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Abstract

Motion Limit Analysis (MLA) is a tool used to support the top down design and analysis
of assemblies. The purpose of MLA is to provide mathematical models of assembly
features from which the ability of a feature to position one part relative to another or
others in space can be calculated. Positioning comprises calculation of which of the six
degrees of freedom of a rigid part are constrained, and which are capable of allowing
rigid body motion relative to the parts it is assembled to, assuming those parts are rigid
and do not move. If rigid body motion is allowed, the quantitative amount of motion is
of interest. A user of this theory is able to obtain two major types of information about
an assembly:

1. Knowledge of the directions and quantitative amounts of possible motions of a part
that is being added to an assembly at a given assembly station via connection of a
defined set of assembly features.

2. Knowledge of whether or not the defined feature set over-, under-, or fully-constrains
the location and orientation of the part.

The ability to calculate the rigid body motions of a part being added to an assembly is
important for using in-process adjustments during assembly to precisely establish key
assembly dimensions. Also, locational overconstraint of parts can lead to assemblability
problems or require deformation of parts in order to complete assembly.

MLA uses the mathematics of screw theory to model the ability of mechanical assembly
features to allow or constrain rigid body motion in six degrees of freedom. Seventeen
feature types have been modeled.

The MLA software is a part of a suite of software programs used to do assembly analysis.
It is used to choose the assembly features that realize the interconnections between parts
and it performs constraint calculations about the properties of the chosen set of features.
These resuits provide information to the user and input to other analysis programs.

Thesis Supervisor: Daniel E. Whitney
Title: Senior Research Scientist
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Chapter 1 Introduction

Motion Limit Analysis (MLA) is a tool used to support the top down design and analysis
of assemblies. The purpose of MLA is to provide mathematical models of assembly
features from which the ability of a feature to position one part relative to another in
space can be calculated. Positioning comprises calculation of which of the six degrees of
freedom of a rigid body are constrained, and which are capable of allowing rigid body
motion. If rigid body motion is allowed, the quantitative amount of motion is of interest
in order to calculate possible adjustments that can be made to part positions during the act
of assembly. Adjusting part positions during assembly can allow a manufacturer to
counteract the effects of manufacturing and thermal varnations in the parts, which may
otherwise compromise the dimensional accuracy of the assembly. A user of this theory is
able to obtain two major types of information about an assembly:

1. Knowledge of the directions and quantitative amounts of possible part motions of a
part that is being added to an assembly at a given assembly station via connection of a
defined set of assembly features.

2. Knowledge of whether or not the defined feature set over-, under-, or fully-constrains
the location and orientation of the part.

MLA is part of an assembly design methodology called ‘assembly oriented design’

(AOD) [1]. AOD uses a number of assembly analysis tools in order to help an assembly

designer plan out and analyze candidate assembly schemes prior to having detailed
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knowledge of the geometry of the parts involved. The activities supported by the AOD
tools include dimensional control planning, selection of assembly features, analysis of
part constraint and motion freedom (described in this thesis), assembly sequence analysis,
and toierance propagation. In this way, many assembly schemes can be inexpensively
proven for their ability to deliver the important characteristics of the final product. This
ability is important for a product design group to improve quality while shortening the
product development time. The tools used in AOD, including MLA, are best applied to
product design, but can also be used to analyze an existing assembly and suggest areas

for improvement.

1.1 Motivation

This thesis was motivated by the need to provide analytical and computational support to
the ideas of Datum Flow Chains and State Transition Models of Mechanical Assembly
Processes which are being developed by researchers at MIT. These are two of the major
elements of the AOD methodology. This section will give a brief description of the two
ideas in the context of how this work supports them. For detailed descriptions of the MIT

work, the reader is referred to references [1] through [4].

1.1.1 Datum Flow Chains
The datum flow chain (DFC) graph provides a method by which an assembly designer

can lay out the locational and dimensional constraint plan inherent in an assembly design.
The important dimensional, functional, and performance attributes of an assembly are
embodied in a set of Key Characteristics (KCs) that the assembly must deliver in order to
satisfy the customer of the product. The datum flow chain represents a dimensional
constraint and location plan that maps dimensional relationships between parts in an
assembly. The DFC is designed to fulfill the requirements of the set of KCs by
positioning each part in an assembly with the required accuracy. A DFC is “a directed
acyclic (a graph with no cycles) graphical representation of an assembly with nodes

representing the parts and arcs representing mates between them.” [2] The connections
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(mates) between parts represented by an arc in a DFC are physically realized by a set of
mating features that connect the parts. Each DFC link is thus realized by specifying one
or more mating features that satisfy the conditions of positioning and part immobilization
associated with that link. The first motivation of this work is therefore to provide a
library of mating features which are mathematically defined as to their ability to

accurately position and immobilize the two parts that are connected by each.

1.1.2 State Transition Models of Mechanical Assembly Processes

In a state transition model of assembly, the assembly process is modeled as a multi-stage
linear dynamic system. At any stage during the assembly process, the state of the system
is given by a 6x1 vector that contains the actual deviation of the position and orientation
of the part that is being added to the assembly at that stage, with respect to the nominal
position and orientation of the part. Depending on the nature of the assembly,
adjustments of the part’s position and orientation may be allowed at some stages in the
assembly process in an attempt to return the state of the system to zero, i.e. no deviation.
The ability to do this depends on the assembly features that are chosen to connect the
parts in the assembly together. Therefore, the second motivation of this work is to
provide models of assembly features that characterize them as to their ability to allow

position and orientation adjustments.

The state transition model can be used for two types of analyses. First is tolerance
analysis of assemblies that allow the types of adjustments mentioned above. The model
is used to calculate the statistical distribution of part positions and compare them to the
nominal positions that would result if there were no variations present. The second type
of analysis addresses the reverse problem where an assembly decomposition exists, and
the designer wishes to synthesize a set of assembly features that will allow an optimal set
of in-process adjustments. This is accomplished using an optimal control algorithm that
calculates the desired amount of adjustment at each stage in the assembly process. The
designer must then design an assembly feature set that will produce the needed

adjustment freedoms. Both of these types of analysis require calculation of the
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quantitative amount of positional and orientational adjustment that a set of assembly

features will allow. The third metivation of this thesis is then to provide this calculation

ability.

1.2 Preview

Chapter 2 presents the ideas of assembly oriented design (ACD) of which motion limit
analysis is a part. The theory of the method is introduced and illustrated with a flowchart.
The benefits and limitations of the approach are then outlined. Some of the major
theoretical components of the methodology are presented and their connection to MLA is

explained. Finally an overview of using MLA with the AOD framework is given.

Chapter 3 presents prior research work that has been done in many research areas that
relate to the topic of motion limit analysis. A brief description is given of each
researcher’s work along with an explanation of the similarities or differences between
that work and MLA.

