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Preface

During a visit that KW made to the university of Wales at Cardiff in
1991, Professor Pham Duc Truong suggested that a book on
Advanced Fixture Design Methodologies should be published
under the Advances in Manufacturing series. Later that year KW
and his two co-authors, AYCN and ASK, had the pleasure of
working together at the National University in Singapore.

We soon realised that although we have the same research
interests, that is automation of fixture design and process planning,
we had different but complementary perspectives on the problem.
At NUS the emphasis has been application of expert systems and
feature recognition to synthesise fixture designs. AYCN and ASK
have developed an expert system linked to a solid modeller to
design fixtures based on machining technology and optimising the
number of set-ups to manufacture a workpiece. At the University
of Canterbury KW has concentrated on design of assemblies of
modular fixture elements and solving problems of connectivity and
interference and also sequencing of operations to avoid tolerance
problems. Since AYCN and ASK were also planning a book on
computer-aided fixture design, there were obvious benefits if we
combined our knowledge and resources.

We intend this book to be of interest to practising engineers and
researchers involved in process planning and fixture design. As the
title suggests the emphasis is flexible manufacturing but the topics
covered are not restricted to FMS. In the process of developing this
book we have taken a fresh look at the fixture design process and
this we hope will be of value to beginners in the art and science of
fixture design as well as developers of automated systems.

This book is largely a distillation of the research of a number of
our students. We are pleased to acknowledge their contribution, in
particular the work of Bryon Ngoi Kok Ann and Yongyooth
Sermsuti-Anuwat at University of Canterbury and Tung Kuo Hua,
Chan Tee Juay and Puah Kok Yong at National University of
Singapore.

We have also drawn heavily on the literature and we gratefully
acknowledge the contribution of the many researchers who have
added to our understanding of the problems of fixture design. We
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are particularly indebted to those who have allowed us to repro-
duce parts of their work. We would also like to thank Imke
Mowbray at Springer-Verlag for her help in coordinating the
production of this book.

A.Y.C. Nee
National University of Singapore

Ken Whybrew
University of Canterbury

A. Senthil kumar
National University of Singapore
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1 Fixture and Flexible Manufacturing
Systems

1.1 Introduction

Fixtures arc an essential part of manufacturing production. They are needed
whenever a component must be located and held with respect to a machine-tool
or measuring device, or with respect to another component, as for instance in
assembly or welding. This study concentrates on fixtures for machining and, in
particular, fixtures for use in flexible manufacturing systems (FMS).

In machining, the function of a fixture is to ensure that the component
being manufactured is held in such a way that the design specification can be
satisfied. A fixture does this by:

. providing accurate and repeatable location of the datum surfaces
of the workpiece with respect to the axes of the machine-tool;
° resisting motion, deflection and distortion of the workpiece

under the action of the cutting tool.

Jigs are similar to fixtures, and indeed fixtures are often referred to by
the generic term jigs and fixtures, but jigs provide an additional function:

L location of the cutting tool with respect to the workpiece.

With numerically controlled machines the use of jigs has become almost
redundant and they will not be considered here.

Many excellent books have been published on design of fixtures. Most of
them are aimed at the practitioner - tool designers and tool makers - and provide
exemplars for particular applications without establishing a rigorous theoretical
basis for design. Notable exceptions are the works by Eary and Johnson [1] and
Hoffman [2], in which the requirements of workpiece control are established as
the primary objectives for fixture design.

Pressures on the manufacturing industry during the 1980s have led to the
development of many new techniques which come under the general description
advanced manufacturing technology (AMT). Fixtures play a crucial role in these
new technologies and they have been the subject of intensive research. This book
is an attempt to bring the results of this research together and provide a rational
approach to selection and design of fixtures.
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1.2 AMT and Fixtures

Manufacturing industry is under two pressures:

] to maximise rate of return on investment;
. to reduce leadtime for introducing new products.

Fixture design has an important bearing on the techniques to achieve
these goals.
1.2.1 Fixture Design and Rate of Return on Investment

A simple way of assessing the efficiency of an investment is to consider the rate
of return on the invested capital. Rate of return is defined by de Garmo [3] as:

annual net profit

rate of return =
invested capital

[selling price-production cost] x no.produced

rate of return =
fixed and liquid assets + stock-inventory + work-in-progress

Advanced manufacturing techniques such as group technology (GT),
flexible manufacturing systems (FMS), and just-in-time production (JIT) have
been introduced to maximise the rate of return. Their main strategy is to
decrease invested capital through decrease in work in progress and stock
inventory. A detailed study of these techniques can be found in Groover [4].
They are summarised here in relation to fixture design.

In FMS, work-in-progress is decreased by reducing the handling time and
the waiting time between operations. Handling time is reduced by using automatic
transport and handling equipment. Waiting time between operations is reduced
by facilitating rapid change of workpiece type. FMS therefore allow flexibility in
workpiece scheduling. For full flexibility in scheduling the FMS must provide:

. mix flexibility - the ability of the system to accommodate variety
of components and materials;

. route flexibility - the ability to swap production to different
machines;

. volume flexibility - the ability of the system to cope with changes

in the required output, with the ideal system being able to
economically produce single components.
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This is referred to as short term flexibility. Mix flexibility, route flexibility
and volume flexibility are all dependent on fixture design. Automatic handling and
flexible scheduling have the additional benefit of increased machine utilisation and
hence lower capital investment in plant for a given output.

Most FMS work with lower manning levels than conventional
manufacturing systems, and many will work at least one shift completely
unmanned. Production costs are lower bringing additional increase to rate of
return. Unmanned automation places further demands on fixture design. The type
of fixture used in FMS is dependent on the automation strategy, and the fixture
design must be considered as an integral part of material-handling and transport.
Williams [5] identifies two main types of FMS:

® cell based
[ monolithic

Cell based FMS consist of a number of locally autonomous cells with one
or more CNC machines and an intra-cell materials-handling system using either
a robot or a pallet carousel and pallet exchanger. Work pieces are delivered to
and collected from the cell by an inter-cell material transport system, usually an
automatic guided vehicle system (AGV), common to the whole FMS. Material
is delivered to the cell loosely located on wooden pallets. Intra-cell handling may
take two forms. One approach is for a cell operator to manually establish fixtures
on a pallet carousel and manually load components to be machined into the
fixtures. A pallet exchanger then automatically transfers the pallet to the machine
tool according to the manufacturing schedule. In this way one operator working
one shift may service several cells which may work one or two shifts unattended.
An example of a typical cell is shown in Figure 1.1.

This approach gives high flexibility but very high fixture numbers as work
in progress (WIP) is held in the fixtures. If more than one component is required
duplicate fixtures are needed. Large carousels can only be avoided if the
machining time is comparatively long. If the skill of the operator can be relied
upon, fixtures of simpler design to those demanded for fully automatic operation
can be used. This method of intra-cell workpiece handling is often used to
produce medium sized prismatic components on milling machines.

The alternative approach is to use robot workpiece loading. Components
are either delivered oriented and in a pre-determined pattern, or they are
manually positioned on a workpiece carousel. The robot loader picks up and
transfers the workpieces to the machine tool and positions them in a fixture
already established on the machine tool. Automatic clamps are used to finally
position the workpiece in the fixture. An example of this type of cell is shown in
Figure 1.2.

Using this approach a higher degree of automation is achieved and
components with relatively short machining times can be processed. Multi-
component batches of parts can be machined without duplicate fixtures, but unless
some form of automatic fixture exchange is used or the fixtures can accommodate
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Figure 1.1 Milling cell with a pallet carousel (Courtesy of OKUMA
Corporation)

Figure 1.2 Lathe cell with robot loading of workpieces

a range of components the FMS will have very limited flexibility. Severe demands
are placed on fixture design to ensure correct automatic placement of the
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component and some form of closed loop surveillance of the fixture is also usual.
This kind of intra-cell handling is commonly used in turning cells and with small
milling machines.

In monolithic FMS loading and unloading are usually done off-line at a
central fixture service area. Precision pallets and fixtures are retrieved from an
automatic retrieval and storage warehouse and the fixture established on the
pallet. When scheduled, a part blank is mounted in the fixture by the operator and
the pallet/fixture/part combination directed to a delivery station to await
collection by an AGV. The AGV delivers the loaded pallet to the appropriate
machine tool where a pallet exchanger transfers it to the machine. The exchanged
pallet with the previously machined component is then returned to the fixture
service area where the component is removed and delivered to the warehouse.
The fixture is then stripped from the pallet, cleaned and returned to storage, or
if the operation is to be repeated the pallet/fixture combination is cleaned to
remove remaining swarf and chips and the next component blank mounted in the
fixture. A typical fixture servicing area is shown in Figure 1.3.

This approach to FMS gives maximum mix flexibility and also, provided

Figure 1.3 Monolithic FMS fixture service area (Courtesy of Mori Seiki Ltd.)

the pallets are common to all machines, maximum route flexibility. A disadvantage
with this kind of FMS is longer part handling time compared with the cell type of
FMS. This can limit volume flexibility when dealing with small components with
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short machining times. To maintain machine utilization the machining time must
be longer than the total handling and transport time. With small components the
machining time per pallet can be increased by using multi-workpiece fixtures, but
this will obviously reduce the volume flexibility. An example of a multi-workpiece
fixture is shown in Figure 1.4. The workpieces may be duplicates of the same
component but are often different components that are used together in a
particular product.

Figure 1.4 Multi-workpiece milling fixture

With current technology all of the assembly work in fixture service is
manual and hence there is some trade-off of operator skill for simple fixtures, but
it is the intention of many FMS builders to fully automate all of the fixture service
activity. This will have important consequences for fixture design.

JIT is a manufacturing philosophy which ensures that WIP and stock
inventory are kept to a minimum by requiring that a component is manufactured
only just before it is required for a subsequent process. FMS is a common means
to achieve the necessary response from the manufacturing facility. A consequence
of JIT is that components must also be manufactured ’right first time’ otherwise
there is a danger that JIT becomes JTL (just too late)! Right first time production
requires a high level of quality assurance. Such assurance is only possible with
carefully designed process plans and fixtures which ensure repeatable location of
the datum surfaces identified in such plans. Nixon [6, p162], has reported that over
40% of rejects can be directly attributed to poorly designed fixtures.
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1.2.2 Fixture Design and Production Leadtime

A characteristic of most FMS built in the last decade, and in particular the very
successful Japanese FMS has been the heavy dependence on special purpose
fixtures to achieve the requirements of scheduling flexibility and quality. Fixtures
are considered to be an integral part of the FMS and represent a major
proportion of the total investment, in some cases over 20%. In general each set-up
for every component has its own fixture. Scheduling flexibility is achieved by
providing the means to quickly retrieve a fixture and establish it on the FMS. FMS
provide short term flexibility, but in general their long term flexibility (or
reconfigurability) is poor. Conversations with managers of some of the best known
Japanese FMS indicate that it may take as long as three months to introduce a
new component into the FMS, and several European FMS are considered
economic failures because of poor long term flexibility. This is in conflict with
modern manufacturing’s second objective of bringing new products to market in
the shortest possible time. Most of the developments described in this book are
intended to increase the reconfigurability of fixture set-ups.

