69

Table 4.1: Functional Basis Reconciled Function Set (Hirtz et al., 2002)

Class (Primary) | Secondary Tertiary Correspondents
Branch Separate Isolate, sever, disjoin
Divide Detach, isolate, release, sort, split, disconnect, subtract
Extract Refing, filter, purify, percolate, strain, clear
Remove Cut, drill, lathe, polish, sand
Distribute Diffuse, dispel, disperse, dissipate, diverge, scatter
Channel Import Form entrance, allow, input, capture
Export Dispose, eject, emit, empty, remove, destroy, eliminate
Transfer Carry, deliver
Transport Advance, lift, move
Transmit Conduct, convey
Guide Direct, shift, steer, straighten, switch
Translate Move, relocate
Rotate Spin, turn
Allow DOF Constrain, unfasten, unlock
Connect Couple Associate, connect
Join Assemble, fasten
Link Attach
Mix Add, blend, coalesce, combine, pack
Control Actuate Enable, initiate, start, turn-on
Regulate Control, equalize, limit, maintain
Increase Allow, open
Decrease Close, delay, interrupt
Change Adjust, modulate, clear, demodulate, invert, normalize, rectify, reset,
Increment Amplify, enhance, magnify, multiply
Decrement Attenuate, dampen, reduce
Shape Compact, compress, crush, pierce, deform, form
Condition Prepare, adapt, treat
Stop End, halt, pause, interrupt, restrain
Prevent Disable, turn-off
Inhibit Shield, insulate, protect, resist
Convert Convert Condense, create, decode, differentiate, digitize, encode, evaporate,
Provision Store Accumulate
Contain Capture, enclose
Collect Absorb, consume, fill, reserve
Supply Provide, replenish, retrieve
Signal Sense Feel, determine
Detect Discern, perceive, recognize
Measure Identify, locate
Indicate Announce, show, denote, record, register
Track Mark, time
Display Emit, expose, select
Process Compare, calculate, check
Support Stabilize Steady
Secure Constrain, hold, place, fix
Position Align, locate, orient
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define more detailed sub-functions, auxiliary functions and the connections among all the
functions. For example, for the “Reduce Speed” function, a planetary gear set (for its
structure see Figure 4.5) is temporarily selected to allow the further detailing of
functional decomposition. With the product structure information, it is easier to think
about the lower-level sub-functions needed to fulfill upper-level functions. Subsequently,
individual lower-level functions are assigned for parts and sub-assemblies in the

planetary gear set structure, shown in Figure 4.6.

_

Planetary
Gear Set

Planetary
Gear Carrier /

SunGear

Ring Gear

Planetary
Carrier

Planetary Gear / \

Pin Qutput Shaft

» @

Figure 4.5: Assembly Structure of a Planetary Gear Set
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Figure 4.6: Artifacts and their Functions for the Required Functions

4.2.2 Flow

Flow is defined by Stone (2000) as “the representation of the quantities (entities) that
are input and output by functions.” The CPM model defines Flow as a medium (energy,

material, message stream, etc.) that serves as the output of one or more transfer
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Based on the behavior of the artifact, unintended behavior (e.g., heat generation) might
result and new functions (e.g., the removal of heat) might have to be introduced to the
model to overcome unintended behaviors. As a result, the function behavior model needs
to be updated and to be allowed to add the new functions based on the behavior of the
artifact or new requirements. At the same time, the evaluation process is stored in the
model, so that anyone can see the process and use the information. For Pinl: Artifact, the
functions, functional associations and behavior (with the behavioral model for estimated

behavior) and the interrelationships among them are shown in Figure 4.20.

Figure 4.20: Interrelationships among the Function, Behavior and Form of the Artifact
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4.4.1 Failure Mode and Effects Analysis in Behavior Model

In Bertsche (2008), Failure Mode and Effects Analysis (FMEA) is defined as a
“systematical approach which discovers all modes of failure for arbitrary systems, sub-
systems and components”. At the same time, likely failure causes and effects are
introduced. The procedure ends with risk evaluation and requirements for optimization
actions. This method purports to identify at an early stage the risks and weak points of a
product, so as to allow for timely improvements in execution. More precisely, IEEE Std
352-1975: “Guide for general principles of reliability analysis of nuclear power

generating station protection systems,” defines the major objectives of an FMEA.

In this study, the FMEA technique is discussed for defining the behavior of an
artifact, based on predictions and possible failure modes and their effects. As this will
help in tracing the problems in the product, it will also help the designer to define
evaluation criteria for artifact selection. In this way, the designer will have a parameter to
check how environmental or any other changes in conditions might affect the behavior of
the artifact. Table 4.5 gives an example of FMEA for a gear box. For example, as shown
in Figure 4.5, for the function “Seal”, it will provide information about possible failures

and causes, potential effects, and recommended actions to overcome these problems.

