRANSFOR
UTILITY
SOLTOE
ERASE

UPDATE
RENUMBER

LIST
STRING
TYPE
LAYER

IDENTIFY
DETATIL
PLOT
AXIS
LIMET2
TMAGE
STANDARD

—\
cavity3.inner_wid
\ H

\

2 25b \

GRAPHIC

X 1,915

KEY NEW ID // SEL ELEM

LAYER
SETS
MODELS
FILE

ké////A/ \
ribs.thickne%L
01 0,301

.
0, 2%

Hﬁn f[*Axs1

]IEU J[xsETL

TDENTIFY |Palettes

UPDATE POINT

RENUMBER |LINE
CURVE2

- LINIT1

LIST DIMENS

STRING | 1gxTp2

TYPE DIMENS2

LAYER AUXVIEW2

[ECERENT_ ]| TEXT

SET U

CUR SET |ANALYSIS
TRANSFOR
UTILITY
ERASE
TDENTIFY
DETAIL
PLOT
AXIS
LIHIT2
IMAGE
STANDARD
GRAPHIC
LAYER
SETS
MODELS
FILE

!

|

DRAFT = xDRAFT

DET DIM HORIZONTAL_DISTA ‘A"RH"HYM-HISIMLE

| xs=<axst

VU=CHANNEL _

DET DIM CAVITY3,WIDTH

© Georgia Tech

KEY NEW ID // SEL ELEM
CAVITYS.RI0TH

DRAFT = *DRAFT
AXS=xAXS1

[l

VU=CHANNEL _
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Explicit Capture of Idealizations

(part-specific template adaptation in bike frame case)

Idealized Features

Features/Parameters
Tagged in CAD Model - - st
(CATIA) jﬁ o
il Pa
Jub

cavity3.base.minimum_thickness
_> <_

\
’/

NN

al

12

- a
1
- ’ -
7 Ax—1—
1
2

Bolt Washer/
End Pad Interface
(Bolt Head

not shown)

SECTION B-B

~. 9800 /—-.GIIG [D

R 2000 - 2200 POCKEY FILLEY
NO CUTTER RANP ALLOVED

X,

. 9000 x \-—.uu[}D

09 , Nt Tension Fitting Analysis
‘/A“l S oo 18 .8’ 9 .

. rib8.thickness

ﬂ\% CQS rib9.thickness

S 0 . s
N“ 'g YV I'; - Relations between CAD parameters and idealized parameters
F1 b = cavity3.inner width + rib8.thickness/2 + rib9.thickness/2
I'h:t, = cavity3.base.minimum_ thickness
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Today’s Typical Fitting Analysis

LINKAGE SUPPORT NO. 2 (INBOARD BEAM REF |23 L4<67)
Bulkhead Assembly Attach Point at Upper Beam Location

BATHTUB TYPE TENSION FITTING ANALYSIS
REF:DM6-81766, *Tension-type fittings*

TENSION FITTING TYPE

© Georgia Tech

Material Properties &
Feu: =
FrulT =
Fty =
FLyLT. =
Fsu =
epu = 0.067] IN/IN
epuLT 2 0.030| IN/IN
tw = 0.310 | IN
ei= 1.267] 1IN
jo3in 2.440}'IN

Wall Tension Analysis:
Anet = 1.846] 1N2
Agross = N2

[__o.5as]

Wall Bending Analysis: Kwall

CHANNEL FITTING

P’ = 960
E. = [_10000000] PSI
ro = - IN
£i= . IN
r2ie . IN
imi= 1.00

te' = 0.500} IN
thiw 0.307 |'IN
Caim 1.770) 1IN
ho=l 2,088 1IN

th
section A=A

fEw = 3228 PST. eta =

Rtw = (Actual)

1803
1162471 PSI.
[ 60428}

Mu = 60428 ) LB-IN i
Rbw. = 0.058)  (Actunal)

cu - [T T548] v
cL=[__o.676] 1
o - [[Tzee] 1y

1= N4
i s 3525] LB-IN

s exs
niz

: #*aA* DLASTIC BENDING ANALYSIS w***x

Caes] REwl = tAllowable)

gamma = 0.915 Rbwu: = (Allowable)
MSwall = 9.17
End Pad Bending -Analysis: 44« %x% PLASTIC BENDING ANALYSIS **##
K3 = the = 15038] PSI
Fbe & | 91844] PST
Kend = 1.500 MSepb: = 511
£nd Pad Shear ‘Analysis: fse % PST %
MSeps. = 9.27
Allowable Load; Pallow = 36395] LBS
WARNING: Edge distance ‘h'- e - tb/2’ should be at least twice the hole DIAMETER
(2(2ri)) from the free edge to prevent tension failure in wall.
Fastener is LE7K18 and represented as beam element number 362 in FEA

model. Load considered is 2G7T12U intact (Detent 0, Fa
obtained from the FEA model axial beam loads.