Chapter 4 provides definitions of the terms used in classical screw theory and also
explains a standard representation of screws in matrix form. Set cperations used for
manipulating groups of screws are then defined. It is then shown briefly how screw
theory can be applied to describe kinematic joints. Lastly, the physical interpretation of a

resultant twistmatrix or wrenchmatrix calculation is given.

Chapter 5 extends the discussion of how screw theory can be applied to kinematics by
giving a twistmatrix mathematical representation for seventeen kinds of assembly
features which span the space of possible kinematic motions that can be allowed by
physical features. First, the variation absorption capabilities of assembly features are
discussed. Then the role of 4x4 homogeneous transform matrices in describing feature
locations on parts is described. The method in which 4x4 transforms are used to
calculate twistmatrices for individual features is then presented. Following the definition
of some nomenclature and conventions, models for 17 types of assembly mating features,

that span the set of possible methods of degree of freedom constraint between two

16



distinct rigid parts, are presented. The models are classified by the number of
independent relative motions they would allow between two distinct parts connected by

each. The definitions of a freedom zone and absorption zone are also given.

Chapter 6 describes the theory behind the operation of MLA. An overview of MLA is
given along with a discussion of its scope of application. The main algorithms used in
MLA are then presented in both prose and mathematical form. Two simple examples are

then worked in detail in order to illustrate the method.

Chapter 7 documents the operation of the MLA software program. The nature of the
program and the environment it operates in are first explained. Step by step instructions
on how to use the program are then given and illustrated with an example. The
assumptions used in the calculations are also elucidated. Next an explanation of the data
structures used to store part and feature data are given. The logical flow of the

calculation routine finishes the chapter.

Chapter 8 presents a design and analysis example showing how MLA analysis is used
within the assembly oriented design framework and demonstrating the type of results that
are obtained. The example assembly is an upper skin assembly, which is part of an
aircraft horizontal stabilizer assembly. The assembly oriented design approach is used to
define and analyze this assembly with particular attention to the MLA analysis

component. The results are presented and discussed.
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Chapter 2 Assembly Oriented Design

This chapter will explain the concepts of assembly oriented design (AOD) of which MLA
is a part. The chapter will illustrate the methods of AOD, give examples of its use, and
describe how MLA contributes to the theory and fits in to the implementation.

2.1 AOD Overview

AOD uses a number of assembly analysis tools in order to help an assembly designer
plan out and analyze candidate assembly schemes prior to having detailed knowledge of
the geometry of the parts involved. In this way, many assembly schemes can be
inexpensively tested for their ability to deliver the important characteristics of the final
product. This ability is impoxfant for a product design group to improve quality while
shortening the product development time. The tools used in AOD are best applied to
product design, but can also be used to analyze an existing assembly and suggest areas
for improvement. The flowchart in Figure 2.1 below is a representation of the current
state of knowledge regarding assembly oriented design. More detail about the elements

in Figure 2.1 may be found in Chapter 7.
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Figure 2.1 Assembly Oriented Design Flowchart

Moticn Limit Analysis is in the Dashed-Line Box

Assembly oriented design is a top-down design methodology used to perferm assembly

design and analysis at early stages of the product development process. The flowchart

shows that the top level input to the method is a set of Key Characteristics (KCs). These

KCs define the important aspects of the product that are crucial to customer satisfaction.

The DFC editor is then used to design a DFC to meet the requirements of the KCs.
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Designing a DFC necessitates a decomposition of the assembly into distinct parts. Only
the geometrical locations of interfaces between parts need be specified in detail. This is
done using the parts and fixtures definition module of MLA. The DFC along with a
liaison diagram represent the connections between parts in the assembly. These two
diagrams provide inputs to assembly sequence generation software that generates the set
of all feasible assembly sequences. In order for the user to answer the questions in the
assembly sequence generator, s/he must have some rough idea of the way the parts fit
together in order to identify escape directions for the parts. Thus an approximate trial set
of assembly features must be present before the final set is chosen and analyzed using
MLA. Assembly sequence is also an input to MLA, thus there is some circularity
involved with establishing a trial set of features, generating assembly sequences, and
specifying and analyzing a more exact feature set. This loop may have to be iterated a
few times before the set of features and sequences satisfies the designer. The sequences
are analyzed by following modules to determine which are best able to support the logic
of the DFC in achieving the requirements set forth by the KCs. The DFC also provides
inputs o MLA such that assembly feature sets can be chosen. Once a feature set is
established, the models are passed to tolerance analysis algorithms that analyze the
performance of the chosen design. Iteration may be required to find a suitable
combination of DFC, assembly sequence, tolerances, and contact features that will
deliver the set of KCs. The modules outlined by the dashed box belong to motion limit
analysis, and are the main topic of this thesis. Each arrow crossing the dashed lines
indicates information that is being shared between MLLA and the other modules of the

methodology.

2.1.1 Benefits and Limitations of the Approach

The overriding benefit of the AOD approach is that it is a structured top-down design
approach, which includes supporting analysis methods and tools. This gives the designer
a system view of the product and a way to trace design and production problems up or
down the assembly levels in order to find their root cause. Because detailed geometry is

not needed in order to perform the various analyses, the method can be applied early in
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the design process and still yield accurate and useful results. The system thus allows
designers to consider assembly related issues in the first stages of design, and fix
problems and inconsistencies before they rear their ugly heads during prototyping, ramp-

up, production, or service.

The biggest limitation of the approach as currently developed is that it assumes that all
bodies in the assembly are rigid. Extending the ability of the approach to analyze
compliant parts would greatly enhance the applicability of the method.

The following sections will give more detailed descriptions of some of the modules
shown in the flowchart of Figure 2.1 in order to provide context for the following
discussions of MLA.,

2.2 Datum Flow Chains

The concept of Datum Flow Chains (DFCs) was introduced in Chapter 1. The concepts
of DFC and MLA are intimately related. Thus, in order to provide a better understanding
of the context in which the work of this thesis lies, a more complete description of the

DFC is presented here. A full exposition of the subject is given in [4].

Most modern CAD systems are “part-centric” in that they are adept at helping designers
create detailed geometric models of single parts on the computer screen. The datuming
scheme used to create the part and features on it is normally determined by finding the
scheme that allows the part to be most easily created geometrically. Often these
geometric datums do not correspond to the assembly datums of the assembly into which
the part fits. Careful assembly design involves coordinating assembly-level and part-
level datums in a top-down way. Thus there is a need for a computer-based tool which
allows designers to implement a top-down design process. That is, to start at an assembly
or final product level, define datuming schemes consistent with the important aspects of
that product or assembly, and coordinate those datums down the assembly tree to the part
level. The DFC provides the method to do this.
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A DFC is “a directed acyclic (a graph with no cycles) graphical representation of an
assembly with nodes representing the parts and arcs representing mates between them.”
[2] DFCs can contain two types of arcs. A “mate”, represented as a solid directed line,
represents a connection between parts in which the part at the tail of the arrow defines the
location of the part at the head of the arrow by constraining all or some of its degrees of
freedom (dof). A number is associated with each mate that indicates how many dofs are
constrained by that mate. Thus, the vectorial sum of the constrained dofs associated with
incoming arrows to a part should always be six in order that the mates constrain all six
degrees of freedom of the part. MLA is capable of carrying out this check. The second
type of arc is termed a “contact”. A contact connection between parts is redundant
location-wise and is normally used to add additional support or strength to an assembly
after the parts have been located via the mates. A DFC can be drawn with or without
coatacts shown. When contacts do appear, they are shown as dashed lines with no
direction. Therefore, assembly is the process of using the mates between parts to define
their locations, and then, if desired, fastening contacts to provide additional strength and
support. The choice of which joints between parts should be mates and which should be
contacts is an integral part of assembly design using the DFC. The locating scheme
defined by the chain of mates in a DFC is the datuming scheme and tolerance chain for

the assembly.