Next step will be detailing the connection between FMEA and behavior in CPM for

better understanding of observed and un-intended behaviors of an artifact.
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Table 4.5: Failure Mode Effect Analysis (FMEA) for Gear Boxes

Indirect
Artifacts | Function| Failure Mode Cause(s) Effects Effects | Recommended Actions
. Lubricant film is too thin
Wealr F§|Iure Lubricant temperature
Polishing Inappropriate lubricant
Moderate Wear Metal particles, dirt, rust
Extreme Wear etc. in lubricant
Abrasive Wear Lubricant is
Corrosive Wear contaminated with acid, ' Higher viscosity lubricant
water efc. gearlng Lower lubricant temperature
amage . i
Surface Fatigue Fail, | Surface contact siress Use ‘appropna.te lubricant
Piting Faiures Number of stress cycles Lubricant filtering system
Destructive Pitting ?_l‘{e:oa‘:;”g o
: igh surface load an
Reduce S‘.’a"'”g ) high temperature Tooth profil Manufacturing control of
Speed Micro pitting , ooth profile involute profil
G ) Heavy loading (on case | destroyed involute profiie
ear Case Crushmg hardened gears) G h Reduce |Oading below
Transfer ear toot endurance limit
Energy High contact stress ear Redesign (increase tooth
combined with rolling | Tooth surface width) i? ossible
, , and sliding deformation p N
Plastl|c Elow Falure High contact stress Improve SP”?CG finish through
Rippling combined with rolling honing, grinding
Ridging and knead
High contact stress and Loss of | Reduce the contact surface
low sliding velocity power increase the hardness
Proper heat treatment
. Excessive tooth load
Breakage Failure S :
Bending Failure Brkg Btre§s rlsers
Overload Breakage ear'lng selzurle
Foreign material
Random Fracture
between gear mesh
Insufficient
commissioning of the
Support bearing set U at i d
Bearing | rotating | Bearing Failure Use of improper and Misalignment Iub?i?::rﬁpropna € sealing an
load non-compatible oil seals
use of wrong and no
approved lubricants
Seal to
tain oil .
Sealin rEe a||n dOI Fail to seal Corrosion of the running | Bearing Gear tooth | Replace oil
’ cgﬁtgm? surface of the shaft Damage damage | Replace sealing element

nants
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functions and their sequence in the structure, is depicted in Figure 4.22, which also shows

the flow components of functions, like Rotational Mechanical Energy (RME), which

have angular velocity (o) and torque (T); Translational Mechanical Energy (TME),

which have force (f) and linear velocity (v) for the “Transfer Motion” function.
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Figure 4.21: Functional Decomposition and Assigning Artifacts

Output

Second, the relative positions and orientations (P/O) of the parts and the frames of the

features in the assembly (in terms of the local and feature coordinate systems) and the

P/O of power couples’ entry/exit (i.e., P/O of input force) are defined with transformation

matrices. The connection information between two artifacts is transformed into twist

matrices, based on the degree of freedom of the artifact (part or assembly), to enable

tracking of the energy parameters (force, torque, and angular and linear velocity).
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Rule: If Function is “Convert” = InputFlow.TypeOfFlow #

OutputFlow. TypeOfFlow

SWRL : hasInputFlow (?x,?y) A hasOutputFlow (?x,?z) A flowHasType (?y,?yl) A

flowHasType (?z,7z1) A sameAs (?y1,?z1) — functionHasType(?x,Convert)

Other function types in the taxonomy in Table 4.1 can be defined in a similar way.

5.3 \Verification of Replacing/Modifying an Artifact in the Assembly

When there is a need to replace an artifact, one must check the associations and
specifications in the base artifact against the ones in the candidate artifact. We extended
the CPM information model to incorporate more information about the associations and
specifications of the “base” artifact, in terms of functional and assembly associations,
through the “ports,” which are special features in the OAM. These specifications include:
(i) assembly associations—the basic shape, the position and orientation of assembly
features, and the connection type (including kinematic pair information, if it exists), and
(i) functional associations—the function, the required input/output
energy/material/signal (including the positions and orientations of forces, moment, if it

exists) and the design requirements (e.g., maintain clearance, etc.).

In this modified CPM, artifacts are defined from different perspectives (Function,
Behavior and Assembly Structure) and at different levels of abstraction (e.g.,
Association, Assembly, Artifact and Feature). When there is a need to replace one artifact
with another, one must compare all of the associations of the existing artifact with other

artifacts and with the environment, not just address the functional and spatial
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requirements. For any end of lifecycle (EOL) operation (a replacement process, for
example), if a search of existing (old model) artifacts for the required product is needed,
higher-level requirements like functions and sub-functions are searched first. Functional
inputs and outputs (energy, material signal) are then checked. Next, the structural
specifications, like the overall size, the basic shape, the position and orientation of the
features, the type of connection (including kinematic pair information, if there is any),
and so forth, are checked. Lastly, the lowest level abstractions of structure (e.g., feature
of size) and function (e.g., force, moment, velocity in transferring mechanical energy) are

checked if the replacement part fits.