Concurrent engineering and computer integrated manufacturing (CIM)
are becoming accepted as essential management techniques for minimising
leadtime. Computer-aided process planning (CAPP) used within the framework
of concurrent engineering is the interface between design and manufacture.
Fixture design is concerned with selection of surfaces on the workpiece for
locating and clamping during machining and must therefore be seen as an
essential part of process planning. CIM is not possible without CAPP and no
CAPP system is complete without a computer aided fixture design module. Recent
developments in CAD of fixtures are reviewed in Chapter 5.

1.3 Fixture Strategies For FMS

The ideal fixture for FMS should provide the essential functions of location and
support and be capable of being reconfigured to accommodate every workpiece
processed by the FMS. This is not possible with current technology.

The fixtures used in conventional manufacturing can be considered as
falling into three categories:

] commercial standard workholding devices
° special purpose fixtures
o factory standard fixtures

Commercial standard workholding devices include machine vices, chucks,
faceplates, angle-blocks, vee-blocks, clamps, etc. Using combinations of these
simple devices, a skilled tradesman can construct a fixture for most workpieces.
This fixturing strategy is common in low volume jobbing production, toolmaking,
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and in maintenance workshops. It has the advantage of using highly versatile
equipment and a low capital investment in fixtures. The leadtime to introduce a
new component is short in comparison with special purpose fixtures, but there are
many disadvantages which prevent this fixture strategy being used for FMS.
Changing from one fixture to another is slow because the fixture must be rebuilt.
This type of fixture is heavily reliant on operator skill to accurately load the
workpiece and for alignment of the fixture with the machine-tool axes, hence they
are not suited to automation.

Special purpose fixtures are specially designed and manufactured to hold
and locate a specific component for a specific operation. They are completely non-
versatile and generally cannot be used for other components or operations. They
are used in large volume production where the capital investment can be spread
over large production numbers, and high levels of automation of clamping and
workpiece location are economically viable. Such fixtures are specially designed
to exactly match the requirements of the process plan and ensure that repeatable
high accuracy is achieved. Because they can be fully automated for unmanned
operation they are also a common fixturing strategy for FMS. The drawback of
special purpose fixtures is the high capital cost of the fixtures themselves and the
cost of storing the enormous number of fixtures required for each and every
operation. In effect this means that FMS can only be used for repeated batch
production where the total number of components is sufficient to offset the cost
of fixtures. Simple special purpose fixtures are also used for conventional batch
manufacture, but they are a major cost component.

Factory standard fixtures are a fixture strategy used in conjunction with
group technology as a response to the problems of batch manufacture. Special
purpose fixtures are designed to accommodate a range of components from a
family instead of just a single workpiece. These fixtures are designated as *factory
standard fixtures’. Group technology techniques are applied during the design
stage of a new product to ensure that no unnecessary variety is introduced and to
enforce concurrence with family standard design features. In this way the total
number of fixtures is reduced, and also the time spent in changing components in
the same family is dramatically reduced. Factory standard fixtures and variety
reduction can give considerable benefits to rate of return and clearly have an
important role in FMS.

These conventional strategies do not adequately satisfy the fixture
requirements of FMS. Special purpose fixtures used in conjunction with off-line
set-up and pallet exchangers give satisfactory short term flexibility, automation and
accuracy but only at great cost. The inherent lack of versatility of special purpose
fixtures frustrates the second FMS ideal of long term flexibility and ability to
quickly introduce new products. So long as they are dependent on special purpose
fixtures, FMS will never be an economical manufacturing option for jobbing or
short run products.

Factory standard fixtures and group technology impose restraints on
designers which may be considered to be unacceptable. This strategy will only
work for a captive manufacturing facility servicing a particular product range. It
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is impossible for an FMS employing this strategy to accept components that do
not fit existing part families.

Flexible Fixturing is a generic term for several new fixture techniques
which combine the long term flexibility of commercial standard workholding
devices with the advantages of special purpose fixtures. Chapter 4 provides an
overview of Flexible Fixture methodologies. The main categories are:

. Modular fixture kits
. Phase-change fixtures
. Programmable fixtures

Modular fixture kits are a methodology that is an extension of fixture
building using standard workholding devices. Modular fixture kits are made up
of a collection of standard clamps, locator components, and modular blocks from
which a fixture body to support the clamps and locators can be constructed.
These standard components are assembled on a baseplate with either *T’ slots or
a grid of holes to create a ’special’ fixture. When finished with, the fixture can
be dismantled and the parts returned to stock.

Phase change fixtures generally form a supporting structure for the
component being machined from an enveloping matrix of phase changing material.
The techniques have a striking similarity to the wax dolly used for centuries by
jewellers to hold the pieces on which they are working. In the modern version the
component is located by some external means and then enveloped in the fluid
matrix (eg a low melting point metal) in a mould or container. The matrix is then
solidified to form a rigid supporting structure which has standardised location
surfaces to fit a standard fixture. The component is removed by re-fluidising the
matrix which can then be recycled. Phase change fixtures are commonly used for
components that do not have well defined location planes, such as turbine blades.

Programmable fixtures are able to be automatically re-configured to accept
different components. Clamps and locators are moved and if necessary changed
under programmed control.

By using flexible fixtures and automating the fixture design process using
CAD, many of the problems of poor reconfigurability inherent in the present
generation of FMS can be overcome without sacrificing essential short-term
flexibility. This book will present a summary of these techniques.

1.4 References

1 Eary DF, Johnson GE. Process engineering for manufacturing. Prentice-
Hall, Englewood Cliffs, NJ, 1962

2 Hoffman GE (ed). Fundamentals of tool design, 2nd edn. Society of
Manufacturing Engineers, Dearborn, Mich, 1984



10 Advanced Fixture Design for FMS

3 de Garmo EP. Engineering economics, 4th edn. Macmillan, New
York,1967
4 Groover MP. Automation production systems and computer integrated

manufacturing. Prentice- Hall, Englewood Cliffs, NJ, 1987

5 Williams DJ. Manufacturing systems an introduction to the technologies.
Open University Press, 1988

6 Nixon F. Managing to achieve quality and reliability. McGraw-Hill,
Maidenhead, 1971



2 Fixture Design Fundamentals

2.1 Introduction

Before new types of fixtures or methods of automating design of fixtures can be
considered, it is necessary to establish a fundamental design rationale.

Until comparatively recently fixture design could best be described as an
art which owed very little to mechanical engineering science. Fixture designers
usually had a background as skilled toolmakers and brought a wealth of practical
experience to fixture design. This practical approach to design is reflected in many
of the text books on fixture design listed in the Bibliography. They provide a
valuable resource of the collected knowledge and experience of many first class
tool designers and it is not the intention of this book to duplicate this work, but
rather to show how this knowledge can be effectively applied within a framework
of advanced design techniques.

Pressures on contemporary industry are making the traditional methods
of fixture design obsolete. Designs based on past experience tend to be
conservative. They may work effectively but are unlikely to be optimised to satisfy
the demands of modern manufacturing. Shortage of skilled labour, demands for
increased design productivity and shorter design lead-time conspire to make
traditional methods unacceptable. Automation of the design process using
computer-aided design provides a solution.

Computer-aided design systems are commonly used as general design
aids. The designer provides the creative input to synthesise a new product and
critical analysis of the design as it progresses. All knowledge concerning the design
environment and procedures must come from the designer and the design is hence
limited by the knowledge of the designer. The CAD system serves the designer
only as a tool to create and manipulate geometric models of the emerging design,
and for communicating the design to other users of the design information. A
CAD system can be used in this manner to design fixtures but many potential
benefits of CAD will not be realised.

If the class of product, the design procedures and the criteria for
decision making are well enough understood, a computer can also be used to
store and manipulate knowledge of the design environment [1]. This knowledge
used in conjunction with the CAD system may further aid designers by providing
a logical framework for the design, guiding them through the design process,
providing generic forms of the design and constructive critical analysis of the
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design as it progresses. The designer may also be constrained by the system to
conform to factory standards. The ideal, to which much current research is
directed, is a CAD system which will automate the entire process, with the
designer interacting with the system to provide information and make decisions
where design knowledge is incomplete. Chapter 5 will describe various systems
that bring fixture design closer to this goal.

Computer-aided design is impossible if the design process is not
thoroughly understood. This chapter will provide a rational basis for fixture design
and in particular CAD of fixtures.

2.2 Definitions

The following terms will be used throughout this book:
L Locator

A locator is usually a fixed part of a fixture, the purpose of which is to
restrict movement of the workpiece being fixtured. A theoretical locator,
represented by a small triangle symbol, will prevent movement of the workpiece
in one direction of one degree of freedom. This is illustrated in Figure 2.1, where
the locator is preventing motion in the x direction.

HOLDING
FORCE

X
<] LOCATOR ——

Figure 2.1 Translation location
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A locator not aligned with an instantaneous centre of rotation will prevent
rotation about that centre. This is illustrated in Figure 2.2.

y
<] LOCATOR
X

OT

Z |w

ol'o

o &

P

Figure 2.2 Rotation location

For first operations when the surface being located is pre-machined and
for second and subsequent operations the locator is invariably fixed. When the
location surface for the first operation is not machined and is not well defined, it
is sometimes necessary to use adjustable locators. Some practical examples of
locators are shown in Figure 2.3.

L Clamp

A clamp is a moveable part of a fixture, the purpose of which is to
provide a holding force. The holding force may hold the workpiece being fixtured
against a locator by preventing motion in the opposite direction or provide a
moment preventing rotation about some instantaneous centres. A clamp is
represented by an arrow in the direction of the line of action of the holding force
it is intended to provide. This is illustrated in Figures 2.1 & 2.2. Some practical
examples of clamps are shown in Figure 2.4.

L] Support
A support is a fixed or moveable part of a fixture, the purpose of which

is to prevent workpiece deflection under the action of imposed cutting forces or
clamping forces. Some examples of supports are shown in Figure 2.5.
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Figure 2.3 Some examples of locators
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Figure 2.4 Some examples of clamps
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Figure 2.5 Some examples of supports
] Fixture body

The fixture body is a rigid structure, the purpose of which is to maintain
the correct spatial relationship between locators, clamps and supports and the
machine-tool on which the workpiece is to be processed. It may be specially
constructed or made up from standard parts as described in Chapter 4.

