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Abstract.

The design of a product is a critical activity for any business, as it has a major influence
on the quality and performance of the resulting product. Studies have shown that design
can determine 80% of final production costs. In recent years the market place for manufac-
tured goods has become increasingly global and competitive, and this has forced arecogni-
tion of the requirement for structural changes in the manufacturing industry of developed
countries. Manufacturing companies have been forced to search for more effective and in-
novative approaches in product design and manufacturing in order to remain competitive.
Design for manufacture (DFM) techniques have been developed in order to improve the
quality and cost of new products. However, these techniques have reflected the traditional
sequential approach to design and manufacture, providing support for individual areas of
the product life cycle, eg design for assembly. The power of design for manufacture tech-
niques can be increased when made an integral part of the concurrent engineering philos-
ophy, which involves the simultaneous design of the product and the process to manufac-

ture them.

The author has investigated software support tools to enable concurrent design for injection
moulding, and the view is taken that the kernel for a manufacturing system can be defined.
as the source of product and manufacturing information which must be available for each
application. The Product model provides a consistent source of product information as the
design e‘{olves, and the Manufacturing model captures information related to manufactur-

ing resources and processes to support product realisation.

In order to explore data driven concurrent design for injection moulding, the functionality
and structure of a set of injection moulding strategist applications has been investigated,
in order to make use of the Manufacturing model and Product model to provide the designer

with design for injection moulding information in the form of feedback advice on part



mouldability and mould design. The author has investigated the feature sets required to
support interaction between the strategist applications and translation mechanisms be-

tween the features sets to enable design support strategies.

Investigating the provision of an injection moulding strategist, capable of providing sup-
port for concurrent product and mould design has led the author to explore the structure
of 1) a Manufacturing model representation to capture injection moulding process con-
straints, ii} the representation of the product and the mould in the product model to support
the interaction of design and manufacturing applications within the injection moulding
strategist, and iii) the representation of design intent in the form of functional constraints

in a Functional model based on product ranges.

An experimental injection moulding strategist application has been implemented in an in-
formation modelling environment to demonstrate concurrent suppott for the design of in-
jection moulded products and their moulds, using the Object DB object oriented software.
A Manufacturing model based on a Booch and EXPRESS representation has been built in
software form to provide a common source of information for a range of interacting strat-
egist applications, supporting a link between the geometry of the product and that of the
mould. Functional data has been captured in a Product Range Model based on a Booch and
EXPRESS representation to support the linking of function and form. The object oriented
methodology of Booch and the EXPRESS language have been shown to complement each
other to provide a good prerequisite to the software implementation of an object oriented

design support system,

This work has provided a contribution to a structured and extensible approach which should

influence future CAE systems structure aiming to support concurrent engineering.
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Chapter 1.

Introduction.

The design of a product is a critical activity for any business, as it has a major inﬂuenéc on
the quality and performance of the resulting product. Studies have shown that design can de-
termine 80% of final production costs, Syan (1994). In recent years the market place for
manufactured goods has become increasingly global and competitive, and this has forced a
recognition of the requirement for structural changes in the manufacturing industry of devel-
oped countries. Manufacturing companies have been forced to search for more effective and
innovative approaches in product design and manufacturing in order to remain competitive.
The traditional sequential approach to design and manufacture, Which leads to many iter-
ations, has been unable to support reductions in cost and lead time as companies have been
forced to keep reducing development times and sustain improvements in their products and
their quality. Design for manufacture (DFM) techniques have been developed in order to im-
prove the quality and cost of new products. However, design for manufacture techniques
have reflected the traditipnal sequential approach to design and manufacture, providing sup-

port for individual areas of the product life cycle, eg design for assembly.

The power of desi gn for manufacture techniques can be increased when made an integral part
of the concurrent engineering philosophy. Concurrent engineering has been defined (Winner
et al (1988)) as ’a systematic approach to the integrated, concurrent design of products and
their processes, including manufacturing and support. This approach is intended to cause the
developers, from the outscf, to consider all elements of the product life cycle from concep-
tion, through disposal, including quality, cost schedule and user requirements’. The benefits
of concurrent engineering are the reduction of the time to market, which has a strategic im-
portance, and allows companies to increase their market share, and the reduction in the
number of design changes and design interactions which reduce the overall product cost, and

improve manufacturability and quality.