In this section, the usage an existing artifact from the company’s model database is

studied to replace the sun gear in the planetary gear box.

Figure 5.1 shows summary information about the sun gear artifact. It includes
function(s), assembly features/ports, the basic shape, the assembly/artifact/assembly
feature associations and functional associations. For the “Reduce Speed” function, the
database should be searched for appropriate candidates. In this case, another sun gear
(Sungear2) matches the requirements. Then, for the functional association “Reduce
Speed”, input/output torque and angular velocity (gear ratio) information is checked and
found acceptable. The related assembly feature association representation “GearPair”
information (including, the radius of the first link, the radius of the second link, the bevel
angle, the helical angle, the gear ratio and the module) gives us a few more details to

check. This detailed level information is given in Figure 5.2. The specifications of the
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replacement sun gear (Sungear2) match those specifications. On the other hand, the sub-
function of the Transfer Energy function requires functional and assembly associations in
portl. Here, even though the functional association is provided by Sungear2, one of the
assembly feature associations is not satisfied. Sungear2 does not have the necessary
assembly feature (an axial slot) to match the assembly feature association for the
“Receive Energy” functional association. The diameter of the shaft (CylindricalSurface)
assembly feature is also larger than what is required. Therefore, one needs to develop
remanufacturing strategies to satisfy the remaining specifications, like reducing the shaft

diameter, adding a slot feature, etc., as needed (Figure 5.3).

Artifact1(Art'):SUNGEAR , =
AssociatedArt : Art* (Gearl)

ArtifactAssoc : AA,

Function(s): Reduce Speed, Transmit Energy AFeatureAssoc : AFA, AFA,
AFAssoc Repres: AFAR, AFAR,

FA (ReduceSpeed)

FAY? (TransEnergy )

FCs
4 AssociatedArt : Art® (Gear2)

=4 el P ArtifactAssoc: AA,
' ] AFeatureAssoc: AFA,, AFA,
? AFAssoc Repres: AFAR,, AFAR,
FCS FAIH' ReduceSpeed)
FA;‘B (TransEnergy |

Associated Art - Art®* (Ext) AssociatedArt : Art* (Gear3)

ArtifactAssoc : AA ArtifactAssoc 1 AA,
AFeatureAssoc . AFA) AFA; AFeatureAssoc: AFA,, AFA;
AFAssoc Repres . AFAR,, AFAR AFAssoc Repres : AFAR, AFAR,

FA ™ (ReduceSpeed ) FA* (ReduceSpeed)

FAS* (Trans Energy ) FAY* (TransEnergy )

Figure 5.1: Artifact Information about the Sungear



117

(tq 1 '@} aummgawag:
| A} B agoIoy

(1evaD) 44y
| poadyaonp ) *ya4
| Bugrgsuvi]) Y

af | uodd
U CLIWOOSSY [PUCHIUT
@ CLIIOSS U CTIOURT

I Doo
el 10 0 ;
(SO7F m) O f sog :
i] 01T oo
0 001
RSP WAV D0SSYain agljguassy
oMV — (MY Yy UOLPIIZ0S S 1D
(1evaD) 447 af | wodd

(% 1 'a) cumymwagn:
(o &) B augozpoy -

| paadgamp ) *¥a
( d Buargsuvi]) “ya

U CLIWOOSSY [PUCLIUT
¢ CLIIIIOSSY PUCTIOURT

1 0oo
Bl 10 0 .
(S07T M) 4O | S04
0 or oo
0 0 o1
oV = Eav WAV D0SSYaiyn agdjquassy
oMV — (MY tpy UOLPIII0S SY 1D
(1ewan) 445 af § dodd

{(*q  'g) ouvywen
."\.k S.," A8 aigyoaioy |

I 00o
wBwl 1 0 0
0 01 0
0001

oV — Eay
MY = 1Y

| peadgemp ) VA
| £ Busugsuvs]) “va

(ST M) 4O f sod

R
tyy

U CLIWOOSSY [PUCHIUT
@ QLWIOSSY [PUOLIUN

20SS YA a4 quiassy
UOUPTII0S SY IR

o o - 00 0O - 0O

Basug ARG PUOIDIGY |
( dRioug Swares o) 'y

nduy
U OHIDIOSSY DUOHIUNY

S04 i
s

$04

I 000
( S0T 1am) 40 ¢ sod
VY - LY cossyaanin g diquassy
Y = 14 UONPINIOS  SYIIAY
L BOOLP2D: MY
" ....... %M:& ....... "ﬁ“ MHOO.NLGWQ mm_.w.q\
00
00 IV e g e e \ B
¢ I |Egduet =g FOOLDBD. WY
0 1]
00
00 sl R \ S |
&1 I | =uduer o =viq) fangidgvusmaus Wy
0 1)