2.3 Fixture Design

Put simply, fixture design is the process of designing and selecting correct
combinations of locators, clamps and supports so that specified design criteria are
satisfied.

Fixture design will be considered under the following headings:

design outcomes

] what the fixture design produces as manufacturing information.

design criteria

° the conditions that the design outcomes must satisfy for the design to be
considered "a good design."

design techniques

. the techniques employed when developing the design outcomes to ensure

that the design criteria are satisfied.
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2.4 Design Outcomes

It has been convenient to rationalise fixture design as a number of distinct
activities, and variations of the following are found in most published research:

o fixture planning

o fixture layout

o fixture element design
o fixture body design

Fixture planning deals with overall design concepts; fixture layout
produces a spatial layout of the fixture; fixture element design is concerned with
the details of locators, clamps, and supports; and the fixture body design combines
the fixture elements with a supporting structure.

DESIGN ‘£CR|TER|A

INFLUENCES

FIXTURE PLANNING [

DATA AND & INFORMATION

INFLUENCES o) FIXTURE LAYOUT

_WFLUENCES o FIXTURE ELEMENT DESIGN [e—

INFLUENCES o1 FIXTURE BODY DESIGN

Figure 2.6 Serial model of fixture design

These activities are usually represented as being distinct and occurring
serially as shown in Figure 2.6. Because information from later stages will usually
have an influence on decisions made in earlier stages, feedback is necessary. The
design process becomes a series of nested iterative loops. Such rationalised models
of the design process are very convenient and enable a very complex problem to
be reduced to a number of bite-sized chunks which can be digested by individual
researchers. They also have a structure that is amenable to automation using
computers. This however is not how good fixture designers work. The design
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process is neither serial nor should it be executed as discrete activities. To give a
simple illustration: fixture body design is shown as the final event in the design
process, however if as a matter of company policy a certain type of modular
fixture system is a factory standard, a considerable body of knowledge concerning
the fixture body will be known at the start of the design process and this will have
significant influence on fixture layout and planning.

The previously defined activities should more correctly be viewed as
design outcomes. What the designer/design process must do is consider the
complex field of variables that define the design environment and the relationships
between these variables, and assign values and make choices so that the design
criteria are satisfied. The outcomes are developed in parallel and not as a series
of isolated activities. An alternative model of the design process is suggested in
Figure 2.7. This view of the fixture design process is in accordance with modern
thinking concerning product design and design of manufacturing processes in
general. The prevalent serial/specialist model of the process is being replaced by
a parallel model of design development known as concurrent engineering [2].
Doubts have been raised whether conventional CAD techniques based on
information and data processing are able to support this model and the emphasis
is changing to knowledge processing [3].

(>
FIXTURE FIXTURE
BODY

TIME o

INFORMATION

KNOWLEDGE
OF DESIGN >

CRITERIA

Figure 2.7 Concurrent development of fixture design
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Each of the fixture design outcomes will be considered individually
together with the factors that influence the design outcomes.

2.4.1 Fixture Plan

The fixture plan establishes the basic fixture concepts. The following outputs are
included in the fixture plan:

L cost analysis

A cost analysis is required to determine the basic fixture configuration
that is economically justifiable.

This is influenced by:

estimates of manufacturing costs with different levels of
automation, labour and machining costs;

estimates of fixture costs;

manufacturing methods;

target batch size and annual production numbers;

fixture type and complexity;

number of fixtures.

) fixture type and complexity

A decision must be made regarding the type of structure of the fixture
and its performance.

This is influenced by:

factory standards;

inter- and intra-cell handling in the manufacturing system;
level of automation;

technology of the manufacturing process;

number of operations per fixture;

cost analysis.

) number of fixtures (operations)

The fixture plan must determine whether several operations can be
combined in a single fixture or performed in separate fixtures.
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This is influenced by:

A component geometry;

. raw material geometry,

. auxiliary processes (hardening, plating, etc);

. orientation of machined surfaces;

. machine tool type and number of controlled axes;
° inter- and intra-machine handling and transport;
[ ]

factory standard fixturing requirements.
) number of fixtures (duplicates)

It is often necessary to provide duplicate fixtures. This is the case when
a manufacturing cell or machine in an FMS has insufficient flexibility to accept
different components.

This is influenced by:
] FMS route flexibility;
° FMS mix flexibility;
. FMS volume flexibility.
° number of workpieces per fixture

In monolithic FMS with centralised fixturing, it is often necessary to have
more than one component mounted on a fixture.

This is influenced by:
L fixture service time;
. inter-cell transport time;
. intra-cell handling;
° machining time per workpiece.
° orientation of the component with respect to the machine
axes
This is influenced by:
. machine tool configuration (vertical or horizontal spindle);
° cutting technology (end-milling, swarf-cutting, plunge-cutting,
etc.);
[ number of machine axes;
° position and orientation of location surfaces with respect to the

surface being processed;
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. weight of the workpiece;
. position of workpiece centre of gravity.
) location surfaces

Selection of the surfaces on which the workpiece is to be located is the
single most important aspect of fixture design. This decision has a critical effect
on the ability of the production process to satisfy the design specifications.
Chapter 3 is dedicated to a full discussion of selection of location surfaces.

This is influenced by:

. tolerances on design dimensions;
. form of the raw material;

. sequence of operations;

| ]

orientation of the workpiece with respect to the machine-tool
spindle axis;

. spatial relationship of the workpiece, the machine-tool structure
and the machining envelope;
° size and shape of available surfaces.
° clamping surfaces

Clamping surfaces must be chosen so that all forces imposed during
machining can be reacted to the machine-tool bed through the location and

support surfaces.

This is influenced by:

location surfaces;

support surfaces;

magnitude and direction of machining forces;

spatial relationship of the workpiece, the machine-tool structure
and the machining envelope;

surface finishes specified in the design specification;

workpiece strength and stiffness;

type and size of clamps.

° support surfaces

The need for fixed or adjustable supports must be determined and
surfaces for support identified.
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This is influenced by:

location surfaces;

clamping surfaces;

tolerances on design dimensions;

workpiece stiffness;

magnitude and direction of machining forces;

spatial relationship of the workpiece, the machine-tool structure
and the machining envelope.

) fixturing sequence

The above outputs can be combined into a fixturing sequence from which
concepts for fixture layouts can be developed.

As can be seen, the fixture plan includes many outputs that are usually
considered to be generated by process planning. It is our view that the activities
of process planning and fixture design are inseparable, and that practical process
plans and fixture designs will only be produced by design systems that combine
these activities or develop them concurrently.

2.4.2 Fixture Layout

The fixture layout is an embodiment of the concepts developed in the fixture plan.
Included in the fixture layout are:

° position of locators

locators must be positioned on the location surfaces so that the workpiece
is located in a stable and repeatable manner.

This is influenced by:

. workpiece shape and size;

. surface topology left by previous operations;

. surface deformation experienced by both the workpiece and the
locator;

. effect of possible wear of the locators;

° effect of possible build up of dirt and swarf;

° cutting force magnitude and direction;

. shape and size of the locators;

L ]

type of locator.
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L position of clamps

Clamps must be positioned in such a way that the workpiece is held
against all the locators throughout the machining process. Clamps must be outside
the machining envelope.

This is influenced by:

relationship of clamping and location surfaces;
machining envelope;

magnitude and direction of machining forces;
position of locators;

topography of clamping surface;

strength and stiffness of workpiece;

sequence of applying clamps;

operator convenience and ease of use;
operator safety;

swarf clearance;

cutting fluid application;

type and size of clamps.

) position of supports

Supports must be positioned to minimise deflection and distortion of the
workpiece without interfering with accuracy of location.

This is influenced by:

position of locators;

strength and stiffness of the workpiece;
tolerances on design dimensions;

magnitude and direction of machining forces;
swarf clearance;

workpiece topography;

clamping forces.

o type of locator

The decision must be made whether fixed or adjustable locators are used.

This is influenced by:

accuracy of workpiece blank;
whether first or subsequent operation;
use or otherwise of in-process gauging for datum adjustment.
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® type of support

The decision must be made whether fixed or adjustable supports are

used.
This is influenced by:
. tolerance on design dimensions;
. accuracy of workpiece blank;
° strength and stiffness of workpiece;
. automatic or manual fixture loading;
. clamping forces;
[ ]

machining forces.
) type of clamp

The type of clamp, whether it is to be manually or automatically
operated, self-retracting, etc must be specified.

This is influenced by:

automation techniques to be employed;
method of loading of fixture;
size and shape of the workpiece;
factory standards;

desired clamping force;

range of clamp movement;
machining envelope;

operator safety;

ease of use;

cost analysis;

swarf clearance;

clamping sequence.

L clamping sequence design

The sequence of applying the clamping force must be determined so that
when the clamps are applied, the location surfaces are brought into contact with
all of the locators.

This is influenced by:

. position of clamps and locators;
. lines of action of clamping forces;
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relative magnitudes of clamping forces;
friction at locator/workpiece contact points;
instantaneous centre of workpiece rotation.

2.4.3 Fixture Element Design

Fixture element designs are detail design drawings of the practical embodiment
of the theoretical locators, clamps and supports determined in the fixture plan and
fixture layout. Because these elements are well defined and the requirements are
common to many different fixtures, it is usually possible to use standard designs
or proprietary bought-in components, in which case all that is necessary is to
specify components that satisfy the requirements of the fixture layout and plan.
The detail design of all the components of a fixture is influenced by the
following factors:

availability of suitable standard designs;
number required;

available manufacturing techniques;
limitations of manufacturing techniques;
material properties;

factory standards.

) detail design of locators

This is influenced by:

surface deformation of locator and workpiece;

topography of location surface;

position and orientation of the workpiece surface;

avoidance of wear of the location face;

avoidance of build-up of dirt on the location face;

provision for replacement of worn parts;

adjustment to compensate for wear and manufacturing error;
swarf clearance.

. detail design of clamps

This is influenced by:

level of automation;

method of actuation (eg. mechanical or pneumatic);
protection of finished workpiece surfaces;
calculated clamping forces;
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o required clamp movement;
J operator safety;
. ease of use.

° detail design of supports

This is influenced by:

whether fixed or adjustable;
method of adjustment;
calculated required stiffness;
swarf and cutting fluid clearance.