The author has investigated the application of concurrent engineering techniques to the injec-



tion moulding process. Aninteresting aspect of the injection moulded products is that Design
for Injection Moulding (DFIM) involves not only the design of the product but also of the
mould. Consequently one problem of the injection moulding process is the high start up time.
In addition to prototyping of the product, prototyping of the mould is required. Errors in
mould design can be extremely costly and time consuming. The complexity of the injection
moulding process makes successful production start up on the first attempt a rarity. The suc-
cessful implementation of concurrent engineering with respect to the design of injection
moulded products can therefore provide the participating company with a significant com-

petitive advantage.

Many software tools have been developed in order to aid design decisions. However these
tools have tended to address only individual areas of the design cycle, and have not been built
to support a range of design formanufacturing activities. In order to provide software support
for concurrent engineering a requirement exists for software tools to support the designer
through a range of design for manufacture activities as the design is progressing. In order to
attain this kind of support for concurrent engineering, the evolving design must be monifored

and evaluated continually.

In the context of the injection moulding process a concurrent design support tool must sup-
port concurrent product and mould design to aéhieve support for concurrency. The authors
research is based upon the thesis that design support applications can be structured within
an information modelling environment to provide concurrent support for the design of in-
Jection moulded products and their moulds. The group of design support applications which
provide manufacturability support in Injection Moulded product design has been termed the

injection moulding strategist or (IMS).

To achieve this a consistent source of product and manufacturing data must be available. Cap-
turing the representation of information to support the integration of design and manufactur-

ing activities is called information modelling. Product modelling has been accepted as a



mechanism to support integration between a range of design and manufacture functions. The
Product model provides a basts for a more integrated design and manufacture system by pro-
viding a source and repository for all data relating to the product. Hence the Product model
allows a range of design and manufacture functions to be integrated by interfacing each to
a common data structure. To complete the data integrity that is required to support the design
and manufacturing applications, there is a need to represent manufacturing process capabil-
ities and characteristics as well asresources of the processes that may be used in manufacture.
This method of data provision will ensure data integration as well as support the functional
and manufacturing oriented applications so that their operations can be performed concur-

rently.

Given that a consistent source of product and manufacturing data can be provided, in the form
of a Preduct and Manufacturing model, the opportunity exists for the development of soft-
ware tools to provide concurrent support through a range of design and manufacturing acti-
vities. Such software tools must enable the interaction of Product model and Manufacturing
model information to assess the product’s design for manufacturability and provide feedback

advice to the designer.

In order to explore the research thesis the objectives of the research can be stated as

* To explore the functionality and structure of an injection moulding
strategist application to support the designer in concurrent design of

a product and mould

* To understand and provide a representation of injection moulding

process capabilities.

* To understand and provide an appropriate representation in a Prod-
uct model to support integration between a range of interacting de-

sign support applications.



* To build an experimental system to explore the injection moulding

strategist structure and the information model representations.

This chapter of the thesis sets the work in context for the reader. Chapter 2 provides a litera-

ture survey.

Chapter 3 presents the MOSES (Model Object Oriented Simultaneous Engineering System)
research project, highlighting its relationship to the authors research. Also discussed in

Chapter 3 are the formal methods used in the research and the experimental environment.

Chapter 4 defines the scope of the research in relation to the broad band of issues involved
in computer support for injection moulded product design. Chapter 5 describes the authors
investigation into the functionality of an injection moulding strategist and the resultant im-

plied structure.

Chapter 6 describes the authors investigation into the feature sets required to support interac-
tion between the strategist applications and Chapter 7 describes the authors investigation into

translation mechanisms between the features sets to enable design support strategies.

Chapter 8 describes the authors investigation, based on the features sets identified in Chapter
6, into the structure of i) a Manufacturing model to support the operation of an injection
moulding strategist, ii) a Functional model based on product ranges to support the linking
of function and form, termed the Product Range Model, and iii) a Product model to represent
all viewpoints in injection moulding design, suitable to support design analysis and enable

interactions between strategist applications.

Chapter 9 describes the design of an experimental injection moulding strategist application
to fulfil the requirements of supporting concurrent design for injection moulding. Chapter
10 explains the experimental work performed by the author to explore support for concurrent

design forinjection moulding by the injection moulding strategist, and its use of the represen-



tations in the Manufacturing model, Product Range Model and Product model.

Finally the research conclusions are provided in Chapter 11, along with recommendations

for further work.



Chapter 2.

Literature survey.
2.1. INTRODUCTION.

This chapter surveys the literature of relevance to software support for product design.
Section 2.2. discusses the aims of design for manufacture and how this relates to design for
injection moulding. The philosophy and importance of concurrent engineering is discussed

and software support for concurrency in design.

Section 2.3. discusses the use of features technology in design, and manufacture. The
problems of feature based design are discussed and past research into features technology is

reviewed.