S04

HVIONNS: LIdeHMY

Figure 5.2: Assembly Feature- Level Information for the Sungear with Ports
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Figure 5.3: Feature- Level Information for the Replacement Artifact for the Sungear
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Chapter 6

Conclusion and Future Studies

6.1 Conclusion

The main objective of this research is to develop an assembly-related product
information representation that takes into account product function and behavior, in order
to provide a mechanism for exchanging product information throughout the lifecycle of a
product. This will enable efficient collaboration among different stakeholders, reduce
interoperability costs, and reduce product development time. In chapter, we mentioned
five objectives of this research study. Those objectives and related accomplishments will
be discussed in details in the following paragraphs. The objectives are given in chapter 1,

and contributions made in relation to those objectives are mentioned below.

Objective#1: To develop an assembly-related product information representation that
includes assembly structure, spatial and design relationships, and the connection/joint

properties of associated artifacts and features.

Issues, related to this objective, involved interconnections among classes in the OAM

model, usage of the same product information in different classes and at different levels
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of abstraction, and the aggregation of lower-level information to higher levels. The main
component in the OAM is the defining of “associations” among artifacts and artifacts’
features. The spatial relationships in the assembly and the other connection and joint
properties (i.e., degrees of freedom) of associated artifacts and artifacts’ features were
described in this work. Also, details about classes, like attributes and associations with
other classes, were defined. On the other hand, the model needs to be extended to
represent complicated geometries and detailed geometric information like in Boundary

Representation (B-Rep).

The CPM/OAM product information model was extended to incorporate more
information about the associations and specifications of a “base” artifact, in terms of
functional and assembly associations through the “ports” that are special features in the
OAM. These specifications include assembly associations—the basic shape, the position
and orientation of assembly features, and the connection type (including kinematic pair

information, if it exists).

Objective#2: To define the assembly structure and associations, with mathematical
characterization, to make the assembly model consistent, correct, and complete in terms

of traceability.

In this study, we developed the mathematical definition of interrelationships in the

extended OAM model. These relationships are:
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» assembly feature associations and parametric assembly constraints (screw
theory for assembly constrains is applied).

» artifact associations, as aggregations of assembly feature associations (a
combination of twist matrices of screw theory is applied)

» parametric assembly constraints and kinematic pairs

A\

degrees of freedom of AFA and ArtAs
effects of tolerance (fit types) on degrees of freedom
basic shape and tolerance

parametric assembly constraints and tolerance

YV V V V¥V

connection and parametric assembly constraints.

Parametric assembly constraint realizers (as can be understood from the name) are
introduced for physical realization of assembly constraints, either through special
connectors or through processes like welding. That is the connection between assembly

associations and behavior.

The mathematical definitions for Intermittent Connection, Kinematic Path, and
Position Orientation as specializations of Artifact Associations are still need to be

addressed because of the complexity of the problem and limited usage.

Objective#3: To develop functional and behavioral models to define the
interrelations among the function, behavior and form of an artifact throughout the

product development stages. These interrelations not only involve input/outputs (e.g.,
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output speed and input speed), but also relations (associations among an artifact’s

spatial and design relations).

Issues related to Objective #3 involve:

> the use of different function and flow terminology in the literature

A\

the development of function structure (decomposition and sequence)
the relationship between function type and input/output flow

the connection of functions with artifacts

the definition of interconnections among function, artifact and behavior.
the definition of behavior and its specializations

the definition and integration of unintended behaviors

the introduction of new functions into the system

the addition of FMEA to the behavioral model

vV V VYV Vv V¥V V¥V VY VY

the definition of functional associations to trace what artifacts are related to

what function or what types of associations exist among artifacts, etc.

In the functional model, the first function to be defined is the overall function. This is
then decomposed into, and supported by, sub-functions. Each function has a certain
priority. In this way, it is assured that a certain function has to wait until the prior one(s)
is processed. Another property is functional associations, which define the relationships
among the artifacts and the behavior of the artifacts based on these associations. The
more important feature of the model developed in this work is that function, behavior and

assembly information are interrelated. Function and behavior are related through
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functional associations, and behavior and artifact are related through the behavioral
model. Therefore, if any change is required or a problem occurs, a designer will be able
to (1) check the intention behind that feature, artifact or any artifact association in the
assembly, (2) see how it will affect the other entities, and (3) trace any problem through

the associations.

Objective#4: To develop an assembly-related product information representation as a
foundation for mechanisms to capture product information. It should allow users to
browse, edit, and transfer product information with a verification tool that will check the

consistency of the modified information.