Assembly design usir.g the DFC consists of six steps:

1. Defining the Key Characteristics (KCs) for the assembly. A KC can be a dimension
that must be tightly controlled, a weight or strength specification, a performance
requirement, or some other important characteristic of the product which, if not
delivered, will affect the satisfaction of the customer of the product.

2. Partitioning the assembly into discrete parts and designing a DFC to establish a
datuming and locating scheme for the assembly that is consistent with the KCs that
were chosen in step 1.

3. Establishing a trial assembly feature set in sufficient detail to establish part escape
direction which are required for generating assembly sequences.

4. Geometrically defining the locations of parts and of interfaces between parts.
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5. Choosing assembly features that connect the parts across those interfaces that realize
the locating scheme dictated by the DFC and determine the direction and amount of
allowed motions or variation absorptions. This includes:

a) Deciding which of the 6 dofs of the part being located will be constrained by each
feature.

b) Choosing geometric parameters in order to size the feature or place limits on the
motions allowed by it.

c) Placing and orienting each feature.

5. Analyzing the DFC and feature choices to see how well they deliver the KCs.

Based on the results of the analysis, the designer may choose to iterate through some or
all of the preceding steps. This section of this thesis is concerned with step 2. MLA is
used to accomplish steps 3, 4, and some of 5. These concepts will be fully developed in
later chapters of the thesis. Step 1, KC definition, will not be explained here, but the

reader is referred to [35-37] for a full development.

The concept of designing a DFC (step 2) i5 best illustrated using an example. A simple
assembly with one degree of adjustment freedom and two DFC representations for it are

shown in Figure 2.2 below.
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The two DFCs represent different schemes for locating the parts within this assembly,
and also define different assembly sequences. The KC for this assembly is the dimension
between parts A and C, which is the overall length (L) of the assembly. Note that
because this figure is shown in 2-D, it is assumed that the parts butt up against a surface
which is parallel to the plane of the page which prohibits translations in to or out of the

page and also constrains any associated rotations.

For DFC#1, the mate between parts A and B is established first. Thus A locates B and
constrains its 6 degrees of freedom. Next a fixture (F) is used to locate parts A and C and
constrain all of their dofs. Therefore the fixture establishes the KC. The slip-plane
overlap connection between parts B and C is a contact. It is fastened last and used to lock
in the dimensional relationship between part C and the subassembly A-B. This DFC and
assembly sequence deliver the dimension L despite any length variations that may exist
in the parts. This is so because of the adjustability provided by the slip plane feature
between parts B and C. Within limits defined by the amount of overlap that is allowed
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between B and C, the parts may have length variations without compromising the

dimension L.

For DFC#2, a fixture (F) is used to set the locations of parts B and C and the joint
between them is fastened. Part A is then located by part B. Length variations on parts B
and C are absorbed in the slip plane contact between them. Thus Lgc can be set exactly.
The variation in the overail length L will then be equal to the variation of the length of
part A.

Both DFCs employ a fixture and contain three mates and one contact. Also in each case
the contact is used to absorb variations in the parts. The difference is in where and how
the fixture is used, and when the contact is established. DFC#1 was clearly designed
more in line with the KC that was defined for the assembly. This can be seen
qualitatively. A quantitative analysis of the two situations was done in [2] with the
following results. The standard deviation (SD) associated with length L as established
using DFC#1 was 0.564. This corresponds to L being within the tolerances defined in [2]
97.36% of the time. Using DFC#2 resulted in a SD of 0.8183 with a KC delivery
probability of 75.08%. [3] This example will be revisited in Chapter 6 where MLA

analysis will be applied to reveal more information about the assembly.

Note that the DFC is not unique. For each assembly there can be many DFCs. Thus a
DFC must be carefully designed according to the demands of the KCs. It is not a

property of the assembly and cannot be simply “written down” by inspection.

One aspect of the relationship between the DFC and MLA can be understood in the
context of this example by realizing that the range of overlaps allowed by the contact
feature between parts B and C will affect how much part length variation can be absorbed
by that feature. Using the location of that feature on parts B and C, and some geometric
parameters defining the zone of allowable overlaps, MLA will calculate limits on part

length variations that can be absorbed at the feature.
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2.3 State Transition Mod els of Assembly

In a state transition model of assembly, the assembly process is modeled as a multi-stage
linear dynamic system. A 4x4 homogeneous transform [5] is used to define the nominal
position and orientation of each part in an assembly. At any stage in the assembly
process, the state of the assembly is defined by a 6x1 vector that contains the total
deviation in position and orientation of each of the six degrees of freedom of the last part
that was added to the assembly. In other words, it contains the difference between a
part’s actual position and orientation and the nominal position and orientation given by

the 4x4 transform.

Two distinct types of assemblies have been defined, called Type-1 and Type-2 [3]. For a
Type-1 assembly, the parts are rigid and all of the assembly features on each part are
mates as defined above and are created during fabrication. The act of assembly consists
of connecting the parts together by mating the assembly features together. Due to the fact
that the mating features in this type of assembly are fabricated prior to assembly, the
variation in the final assembly dimension is just the stackup of the variation associated
with each part that contributes to a given dimension. Typically, no in-process adjustment

of part locations is allowed during assembly of Type-1 assemblies.

Type-2 assemblies are typified by aircraft fuselage and automotive bady parts, where
some or all of the mating features are created during the assembly process. This in-situ
fabrication of assembly features results in a set of assembly features whose exact
dimensional locations are unique to each assembly. Often, fixtures are used to >d parts
relative to each other in the desired orientation where drilling, welding, riveting, or some
other process can be performed to fasten the parts together. This type of assembly
process allows the opportunity for making in-process adjustrents of part positions in
order to counteract the effects of part variations and deliver key dimensions more
precisely. If in-process adjustments are desired, the designer must carefully specify a set
of features that will reliably locate the part while allowing adjustment motion to occur in
the direction(s) of interest. In this sense, it would be helpful to a designer if s/he could

design a feature set on a part and quickly evaluate whether or not that set provides
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positioning and adjustability as intended. MLA provides this capability with automated

evaluation of a set of mating features as to their constraint and adjustment properties.