2.4.4 Fixture Body Design

The fixture body provides the structure to combine the fixture elements in the
intended spatial relationship with the machine tool bed. The fixture body must
satisfy the essentially theoretical requirements specified as outcomes in the fixture
layout and fixture plan and in doing so also satisfy an enormous number of
practical requirements. The fixture body design will usually be constrained by
factory standards which are discussed in the design criteria. The following are a
selection of some of the factors influencing fixture body design:

fixture plan;

fixture layout;

fixture element design;

workpiece shape and size;

machining envelope and cutter access;
factory standards on construction;
factory standards on mounting points;
factory standards on pallet design;
factory standards on health and safety;
strength and stiffness of construction;
machining forces;

access to workpiece;

clearance of swarf;

clearance of cutting fluids;

application of cutting fluids;

lifting attachments;

ease of loading and unloading;
visibility of locators;

compatibility with transport and handling equipment.
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2.5 Design Criteria

The design outcomes must satisfy several design criteria.

2.5.1 Design Specification

The primary purpose of a fixture is to ensure that workpieces are produced to the
design specification. Fixture design can have an effect on dimensional tolerances,
geometric tolerances and workpiece surface finish. The ultimate criterion by which
a fixture is judged must be its ability to produce workpieces to specification.

2.5.2 Factory Standards

The fixture is part of a much larger production system and its design will
invariably be constrained by factory standards which ensure compatibility with the
rest of the system.

Typical constraints imposed by factory standards are:

] use of an accepted fixturing system, eg a particular type of
modular fixturing system;

use of a standard baseplate;

standard tee-bolt spacing;

standard fixture components;

level of automation;

power source;

control system;

maximum dimensions to fit available machines;

maximum weight;

health and safety standards;

compatibility and connectivity with handling and transport
systems.

2.5.3 Ease of Use

The fixture should be designed to satisfy ergonomic and ease of use criteria. Some
of the factors to be considered are:

. health and safety regulations;
. access to clamps;
U minimum use of tools;
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i ease of cleaning;

. ease of adjustment and repair;

° size and weight limitations.
2.5.4 Cost

As with any design, an important criterion is that the desired function is achieved
at the minimum cost. Cost of fixtures is a major part of the cost of an FMS, Some
estimates have placed it as high as one third of the total cost, and any reduction
in fixture costs is likely to be significant. Cost of fixtures should not however be
considered in isolation from the system as a whole, savings in fixture costs could
result in an increase in overall production costs.

2.6 Design Techniques

Various techniques have been employed to guide and assist the designer in
generating design outcomes which will satisfy the design criteria, the important
techniques are:

Axiomatic design

Rule-based design
Algorithms and analysis tools
Group technology
Parametric retrieval

Design procedures

2.6.1 Axiomatic Design

Axioms are well accepted truths which provide the basis for decision making in
the design process. If a design solution is developed applying the appropriate
axioms it should follow that the design criteria are satisfied. Eary and Johnson’s
book Process Engineering For Manufacturing [4), introduced the principles of
workpiece control. These principles form the basis of most fixture design systems
and can be treated as axiomatic for good fixture design. Good workpiece control
is necessary for the workpiece design specification to be met. These principles are
re-introduced here in simplified form and presented in the form of axioms.
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Workpiece control

Workpiece control is considered under three headings:

L] geometric control

® dimensional control

[ ] mechanical control
° Geometric control

Geometric control is concerned with stability of the workpiece. The position of the
workpiece in the fixture is defined by a number of locators. For good geometric
control, the workpiece must automatically come into contact with all locators in
an exactly repeatable way despite operator skill. Geometric control is based on
location theory. Any rigid workpiece has six degrees of freedom and twelve
directions of motion. Locators stop movement in one direction only, therefore for
complete location exactly six locators are required. Motions in the opposite
direction are prevented by holding forces. Consider the cube shown in Figure 2.8,
the six degrees of freedom are shown in the isometric view and the six locators
necessary to restrain motion in one direction of each degree of freedom are
shown in the orthographic views.

Al prevents motion in the -z direction
A2 prevents rotation in the -8y direction
a3 prevents rotation in the -8x direction
a4 prevents motion in the -x direction
A5 prevents rotation in the -8z direction
A6 prevents motion in the -y direction
Axiom 1 Only six locators are necessary to completely locate any rigid
workpiece. Any locators in excess of six are redundant and give
rise to uncertainty in location.
Axiom 2 Three locators define a plane.
A corollary of axiom 2 is that it is impossible to simultaneously locate two

planes on a workpiece. This is illustrated in Figure 2.9 and correct location is
shown in Figure 2.10.
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Figure 2.8 The six locators to locate a cube

Axiom 3 Only one direction of each degree of freedom is located.

A corollary of axiom 3 is that locators are not positioned on opposite
surfaces.

Axiom 4 Each degree of freedom has only one locator.
Axiom 5 The six locators are positioned as widely spaced as possible to

provide maximum workpiece stability and to minimise the effect
of wear of locators and workpiece irregularity.
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Figure 2.9 Simultaneous location of two planes showing the effect of variation
in dimension a

These five axioms are usually combined as ’the 3-2-1 location system’
which can be used to give correct geometric control for any orthorhombic
workpiece. Three locators are placed on the largest planar surface, two locators
are placed on the surface perpendicular to the plane of the three locators
containing the longest edge, the remaining locator is placed on the mutually
orthogonal plane. The 3-2-1 system can also be used to locate the orthogonal
datum surfaces of non-prismatic shapes with respect to the principal planes of a
machine-tool. An example is shown in Figure 2.11 where the set of two locators
is placed on the tangent to two holes.

/

Figure 2.10 Correct location on a single surface
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Figure 2.11 Location to two holes

Cylindrical shapes cannot be located using the 3-2-1 system. Figure 2.12
and Figure 2.13 show correct geometric location for long and short cylinders.
Considering each degree of freedom in turn will result in the five locators shown
in each figure. Because the cylindrical surface is symmetrical about its axis there
is no feature of the surface to locate.

\I>

24 A2 A4

Figure 2.12 Location of a long cylinder by 5 locators
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Figure 2.13 Location of a short cylinder by 5 locators

Axiom 6 Only five locators are required to locate a cylinder.

Eary and Johnson have provided many examples of the application of the
principles of geometric control to a variety of differently shaped workpieces.The
axioms from geometric control are of paramount importance for the fixture plan.

® Dimensional control

Dimensional control is concerned with selecting the surfaces for location
and position of locators controlling the workpiece position so that the tolerances
in the workpiece specification can be achieved and maintained. Good dimensional
control exists when there are no tolerance stacks and when workpiece variation
and irregularities do not interfere with the correct location of the workpiece.
(Tolerance stacks are discussed in Chapter 3.)

Axiom 7 To prevent tolerance stacks locators must be placed on one of
the two surfaces which are related by the dimension on the
workpiece drawing,

Axiom 8 When two surfaces are related by a geometric tolerance of

parallelism or perpendicularity, the reference surface must be
located by three locators.
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Axiom 8 is illustrated in Figure 2.14. As can be seen, the set of three
locators is not on the largest surface. This violates the requirements for geometric
control. Operator skill can compensate for poor geometric control but poor
dimensional control will always give dimensional variation in the product and in
order to satisfy the design specification preference is given to dimensional control.

N

L

~— [/B.e]

B

)

Figure 2.14 Location for dimensional control

Axiom 9 When the requirements of geometric and dimensional control
conflict, precedence should be given to dimensional control.

It is common practice to define the position of a surface as a dimension
from a centreline of a cylindrical surface, as is shown in Figure 2.15,

©@20.00%0.10

5.00%0.05 = =

Figure 2.15 Incorrect location of horizontal centre-line
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The workpiece is shown located for good geometric control. Located in
this way any change in workpiece diameter will cause a change in the position of
the horizontal centre-line. The +0.1 tolerance on the cylindrical diameter means
that the horizontal centreline is only located within +0.07mm. Clearly the design
specification of +0.05 is impossible with this method of location. The locators
must straddle the centre-line they locate. An acceptable alternative system of
locators is shown in Figure 2.16.

/L@% —Ia ol
N

Figure 2.16 Correct location of horizontal centre-line

Axiom 10 To locate a centre-line of a cylindrical surface the locators must
straddle the centre-line.

A corollary of this is that it is impossible to simultaneously locate two
centre-lines using fixed locators.

The final axiom that can be proposed on the basis of dimensional control
is concerned with avoiding the effect of workpiece surface irregularity from
unmachined areas such as flash and mould parting-lines.

Axiom 11 Locators should be placed on machined surfaces where there is
no possibility of contact with surface irregularities.

The axioms from dimensional control are of importance in producing the
fixture plan and the fixture layout.

° Mechanical control

Mechanical control is concerned with control of the effects of cutting
forces on the workpiece and the correct placement of holding forces.

Eary and Johnson have identified the following conditions for good
mechanical control:

. that the workpiece does not deflect because of the tool-forces;
. that the workpiece does not deflect because of the holding
forces;
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. that the workpiece does not deflect because of the workpiece’s
own weight;

° that the workpiece is forced into contact with all of the locators
when the holding forces are applied;

o that the workpiece does not shift away from the locators due to
the tool forces;

° that the workpiece does not become marred or permanently

distorted due to the holding forces.

Good mechanical control is achieved by correct design of the placement
of locators, holding forces, (i.e. clamps) and supports in the fixture layout.

All workpieces are elastic and deflect when external forces such as the
cutting force, clamping forces, and the workpiece’s own weight are applied. In
extreme cases the applied force may deflect the workpiece beyond its elastic limit
in which case it will be permanently distorted. It is impossible to completely
prevent deflection, but the effect on workpiece accuracy can be minimised by
minimising the extent of the deflection. This is best achieved by reacting the forces
directly to the locators by placing the locators directly opposite the applied forces.

Axiom 12 Place locators directly opposite tool-forces to minimise
deflection.
Axom 13 Place locators directly opposite holding forces to minimise

deflection and prevent distortion.

It will usually be a practical impossibility to satisfy both axiom 12 and
axiom 13. Axioms 12 and 13 will also frequently conflict with axioms concerning
geometric and dimensional control which must be given preference. When axiom
12 and/or axiom 13 cannot be applied, and calculations indicate that deflection
will prevent design dimensions being satisfied, then locators must be used.

Axiom 14 If external forces cannot be reacted directly through the locators,
then limit deflection and prevent distortion by placing fixed
supports opposite the applied force.

Axiom 15 Fixed supports should not contact the workpiece before the load
is applied.

Axiom 15 is necessary to ensure that the supports do not prevent the
workpiece contacting the locators and in doing so prevent proper location.

When there is uncertainty of the shape of the surface being located or
when the design specification requires high accuracy, adjustable supports must be
used. Examples of supports are shown in Figure 2.17.
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The purpose of holding forces is to prevent the workpiece moving away
from the locators. When the holding forces are applied the workpiece should be
forced into contact with all locators.