The mapping of data from the UML-based CPM and OAM into OWL requires
special expertise. Direct modeling in OWL is easier, but because of its ontology it does
not have n-ary associations, but rather binary associations, which creates problems when
one is defining assembly and functional structures, since they might have subassemblies
of subassemblies of subassemblies. There has been research efforts on mapping UML

based model into OWL, but there is no solution yet.

Most rules for relationships between relevant classes (and attributes) are defined,
except the ones peculiar to an individual product. SWRL rules have to be generic and
correct for every case, but some of the consistency rules require individual definition,

since they may involve a variety of entities.

Objective#5: To define a basis for a tracing mechanism that checks the consistency of

the information and finds the causes of failures by tracking through associations.
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For consistency, the use of the same product information in different classes and at
different levels of abstraction, and the aggregation of lower-level information to higher
levels, were the problems that have been solved by connecting the relevant information in
different places through constraints and rules. In addition, while modifying any part of
the product information associated with other objects, the relevant modification(s) of the
associated objects has to be approved by a verification process defined by the SWRL
rules and the OWL constraints defined in the OWL-based product information model. As
mentioned in the discussions above, traceability is another consideration in an
information model; it is provided for by interrelating objects (functions, behaviors,
features, etc.) in a way that enables users to follow an object from the main functional
requirements to the sub-functions and from the artifact to the design rationale arguments.
Completeness, another important consideration, is defined in terms of traceability, so that
there is no deficiency or disconnection among these entities in the system. If an
information model is to support all information exchange activities, it has to be complete

in terms of the traceability of function, behavior, spatial relationships, and so forth.

In the modified CPM, artifacts are defined from different perspectives (function,
behavior and assembly structure) and at different levels of abstraction (e.g., association,
assembly, artifact and feature). When there is a need to replace one artifact with another,
one must compare all of the associations of the existing artifact with other artifacts and
with the environment, not just address the functional and spatial requirements. For any
end of lifecycle (EOL) operation (a replacement process, for example), if a search for

existing (old model) artifacts for the required product is needed, higher-level
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requirements like functions and sub-functions are searched first. Functional inputs and
outputs (energy, material signal) are then checked. Next, the structural specifications, like
the overall size, the basic shape, the position and orientation of the features, the type of
connection (including kinematic pair information, if there is any), and so forth, are
checked. Lastly, if the replacement part fits, the association specifications for the
geometry-level assembly features (which are the lowest-level abstraction of functional
associations like force, moment, and velocity in transferring mechanical energy) are

checked.

In summary, to foster an effective collaboration during product lifecycle activities,
product information must include data on geometry and topology, assembly constraints
and associations, design and product processes, the functions and behaviors of the
product, and the design intent. There have been many efforts to connect function and

behavior to structure, but there is no complete, consistent method yet.

This work should help people to make intelligent decisions by allowing them to
manage product lifecycle activities from different perspectives (i.e., function, structure,
etc.) using the knowledge of how the product information is interconnected, and how

artifacts affect each other.

6.2 Future Studies

The long-range goal is to develop a representation and exchange model for general
product information, encompassing all product lifecycle activities, which can be applied

to most electro-mechanical products. Based on the proposed extended CPM and the
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OAM, further efforts should be made to extend the research in these areas of (i)
integration of the Failure Mode and Effect Analysis (FMEA) with the function — behavior
model of the artifact, (ii) mathematical characterization of the function structure and
functional associations, and (iii) the mapping of Unified-Modeling Language (UML)

based CPM/OAM models into Ontology Web Language (OWL).

The FMEA technique can be integrated to define the behavior of an artifact based on
predictions and possible failure modes and their effects. Just as this model will help with
tracing problems in the product, it will also help the designer to define evaluation criteria
for artifact selection. In this way, the designer will have parameters for checking how the

environment or any other changes in conditions can affect the behavior of an artifact.

The mathematical characterization of associations can be extended to the function
structure and functional associations, like defining the relationships between input and

output flows by using the Law of Conservation of Energy.

The mapping of UML to OWL can be extended and completed to provide consistent
and complete product information in terms of traceability, by using the consistency

validation rules defined in chapter 5.
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Appendices

Appendix — 1. The Original CPM and OAM Models
A-1.1. Overview of the Original CORE Product Model (Fenves, 2001)

The NIST Core Product Model (CPM) is a Unified Modeling Language (UML) based
model intended to capture the full range of engineering information commonly shared in
product development (Therani and Tanniru, 2005; Fenves, 2001). It consists of a set of
classes, associations and class associations. In order to make the representation as robust
as possible, the CPM is limited to a canonical set of attributes required to capture generic
product information and to create relationships among them. The representation
intentionally excludes attributes that are domain-specific (e.g., attributes of mechanical or
electronic devices) or object-specific (e.g., attributes specific to function, form or
behavior). A UML class diagram of the core product model is shown in Figure 1. In the
text that follows, names of classes are capitalized (e.g., Information) and names of
attributes are not (e.g., information). The classes comprising the CPM are grouped below
into four categories: abstract classes, object classes, relationship classes and utility
classes. Five abstract classes are used as base classes for other CPM classes:
CoreProductModel represents the highest level of generalisation; all CPM classes are
specialised from it according to the class hierarchy presented in Figure Al. The common
attributes type, name and information for all CPM classes are defined in this class.