The state transition model of a Type-2 assembly is given by the following equation with
associated definitions [2]:

Xk +1) = A(k)X(k) + B(k)U (k) + F(k)w (k) 60

where

w(k): 6x1 vector describing the variation associated with the part being
assembled at the k™ assembly station, expressed in local part coordinates

X k+1): 6x1 vector describing the total variation accumulated after the kK
assembly station, defined and measured in the base coordinate frame for the KC chain.
fI(k) : 6x1 vector describing the absorption zone of the contact feature as the

assembly control input,

and

Ak): Identity matrix

F(k): 6x6 matrix that transforms the variation associated with the incoming part
at the k"™ assembly station from part k’s coordinate frame to the base
coordinate frame of the KC chain.

B(k): 6x6 matrix that transforms f/(k) from the coordinates of part k to the base

coordinates for the KC chain.

The values in the vector f](k) are determined by the set of mating features used to locate
the part that is added at the k™ assembly station. U(k) defines the limits of motion in 6

dof for the part added at the k™ station. Calculating U(k) for each part in an assembly

based on a chosen feature set is another capability of MLA.



2.4 Assembly Design Using AOD and MLA

This section will give some high level discussion of using MLA within the AOD
methodology. The past two sections described two of the important concepts of AOD
and showed how MLA supports them analytically. Thus one can see that MLA is used to
choose sets of assembly features and place them on parts to realize the connections in an

assembly.

In choosing a feature or features to realize a DFC link, the designer must first consider
which of the six dofs that link will constrain. A fecature or set of features is then chosen
and oriented to constrain only the desired dofs. Remember that dof constraint is a vector
quantity. The number of dofs constrained by a feature set is a vector sum of the dofs
constrained by each. Chapter 5 will present models of all the feature choices in MLA,
shown in local feature coordinates. The designer must remember to orient the feature
correctly in order to constrain the desired part coordinate dofs. Features are chosen to

realize both mate connections and contact connections.

The nominal objective of the mate connections is to constrain all six dofs of the part
toward which the DFC arrows are pointing. If less that six dofs are constrained the part
will be able to undergo rigid body motion. This case may be desired for a kinematic
assembly, or if adjustments are to be made to the part’s position during assembly. The
latter is called explicit variation absorption and will be explained in more detail in

Chapter 5.

Contact connections between parts exist nominally io provide additional strength and
support to the assembly after the mates have determined part locations. Due to
manufacturing variations, contact features can never be placed exactly. Thus contact
features are usually chosen to constrain only the dofs required to provide strength and
leave others unconstrained in order to reduce the consequences of misplacing the feature.

This is called implicit variation absorption and will also be expounded in Chapter 5.
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After features are chosen for ail mates and contacts in the DFC, MLA performs an
analysis and provides the user information as to the ability of the chosen feature set to
accomplish the desired constraint, and calculates limits on explicit and implicit variation

absorption. Each of these topics will be discussed fully in later chapters.

2.5 Summary

This chapter explained the method of assembly oriented design. The theory of the
method was introduced and illustrated with a flowchart. The benefits and limitations of
the approach were outlined. Some of the major theoretical components of the
methodology were presented and their connection to MLA was explained. Finally an

overview of using MLA with the AOD framework was given.



Chapter 3 Prior Work

This chapter will present prior research work done in several areas relating to the topic of
this thesis. The descriptions are in no way meant to be a comprehensive coverage of the
associated field of study. Rather they discuss research that is similar in nature to that

presented in this work and provide references for those interested.

3.1 Assembly Analysis

Assembly analysis is a topic that has only received serious scientific study during the past
25 to 30 years. Although there are many aspects of this topic that could be discussed,
only a few works will be described here because of their direct applicability to this thesis.

In 1987, Dr. Daniel E. Whitney and a colleague Dr. Thomas De Fazio published a paper
on the generation of all possible mechanical assembly sequences [6]. The paper outlines
a method which simplifies the techniques of Bourjault [7] in presenting questions to a
user which, when answered, provide rules to prune the set of all possible combinations of
parts given by a liaison diagram into feasible assembly sequences. Their technique was
later implemented as an automated computer tool [8] which generates the appropriate
questions from knowledge of the liaison diagram, asks them to the user, and generates
and displays the set of feasible assembly sequences. That program is part of the suite of
computer tools used to implement AOD. Two more researchers, Gilbert and Jastrzebski,
developed statistical models of geometric variations in assemblies using matrix transform

methods [9]. In [9], Gilbert has developed matrix representations of the standardized

KJ |



dimensional and form tolerances outlined in the ANSI Y14.5 geometric dimensioning
and tolerancing (GD&T) standard. Gilbert attaches localized coordinate frames to
surfaces, axes, or points of interest and uses the GD&T specification to define a zone
within which that coordinate frame must lie in order to satisfy the tolerance specification.
This work has application to MLA in that MLA employs matrix methods for calculation,
attaches local coordinate frames to features, and defines motion limit zones that define
the locus of locations of the feature coordinate frame similar to the tolerance zones
specified by Gilbert.

3.2 Feature Models and Feature Based Design

Many researchers have been interested in the topic of feature based design. Notables
among them are Jami Shah and Marti Mantyla. [10, 11, 12] Their work discusses the use
of feature based design as a means to simplify design and CAD work, and to store
relevant information about each feature such as geometric properties, kinematic
properties, and manufacturing information. They propose using an object-oriented
programming style to create parameterized versions of features on parts. This approach
has been borrowed for MLA. Using their system, a user is able to choose a feature from
a library and place the feature on a part. A few parameters are then specified to define
the geometric and processing properties of the feature. This approach replaces the
“electronic drawing” nature of many CAD systems. The feature model takes care of the
details of geometric construction and provides a more natural design tool for the user.
Much of their discussion of features is done at a high level excepting a detailed method
for implementing a feature based CAD system. They mention the existence of motion
limits on unconstrained degrees of freedom, but provide no method for the calculation of

those limits.