Axiom 16 Holding forces must force the component to contact all locators.
If the strict requirements of workpiece control are followed, six clamping

forces are required with a clamping force opposite each locator. Figure 2.18 shows
such an arrangement of holding forces.

TOOL-
FORCE
HOLDING HOLDING
FORCE FORCE
\4

] A
FIXED SUPPORT

Figure 2.17 Use of a fixed support to resist tool-forces

Figure 2.18 Clamping using six holding forces

This is rarely a practical solution, and in any case application of clamping
forces would need to be carefully sequenced to satisfy axiom 16. It is usually
preferable to reduce the number of holding forces by combining those that are in
the same direction. This is illustrated in Figure 2.19. It is possible to combine all
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three forces into a single force. To satisfy axiom 16 the line of action of the single
force must not produce moments about any possible centre of rotation that tend
to move the workpiece away from locators. The line of action of the force must
therefore pass through the envelope defined by lines joining the three location
points locating the base-plane of the workpiece, this is illustrated in Figure 2.20.
The component of the line of action of this force projected onto the base plane
must also pass through the line joining possible centres of rotation. This is
illustrated in Figure 2.21. Referring to Figure 2.21, two conditions are possible.

Figure 2.19 Clamping using three holding forces

Figure 2.20 Clamping using a single resultant holding force
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The first condition is that friction between the locators is sufficient to
prevent the workpiece from sliding on the locators. In this case either locator A
or C may be a centre of rotation. If C is a centre of rotation the workpiece may,
for small movements, rotate about C in a counter-clockwise direction, permitting
the workpiece to lose contact at B. The holding force must provide a clockwise
moment about C to prevent this. If A is a centre of rotation the workpiece may
rotate in a clockwise direction losing contact with B and C. The holding force
must provide a counter-clockwise moment about A to prevent this. The workpiece

will be prevented from rotating if the holding force passes between locators A and
C.

B C

plane of application of
holding force

Figure 2.21 Plane of application of holding force

The second condition is that friction is low enough for sliding between the
locators and workpiece to occur. In this case there are two possible instantaneous
centres of rotation within the workpiece. These instantaneous centres of rotation
are the intersections of the normals to the tangent planes at the points of contact
between the locators and the workpiece surface (points D and E in Figure 2.21).
For small rotations the workpiece may rotate in a clockwise direction about D or
in a counter-clockwise direction about E. The moment of the force passing
between the centres of rotation will prevent any possible rotation.

When tool-forces are applied, holding forces must overcome any tendency
for the tool-forces to move the workpiece away from the locators.

Axiom 17 The moment of the clamping forces about all possible centres of
rotation must be sufficient to overcome the effect of tool-forces
and prevent the workpiece from moving away from the locators.



40 Advanced Fixture Design for FMS

If possible, tool-forces should reinforce the clamping forces by forcing the
workpiece against the locators.

Axiom 18 Where possible, tool-forces should be such that they force the
workpiece into contact with the locators.

A corollary to axioms 16, 17 and 18 is that holding forces should not be
in the opposite direction to the tool forces.

These fundamental requirements are axiomatic for good mechanical
control.

Other aspects of mechanical control are discussed in Chapter 6.

2.6.2 Rule-Based Design

The 18 axioms are the conditions generally considered necessary for good fixture
design. They give little consideration to practical aspects of design and so alone
they do not provide sufficient conditions for good fixture design. A convenient way
of including practical knowledge in the design process is to use a checklist. Most
of the fixture design texts and handbooks listed in the bibliography contain
checklists. These checklists are often in the form of questions that the designer
should answer when analysing the design at each chronological stage of its
development. Checklists of questions may be used in pre-design analysis to ensure
that all information governing the design is taken into account. They may be used
during the design process to provide critical analysis and after the design has been
completed to ensure that nothing has been overlooked.

An alternative form of checklist is a list of guidelines which apply to
different design outcomes. Guidelines assist the designer in synthesising new
design outcomes. For instance the following guidelines are three of the many
guidelines that have been formulated to aid the designer to identify clamping
surfaces in the fixture plan.

. avoid clamping on areas that are to be machined
. place clamps on the surfaces opposite those used for location
. avoid clamping on previously machined surfaces

When the design information is in the form of a question it can be
inverted to become a guideline. For instance the following questions are from ’4
list of questions to be asked before finalisation of the jig design’ in 1.Prod.E Data
Memoranda on Jig and Fixture Design [5], this list has thirty two questions and has
relevance to most of the design outcomes in fixture design:

° Are location points clear of flash and burrs?
° Can jig be easily cleared of swarf, particularly the locating surfaces?
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The first question can easily be changed into a guideline for fixture layout
to become:

o Identify all possible surface irregularities and position locators clear of
these areas

The second question is harder to convert into a guideline. To answer this
question the designer must know what causes swarf not to be cleared.
Consideration of this question gives the following guidelines for fixture body
design:

° The locators should be the highest points on any horizontal surface on
the fixture.
. The fixture body should be smooth with all screws counter-bored or

counter-sunk.

There are dangers in the following guidelines without fully understanding
the context for which the guideline was formulated. The most valuable source of
design guidelines are books published before robots and automatic loading of
fixtures were considered and this should be borne in mind when compiling a list
of guidelines. For instance a 4-2-1 location system is often advocated. The reason
for this is that if any swarf should adhere to any of the four locators locating the
horizontal surface of the workpiece a human operator will be able to detect this
by rocking the workpiece on the locators. This departure from good geometric
control should not apply to automatic loading of fixtures.

In applying guidelines the designer will frequently find that one guideline
will conflict with or contradict another. To resolve such conflicts the design
context and the relative importance of every outcome must be understood.

Many of the fixture design systems described in Chapter § incorporate the
knowledge of these guidelines and dispute resolving procedures as design rules in
an expert system to support the design process.

2.6.3 Group Technology

Axiomatic design and guidelines provide a basis for decision making, they cannot
themselves synthesise new design solutions. A common approach to design used
by many fixture designers is to examine a new fixture problem in terms of the
workpiece geometry, the fixture plan, and the technological aspects of the process
plan, and by calling on previous experience adapted and combine existing designs
to give new design solutions. This approach to design is limited by the knowledge
of the individual designer. Group technology provides a structured method of
giving a designer access to design knowledge generated previously by other
designers. The techniques of group technology have been described in detail in
numerous texts [6].
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A typical use of group technology is to group workpieces into families on
the basis of similarity of shape and production technology. Classification systems
are used to describe the features that are used to characterise the workpiece.
Classification systems can also be used to retrieve process planning and tooling
information for similar parts including information on previously used fixtures.
The techniques of group technology have been employed in many computer-aided
process planning (CAPP) and computer-aided fixture design systems and have
particular use in fixture body design and detail design of the fixture components.

2.6.4 Parametric Retrieval

The techniques of parametric retrieval can be applied to any class of design
problem where the item being designed is part of a limited family and where the
shape variations within the family can be achieved by simply changing selected
dimensions. The relationships between the parameters that define the component
shape may be in the form of a simple algorithm. This design technique is
particularly powerful when used in conjunction with CAD and many new
generation CAD systems, notably ProEngineer and Intergraph’s I/EMS II, are
based on variational and associative geometry making parametric definition of
designs a routine procedure.

Parametric retrieval can be used for detail design of fixture components,
locators, clamps and supports and in some circumstances the fixture body. A
typical application of parametric retrieval is design of simple components such as
clamps. A parametrically defined clamp is retrieved from a library of standard
components and modified to suit the particular application.

2.6.5 Algorithms and Analysis Tools

Some parts of the design procedure can be formulated as algorithms and simple
equations that can be used to analyse the design outcomes. A small selection of
these tools are included here to indicate the range of calculation that is necessary
in a complete design procedure.

° Economic analysis
The parts of the fixture plan that deal with cost analysis and number and

type of fixture are amenable to simple analysis. Equations of the following form
appear in many text books:
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F = A(C-D)-E
where;

Total number of workpieces to be manufactured

Economic minimum number of workpieces to justify fixture
investment

Estimated cost of manufacture per workpiece with simple
standard fixtures

Estimated cost of manufacture per workpiece with alternative
special fixture

Estimated cost of manufacture for the special fixture
Predicted manufacturing cost benefit from special fixture

Tm g O Wy
[

Such equations are deceptively simple but should be used with caution.
The exact form of the equations depends on company accounting practices.
Obtaining accurate values for the cost parameters is likely to be a major difficulty.

L Cutting force calculations

Several design outcomes are influenced by the magnitude and direction
of the cutting forces acting on the workpiece and the designer or design system
must be provided with a means of predicting these forces. It must be borne in
mind that for manufacture using machining centres, a single fixture set-up may be
used for a number of different cutting operations using different cutting tools. In
a single set-up the workpiece may typically be acted on by drilling, tapping, end-
milling and face-milling, each of which will have a quite different resultant effect
on the workpiece.

Cutting force prediction has been intensively researched since Taylor’s
work in 1907 [7]. We owe much of our modern understanding of metal cutting to
Merchant and Ernst [8]. More recent work by Oxley and his co-workers has
provided a theoretical model that can predict cutting forces in single-point
orthogonal cutting with reasonable confidence [9]. Although this model has been
extended to include the more complicated cutting geometries found in drilling and
milling, the extended models are generally too complex for practical routine
design. An alternative approach based on empirical equations or machinability
data-bases is favoured. Methods of predicting cutting forces are further discussed
in Chapter 6

) Stress and force analysis

The workpiece is an elastic body held in equilibrium in the fixture under
the action of the machining forces and the clamping forces. All of the
conventional analytical and numerical stress analysis tools may be used to aid the
designer to predict workpiece stability and deflection. Some adaptations of these
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standard techniques applied to fixture design are discussed in Chapter 6.
° Workpiece control

Workpiece control has been discussed in terms of axioms, most of which
are heuristically derived. An alternative deterministic approach to design of
location systems has been proposed by Chou [10]. Chou’s method is based on a
technique for analysis of freedom and constraint of objects in 3D space known as
Screw Theory [11]. Chou’s method provides an algorithm for synthesis of location
and clamping layout design.

° Tolerance analysis

Techniques and algorithms for tolerance analysis are discussed in Chapter
3.

2.6.6 Design Procedure

None of the techniques discussed so far provide the designer with a procedure to
follow when designing a fixture and in fact this crucial aspect of design has
received very little attention in published literature. Most fixture design texts and
handbooks consider the various design outputs in isolation with the implicit
assumption that the designer will structure their activity in chronological order
similar to Figure 2.6. The SME Handbook of Jig and Fixture Design [12], suggests
an approach summarised in Figure 2.22 which has been reproduced from this
handbook. In the SME procedure the design process is divided into five phases
each of which is completed before commencing subsequent phases. The different
phases relate to design inputs in contrast with the design outcomes which are the
concern of Figure 2.6.