CommonCoreObiject is the base class for all the object classes. CommonCoreRelationship
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and its specialisations, the EntityAssociation, Constraint, Usage and Trace relationships,
may be applied to instances of classes derived from this class. CommonCoreRelationship
is the base class from which all association classes are specialized. It also serves as an
association to the CommonCoreObject class. CoreEntity is an abstract class from which
the classes Artifact and Feature are specialised. EntityAssociation relationships may be
applied to entities in this class. CoreProperty is an abstract class from which the classes
Function, Flow, Form, Geometry and Material are specialized. Constraint relationships

may be applied to instances of this class.
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Figure A.4 Class diagram of the core product model (CPM)
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The key object class in the CPM is the Artifact. Artifact represents a distinct entity in
a product, whether that entity is a component, part, subassembly or assembly. All the
latter entities can be represented and interrelated through the subArtifacts/subArtifactOf
containment hierarchy. The Artifact’s attributes, refer to the Specification responsible for
the Artifact, the Form, Function and Behavior objects comprising the Artifact, i.e., in
UML terminology, forming an aggregation with the Artifact, and the Features
comprising the Artifact. A feature is a portion of the artifact’s form that has some specific
function assigned to it. Thus, an artifact may have design features, analysis features,
manufacturing features, etc., as determined by their respective functions. Feature has its
own containment hierarchy, so that compound features can be created out of other

features (but not artifacts).

A port, a specialization of Feature, is a specific kind of feature (sometimes referred to
as an interface feature) through which the artifact is connected to (or interfaces with)
other artifacts. The semantics of the term ‘port’ are deliberately left vague; in some
contexts, ports only denote signal, control or display connection points, while in other
contexts, ports are equivalents of assembly features through which components mate. A
specification represents the collection of information relevant to an Artifact deriving from
customer needs and/or engineering requirements. The Specification is a container for the
specific requirements that the function, form, geometry and material of the artifact must
satisfy. A requirement is a specific element of the specification of an artifact that governs
some aspect of its function, form, geometry or material. Conceptually, requirements

should only affect the function, i.e., the intended behavior; in practice, some requirements
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tend to affect the design solution directly, i.e., the form, geometry or material of the
artifact. Requirements cannot apply to behavior, which is strictly determined by the

behavioral model.

A.1.2. The Original Open Assembly Model (Sudarsan et. al., 2003)

Most electromechanical products are assemblies of components. The aim of the Open
Assembly Model (OAM) is to provide a standard representation and exchange protocol
for assembly and system-level tolerance information. OAM is extensible; it currently
provides for tolerance representation and propagation, representation of kinematics, and
engineering analysis at the system level. The assembly information model emphasizes the
nature and information requirements for part features and assembly relationships. The
model includes both assembly as a concept and assembly as a data structure. For the latter
it uses the model data structures of 1ISO 10303, informally known as the STandard for the

Exchange of Product model data (STEP).

Figure A.5 shows the main schema of the Open Assembly Model. The schema
incorporates information about assembly relationships and component composition; the
former is represented by the class AssemblyAssociation and the latter is modeled using
part-of relationships. The class AssemblyAssociation represents the component
assembly relationship of an assembly. It is the aggregation of one or more Artifact

Associations.
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An ArtifactAssociation class represents the assembly relationship between one or
more artifacts. For most cases, the relationship involves two or more artifacts. In some
cases, however, it may involve only one artifact to represent a special situation. Such a
case may occur when an artifact is to be fixed in space for anchoring the entire assembly
with respect to the ground. It can also occur when kinematic information between an
artifact at an input point and the ground is to be captured. Such cases can be regarded as
relationships between the ground and an artifact. Hence, we allow the artifact association

with one artifact associated in these special cases.

An Assembly is decomposed into subassemblies and parts. A Part is the lowest level
component. Each assembly component (whether a sub-assembly or part) is made up of
one or more features, represented in the model by OAMFeature. The Assembly and
Part classes are subclasses of the CPM Artifact class and OAMFeature is a subclass of

the CPM Feature class.

Artifact Association is specialized into the following classes: PositionOrientation,
RelativeMotion and Connection. PositionOrientation represents the relative position and
orientation between two or more artifacts that are not physically connected and describes
the constraints on the relative position and orientation between them. RelativeMotion
represents the relative motions between two or more artifacts that are not physically
connected and describes the constraints on the relative motions between them.