Other important works in the field include De Fazio et. al., Anderson and Chang, Mascle
et. al., and Kim and Wu. De Fazio [13] and his group at the Charles Stark Draper Lab
developed a system in which they added feature based computational capability to the
IDEAS™ CAD modeling program. In this system, the user first designs all parts in an
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assembly by adding features to the basic geometry of a part. The feature information is
used by downstream applications to do assembly analysis (including generation of all
possible assembly sequences), process planning, and a cost analysis. The system
provides a design tool whose scope is extended beyond the capability of the Shah and
Mantyla CAD system. Andersocn and Chang [14] developed a system called AMPS
which is focused on the link between design and process planning. Using AMPS consists
of six steps: feature refinement, process selection, tool selection, process sequencing, and
NC cutter path generation. This system is unique in that the process planning step also
includes fixture planning. Tolerances are included on features to aid in semi-automated
process and tool selection. Mascle, Jabbour, and Maranzana [15] have developed a
system called SCAP (Systeme de Caracteristiques d’ Assemblage de Produits - Product
Assembly I"eatures System) which adds geometric, functional, and technological
information to a liaison diagram. The added information attempts to automatically
answer many of the assembly sequence constraint equations that are asked explicitly to
the user in the assembly sequence software mentioned above. It considers processing
steps and other factors in the determination of feasible assembly sequences. It makes no
assertions about the kinematic properties of assembly features. Kim and Wu propose a
standard feature representation scheme in which features are classified as to the number
of kinematic degrees of freedom they constrain when used to connect two parts [16, 17].
They discuss describing part mating constraints before, during, and after assembly. Their
model defines 17 types of constraints coming from 28 possible cases because some of the
cases are the same with an axis rotated. A four-digit code is used to represent each type
of mating condition. The 17 types thus span the set of all possible constraint
configurations. They use the before, during, and after assembly constraint conditions to
derive compliance control strategies for designing automated means of assembling the

parts that are modeled.

MLA borrows from the systems described above a few key concepts that are common to
most of them. First, MLA employs an object-oriented approach in which feature
information is stored as a unique data type containing information used by downstream

calculation modules. Second, a combination of user input and computation are required
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to obtain the desired results. Third, feature location and orientation are defined by a local
feature coordinate system (FCS) which is related to a part coordinate system (PCS) and a
global coordinate system (GCS) through homogeneous transforms. Lastly, MLA uses the
standard coordinate systems for feature definition proposed by Kim and Wu [16, 17].

3.3 Screw Theory Kinematics

Applying screw theory to do kinematic computations is a well developed field whose
roots began in 1900 with Ball’s defining work on screw theory [18]. An outline of screw
theory and its application to this work is provided in Chapter 3. In 1966, Waldron [19]
was the first to apply screw theory to the problem of determining the relative degrees of
freedom (dof) between any two bodies in a mechanism. Waldron derived the series and
parallel laws of mechanisms along with “simple” and “complex” joints, which he used to
create formulas for calculating the mobility (relative dof) of any link in a mechanism.
Waldron showed that previous mobility formulas based on different mathematics were
not accurate in all cases and pointed out their limitations. He then extended the theory to
the manufacture of mechanisms by determining the number of accurate operations
required to manufacture a machine based on the mechanism in question. In 1978, Hunt
further developed the application of screw theory by identifying 22 cases of the
reciprocal screw systems put forth by Ball [20]. Hunt applied the screw theory
techniques to mechanism synthesis rather than analysis. He described the stationary
position and uncertainty characteristics of mechanisms. J.E. Baker published a series of
papers in the early 1980’s in which he applied the methods of Waldron with a few
refinements to many types of complex mechanisms [21 — 23]. Two of Baker’s major
contributions to the field were the development of a screw system algebra which was
used to solve for the mobility and degree of redundancy in both planar and spatial
mechanisms, and the investigation of determining motion extrema in linkages. This last
concept is directly applicable to the research presented in this thesis where the physical
limits of motion in assemblies, which are modeled as kinematic mechanisms, are
calculated. T.H. Davies was also an active researcher in the field, publishing a series of

papers on linkage analysis in the early 1980’s. Davies took a graph theory approach to
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mechanisms and showed how Kirchoff’s well known loop and node equations could be
applied io mechanism analysis [24]. Using that theory, Davies developed matrix algebra
based formulae for determining the degrees of mobility and redundancy in planar and
spatial mechanisms [25 - 27). He also explored the reciprocal nature of wrenches and
screws to determine the rate of work done by wrenches acting on 2 mechanism, and

shows how stresses can be locked into redundantly constrained mechanisms.

3.4 Alternate Approaches to Applied Kinematic Analysis

Other researchers have developed methods of kinematic analysis using methods other
than traditional screw theory. Woo and Fieudenstein [28] transform traditional screw
coordinates into Plucker line coordinates in order to facilitate their method of calculation.
The basic output of the paper is an algorithm that allows one to analyze (simulate) the
movements of mechanisms by applying infinitesimal twists about each joint in the
mechanism and summing the motions. It contains a table of joint (feature)
representations in line coordinates that corresponds to those presented in Chapter 5 of this

thesis using screw coordinates.

A second approach taken by Kramer [29] is concerned mainly with determining how a
chosen set of asseribly features will position a part with respect to others in an assembly.
Kramer calls this degree of freedom analysis. The computerized method ailows the user
to develop an assembly model by connecting parts together via traditional kinematic
joints (revolute, linear,...). The analysis is done one part at a time and involves virtually
mating one of the joints, and revolving or translating the part along the unconstrained
dofs until it is in a position to mate another of its joints. This is done until either all joints
are mated or all 6 dofs have been constrained. It is possible that this method could be
applied within the analysis framework of this thesis. It would be used to determine if a
chosen set of assembly features could position the parts they are placed on in the desired
manner and with the desired accuracy. This is a good possibility for future work in the

field of motion limit analysis.
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A third and completely different approach mathematically uses the theory of convex
cones to make kinematic calculations similar to those described above. An example is
Hirai and Asada {30].

3.5 Kinematic Models of Features

By creating kinematic models of assembly features, researchers have been able to apply
kinematic theory to assembly analysis. These applications borrow greatly from the
kinematic analysis methods described in the last section, but have the distinction of
applying the methods to more practical problems in robotics and assembly analysis.
Mason and Salisbury use screw theory to characterize the nature of different types of
contacts between robot gripper hands and objects [31]. Each type of contact is
considered with friction absent and present. Twist and wrench systems describing each
contact situation are derived. The models are used to select a rebot hand design
depending on the types and directions of forces that the hand can impart to objects.
Ohwovoriole and Roth extend traditional screw theory by deriving two new types of
screw systems which they cali “repelling” and “contrary” screws [32]. These systems
arise when a basic assumption in reciprocal systems of constant contact between bodies
in the mechanism is violated. The new systems describe the situations in which motion
causes two bodies in a mechanism to separate (repelling) or penetrate (contrary) each
other. It is shown that if one wishes to assemble two parts, the parts can only move along
twists that are either reciprocal or repelling in order for assembly to proceed. More
recently, a Ph.D. student at Stanford, Ranjit Konkar, based his thesis on creating screw
system representations of assembly mating features and using the methods of screw
theory to determine the number of relative degrees of freedom between any two parts in
an assembly [33, 34]. Konkar details the screw system representation of six basic
assembly features which correspond to traditional kinematic joints such as prismatic and
revolute joints. He also outlines a computational procedure for implemsnting the
calculation. These two elements were lacking in most of the works on kinematics and
kinematic feature models described above. Konkar aiso treats the synthesis problem of
deducing a joint type and geometry from the screw system rebrcsentation of a desired dof

36



capability. Konkar developed an assembly analysis program called “Assembly Editor”
which implements the caiculations described above. The focus of Dr. Konkar's thesis,
and of papers he wrote on the subject, is on the computational efficiency of his store and

reuse method of handling the program data.