Phase one is concerned with all aspects of the workpiece specification, i.e.
geometry, surface finishes, tolerances, size, material properties, etc

Phase two is an analysis of the manufacturing operations, i.e. machining,
heat-treating, plating, assembly, inspection, etc.

Phase three examines details of each machining operation and the
manufacturing sequence and evaluates tentative designs produced during phases
one and two in relation to the manufacturing processes. Consideration of
workpiece stability and action of cutting forces etc. are introduced here.

Phase four is concerned with operator fatigue, safety and the convenience
of using the fixture.

Phase five is the final analysis of the tentative designs and selection of
the final fixture design on the basis of overall cost, workpiece quality and
production quantity.

An extensive collection of checklists questions the designer on the design
inputs. These questions are ordered in such a way that a chronological order is
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imposed on the designer. During each phase tentative designs are developed which
include aspects of all the design outcomes. It should be noted that although the
design outcomes are developed concurrently, the design inputs are serial and the
design iterations within each phase of the design only consider a limited set of
criteria.

Henricksen’s book, Jig and Fixture Design Manual, offers an alternative
procedure which is more in keeping with modern concepts of concurrent
engineering and design practice [13]. Figure 2.23 which is reproduced from
Henricksen’s book, summarises the procedure. The original publication includes
extensive structured checklists.

Operation qiupment] |Operator
Part Detals classification| [Selection Criteria
Phase |
Select elect elect elect
Pertinent Pertinent Pertinent Pertinent
items Items Items Items
Initial Design Concepts
Discarded
Ideas
Phase I
reliminary Cost Analysis
Fixture Design and Evaluation
|
{ 1 T '
Primary Alternate 1 Alternate 2 r T
Fixture Design| (Fixture Design| [Fixture Design L— ¢ —
L_l - — .
t

Evaluation and Final Decision Phase i
Completion of Design, Execution of Shop Drawings l

Figure 2.23 Outline of the fixture planning process [13] (Courtesy of Industrial
Press, NY)
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The phases in this diagram are phases of development of design
knowledge.

Phase one can be called the information gathering stage. The vertical
columns correspond almost exactly with Phases one to four in the SME procedure
but here may be executed simultaneously.

Phase two produces a conceptual design based on all aspects of the
design specification. A number of embodiment designs are produced and
evaluated.

Phase three is the final stage of the design process. The tentative
embodiment designs are further evaluated and detail assembly and part drawings
produced.

This design procedure has the capacity to progress all design outcomes
simultaneously based on the complete design specification.

2.7 Conclusion

A fixture design must satisfy many criteria and is subject to an enormous number
of conflicting external and internal influences. None of the above design
techniques used in isolation are able to produce practical fixture designs, but
when applied in unison they should be capable of forming the basis for a practical
computer-aided design method for fixtures. Chapter 5 discusses some of the latest
attempts of CAD of fixtures.
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3 Tolerance Control and Location
Surfaces

3.1 Manufacturing Tolerance Stacks

A sequence of machining operations involves a series of set-ups for holding and
locating the workpiece while it is being machined so that the required design
specifications can be economically achieved. To this end the sequence of
machining operations and the selection of location surfaces must be based on the
practicality of locating and holding the workpiece and on the dimensional
relationships between machined features of the part. These are aspects of fixture
design previously discussed as workpiece control. Geometric and mechanical
control are concerned with practicalities of fixture design and dimensional control
deals with the dimensional relationships between machined features. Good
dimensional control is guaranteed if the workpiece is located on one of the pair
of surface features related by a dimension while the second surface is machined.
(This is axiom 7). While this ideal should be strived for, consideration of
geometric and mechanical control may make it impossible to achieve. If surfaces
not referred to by the dimension are used for location then manufacturing
tolerance stacks are inevitable.

Figure 3.1 illustrates the simplest example of the occurrence of
manufacturing tolerance stacks. The workpiece is completed in a single fixture
locating the surface labelled ’A’. The machine tool is assumed to be a CNC
vertical spindle mill capable of achieving dimensional accuracy of +0.05mm. In
operation 1 surface C is machined with a working dimension of 25.00mm from
location surface A giving a balance dimension AC 25.00+0.05mm. Operation 2
machines surface B with a working dimension 15.00mm from the location surface
A giving a balance dimension AB 15.00+0.05mm. The final dimension for AB is
the balance dimension AB and satisfies the design specification. The final
dimension BC is obtained by subtracting the working dimension AB from AC
giving 10.00+0.10 which does not satisfy the design specification. The tolerance
on BC is a stack of the tolerances of two other dimensions. Clearly it is not
possible to manufacture the workpiece in this way.

In the previous paragraph care was taken to distinguish between different
types of dimension relating to the manufacturing process. This distinction is
important in tolerance analysis and the different dimensions are defined below.
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Figure 3.1 Simple occurrence of a tolerance stack
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° Design specification dimension

Design specification dimensions are the workpiece dimensions specified
in the design drawing, They are sometimes called blueprint dimensions. They have
two components, a nominal dimension and a tolerance which is the permissible
deviation from the nominal dimension. To facilitate calculation it is convenient to
convert the dimension so that the tolerance is in equally disposed bilateral form,
e.g. dimensions such as:

+0
25.00 ;.10
must be converted to:

24.95 + 0.05

In this form the tolerances are always added when a dimension is added
or subtracted with another.

° Working dimension

Working dimensions also consist of a nominal dimension and a tolerance
on the nominal dimension.Working dimensions have a different meaning in
automatic and manual machining operations.

In automatic machining, such as CNC machining, the nominal component
of the working dimension is equivalent to the programmed dimension using
absolute measurement coordinates. It is the dimension from some specified
machine zero to the surface being processed. If the workpiece is accurately
located in a fixture, the origin for the dimension can be considered to be the
location surface. In automatic machining processes, the tolerance is the accuracy
that is achievable by the machine for that particular operation. It is also called the
process capability. Process capability is usually defined as plus or minus three
standard deviations from the nominal dimension.

In manually controlled machining the working dimension has a different
meaning. The nominal component is the distance measured from an existing
surface to the surface being processed (the existing surface is not necessarily a
location surface). The tolerance is an instruction to the machinist of the allowable
deviation from the nominal dimension.

] Balance dimension
Balance dimensions are dimensions between workpiece surfaces which

can be calculated from working dimensions. If further processing is to be done on
either of the two surfaces defining the dimension, the balance dimension is an
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Figure 3.2 Example of two and three high tolerance stacks
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intermediate resultant dimension. Because they are calculated from working
dimensions, balance dimensions also have nominal and tolerance components. It
is usual practice to simply add tolerances when calculating balance dimensions,
this gives worst case tolerances and is a very conservative approach. An alternative
is to use statistical methods to add the tolerances and maintain the three standard
deviation tolerance band. The worst case approach is followed here.

° Final dimension

A final dimension is a special case of a balance dimension when no
further processing is done on either surface defining the dimension. For the
sequence of operations to be acceptable the nominal component of the final
dimension must be equal to the nominal component of the equivalent design
specification dimension and the tolerance component must be less than or equal
to the tolerance component of the design specification dimension.

Figure 3.1 introduces some drawing conventions which are useful for
distinguishing between design specification dimensions, working dimensions,
balance dimensions, and final dimensions.

It is very unusual that a workpiece can be completed in one set-up in a
single fixture. A workpiece will usually require machining from several different
directions requiring different set-ups and fixtures. This will invariably result in
higher order manufacturing tolerance stacks. Figure 3.2 shows how tolerance
stacks can happen as a result of a sequence of set-ups. The work piece is
machined from oversize stock and is machined on all surfaces. As in the previous
example a vertical spindle milling machine capable of machining accuracies of
+0.05mm is to be used.

Another diagram label convention is introduced in this diagram, a surface
machined more than once is given a subscript for the second and subsequent
occurrences of the surface. The subscripts are omitted in the design specification.

Consideration of Figure 3.2 shows that final dimension A1D1 is obtained
directly from working dimension D1A1 and hence has a tolerance of +0.05. Final
dimension A1B is calculated from working dimensions D1A1 and D1B, it has a
tolerance stack of two and the final dimension is 7.00+0.10mm.The balance
dimension CD1 can be calculated in a similar way to give 5.00+0.10.

Dimension BC must be calculated from the chain of working dimensions
that contribute to the creation of the two surfaces defined by the dimension. The
chain of working dimensions is shown in Figure 3.3.

Evaluating this chain:-

final dimension BC = D1B - (AD1 - AC)
where D1B,AD1 and AC are working dimensions

= 13.004+0.05 - 21.00+.0.05 + 16.00+0.05
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Figure 3.3 Chain for evaluating tolerances
= 8.00+0.15

The dimension BC has a tolerance stack of three and clearly the design
specification is not satisfied.

It should be noted that final dimensions must be calculated from working
dimensions and not other final and balance dimensions. It might scem that
dimension BC could be calculated in the following manner:

final dimension BC = A1D1 - A1B - CD1
where A1D1, A1B and CD1 are final dimensions

= 20.00£0.05 - 7.00+0.10 - 5.00+0.10
= 8.00£0.25

The tolerance calculated in this manner is incorrect as the tolerance on
the position of surface Al is wrongly included and this surface has no effect on
dimension BC.

The occurrences of manufacturing tolerance stacks illustrated in Figures
3.1 and 3.2 are as a result of very simple process sequences. In practice the
sequence may be much more complex requiring multiple set-ups on several
different machines. Higher order tolerance stacks are by no means unusual and
they can be quite difficult to detect. Figure 3.4 shows the process pictures for
machining a component that requires milling and grinding. It will be shown later
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that the final dimensions achieved for design dimensions AB and BC are tolerance
stacks of four and three other dimensions.

There is a naive though widespread belief that because of the high
accuracy of CNC machines, final dimensions with a tolerance similar to the
machine-tool accuracy are always guaranteed. Because of the possibility of
manufacturing tolerance stacks this is not the case. Process planning systems
should minimise the effect of tolerance stacks when planning sequences of
operations and selecting location surfaces. Some systematic means of tolerance
analysis should be included as an integral part of any practical process planning
and fixture design system as a means of checking that the tolerance stacks
consequential to the fixturing sequence and location surfaces are such that they
do not prevent the design specification being satisfied.