Connection represents the connection between artifacts that are physically connected.
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Connection is further specialized as FixedConnection, MovableConnection, or
IntermittentConnection. FixedConnection represents a connection in which the
participating artifacts are physically connected and describes the type and/or properties of
the fixed joints. MovableConnection represents the connection in which the
participating artifacts are physically connected and movable with respect to one
another and describes the type and/or properties of kinematic joints.
IntermittentConnection represents the connection in which the participating artifacts

are physically connected only intermittently.

OAMFeature has tolerance information, represented by the class Tolerance, and
subclasses AssemblyFeature and CompositeFeature. CompositeFeature represents a
composite feature that can be decomposed into multiple simple features.
AssemblyFeature, a sub-class of OAMFeature, is defined to represent assembly
features. Assembly features are a collection of geometry entities of artifacts. They may be
partial shape elements of any artifact. For example, consider a shaft-bearing connection.
A bearing’s hole and a shaft’s cylinder can be viewed as the assembly features that
describe the physical connection between the bearing and the shaft. We can also think of
geometric elements such as planes, screws and nuts, spheres, cones, and toruses as

assembly features.

The class AssemblyFeatureAssociation represents the association between mating
assembly features through which relevant artifacts are associated. The class

ArtifactAssociation is the aggregation of AssemblyFeatureAssociation. Since



133

associated artifacts can have multiple feature-level associations when assembled, one
artifact association may have several assembly features associations at the same time.
That is, an artifact association is the aggregation of assembly feature associations. Any
assembly feature association relates in general to two or more assembly features.
However, as in the special case where an artifact association involves only one artifact, it
may involve only one assembly feature when the relevant artifact association has only

one artifact.
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Figure A.5: Main Schema of Open Assembly Model
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The class AssemblyFeatureAssociationRepresentation represents the assembly
relationship between two or more assembly features. This class is an aggregation of
parametric assembly constraints, a kinematic pair, and/or a relative motion between
assembly features. ParametricAssemblyConstraint specifies explicit geometric
constraints between artifacts of an assembled product, intended to control the position
and orientation of artifacts in an assembly. Parametric assembly constraints are defined in
ISO 10303-108). This class is further specialized into specific types: Parallel,
ParallelWithDimension, SurfaceDistanceWithDimension, AngleWithDimension,

Perpendicular, Incidence, Coaxial, Tangent, and FixedComponent.

KinematicPair defines the kinematic constraints between two adjacent artifacts
(links) at a joint. The kinematic structure schema in ISO 10303-105 defines the kinematic
structure of a mechanical product in terms of links, pairs, and joints. The kinematic pair
represents the geometric aspects of the kinematic constraints of motion between two
assembled components. KinematicPath represents the relative motion between artifacts.
The kinematic motion schema in ISO 10303-105 defines kinematic motion. It is also used
to represent the relative motion between artifacts. Tolerancing is a critical issue in the
design of electro-mechanical assemblies. Tolerancing includes both tolerance analysis
and tolerance synthesis. In the context of electro-mechanical assembly design, tolerance
analysis refers to evaluating the effect of variations of individual part or subassembly
dimensions on designated dimensions or functions of the resulting assembly. Tolerance

synthesis refers to allocation of tolerances to individual parts or sub-assemblies based on



135

tolerance or functional requirements on the assembly. Tolerance design is the process of
deriving a description of geometric tolerance specifications for a product from a given set
of desired properties of the product. Existing approaches to tolerance analysis and
synthesis entail detailed knowledge of the geometry of the assemblies and are mostly

applicable only during advanced stages of design, leading to a less than optimal design.

During the design of an assembly, both the assembly structure and the associated
tolerance information evolve continuously; significant gains can thus be achieved by
effectively using this information to influence the design of that assembly. Any proactive
approach to assembly or tolerance analysis in the early design stages will involve making
decisions with incomplete information models. In order to carry out early tolerance
synthesis and analysis in the conceptual product design stage, we include function,
tolerance, and behavior information in the assembly model; this will allow analysis and
synthesis of tolerances even with the incomplete data set. In order to achieve this we

define a class structure for tolerance specification and we describe this in Figure A.6.

DimensionalTolerance typically controls the variability of linear dimensions that
describe location, size, and angle; it is also known as tolerancing of perfect form. This is
included to accommodate the 1ISO 1101 standard. GeometricTolerance is the general
term applied to the category of tolerances used to control shape, position, and runout. It
enables tolerances to be placed on attributes of features, where a feature is one or more
pieces of a part surface; feature attributes include size (for certain features), position

(certain features), form (flatness, cylindricity, etc.), and relationship (e.g. perpendicular-
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to). The class GeometricTolerance is further specialized into the following: (1)
FormTolerance; (2) ProfileTolerance; (3) RunoutTolerance; (4)

OrientationTolerance; and (5) LocationTolerance.