iring Condition 1) and is

Bulkhead Attachment Location to [23(4SL)

ENGINEER DEVELCPED TEMPLATE

support No. 2 (2.9 -300

ibbulk.dra

ench. | AIAME 12/20/96] mevisep | DATE Outboard TE Flap.
CHECK

ibbulk.tem
APR
APR

PGM  {3734207-PROD 1AS

pacE ol
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CBAM Instance for
Channel Fitting Analysis

‘ bulkhead fitting attach point‘

product structure

strength model

Static Strength Analysis

Channel Fitting

IAS Function
Ref DM 6-81766

Swallo
MSepb

MS,

eps

analysis context  (channel fitting joint) POIt LE7K18 head : 0.4375in
O »O ~~radius, r,
fittihng endpad  Role ; 0.5240in]_ !
o tg Linlllg @radlus, r, : 7
J width. b 2.440 in O b
mode: (ultimate static strength) - 1.267 in
~ s »(O—eccentricity, e e
T I »()—thickness, ¢ 0.5in
[ 1 g - l‘e
L 50 height, h 2.088in 4
base hole ;
m rad|us r, 0.0000 in O "
8 thickness, t, 0.307in O ¢,
waII thickness. ¢, 03101 b~
t,
FO angled height, a 1.770in b~ ,
material .
———»()—Mmax allowable ultimate stress, £, 67000 psi F,
. F 65000 psi
o »O allowable ultimate long transverse stress "7 For
3 O Mmax allowable yield stress,F, 57000 psif~
ty
) (O max allowable long transverse stress, Fip 52000 psi Four
s Mmax allowable shear stress, £, 39000 psi
o su
) »()— Dblastic ultimate strain, €y, 0.067 in/in }~  epu
J »O plastic ultimate strain long transverse,€,,.r  0-030 in/in epul T
|2G7T12U (Detent 0, Fairing Condition 1)] ()—voung modulus of elasticity. £ 10000000 psif~ -
condition:
load, P 5960 Ibs
0O »O u O P,
heuristic: overall fitting factor, J, )
Jm
Program | L29 -300 Template gthé:nmsel Fittirt]I?A el
Part Outboard TE Flap, Support No 2; atic strength Analysts

Inboard Beam, 123L4567
Dataset |1 of 1

© Georgia Tech Feature

Bulkhead Fitting Joint
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Bike Frame Bulkhead Fitting Analysis

Using COB-based Templates

MName

Symhbol

»:a channel_fitting_end_pad_bending_model_a

Type

Values

9 @ part
@ part_number
@ @ material
@ @ cavityd
@ @ ribg
o thickness
@ @ rib9
@ @ boltd
@ @ cavityd
© @ rib12
@ @ rib13
@ @ bolt?
@ @ hulkhead_fiting_casing
@ @ hulkhead_fitting_baolt
@ @ rear_spar_fitting_1_casit
@ @ rear_spar_fitting_1_baolt
@ @ fitting_casing
o uid
@ channel_fitting_factor
@ @ end_pad
o height h
@ thickness
@ @ bolt_hole
« effective_hole_offset
@ @ base_wall
@ @ side_wall
@ @ fitting_bolt
@ overall_fitting_factor
9 @ associated_condition
@ description
@ reaction
2 @ bending_mos_model
-« margin_of_safety M3
@ allowable

part { bike_frame }
_Mame_|

K=suh=3,.

__wdetermined

bike_frame

STRING

material
cavity_with_bottom_hole
cavity_rib

REAL

cavity_rib

fastener
cavity_with_hottom_hole
cavity_rib

cavity_rib

fastenar
channel_fitting_casing_body
fitting_balt_body
channel_fitting_casing_body
fitting_bolt_body
channel_fitting_casing_body
STRIMNG

REAL
channel_fitting_end_pad
REAL

REAL

hale

REAL
channel_fitting_base_wall
fitting_side_wall
fitting_boalt_baody

REAL

condition

STRIMNG

REAL
margin_of_safety_model
REAL

REAL

REAL

Relation

Input

Input
output

Output
Output

Output

Input

Input
Input

Cutput
Cutput

Output

"123L4567"

Detailed CAD data

0301 ]