3.2 Tolerance Charts

Tolerance charts have been available for use in process planning in precision
manufacturing since the early 1950s [1]. They provide the process planner with a
graphical means of displaying all the dimensions and tolerances that contribute to
the manufacture of the workpiece at all steps of a processing sequence and a
systematic method of tolerance analysis and stock removal verification. They are
also an easily understood means for communication between the process planner
and product designer. Manufacturing techniques have changed considerably since
the 1950s but the importance of tolerance charts has not diminished. Oliver Wade,
(a long time advocate of tolerance charting) writing in the fourth edition of The
Tool And Manufacturing Engineers Handbook (2, p2.1], emphasises the "self
evident importance of doing it right first time" and presents tolerance charts as the
only systematic way of ensuring tolerance control in manufacture. Unfortunately
despite the seemingly obvious enormous benefits from disclosure of tolerance
problems before fixtures are built and machining occurs, tolerance charts are not
widely used on a routine basis. The reason for this is probably the difficulty and
time consuming nature of the ’traditional’ methods of chart construction. The
majority of computer-aided process planning systems and computer-aided fixture
systems are similarly negligent in not giving adequate attention to dimensional
tolerance control. A new algorithm for tolerance analysis based on a graph-
theoretic approach developed at the University of Canterbury, [3], and [4], is
described here. This new method for tolerance charting has benefits for manual
tolerance charting but has also been incorporated into a fully automatic tolerance
analysis system.

The ’traditional’ methods for tolerance chart construction are adequately
treated by many other authors, [5], [6] and [7]. The older method will not be
described in detail here but is briefly explained with reference to tolerance charts
for the sequence of processes in Figures 3.1 and 3.2. The symbols in the tolerance
charts are those defined in Figure 3.1.
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Figure 3.5 Tolerance chart for Figure 3.1

The basic tolerance chart layout is shown in Figure 3.5, this is the chart
for the process in Figure 3.1. Leader lines are drawn from a sketch of the surfaces
that define the component being machined. The surfaces must be parallel.
Separate charts must be constructed for each set of parallel surfaces with different
orientations. For instance an orthogonal prismatic component requires three
tolerance charts corresponding to the three principle machining directions.
Column 1 of the chart is a line number used only for reference purposes. Column
2 is the operation number. Column 3 is the surface being machined, labelled in
the manner defined in figure 3.2. Column 4 is the machine being used. Columns
5&6 are the nominal working dimension and process capability. Columns 7&8 are
the balance dimensions and the tolerance on the balance dimensions. Column 9
is the stock removal and column 10 is the tolerance on stock removal. The design
specification dimensions are entered at the bottom of columns 5&6, and the final
dimensions that are calculated when completing the chart are entered at the
bottom of columns 7&8.

The starting point for constructing the tolerance chart is a process plan
with a sequence of operations and process pictures showing location surfaces,
machined surfaces, and stock removal for each operation. At this stage the
processes and process limitations and capabilities are known but not the nominal
working dimensions and balance dimensions. The process capabilities are the only
known tolerances.

The chart is developed by filling in the known information. The chart
symbols for working dimensions for each operation and the symbols for the
resulting balance dimensions are drawn first. In line 1 surface A is arbitrarily
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chosen as a reference surface. In line 2 the raw material size is defined as a
working dimension, the nominal dimension is as yet unknown but the tolerance
is the process capability of the process producing it (in this case a saw). Column
3 can be completed to identify the machined surfaces for each operation. The
process capabilities for each operation are entered in column 6 and the nominal
stock removals in column 9. The stock removal nominal dimension is a
technological property of the process and is usually a minimum depth of cut for
the cutting process to perform in a satisfactory way. When the operation modifies
an existing surface this value is entered as the nominal stock removal dimension.
In the case where the stock removal is large and produces an entirely new surface
this is indicated with the word ’solid’. This completes the entry of known
information.

The next stage in development of the tolerance chart is calculation of the
nominal balance dimensions and the nominal working dimensions. This is done
by starting at the bottom of the chart and working back to the raw material
dimensions adding on or in some cases subtracting the stock removals for each
operation. The balance dimension prior to an operation is the working dimension
plus (or minus) the stock removal for that operation. The balance dimension is
used to calculate the working dimension higher up the chart. In following this
procedure, for most milling operations the stock removal must be added when
working back up the chart, that is balance dimensions and working dimensions are
larger earlier in the sequence and become smaller as material is removed. There
are some exceptions where working dimensions are smaller earlier in the sequence
as for example back-boring in milling and right-hand turning on a lathe in which
case the stock-removal must be subtracted. Examples are given in Figure 3.6

Applying this procedure to Figure 3.5, in line 7 the nominal balance
dimension is the nominal final dimension AB. The nominal working dimension,
line 6, must be the same. The nominal balance dimension line § is the sum of
nominal final dimensions AB and BC1. The nominal working dimension, line 4,
must be the same. The nominal balance dimension, line 3, is obtained by adding
the nominal stock removal line 4, to the working dimension line 4.

1.00+25.00=26.00

This gives the nominal raw material size. At this stage all of the nominal
balance dimensions and the working dimensions are complete. When the working
dimensions have been determined the tolerances on balance dimensions and
stock-removal can be calculated starting from the top of the chart and using the
chaining method described previously. The tolerance on the final dimensions then
can be compared with the design specification dimensions and it can instantly be
seen if (as is the case with all of these examples) the sequence of operations fails
to satisfy the design specification.

The tolerance on the stock-removal can be compared with the nominal
stock-removal, the minimum stock removal is the difference of these two values.
If this value is too small for the process, the stock removal can be increased and
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the working dimensions re-calculated. If the tolerances on the final dimensions are
greater than the tolerances for the design dimensions the process must be re-
planned with a different sequence and locating surfaces and/or processes with
higher accuracy. If the tolerance on the final dimensions are less than the design
dimension tolerances then it may be possible to relax the working dimension
tolerances.

— -
— —_—

1 2 3 4 5 6 A |8 lclp 7 8 9 10
Line| Op. [Face M/cl Workin? Dim. Balance Dim. | Stock Removal
No. | No. Nominal{ * Tol. Nominal! * Tol. [Nominal| *Tol.

1 A | Reference Surface |-+
| 2 |Raw | D 22.00 | 0.50

3 |Mat!l 22.00 | 0.50
1411 D1 21.00 | 0.05 1.00 0.55

5 21.00 | 0.05
1612 | C 16.00 | 0.05 5.00 {1 0.10 solid

7 16.00 [ 0.05 1.00 0.10
1813 LAl 20.00 | 0.05

9 20.00 | 0.05
110] 4 |B 13.00 | 0.05 7.00 | 0.10 solid
i 13.00{ 0.05

Design Spec. Final
Dimension Dimension
20.00 | 0.05 20.00 | 0.05
7.00 | 0.05 - 7.00 | 0.10
8.00 | 0.05 — 8.00 [ 0.15

Figure 3.7 Tolerance chart for Figure 3.2

Figure 3.7 is the tolerance chart for the process in Figure 3.2. It is a little
more complicated but can be constructed in a similar way.

3.3 A New Tolerance Charting Algorithm

It will be realized from following the chart construction for the two simple process
sequences considered previously that chart construction for long and complicated
process sequences is difficult and time consuming. Moreover the method of
construction described in the literature is based on examples and has not been
presented as an algorithm or a complete set of construction rules, and as such is
not amenable to automation using computers.
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Dr.Y.Sermsuti-Anuwat working at the University of Canterbury has
developed an automatic fixture sequencing and tolerance analysis program called
CAPPFD (Computer-Aided Process Planning and Fixture Design) [8]. This
program makes use of a new tolerance charting algorithm based on graph-
theoretic techniques. The sequence of operations to produce the component is
represented as a rooted tree which is a special kind of directed graph described by
Robinson and Foulds, [9]. A property of the rooted tree directed graph is that the
path between each node on the graph is unique. The directed graph can be
displayed as a tree diagram of the kind shown in Figure 3.8 or in the form of a
tabulated list. The tabulated list is easily analysed using standard computer
techniques but the tree diagram is more suited to manual analysis and it is easier
to understand. The algorithm will be explained using the tree diagram
representation applied to the sequence of operations shown in Figure 3.4 to
develop the chart shown in Figure 3.9.

Figure 3.8 Rooted-tree directed graph

° Chart preparation

The initial information is a sequence of operations identifying the locating
and machined surfaces. This information is summarised in table 1.
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Table 3.1. Machined faces and locating surfaces

Operation Machined face Locating face
Raw material D A
1 D1 A
2 C A
3 Al D1
4 B D1
5 D2 Al
6 A2 D2

The locating and machined surfaces are labelled in the manner previously
described, second instances of a surface are given the subscript #1 and the
subscript is incremented for each subsequent instance of the surface. This
information can be represented on the tolerance chart in the same way as the
traditional method and the process tolerance, stock removal, and design
specification columns completed. At this stage all the known information has been
entered in the chart. Balance dimensions are omitted as they are not used in the
calculations. If they are required for in-process gauging they can be included in
the chart.

) Rooted-tree representation of the sequence of operations

The machining sequence can now be represented by the rooted-tree
graph shown in Figure 3.8. The surface A on the raw material is chosen as a
reference surface and becomes the first location surface. It is the *root’ of the tree
and is drawn at the top of the graph. Each node on the graph represents a
machined and/or locating surface; most nodes are both machined surfaces and
locating surfaces. A link between a pair of nodes on the graph represents a
machining operation; the arrow-head points to the surface being machined with
the tail end of the link originating at the location surface. The corresponding line
number from the tolerance chart is attached to the link. In the rooted-tree graph,
the path from one node to another represents the operations that contribute to
the distance between the two surfaces represented by the nodes. This path must
be used to calculate the dimension between two surfaces. For instance the
resultant dimension between A2 and C is the path A2-D2-A1-D1-A-C and the
contributing operations are the links on this path, that is operations with line
numbers 9,8,6,4 and 5. The tolerance on balance dimension A2C is therefore:
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l'— ]

1 2 3 4 5 6 A B Ic 7 8 9 10
Line] Op. |Foce M/cl Workin? Dim. Balance Dim. | Stock Removal
No. | No. Nominal{ * Tol. Nominal{ ! Tol. [Nominal| ? Tol.

1 A | Reference Surface |—+

2 |[Raw | D 22.20 | 0.50
5 Mot 22.20 | 0.50

41 | D1 21.20 | 0.05 1.00 [ 0.55

512 C 16.10 | 0.05 1 solid

613 Al 20.20 | 0.05 1.00 0.10

714 B 13.10 | 0.05 solid

815 D2 20.10 | 0.01 0.10 0.06

916 A2 20.00 | 0.01 0.10 0.02

Design Spec. Final
Dimension Dimension
20.00 | 0.01 20.00 | 0.01
7.00 | 0.05 — 7.00 | 0.12
8.00 | 0.05 — 8.00 0.15

Figure 3.9 Tolerance chart for Figure 3.4

0.01+0.01+0.05+0.05+0.05 = 0.17

Stock removal is the distance between two surfaces labelled with the same
letter but with subscripts differing by one. For example the stock removal for
operation 6, (line 9 in the tolerance chart) is the distance A2A1. This is calculated
from the operations on the path A2-D2-Al, the contributing operations are line
numbers 9 and 8. The tolerance on stock removal is therefore:

0.01+0.01 = 0.02
™ Tolerances on final dimensions

The tolerances on the final dimensions can be calculated by following the
above procedure.