Section 2.4. discusses the use of data models as anintegrating mechanism in software support
for design for manufacture. Previous work into Product modelling and Functional models is

reviewed and recent work into the use of Manufacturing models.

Section 2.5. reviews previous work into software support for design for injection moulding,
looking at general systems for component mouldability and undercut detection, and more

specialised software to support gating and feeding system design and design of the mould

2.2. DESIGN FOR MANUFACTURE.
2.2.1. An overview of design for manufacture.

The design of a product is a critical activity for any business, as it has a major influence on the
quality and performance of the resulting product. Studies have shown that design can

determine 80% of final production costs, Dowlatshahi (1994), Corbet (1986). Design for



manufacture (DFM) techniques have been developed in order to improve the quality and cost
of new products. There are many descriptions of design for manufacture (DFM), but most
refer to particular manufacturing processes, eg design for ass(embly, Dewhurst and
Boothroyd (1987), or design for (injection moulding) mouldability, Cutkosky, Brown,
Tenenbaum (1989), etc. However design for manufacture is the practice of designing a
product for ease of manufacture, and is not limited to any particular manufacturing process
being considered by the designer. Design for manufacture aims to design products for the
particular manufacturing process being considered to provide minimum manufacturing cost
and time, without compromising the functionality or quality of the product, Ellis (1993)b.
Thus if the manufacturing process is machining, the design for manufacture process is design

for machinability, or if it is assembly, the process is design for assemblability, etc.

Design for injection moulding (DFIM) differs from other DFM processes because more than -
one area of manufacturing expertise is required, ie tool engineers and process engineers,
Ishii,Hornberger, Liou (1989). DFIM means that the product must be designedr for
mouldability, and to allow production tooling to reach the desired levels of performance, ie -
design for mould manufacture and production. As the injection moulding process itself has
direct consequences for the performance of the product, which does not occur in the metal
removal process, the DFIM process should also take account of the causal effects of the

mould on the performance of the product and its mouldability, Huh, Kim (1989).

Conventionally the design process has considered the various design viewpoints sequentially
and the manufacturing consequences of functional decisions have not been considered early
enoughin the design cycle. The functional definition of the product would be refined through
interaction with process experts, to achieve a manufacturable product definition. In the
traditional design process manufacturability of the product definition is therefore limited by
the form of the initial product definition, which is the input to the design for manufacture

process.



Increasing competition in the last two decades has meant that companies have been faced
with rapid technological change, competitive pressures on quality and cost, and shorter time
to market with additional new product features, Syan (1994). Sequential design techniques
have nolongerbeen adequate to provide competitive products at the cost and time required in
the market place. Simultaneous Engineering (SE) or Concurrent Engineering (CE) seems to
be the key to achieving and sustaining a competitive advantage, through the development of
high quality functional products that are produced effectively through the synergy of
integrated product and process design whilst also considering multiple life cycle factors, such

as functionality, serviceability, marketability and recyclability, Al-Ashaab (1994).

Concurrent engineering has been defined by Winner, Pennel, Bertrand and Slusarczuk(1988)
as a 'systematic approach to the integrated, concurrent design of products and their related
processes, including manufacture and support. This approach is intended to cause the
developers, from the outset to consider all elements of the product life cycle from concept

through disposal, including quality, cost, schedule, and user requirements.’

Sohlenius (1992) describes Concurrent engineering as ‘a way of work where the various
engineering activities in the product and the production development processes are

integrated and performed as much as possible in parallel rather than in sequence’.

It has been identified by Kimura and Suzuki (1989) that concurrent engineering is not just
feedback from later activities in the design cycle, but also a means to identify freedom and
interdependence among the various activities. Each process can know the effects of its own

and other processes (mutual transparency).

In all of the above definitions the importance of addressing different aspects of concurrent
engineering systematically are emphasised. In order to facilitate systematic approaches to
design considerable research has been carried out into software support for design for

manufacture, as described in section 2.2.2.



2.2.2. Software support of design for manufacture.

Historically DFM support software has reflected the sequential approach to design, eg
Dewhurst and Boothroyd (1987). However the identification of concurrent engineering as a
key technology for competitiveness in the future has led to extensive research into software
support in this area. Most of this research has been carried out in acadamic institutions rather

than industry, Molina, Al-Ashaab, Ellis, Young, Bell (1995).