MLA extends Konkar’s work by defining 17 types of assembly features. It uses the same
calculation algorithm to determine the available dof’s of any part in an assembly, and
then extends the analysis to the calculation of the actual quantitative motion capability of

the part along those dof’s.

3.6 Summary

This chapter presented prior research work that has been done in many research areas that
relate to the topic of Motion Limit Analysis. A brief description was given of each
researcher’s work along with an explanation of the similarities or differences between
that work and MLA. Chapter 4 will present detailed mathematical models of 17 types of
assembly features which span the set of possible methods of degree of freedom constraint
between two distinct rigid parts.
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Chapter 4 Screw Theory

Motion Limit Analysis uses the mathematics of screw theory in order to calculate the
possible degrees of freedom of any part in an assembly subject to the constraints placed
upon it by the features that connect it to other parts. A brief summary of screw theory as

it applies to this work is given below.

4.1 Definition of Terms

According to Chasle’s theorem, any motion or physical displacement of a rigid body can
be reproduced as a rotation of the body about a unique line in space and a translation
along that same line. The pitch of this helicoidal motion is the ratio of translation to
rotation. The line about and along which the motion takes place is called the
Instantaneous Screw Axis (ISA). For infinitesimal displacements, the first order
geometric properties of the motion are completely determined by the screw axis and the
pitch. In order to determine the actual displacement of the body under the action of the
screw, the amount of infinitesimal rotation about the ISA must be specified. This
quantity is called the amplitude of the screw. Six quantities are required to define the
axis and pitch of the screw. The definitions given below are paraphrased from [18, 32,
and 33].

Screw: A screw is an ordered 6-tuple that may represent either a twist or a wrench
(which will be defined below). Thus the context has to be given in order to interpret a

screw. The first triplet represents a line vector with which is associated a unique line in
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space. The second triplet represents a free vector which is not confined to a specific line
of action but whose direction only is important. A unique point in space is associated

with this triplet.

The physical interpretation of a screw depends upon whether it is being used to represent

a twist or a wrench.

Twist: A twist is a screw which describes to first order the instantaneous motion of a
rigid body. The first triplet represents the angular velocity of the body with respect to a
global reference frame. The second triplet represents the velocity, in the global reference
frame, of that point on the body or its extension that is instantaneously located at the
origin of the global frame. Thus the unique line associated with the first triplet is the axis
of rotation, the ISA, and the unique point associated with the second triplet is the point on
the body, or .s extension, which is at that instant located at the origin of the global

reference frame. A twist is often written as a row vector of the form:

T = [ox 0y ©; vy vy V,] ¢))
- Isa
zh , 7 Rigid Body
R /
/7

\ Y / Rigid Body Extension
\0
Global < vy X

Coordinate . .~
Frame

Figure 4.1 Diagram of Twist Interpretation

The interpretation of the twist is shown in Figure 4.1. The second triplet v is calculated

by taking the cross product of the angular velocity ® and the vector r which extends from



the origin of the global coordinate frame to a point P on the ISA. The length of r is the
perpendicular distance from the ISA to the origin.

Wrench: Poinsot’s principle provides the motivation for the definition of a wrench. It
says that any set of forces and couples applied to a body can be reduced to a set
comprising of a single force acting along a specific line in space and a pure couple acting

in a plane perpendicular to that line.

A wrench is a screw which describes the resultant force and moment of a force system
acting on a rigid body. The first triplet describes the resultant force in a global reference
frame. The second triplet represents the resultant moment of the force system about the

origin of the global frame. A wrench is also written as a row vector and takes the form:

W = [ f; f, my my m;] (2)
_Isa
/
F1
Ml £
s zy .
Global
Coordinate Y
Frame g
F2 o
m X
(a) (b)

Figure 4.2 The Wrench Resulting From an Applied Force System

Suppose a set of forces and moments are applied to a rigid body as in Figure 4.2a. The
wrench that describes that system is the resuiting force f and moment about the origin m
shown in Figure 4.2b. Note that the line of action of the resulting force defines the
instantaneous screw axis of the wrench. Using the notation of Figure 4.2, the following

relations are used to calculate f and m:
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f:zFi i=1,...,n
Mi=xF i=1,...,n (3)
m=ZM; i=1,...,n

where r; is the perpendicular distance from the PCS to the line of action of F;.

Space of Screws: A screwspace is the set of all screws attainable from linear
combinations of a given set of screws. Thus the terms twistspace and wrenchspace are

defined from this term.

Reciprocal Screws: Two screws (a wrench and a twist) are mutually reciprocal if their
virtual coefficient is zero. In physical terms, this implies that the wrench does no work in
moving along the path represented by the twist. This allows one to compute the twists
that a body may undergo while in contact with other bodies without breaking the
contact. It also allows one to compute the wrenches that the contact may support while
the body moves in accordance with a known screw. This is known as the dual nature of
reciprocal screws. One can be calcuiated from knowledge of the other. Mathematicaily,
if T represents the twistspace and W represents the wrenchspace, then the relation TeW =

0 holds for the screw system. TeW is the virtual coefficient. The calculation of the

intersection of screws employs the dual concept.

Union of Screws: The union of multiple screws is obtained by concatenating the
individual screws into a matrix with each screw occupying a row. Thus if s, sj,...,5, are

the individual screws, the union is given by:

1]

Q)]

Union(s|9S2 "",sn )=
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A screwmatrix is thus an nx6 matrix, where n is the number of independent screws
represented in the matrix. When the screws are twists or wrenches the union is called a

twistmatrix or wrenchmatrix respectively.

Intersection of Screws: The intersection of different sets of screws is the set of screws
common to all the sets. The intersection is computed as a double reciprocal. Let Sy,
S,,..., Sp be the different screwsets where each S; is a set. Then the intersection is given
by:

Sintersection = Reciprocal (U Re ciprocal(S, )) (5)
i=1

The function Reciprocal(S) is a combination of two operations: 1) computing the
nullspace of the screwmatrix of the screw set S, and 2) “flipping” the first three elements
of the result with the last three. “Flipping” is defined in this context as exchanging the
columns of the matrix according to the following pattern: 1 becomes 4, 2 becomes 3, 3
becomes 6, 4 becomes 1, 5 becomes 2, and 6 becomes 3. The flipping operation is
performed to preserve the positions of the line vectors and the free vectors in a screw, i.e.
the first triplet represents the line vector and the second triplet represents the free vector.
Thus to compute the intersection of a set of twistmatrices, the reciprocal of each
twistmatrix is computed to obtain a set of wrenchmatrices. The union of the
wrenchmatrices is obtained by gathering the wrenches into one matrix. The reciprocal of

this matrix is the intersection of the original set of twistmatrices.