Datum is a theoretically exact or a simulated piece of geometry, such as a point, line,
or plane, from which a tolerance is referenced. DatumFeature is a physical feature that
is applied to establish a datum. FeatureOfSize is a feature that is associated with a size
dimension, such as the diameter of a spherical or cylindrical surface or the distance
between two parallel planes. StatisticalControl is a specification that incorporates

statistical process controls on the toleranced feature in manufacturing.
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Figure A.6: Tolerance Model



137

Appendix — 2 Screw Theory Representation and Feature Toolkit

A-2.1 Screw Theory Representations of Assembly Associations (Whitney, 2004)

A screw is a method of demonstrating the motions of a rigid body or the forces and
moments acting on it. Screws that characterize motions are called twists or twist matrices,
whereas the screws that characterize forces are called wrenches or wrench matrices. A
twist or wrench matrix consists of six columns and one to six rows, one for each degree
of freedom. These matrices can depict a host of part-to-part constraints. We will utilize
them to build a toolkit of useful assembly features. Moreover, we will outline and
implement algorithms necessary for motion and constraint analysis of assemblies

constructed by combining parts and using assembly features (Whitney, 2004).

The general form of a twist is

T = [wy wy w7 Vy Vy Vq] (1)
The wrench matrix fits the twist matrix and it composed of all the forces and

moments that the joint is able to resist. A wrench is defined in the following way:

W = [IX Ty fZMX MY MZ] oo (2

For the assembly association between Pin and Gear in figure 4.16, the twist matrices

are given as;

T =[x @y 07 Vyx Vy Vz] oot 3)

T =[x @y 07 Vyx Vy Vz] coooniriieseeeete e (4)
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The relative position and orientation of the features and artifacts (the local coordinate
system [LCS] for artifacts and the feature coordinate system [FCS] for the features) are

defined in chapter 3.

After that, the connection (joint) properties of associated artifacts and assembly
features are defined by twist matrices (TR) and frames of the assembly features (or links),
based on the degree of freedom of the connection, and stored in AssemblyFeature,
AssemblyFeatureAssociation, Connection, KinematicPair classes in the OAM model.
When many parts are joined this way, one can navigate from part to part by following the

transformation frames.

Where, w is rotational velocity, v is linear velocity, subscript 1 is for the first degree

of freedom, and X, y, z stand for the directions.

Another matrix used for defining associations in the assembly is the wrench matrix,
which is used for constraint analysis with flow of force and moment. A wrench is a screw
that describes the resultant force and moment of a force system acting on a rigid body (in
Connection and Function classes). Wrenches matrices are used for constraint analysis

with flow of force and moment. The constraint matrix is
WR = |:flx f1y flz Mlx I\/Ily Mlzj|

In Section, interactions among associations of assembly, function and behavior (with
matrices and relevant OAM model classes) in the product information representation and

exchange model are discussed and shown in the planetary gearbox example.
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A-2.2. Construction of Twist Matrices

There are two main classes of features used in assembly: features associated with the
product function and features associated with part making process. The former contain
common joints like cylinder in hole, plate on plate, tongue in groove etc., whereas the
latter contain surface plates, pillow blocks, V-blocks, locating pins and their concave
matches (holes or slots), V-shaped locators and their concave matches (V-shaped

notches), etc.(Whitney, 2004).
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Figure 4.20: Two Flat Plates Joined by a Pin-Hole Joint (Whitney, 2004)

In figure 4.20 (a), definition of coordinates of Part B is regarded as fixed and holds
the reference coordinate frame in the lower left corner. The pin is placed at distance Ry in
the direction of x and Ry in the direction of y from the origin of Part B’s coordinate frame.
(b) Part A can freely rotate around the pin’s axis and when it rotates at the angular rate
&>, a point on Part A overlaps with the origin of Part B coordinate frame and translates

at velocity V, that is comprised of x and y components, V, and Vy, respectively. Part A is
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limited to only this type of motion. (c) Part A’s equilibrium can be maintained by
applying external forces and moments, such as one in the plane of the part applied
straight to the pin center, as shown here. It corresponds to the separate forces Fy and F,
plus the moment M = R,F,- RyF,. Other forces and moments that can be resisted (not

shown) are F;, My, and M,.
A-2.3. Motion and Constraint Analysis of Assembly Associations

Motion limit analysis is important for behavioral model and tracing of problems in

the system/assembly.

@, @, @, U, U, U,
TR=|w,, @, @, U, U Uy

t'f_)jx

Where, w is rotational velocity, v is linear velocity, subscript 1 is for the first degree

of freedom, and x, y, z stand for the directions.

Another matrix used for defining associations in the assembly is the wrench matrix,
which is used for constraint analysis with flow of force and moment. A wrench is a screw
that describes the resultant force and moment of a force system acting on a rigid body (in
Connection and Function classes). Wrenches matrices are used for constraint analysis

with flow of force and moment. The constraint matrix is

WR — |: flx fly flz M 1x M ly M 1z