Integration of software is a key area of research in which successful results will have a major
significance to industrial performance, Corrigal, Lee, Young, Bell (1992), and one area of
business particularly influenced by integration is that of design and manufacture. The true
aim of DFM is to design a component right first time’, and so the evolving design must be
monitored and evaluated continually, Ellis (1993)b. DFM is a process oriented activity, and
to bridge the (DFM) gap involves the simultaneous design of the product and the processes to
manufacture them, Cutkosky, Tenenbaum, Muller (1988). Therefore the important task of an
intelligent Computer Aided Design (CAD) system would be to make useful and relevant
manufacturing knowledge available to the designer early in the design process, Dixon
(1988). In such a case the product definition is produced as the output of the disciplines

involved in the DFM analysis, rather than as an input to the process.

From the above, one of the important aspects of DFM support is that the design process isan
interactive man—machine activity, where the system acts in an advisory role to the designer,
who carries out the actual design work, Brown, Cutkosky, Tenenbaum (1991), Cutkosky,
Tenenbaum (1990), Corbett, Woodward (1991). For example the design methodology. of
Corbett and Woodward (1991) was to provide the designer with the appropriate design
knowledge as they are working on the product design, in order to alert them to any potential
design problems. The information is given tothe designerin such a way that he may eitheruse

it or discard it, but he may not ignore it. The designer can also ask for explanation of advice.



The designer therefore retains overall control, and the system acts in an advisory role, but
with access to the appropriate information. Most of this information could be represented in
standard form, for example, condition = insufficient draft, consequence = part sticks in die.
These can be mapped onto a knowledge base. If <condition> then consequence. The
knowledge therefore appears on the screen as a waming to the designer, who can either
dismiss the screen warning, or ask for an explanation and make the appropriate

modifications.

Cutkosky, Brown and Tenenbaum (1989) asserted that the designer has to consider too much
deta-il at the start of the design process, and this therefore constrains the designer and limits
the options for manufacturing engineers. The proposed solution is for software support to
only specify those details that are important at each stage. It was asserted that the problem
should be posed in terms of features and constraints relating to design problems. They
therefore put forward the idea of using an on line catalogue of existing solutions, for example
standard bolts etc, and the use of search in design (or design fragment) libraries, and

associated process plans, to be modified for use.

Kahaner and Lu (1993) identified and classified the enabling technogies for concurrent

engineering as below:

1. Decision support systems — Tools that support decisions made throughout the product life

cycle by providing multi criteria evaluations, simulation or feedback.

2. Virtual teaming support systems ~ Multi media based tools that enable cooperative

working and support team interactions.

3. Concurrent product life cycle systems —Integrated information modelling systems that are

capable of capturing complete life cycle information needs.
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4. Time responsive intelligent information systems — The systems that support the above by
coordinating access to, and the gathering of, information in a timely manner considering user

needs.
2.2.3. Knowledge based systems.

Knowledge based systems are a special class of programs that purport to perform, or to assist
humans in performing specified intellectual tasks. Such a system contains and uses explicit
knowledge — that is, it contains and uses knowledge that is separate from but accessed by its

problem solving algorithm, Dixon (1995).

A review paper on *Computer Aided Support for Simultaneous Engineering’ was carried out
by some members of the MOSES group in Molina etal (1995). Some of the important aspects
of the research reviewed in the paper are detailed below. Molina et al (1995) classified
applications for concurrent engineering into ’stand alone simultaneous engineering
applications’ and ’integrated frameworks’. Stand alone applications are considered as the
first generation of concurrent engineering applications. These applications are aimed at
specific tasks , but they do not support team-work. Integrated frameworks are considered as
the second generation of concurrent engineering applications, in which the support of
concurrent engineering team work to achieve product realisation is enhanced through the use
of information models and integrated engineering applications. These research efforts have
been illustrated in Table 2.1. The Figure has been modified by the author to include

researching not identified by the review team but described later in this section..

Kusiak and Larson (1995) and Vujosevic and Kusiak (1991) are developing a framework for
concurrent design. The system intends to allow parallel generation of process plans and
schedules during feature based part modelling and to assist the designer in the evaluation of a

design from different perspectives.
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Ishii (1991), (1992) and Ishii and Mukherjee (1992) focussed on Design Compatibility
analysis (DCA) in order to achieve concurrent design. Research has addressed the need for a
knowledge based program that encompasses knowledge of the various life cycle elements, eg
functionality, manufacturability etc. A computerised model for design review was developed
which utilised DCA. A candidate design is simultaneously evaluated from multiple
viewpoints in order to -model a’round table” meeting, where design experts evaluate a design
from their perspective viewpoints. The identification of thc form, and the development of a
systematic method for the application of this knowledge to build acomputer model for design
aid are the main research objectives, The core of this research is a design representation based

on semantic nets, using object oriented representation to capture the life cycle knowledge.