4.2 Application of Screw Theory in Describing Kinematic Joints

Any joint between two parts allows a set of independent relative motions between the
parts, and/or is also able to transmit a set of forces and couples from one part to the next.
Each independent motion can be represented instantaneously as a twist. Thus if three
independent motions are allowed by a joint, three twists are sufficient to describe the set.
Concatenation of the twists provides a twistmatrix which spans the space of instantaneous
motions allowed by the joint. Similarly, a wrenchmatrix can be found that describes the

set of forces and torques that can be transmitted by the joint provided that physical
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connection between the parts is not broken. The rank of a twistmatrix is equal to the
connectivity of the joint it represents. The connectivity is the number of relative degrees
of freedom between two bodies. For example, a revolute joint in kinematics allows one
relative rotational degree of freedom about the joint axis connecting two members.
Therefore, a twist could be written which describes the motion capability of one member
relative to the other. The ISA of the twist would be concurrent with the axis of revolution
of the revolute joint. Only one dof is allowed, and so a twistmatrix of rank one,
containing one twist, is sufficient to describe the joint. Assuming the revolute joint is
closed, it can transmit forces in three independent directions and couples in two
independent planes. Thus five wrenches are necessary to describe the force transmission

ability of the joint. The corresponding wrenchmatrix will be of rank five.

The example points out an important fact about the twistspace and wrenchspace of a
given joint. They are reciprocal spaces. No joint can allow a motion and transmit a force
in the same direction. Similarly, a couple cannot be transmitted by a joint about an axis
of allowed rotation. Thus, if the twistmatrix of a joint is known, its wrenchmatrix can be
calculated as the reciprocal of the twistmatrix and vice versa. This also implies that for

any twistmatrix of rank 1, the corresponding reciprocal wrenchmatrix will be of rank 6-n.

If a part is connected to other parts by more that one joint, the resultant motion that is
allowed by the combination of joints is the logical intersection of the individual
twistmatrices that define each joint. This is called the resultant twistmatrix, and it is

computed using the intersection of screws formula presented above.

4.3 Interpretation of Resultant Twistmatrices and Wrenchmatrices

Suppose that a resultant twistmatrix was calculated by intersecting a set of several
twistmatrices describing the joints connecting a part to oihers in an assembly. This
matrix would contain the logical intersection of twistmatrices describing the joints. This

matrix would have the form of:




@, 0, @, VvV, V
R= wa wa wZz v2

X
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The number of rows of R is the number of relative degrees of freedom between the part
being analyzed and the parts it is connected to. Each row is a twist describing an
independent degree of freedom. The first triplet @ of the row is a unit vector describing
the direction of an axis about which the part could rotate. The second triplet v is the
velocity that a point at the origin of the global coordinate frame would have if the part
were rotating about ® with an angular velocity of unit magnitude. For a twist to appear
in the resultant twistmatrix, it means that all of the joints connecting the part to others
will allow the motion described by that twist. This is what is meant by the logical

intersection of the joint twistmatrices.

A twist representing a pure translation is one in which the ® vector is 0. Thus the twist
looks like:

[0 0 0 v, v vz] o

Suppose now that we took the reciprocal of each of the twists representing unconstrained
dofs in Equation 6 above. We would obtain a set of wrenchmatrices describing all of the
forces and torques that could be applied to the part in question via the joints that connect
it to the other parts. In other words the wrenchmatrices would represent all of the degrees
of freedom that were constrained by the various joints. Taking the intersection of these
wrenchmatrices in a similar manner as was used for the twistmatrices produces a
resultant wrenchmatrix W. W has the form of:

Six fly fi. m, m, m,

W= fo f2y f22 m,, m2y my, (8)



For a wrench to appear in W, this means that the constrained degree of freedom it
represents is common to all joints. In other words, each joint is attempting to constrain
that particular degree of freedom. Thus, the rows of W describe the over-constrained or
redundantly constrained degrees of freedom of the part being analyzed. The first triplet f
would give the direction of an over-constrained linear motion and the second triplet m
would give the axis of an over-constrained rotation. This is analogous to saying that
more that one joint could impart a force to the part in the direction of f or a torque about

the axis m.

4.4 Summary

This chapter provided definitions of the terms used in classical screw theory and also
explained a standard representation of screws in matrix form. Set operations used for
manipulating groups of screws were then defined. It was shown briefly how screw
theory could be applied to descrive kinematic joints. Lastly, the physical interpretation of
a resultant twistmatrix or wrenchmatrix calculation was given. Chapter 5 will extend the
discussion of how screw theory can be applied to kinematics by giving a twistmatrix
mathematical representation for seventeen kinds of assembly features.which span the

space of possible kinematic motions that can be allowed by physical features.
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Chapter S Feature Mod els

In order to make computer-based calculations using assembly features, a mathematical
model that can sufficiently describe the properties of the features that are of interest must
be developed. MLA requires feature models that characterize the various features as to
their ability to constrain the various dofs of the parts they connect. The model must also
support calculations of geometric motions as limited by the features. This motion
characterizes the variation absorption capability of each feature. This chapter will give
mathematical definitions of assembly features that posses these capabilities. As such, it
provides the foundation for the following discussion in Chapter 6 of Motion Limit

Analysis.

5.1 Variation Absorption at Feature Sites

One important result of feature modeling is the ability to calculate possible variation
absorption that can occur at feature sites. It is important to note that adjustability
(variation absorption) at local feature sites can occur in two ways, explicitly and
implicitly. These concepts will be explained in this section to provide context for the

feature models that follow.
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5.1.1 Explicit Variation Absorption

In explicit absorption, the part retains one or more degrees of freedom after being added
to an assembly but before all fastening of mates has taken place. A Motion Limit Vector
(MLYV) is a 6x1 vector that contains the numerical limits on the unconstrained motions.
The MLV pair (one for positive direction motions and one for negative) resulting from
analysis of the mates completed so far will describe the unconstrained dofs and place
limits on them. The part may then undergo rigid body motion along the unconstrained
dofs, within the limits set by the MLV, until the person or machine doing the assembly is
satisfied with its position. This knowledge would generally be obtained by an in-process
measurement. In this case, the measurement is acting as a “virtual mate” which is
constraining the unconstrained dofs of the part. This type of virtual mate will be shown
on a DFC as a directed arrow going between the nodes with a smaller rotated arrow on
top of it (see Figure 5.2 below). It looks sirnilar to the symbol for a variable resistor in a
circuit diagram. The mates, then contacts, to other parts would then be fastened in order
to lock in the position of the part and provide strength and support. The exact position of
the contact features would have to be adjustable in order to conform to the current

position of the part.