"FC_007_bulkhead®
0591338526537

2088

0.5 <

from CATIA

__Library data for
materials & fasteners

|dealized analysis features

1.267

1

"2GTT12U intact: detent 0, fairing condition
5,960

5108275346244
91,344

pir_h_2
pir_h_3
pir_b_4
pir_h_5

pir_b_1  =<bulkhead_fitting_casing.base_wall width= == <rib8 thickness=/2.0 + =cavity3.inner_width= + <rib3.thickness=/2.0
=pulkhead_fiting_casing.end_pad.height= == =cavity3.bottom_thickness=/2.0 + =cavityd.inner_breadth=
=hulkhead_fitting_casing.end_pad thickness= == =cavityZ minimum_base_thickness=
=hulkhead_fiting_casing.end_pad.holt_hole.cross_section diameters == =cavity3 hole_diameter=
=hulkhead_fitting_casing.end_pad effective_hole_offset= == =cavity3 hole_height= + =cavity3 hottorm_thickness=J7 2.0

/_

16,035.08416789256 =

© Georgia Tech

in APM

— Fitting & MoS ABBs

Explicit multi-directional associativity
 between detailed CAD data
& idealized analysis features
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Outline

¢ Analysis Integration Challenges
¢ Introduction to Constrained Objects (COBs)

¢ Overview of COB-based XAl

¢ Example Applications
¢ Electronic Packaging Thermomechanical Analysis
+ Aerospace Structural Analysis

¢ Optimization Integration ¢
¢ Summary
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Optimization Integration Thrust
(work-in-process)

Analysis Module Catalogs

-]
Prodtct Model
Selected
MCAD <= g Analysis Module (CBAM)\ cAE
ECAD > O Automated Ansys A\
Idealization/ &~ | B
Defeaturization C
Conditions > ~ =
e | gty Abaqus i

Mfg. CAD/CANL + Analysis Results

Measurements
etc. | -
el Optimization Module
— (OMEP)

CONMIN Improved
/ Design / Process
DSIDES
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Optimization Model Diversity

Y L |

LEf/' " -
P<—@) L d
E 4 ’

€, 0 X
1D EXTENSIONAL STRESS MODEL

Analysis Model(s)
Enhancement and/or Addition

2D PLANE STRAIN MODEL

© Georgia Tech

OPTIMIZATION MODEL CLASS
ptimization Object 1 Optimization Object 2
Min Weight Min Weight
subject to subject to
Stress
Stress :
. . Buckling
ZEILNE T Design variables
<+—> Area 9 .
Area, Material
Objective, design variable, and/or constraint function enhancement
OPTIMIZATION MODEL CLASS
Optimization Object 1 Optimization Object2  Optimization Object 3
Min Weight Min Weight Min Weight, Cost
: bject to
subject to subiect to g
< g (x)<0 g (x)<0
h(x) =0 h(x) =0
X(H) X(H,LL,LR) X(H,LL,LR,Mat)

Engineering Information Systems Lab ¢ eislab.gatech.edu
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Optimization Model Enhancement

OPTIMIZATION MODEL |
Minimize
Si=PLA Weight
Subject to
g =MS,.(A)=20 Normal Stress Margin of Safety

Design variables

NX={A)

OPTIMIZATION MODEL Il

Minimize
Sh=PLA Weight
Subject to
g =MS,,.(A)=0 Normal Stress Margin of Safety

Design variables

X={A, material}
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Minimization of Weight of a Linkage

X(area) subject to (extensional stress)

4 L
Ly AL
P . — /7
E A E,0 x

deformation model

Sleeve 1

7 Extensional Rod
analysis context A~ product structure: Iinkagem effective length, Lg{r al1 (isothermal)
O/ 1Y, Lo AL
X; L
q x2
moode: shaft tension o cross section area, 4 al2
| terial i s lasti del dulus, E 4
condition: linkage materia ineaffelastic rpodel _ youngs modulus, £ al3 L
flaps down reaction C d Hensity, p E 9 g
O F €
goal: optimization
minimize weight W= ,OAL

weight, W o

constraint

_*_

Margin of Safety
(> case) o allowable stress

allowabl

MS = Oallowable _ 1

stress o actu Cll

MS G S

stress

MS= 0

Design Variable

91

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu



Minimization of Weight of a Linkage
X(area, material) subject to (extensional stress)