Reng et al (1988) have developed the CASE (Computer Aided Simultaneous Engineering)
system to aid in mechanical design, specifically for the problem of manual window regulator
design. The CASE system is a framework where different program modules interact to solve
the design problem. The program modules are classified as: design agents, design critics and
design translators. The CASE software was written in Lucid Common Lisp with Portablc
Common LOOPS, and uses the vega solid modeller developed in C and a Finite Element

software implemented in FORTRAN, Sapossneck et al (1989).

Gadh et al (1989), (1991), and Gadh and Prinz (1995) use a knowledge based approach that
handles features and their interactions. The particﬁlar focus is on the recognition of features.
The system consists of several experts pertaining to specific elements in the productlife cycle
eg manufacturability. The main interest is providing a manufacturability critic of product
created by net shape manufacturing processes, eg injection moulding, casting, extrusion etc.
The knowledge in the expert is in the form of rules, based on the part features, their
interactions, parameters, material used for manufacture and process conditions. One of the
experimental systems is PIMES (Plastic Injection Moulding Expert System) which uses the
extracted features from a CAD systems B-rep solid modeller using a feature graph grammar

approach. Also the ManuFEATURE systern has been developed to recognise complex shape
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features using the Differential Depth Filter to assess the manufacturability of the moulded

part.

Finger et al (1992) are developing software to enable a desi gner to consider concurrently the
interactions and trade offs among different and even conflicting requirements. The system is
called *Design Fusion’ and is based on a blackboard architecture that uses a *heterarchical’
control structure. The system architecture provides an interactive environment that
facilitates group problem solving between the designer and knowledge based systems. The
blackboard is used to provide a multi level, shared, dynamic, domain neutral representation
of the design based on a combination of technologies, ie geometric representation using Brep
and CSG, feature representation (graph grammar) and constraint networks, The focus is on
representing the geometry, features and constraints associated with a design. Concurrent
design is supported by enabling the simultaneous consideration of constraints from different

life cycle elements.

Bowen and Bahler (1991), (1992), (1993) demonstrated that object based constraint
networks are a suitable basis on which to build a language for implementing concurrent
engineering applications. A language has been implemented named Galileo3, in which a
program is a declarative specification of an object based network and which allows a
constraint to be an arbitrary sentence in first order free logic. The use of constraint networks
in concurrent engineering applications is attractive because of the capability of such
networks to propagate information in any direction. This characteristic allows an application
program to disseminate the restrictions triggered by decisions made about different phases of

the life cycle.

Young, Greef and O’Grady (1991) developed a constraint based network language called
SPARK to implement a wide variety of concurrent engineering applications. SPARK uses
frame based inheritance and is built upon an implementation of first order predicate logic.

The predicates allow the representation of a collection of constraints which are
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interconnected via shared variables that have to be satisfied. Constraints satisfaction is made

possible by a combination of user inputs and values automatically determined by the system.

Hambaba et al (1992) are developing a hybrid system that aims to automate the design of
injection moulded parts and their moulds by using a combination of conventional and neural
network approaches. The research integrates these two techniques in a concurrent
engineering framework within an object oriented environment. In this systemthe plastic part
features (slab, boss, rib etc) are represented as objects and are geometrically linked to each
other. The system architecture consists of a tightly coupled Intelligent Design Model whichis
itself a rule based system containing general design rules and neural network models to
produce the fuzzy parameters associated with objects. A graphical user interface is provided
to enable the user to draw a skeletal design of the plastic part using part features. Missing part
features are calculated by the intelligent design model. The design model follows the
principle of responsibility driven design, where the responsibility is given to the most
influential feature of the plastic part. This influential feature is designed first and then the
system designs the remaining features. After the design cycle is completed, the features doa
self check to determine if all their specification is met. If not the design process is reiterated
until an acceptable design is reached or no further changes can be made. This is then
considered a failure due to over specification. This work is to be extended to automate the
whole process of designing injection moulded parts, including material selection, cost

analysis and mould design.

Mantyla (1993), Mantyla et al (1994) and Laakko and Mantyla (1993) are investigating the
construction of Open Architecture Concurrent Engineering frameworks. In their view, the
existence of product modelling systems should be utilised to provide analysis and simulation
tools to aid decisions during the design process. This should be associated with the
manufacturing system modelling to achieve a practical concurrent engineering system which
connects different views of product life cycle activities. The emphasis is that significant

progress toward concurrent engineering is only possible if manufacturing systems models
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specifically intended for supporting the configuration and operation of concurrent
engineering systems can be utilised. This configuration is possible on the basis of a modular
collection of concurrent engineering system components and various concurrency enabling

techniques.