The final dimension corresponding to the design dimension AD is A2D2.
From the graph, the path is A2-D2 and the only operation is line 9, operation 6.
The dimension is given directly by the working dimension therefore the tolerance
is 0.01. This value can be entered in the tolerance chart.

The final dimension corresponding to the design dimension AB is A2B.
The path is A2-D2-A1-D1-B and the operations are lines 9,8,6 and 7. The
tolerance on A2B is the sum of the tolerances for these operations, i.e.:
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0.01+0.01+0.05+0.05 = 0.12

This value can be entered in the tolerance chart. The final dimension
corresponding to the design dimension CB is obtained from the path B-D1-A-C
and the operations are lines 7,4 and 5. The tolerance on BC is therefore:

0.05+0.05+0.05 = 0.15

This value can be entered in the tolerance chart. The final dimensions can
now be compared with the design dimensions and for this example it can
immediately be seen that the design specification cannot be satisfied by this
production sequence.

The sequence having been proved unsatisfactory, for practical purposes
the chart development would stop at this stage but development of the chart is
continued to illustrate the method. If the purpose of the chart is only to check the
production sequence no further development is necessary. However the method
also provides checking of tolerance on stock removal and working-dimension
calculation which are required in a complete process plan.

° Tolerances on stock removal

The method of calculating tolerance on stock removal has been explained.
The tolerance on stock removal for operation 6 has already been calculated, the
other stock removal tolerances are calculated in a similar way.

The tolerance on the stock removal operation 5 line 8 is obtained from
the path D2-A1-D1, the links are the operations 5 and 3, lines 8 and 6. The
tolerance on stock removal is therefore:

0.01+0.05 = 0.06

The tolerance on stock removal operation 3 line 6 is obtained from the
path A1-D1-A, the links are operations 3 and 1, lines 6 and 4. The tolerance on
stock removal is therefore:

0.05+0.05 = 0.10

The tolerance on stock removal operation 1, line 4 is obtained from the
path D1-A-D, the links are operation 1,line 4 and the raw material dimension, line
2. The tolerance on stock removal is therefore:

0.05+0.50 = 0.55

Comparing the tolerance on the stock removal with the nominal stock
removal, the process planner will see that for the worst case for operation 1 the
stock removal is only 0.45mm. From technological considerations such as effect

v
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of scale on tool life, this may be deemed insufficient, in which case the process
planner may decide to increase the stock removal allowance for this process. This
will not effect the sequence of operations or design of the fixtures.

° Unspecified nominal design dimensions

Working dimensions are calculated from nominal design dimensions.
Some of the final nominal dimensions are explicitly defined in the design
specification but others are implicitly defined and have to be calculated. A matrix
method is used for these calculations. The explicit dimensions for this example are
shown in bold type in table 3.2

Table 3.2 Matrix for calculating design dimensions

A B C D

A 0 7.00 15.00 20.00
B 0 8.00 13.00
C 0 5.00
D 0

NB. The suffix notation does not apply in this table

Explicit Design Dimensions

AB = 7.00
AD = 20.00
BC = 8.00

Implicit Design dimensions
(calculated using table 3.2)
AC = AB+BC = 7.00+8.00 = 15.00
BD = AD-AB = 20.00-7.00 = 13.00
CD = AD-AC = 20.00-15.00 = 5.00

° Calculation of working dimensions using the rooted tree
graph

The nominal working dimensions can be calculated using the rooted tree
graph by working backwards from the final dimensions (the final and design
nominal dimensions are the same) and adding or subtracting stock removal with
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working dimensions.

Rules are required to guide how the calculations are formulated. These
rules are based on the topography of the graph e.g. if the path is an alternating
set (ic A2-B2-A1-B1) or whether the path follows a fork in the graph. The basic
rules were described together with examples in [3] and [4].

The working dimensions are calculated starting at the highest numbered
link and applying the following three rules sequentially and repeatedly for each
link in the graph.

Rule 1

o The unknown working dimension is equal to the design dimension

This rule applies when no further cuts are made on either of the two
surfaces identified by the cut.

In the example being considered this rule applies to A2-D2 and the
working dimension for link 9 is the final dimension A2D2

Working dimension, link 9 (WD9) = 20.00
Rule 2

o The unknown working dimension is equal to a known working dimension
plus or minus the stock removal, the known dimension and the stock
removal are from the next highest link on either of the two surfaces
defining the dimension

This rule applies when the surfaces form an alternating sequence or when
two cuts are made on a surface using the same locating surface (identified as a
fork in the network).

Examples of alternating sequences in Figure 3.8 are A2-D2-Al,
D2-A1-D1 and A1-D1-A. Applying rule 2 to these operations:

WD8 = WD9+SR9
= 20.00+0.10 = 20.10

WD6 = WD8+SR8
= 20.10+0.10 = 20.20

WD4 = WD6+SR6
= 20.20+1.00 = 21.20

SR = Stock removal

An example of a fork in Figure 3.8 is D1-A-D. Applying rule 2
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WD2 = WD4+SR4
= 21.20+1.00
= 2220

Rule 3

° The unknown working dimension is calculated from a set of known
nominal working dimensions or from a set of known nominal working
dimensions and design dimensions.

This rule applies when working dimensions cannot be calculated using
rule 1 or rule 2. Calculation of working dimension link 7 (WD7) and working
dimension link 5 (WDS) require this rule. From the graph (Figure 3.8), it can be
seen that working dimension link 7 is the dimension D1B

DIB = D2B+D2D1
= D2B+(D1A1-A1D2)

D2B is the implicit nominal design dimension DB from Table 3.2.

WD7 = DB+(WD6-WD8)
13.00+(20.20-20.10)

13.10

nnn

Working dimension link 5 is the dimension AC.

AC = A2C+A2A
AC = A2C+A2A1+Al1A
= A2C+(A1D2-D2A2) +(AD1-D1A1)
A2C is the implicit nominal working dimension AC from Table 3.2.

WD5 = AC+(WD8-WD9) +(WD4-WD6)
= 15.00+(20.10-20.00) + (21.20-20.20)
= 16.10

In the example being considered the stock removal must be added to a
working dimension or final dimension when calculating working dimensions earlier
in the sequence. As has been shown earlier this is not always the case and
sometimes an earlier working dimension is smaller in which case the stock
removal must be subtracted. A simple rule which can be applied if the algorithm
is worked manually is that if the dimension corresponding to a working dimension
is larger after the cut is made then the stock removal must be subtracted when
applying rule 2, if the dimension is smaller then stock removal must be added.
This rule is incorporated in CAPPFD together with further rules which determine
the effect of the cut on workpiece dimensions.
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At this stage all information to complete the tolerance chart has been
calculated and the tolerance chart can be completed.

. An alternative method of calculating nominal working
dimensions using the tolerance chart

Some exceptions that do not satisfy the three rules for calculating working
dimensions from the rooted tree graph have been discovered. These exceptions
are not practical sequences and are unlikely to occur in practice. Alternative rules
for these exceptions have been formulated, [10], but for complete generality an
alternative method based on the tolerance chart and similar to the original manual
method is recommended.

The working dimensions are calculated using the tolerance chart by
working up the chart and adding or subtracting the stock removals with the design
dimensions or the working dimensions. The method is explained with reference
to Figure 3.10 which is an enlarged portion of the tolerance chart, Figure 3.9. The
explicit and implicit dimensions are required.

Chart Labels

A Al A2 B C D2 D1 o
wD2
WwD4 SR4
WD5
SR6 WD6
wD7
w8 SRe
R
wD9
SRQ% ?

N.B. WD = Working dimension
SR = Stock removal

A B c D
Design Dimensions

WD9 = A2D2 (or design dimension AD)

WD8 = A2D2+SR9 = WD9+SR9

WD7 = BD2+SR8 (or design dimension BD +SR8)
WD6 = A2D2+SR9+SR8 = WD8+SR8

WDS = A2C+ SR9+SR6

WD4 = A2D2+SR9+SR8+SR6 = WD6+SR6

WD2 = A2D2+SR9+SR8+SR6+SR4 = WD4+SR4

Figure 3.10 Stock removal calculations from tolerance chart
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The method is essentially the same no matter how complex the sequence.
Work back from the finished part dimensions which are obtained from the
dimension matrix, to the raw material stock dimensions. Start from a final
dimension corresponding to the working dimension and add or subtract the stock
removal with the working dimension whenever a cut is made on either of the
surfaces that define the dimension. If the cut makes the dimension smaller the
stock removal is added, if the cut makes the dimension bigger then the stock
removal must be subtracted. CAPPFD includes a set of rules to recognise the
relationships between surfaces and enables working dimensions to be calculated
automatically.

3.4 CAPPFD

CAPPFD is an experimental generative process planning and fixture design
program developed to demonstrate the feasibility of automatically generating
sequences of machining operations and selecting location surfaces based on the
requirements of geometric and dimensional control. The program is fully
described in [8]. At present it is capable of sequencing three types of milling
operation; plane facing, slotting, and step cutting that can be made on a three axis
milling machine. A generic part that can be processed in CAPPFD is shown in
Figure 3.11.

step

step

step flat face

slot

flat face slot

Figure 3.11 A generic part for CAPPFD
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The outputs from the system are the sequence of machining operations
shown as a set of process drawings similar to those in Figures 3.1, 3.2 and 3.4.
These drawings show the condition of the workpiece at the start of the operation
and the 3-2-1 location system of location for each operation. A set of three
tolerance charts is constructed, one for each principle machining direction.

The CAPPFD system makes use of procedural programming methods
and incorporates a decision table rule processor. It is written in C and has been
implemented on a 386-PC with 640 kbyte system memory. CAPPFD consists of
four main program modules, a support module for producing graphic displays and
a utility module to support the calculations. The modules are related as shown in
Figure 3.12. The following is an explanation of the program modules.

Data file

1. Input module

5. Support 2.Sequencing 6. Utility
module module module
3. Locating
module

4. Tolerance chart
module

Figure 3.12 Program modules in CAPPFD

® Data input module

The inputs for CAPPFD are a model representing the finished part
geometry and information on the m