4 L
Ly AL
P . — /7
E A E,0 x

deformation model

Sleeve 1

7 Extensional Rod

analysis context A~ product structure: Iinkagem effective length, Lg{r al1 (isothermal)
149, 129 La AL
X; L

mode: shaft tension cross section area, A al2
0 —0 ——* ) A

condition: linkage material _Jineafjelastic model_nyoungs modulus, £ al3 £ o

flaps down reaction i ‘E‘S Hensity, p Y g
—0 *O €

goal: optimization

W = pAL

weight, W

constraint

minimize weight I

_*_

Margin of Safety
(> case)

allowabl

G allowable stress

O
_ Oaiiowabie
MS, s = G;W 1 actual
MS G .J

stress

MS= 0

Design Variable
ar

i

material
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Optimization Model Enhancement

OPTIMIZATION MODEL I

Minini

fi=pLA Weight
Subject to

g =M§, (420 Normal Stress Margin of Safety

& =MS, 1nfA) 20 Buckling Margin of Safety
Design variables

X={A}

OPTIMIZATION MODEL IV

Minimize
h=pPLA Weight
Subject to
& =MS,,.(A)=0 Normal Stress Margin of Safety

& =MS, kD20  Buckling Margin of Safety
Design variables
X={A, material}
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Minimization of Weight of a Linkage
X(area) subject to (extensional stress, buckling load)

Sleeve 1

analysis context

A~ product structure: Iinkagem effectivci length, Lg{f

4 L
Ly -
P . — /7
E A E,0 x

deformation model

Extensional Rod
(isothermal, buckling

© Georgia Tech

»O »O L, AL g
moment of inertia, 7 X; L
>(
made: shaft tension cross section area. A X2
[O— e A
condition:  linkage material ineafielastic model _ youngg modulus| £ £
flaps down reaction load,P j density, p o
— O F
oal: optimization
minimize weight [ Extensional Rod
weight, W I |W = PAL (Buckling)
constraints L
0
4 Margin of Safety I E PC
> case :
o ( Il ) bl O¢ Qllowzble gress I ‘
MS — —allowable __| atlowanple I
stress t
o actua
MS MSstress I MS > O
Margin of Safety
(> case) I
P allowable (]
cr
MSbuck/ing = F -1 actua
MS I
BeS|gn Variables

N .
Engineering Information Systems Lab ¢ eislab.gatech.edu
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X(area, material) subject to (extensional stress, buckling load)

Minimization of Weight of a Linkage

Sleeve 1

analysis context

A~ product structure: Iinkagem effectivci length, Lg{f

4 L
Ly -
P . — /7
E A E,0 x

deformation model

Extensional Rod
(isothermal, buckling

© Georgia Tech

»O »O L, AL g
moment of inertia, 7 X; L
>(
made: shaft tension cross section area. A X2
[—O0— , T A
condition:  linkage material ineaffelastic model _ youngg modulus| £ £
flaps down reaction load,P density, p o
» F
oal: optimization I
minimize weight I [ Extensional Rod
weight, W I |W = PAL (Buckling)
constraints I I
0
4 Margin of Safety I E PC
> case :
o ( Il ) bl IOO Qllowzble gress I ‘
MS — —allowable __| atlowanple I
stress t
MS stress I MS > O
Margin of Safety I
(> case) I
P allowable I (]
cr
MSbuck/ing = F -1 actua I
MS Sbucklmg I
Design variaples A

N .
Engineering Information Systems Lab ¢ eislab.gatech.edu
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Outline

¢ Analysis Integration Challenges
¢ Introduction to Constrained Objects (COBs)

¢ Overview of COB-based XAl

¢ Example Applications
¢ Electronic Packaging Thermomechanical Analysis
+ Aerospace Structural Analysis

¢ Optimization Integration
¢ Summary (=
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Analysis Integration Summary

+ Strong emphasis on X-analysis integration (XAl/DAI)
+ Multi-Representation Architecture (MRA)
— Addressing fundamental XAI/DAI issues
— General methodology --> Flexibility & broad application
+ Relevant project experience and research advances
— Product data-driven analysis (STEP AP210, GenCAM, etc.)
— Engineering service bureau (ESB) techniques
— Object techniques for next generation aerospace analysis systems
+ Tools and development services
— Analysis integration toolkit: XaiTools
— Pilot commercial ESB: U-Engineer.com
— Company-tailored engineering information system solutions
+ Industry & government collaboration
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For Further Information ...

+ EIS Lab web site: http://eislab.gatech.edu/
— Publications, project overviews, tools, etc.
— See Publications, DAI/XAI, Suggested Starting Points
+ XaiTools home page: http.//eislab.gatech.edu/
+ Pilot commercial ESB: http.//www.u-engineer.com/
— Internet-based self-serve analysis
— Analysis module catalog for electronic packaging
— Highly automated front-ends to general FEA & math tools

© Georgia Tech Engineering Information Systems Lab ¢ eislab.gatech.edu
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