Cutcosky, Brown and Tenenbaum (1989) (1991) developed an experimental computational
framework for concurrent engineering called Next Cut. The system implements the
concurrent product and process design methodology that they believe is the best way to
achieve design for manufacturability. They considered that the essence of computer aided
concurrent engineering isto address manufacturing implications as the design evolves and to
give the designer immediate feedback about the manufacturing implications of design
decisions. To do this the system had to maintain dependencies between designs and process
plans and be able to incrementaily modify these in response to design changes. They suggest
that process design should be performed incrementally as the product design is being
produced. Next cut consists of models and modules which exchange information through a
central model which is a knowledge representation, in object oriented format, of the
manufacturing environment. Modules are pieces of software consisting of agents
(specialised domain modules) and editors (intelligent graphical tools). The system, which
relies heavily on specialized modellers and a specialized planner, aims to create a virtual

design team in which users, acting through editors are interchangeable,

Next cut supports only single user operation; however, the software has subsequently been
incorporated into PACT, Cutcosky et al (1993). PACT is a truly distributed system and is
intended to support team based design. PACT is an agent based architecture system. The
system consists of four sub systems, NVisage (a distributed knowledge based integration
environment), DME (Device Modelling Environment, 2 model formulation and simulation
environment), Next cut and Designworld (a digital electronics design simulation, assembly
and testing system). The PACT architecture is an extension to the Open Distributed Processes

(ODP) architecture, The architecture aims at facilitating information propagation and
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collaborative problem solving among software tools in a concurrent engineering

environment.

Wu et al (1992) used product modelling as a basis for realising concurrent engineering of
mechanical systems by integrating CAE and CAM applications via a shared product
definition using a global-local data model scheme. The Product Model is based on
PDES/STEP which provides geometric representation (form features, geometry, precision
features) and material properties. This PDES/STEP based product definition provides most
of the data needed for dynamic analysis, structural analysis, machining process planning,and
assembly process planning. Future work is intended to investigate the coordination and
interpretation of design changes between CAE and CAM applications. Wu and Choong
(1992) have developed a CAE framework based on the DICE architecture, Londono ¢t al
(1990), to model engineering processes and capture engineering knowledge for mechanical

system design and analysis using an object oriented approach.

Lu et al (1993) focussed on the concept of "Knowledge Processing Technology” and its
impact on concurrent engineering applications. The main issue of this research is the
development of intelligent computer tools for cooperative team support to improve group
productivity. It has been identified that cooperation at the knowledge level is needed to fully
support concurrent engineering. The cooperation at the knowledge level requires the
exchange and sharing of data and knowledge, and two communication modes (one way batch
and multi way interactive). Therefore the research has concentrated on investigating new
software technologicé and computer tools to enhance and achieve a cooperative team
approach at the knowledge level. The challenges that have been identified to address these

issues have been categorised as follows:

1. Integration of complementary engineering expertise: support knowledge sharing and
expertise integration during product development (eg support multiple data/knowledge

~ representations, integration with CAD and database tools, etc).

17



2. Cooperation between multiple competing perspectives: effective management of multiple
competing perspectives (eg management conflicts, decision histories and rationale, provide

comprehensible explanations, etc).

3. Communication of upstream and downstream concerns: enabling and promoting the
communication of decisions at early stages of the product development (eg allow early

evaluation of decisions, support the least commitment approach in decision making, etc ).

4, Coordination of group problem solving activities: support group productivity by means of
group interaction of engineering teams with different expertise and geographical locations
(eg use of homogeneous and heterogeneous tools, allow centralised or distributed

interactions, etc).

Several tools have been implemented for different concurrent engineering tasks and a

_detailed description can be found in Lu (1992).

The Concurrent Engineering Research Centre (CERC) was established as part of the DARPA
Initiative in Concurrent Engineering (DICE). Research at CERC has showed that a computer
assisted environment to support concurrent engineering practices requires five generic

services:

1. A shared information model formed by a series of models of product, process and
organisation. This shared model has been named PPO (Product, Process and Organisation)
model, Kinstrey et al (1990).

2. A networked multi media communication environment, Srinivas et al, (1992),

3. Team coordination services that ensure common focus and consistency among people

18



working in parallel, Nichols (1992).

4, Tool and framework integration to provide a standardised collection of facilities for

integrating and exploiting application tools, Kannan et al (1990).