An example of this type of process would be the adding of an airplane fuselage skin panel

to an assembly of other similar panels. The situation is shown in Figure 5.1 below.
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Figure 5.1 Skin Panel Assembly Showing Explicit Variation Absorption

In this assembly there are three skin panels. Two panels, 1 and 3, have already been
located on the fixture that hoids the assembly prior to fastening. The fixture contains
measurement blocks with respect to which the position of the skin panels are measured in
order to establish their correct position. Panel 2 is placed on top of panels 1 and 3 and
makes a plate-plate lap joint mate with each of them (Fig. 5.1b). These mates together
constrain only three degrees of freedom of panel 2. This panel is still free to undergo
planar motion by translating in Y or Z or rotating about a vector aligned with the X-axis.

Using the virtual mate notation, the DFC representing the process is shown in Figure 5.2.

Panel 1
6 3*

Fixture Panel 2

Panel 3

Figure 5.2 DFC for Skin Panel Assembly
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The 3’s marked with a * represent the same dofs, so panels 1 and 3 together constrain
only 3 dofs of panel 2. The next step is for the workers to adjust the position of panel 2
until the measurements between it and the various measurement blocks are within
specifications for the assembly. Holes are drilled between parts 1 and 2, and 3 and 2
along the skin lap joints. Temporary fasteners are then installed in the holes to lock in the
position of panel 2 until automated drilling and riveting can take place. This example
represents explicit variation absorption because panel 2 undergoes rigid body motion in
adjusting its position with respect to the measurement blocks. The measurements could
actually be modeled as virtual assembly features whose MLVs contained limits equal te
the engineering tolerances on the measurements. Variation absorption takes place in this
example because panel 2 iss positioned correctly with respect to panels 1 and 3 despite

the inherent variations in the size and shape of panel 2.

5.1.2 Implicit Variation Absorption

Implicit variation absorption takes place only at contacts in situations where the mates
fully constrain the location of the parts. To illustrate this, let’s revisit assembly sequence
#1 for the simple three-part assembly presented in Section 2.2. The parts are shown in
Figure 5.3 below.
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Assembly Sequence #1
Operation #1

L~ =

Figure 5.3 Sheet Metal Assembly Showing Implicit Variation Absorption

After the subassembly A-B has been completed, it is placed in a fixture and part C is
added to the assembly. The fixture constrains all six dofs of both the subassembly A-B
and of part C. Nonetheless, variation absorption has taken place. It happened at the
plate-plate lap joint contact feature between parts B and C. The overlap distance for this
joint has some limit given by the MLVs for the feature. Within these limits, length
variations in parts A, B, and C are absorbed at this site by varying the amount of overlap.
The overlap amount is not set explicitly by causing either the subassembly A-B or part C
to undergo rigid body motion. Rather the lap amount is the resultant of positioning the
parts with respect to the fixture, and the absorption takes place implicitly. Thus in this
case, the ML Vs represent the limits on the lengths of parts A, B, and C rather than limits
on rigid body motion.
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5.1.3 Variation Absorption Capabilities of Features

The above discussion of implicit and explicit variation absorption provides some basis for
a discussion of the variation absorption capabilities of assembly features.
Computationally speaking, implicit and explicit variation absorption can be thought of in
the same way. In choosing a feature, the designer has to think about what type of relative
motion a given feature will allow between the two parts it connects. For explicit
variation absorption, this motion will be rigid body motion. For implicit variation
absorption, the motion can be thought of as the motion created if the part were to expand
or contract, or alternatively the motion of varying the exact feature location on the part.
The motion will only take place along dofs that are unconstrained by the feature. Thus
the designer will choose and orient a feature such that the degrees of freedom that s/he
wishes to control are constrained and those that are intended to allow motion (absorb
variation) are not. In this sense, each feature can act as both a mate and a contact
depending on which direction one is concerned with. MLA requires the designer to place
limits on the quantitative amount of motion allowed along the unconstrained dofs by
either setting geometric parameters to size the feature or specifying numerical limits. In
this way the direction and amount of variation absorption can be calculated for each part

according to the choice of features.

5.2 Twistmatrix Representation of Features

As described in the last Chapter 4, twistmatrices can be used to represent the motion
properties of kinematic joints. By modeling assembly features as kinematic joints, the
twistmatrix representatior. : ¥ each type of joint can be used in kinematic computations.
This chapter will present explicit models of 17 types of assembly features. The 17
features span the set of possible combinations of dof constraint of rigid body objects.

Each type may have one or more real-world physical realizations.

5.2.1 Role of 4x4 Transform Matrices

Each of the features presented in section 5.2.4 below is represented in a local coordinate

frame based on the feature. In order for the matrices representing the twists of each
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feature to be combined to obtain a twistmatrix describing a pan, all of the features must
be defined in the part coordinate frame. The 4x4 homogeneous transform provides the
tool to accomplish this purpose [5]. Assume that a revolute joint, f1, with one rotational
degree of freedom (RDOF) allowed about its z-axis is placed somewhere in space with
respect to a part-level coordinate frame O. Let the 4x4 transform that describes the
location and orientation of f1’s coordinate frame in part coordinates be denoted by F. F
is a partitioned matrix of the following form:

P E o
-l5551 @

where A is a 3x3 rotation matrix, d is a 3x1 displacement vector, and O is a 1x3 row
vector of zeros. The unit angular velocity vector o that describes the allowable joint
rotation in its own coordinate frame is the vector [0 O 1]". The orientation of this vector
in the part frame is given by the matrix multiplication of A and ®. Let this product be
denoted by @. The vector is transposed after multiplication such that @ is a 1X3 vector.
The origin of O and the origin of fl are located on the same rigid part. Thus the
twistmatrix representation of the feature f1 will describe the relative angular velocity of
the part and the relative linear velocity of the point at the origin of O with respect to the
part to which the one under consideration is connected via the feature. The vector 7 that
describes the position of f1 with respect to O is also needed to compute the twistmatrix.
r is contained within the 4x4 transformation matrix F as the displacement vector d.

Thus, using this nomenclature, the twistmatrix of f1 is given by:

T, =lav (10
where @ = (Aw)”,
V =F X @,and
F=d.

These part and coordinate frame relationships are illustrated in Figure 5.4 below.
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Figure 5.4 Relaticnship Between Part and Feature-Level Coordinate Frames

Figure 5.4 shows that d is the translation vector that transforms the vector ® from the
feature level coordinates of fl to the part coordinate system O. A expresses the
difference in orientation between O and fl. Thus multiplying @ by A will convert the
direction of @ from f1’s coordinate system to an equivalent direction expressed with
respect to O. This method of transforming vectors defined in a local coordinate frame to
that of a defining part or global frame will be used for all features presented below.
Whether the vectors are angular rotation vectors  or translational direction vectors k, the

transformation is the same.

5.2.2 Nomenclature and Conventions

Each feature below is shown in its nominal mating configuration. The positive z-axis of
the feature should always be pointing in the nominal mating direction. By arbitrary
choice, the y-axis points in the direction of translational freedom for features with only
one translational dof. For features with two translational dofs, the y-axis point<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>