5. Management of design history to support continuous improvement based on the rationale

of past decisions and best practices.

The main result is the development of the concurrent engineering testbed (DICE
architecture) which demonstrates the capabilities and benefits of the DICE technologies. A
“parameter—to—part” system centred on a shared model of the product, the process and the
orgariisation has been implemented together with General Electric Aircraft Engines (GEAE)
with focus on the redesign of hollow airfoil fan blades, Kamar (1992). Similar scenarios have
been implemented in the domain of printed circuit boards, and tubular and sheet components

for heat exchangers, CERC (1993),

Kimura (1991), (1993)a,b, (1994) in the University of Tokyo has taken a model based
approach for developing manufacturing system software for Product realisation. The focus
of the research is to effectively model all the necessary product behaviour and associated
manufacturing processes by computer as precisely as possible, and to predict potential
problems for product functionality and manufacturability before making a real system. This
is a form of virtual manufacturing. Concurrent engineering is adopted to organise
engineering activities because a virtual manufacturing environment requires information
whenever and wherever it is necessary. The Product model, Manufacturing Resource model
and Physical model are computer executable object models used to represent physically
realisable objects. Human activities to manipulate these objects are represented by activity

models,

Some research not identified in the MOSES review was that of Urban, Shah and Rogers
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(1993). The authors present an architecture for engineering data management, In particulara
framework is presented that views an engineering design environment as an integrated,
heterogeneous system. This integrated view of data makes use of data exchange standards in
PDES/STEP, presenting a framework for the representation of meta data that describes an
object oriented view of data and supports an object oriented query language for the retrieval
of data from multiple sources. The approach of Urban Shah and Rogers (1993) to data
integration is that of defining the logical relationships between the sub parts of a design to
provide a view of how all parts of the design are related. An integrated design environment is
used to give the designer the impression that all relevant design data is contained in one large
database. More importantly it assists the designer in understanding how different aspects of
the design fit together to create a composite design, thus providing a basis for the expression

of design constraints.

Ishii (1995) describes a hierarchical semantic network called LINKER for the representation
of the layout structure of a design. LINKER is comprised of components and sub-assemblies
(nodes), and the relationships between the nodes. LINKER allows the designer to evaluate a
design for various stages in the life cy'cle. and evaluation methodologies have been identified
for analysis of assembly, service and product retirement. The above methods led to a PC

based program to support a designer in evaluating a layout design for life cycle costs.

Dixon (1995} describes a knowledge based system for the design of small parts called

Dominic. The system uses a guided iteration methodology which has four stages:
a. Formulating the problem.
b. Generating alternative solutions.

c. Evaluating alternatives, and if none is acceptable
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d. Redesigning, guided by the results of the evaluation.

This methodology is employed repeatedly as the design proceeds from the concept to the

detail design.

2.3 FEATURE BASED DESIGN.

2.3.1. Origin of features.

A CAD modeller can do nothing more than produce visual graphic shapes of an object.
However, intelligent design for manufacture CAE systems must reason about the topology
and geometry of designed artifacts. Therefore a sufficient representation of geometry isakey
issue, Cunningham, Dixon (1988). Since reasoning is in terms of features, representation
should also be in terms of features. Geometric features are a very important part of product
generation, and typically four categories of feature knowledge are required, Gadh, Prinz
(1992): (a) feature parameters eg boss diameter, rib thickness etc, (b) feature relations such as
distance and orientation between two features, (c) feature interactions, eg one feature rests on

another, (d) topological entities on a feature (faces, edges, vertices).

The generation of the product definition involves not only geometry and topology, but also
tolerances and dimensions of the product, plus manufacturing process details and
specification. Features to enable adequate reasoning for a DFM CAE system are therefore
required to enable representation of this information in addition to the geometry and topology
of the product. Features are defined by Cunningham and Dixon (1988) as a ’geometrical form
or entity, used for reasoning in one or more design activities, for example, fit, function,
manufacture, analysis interfacing, inspectability etc.” Libardi, Dixon and Simmons (1986)
defined a feature as ’any geometric form or entity i} Whose presence or dimensions are
relevant to one or more CIM functions, or ii) whose availability to designers as a primitive

facilitates the design process.” Wierda (1991) defines a feature as ’a partial form or product
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characteristic that has semantic meaningin the design, process planning, manufacturing, cost
engineering or other engineering disciplines’. The third definition most closely reflects the
requirement to represent information other than geometry and topology by the

acknowledgement that a feature can be a ’product characteristic’,

The features derived for one design activity, for example functionality, will not be the same
 set as those for another such as manufacturability, ie each design process—activity pair (ie
design process in order to perform a given activity) has its own set of features, Cunningham
and Dixon (1988). The different types of features used in different design domains stem from
the differing points of view associated with those different domains Wierda (1991). The
knowledge in the literature about a given process—activity pair is usually in the form of rules
and guidelines (heuristics). These heuristics give rules and conditions which should be
imposed on the components topology or geometry in a given process, to perform a given
activity, Cunningham and Dixon (1988). Features generally have attributes according to type
eg "wall” has the attribute ’thickness’. Heuristics can place restrictions on attribute values.
This can assist the designer who must consider the fundamentals of the intended process as it
is designed, for example an injection moulded part should not be designed without a die
parting line direction in mind. Features therefore originate from the reasoning processes used

in the various design and manufacturing activities, Cunningham and Dixon (1988).

2.3.2, Use of features in design and manufacture.

Features ére useful in design because they match the level of abstraction, with respect to the
design of the product, to the level at which the designer thinks, Wierda (1991). In addition
features can serve as units for the storage of data. From a designers point of view therefore itis
advantageous to design with features, since he can define an object in terms that match his
conception. In addition with respect to process planning, the planner primarily thinks of a
part in terms of features, form elements to make, tolerance and surface qualities to obtain.

Therefore all generative computer aided process planning (CAPP) systems are based
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upon feature descriptions of parts. A limitation of conventional CAE systems is the ability (or
lack of) to capture designers intent, Dixon (1988). There is no knowledge of why something
was done, and therefore no basis for managing constraints later when intention modifications
are made. It is considcred by Dixon that the use of a features representation will allow

intelligent CAE systems to capture this design intent.

Feature based design, involves the use of either feature recognition techniques or the use of
*design with’ features. The *design with’ features approach allows the designer to use a
library of predefined feature primitives to build up the product. Each feature primitive can be
associated with functional or manufacturability constraints regarding the main parameters of
the feature, and predefined template plans for CAPP to be joined with other plans once the
product is fully defined. One argument for the *design with’ features approach is that the
designer can be restricted to using only manufacturable feature primitives. Examples of
’design with’ features approaches are, Farris and Knight (1992), Duan Zhou, Lia (1993),
Young and Bell (1993}, Weirda (1991), Cutcosky, Tenenbaum, Muller (1988), Latif, Boyd,
Hannam (1993), Medland and Mullinuex (1993), Torbenau and Lianchum Mo (1993) in
machining design, Libardi, Dixon, Simmons (1986) in extrusion design, Luby, Dixon,
Simmons (1986), Ishii and Miller (1992) in casting design, Dong, De Vries, Wozny (1991) in
fixture design, and Rho, Sheen, Lee (1990), Cunningham and Dixon (1988), Ishii and
Homberger (1991), Irani, Kim, Dixon (1989)(1990), Huh and Kim (1989), in injection

moulding design.

Feature recognition involves two stages, one is the decomposition of the product and the
other is feature recognition. In order to use feature recognition, the product geometry must be
generated before the design can be analysed for manufacturability (or anything else). Feature
recognition is a complex procedure and has been shown to be a difficult programming task.
Notonly is there the problem of recognising individual feature types, but also the appropriate

decomposition of the part model.
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According to Joshi and Chang (1990) the development of a feature recogniser entails the

following problems:

i) Choosing a representation scheme for the features that is suitable for automatic

recognition.
ii) Unique definition of the features based on the presentation scheme.
iii) Inference procedure capable of recognition in a complete and consistent manner,

Several different techniques have been developed forrecognising features in both 2D and 3D

CAD representations:

Syntactic pattern recognition, eg Choi (1982), Choi et al (1984), Jared (1986), (1991)
represents a picture by using semantic primitives. A set of grammars consisting of some
rewrite rules defines a particular pattern. A parser is then used to apply the grammar to the
picture. If the syntax of a picture language agrees with the grammar, the picture can be
classified as belonging to the particular pattern class. This is very similar to natural and
formal language processing, in which a sentence can be analysed to see if it is grammatically
correct. Syntactic pattern recognition is most suitable for two dimensional pattern

recognition, Joshi and Chang (1990).

State transition or automata, eg Iwata et al (1980)(1986)(1992), Milaric (1985), is very
similar to syntactic pattern recognition. In a system described by Iwata et al (1980), part
geometry is described using the SWEEP operators, and/or the UNION of swept volumes.
The generating surface is dcs.cribed by ordered pattern primitives, together with
technological information. Features are recognised using a state transition diagram where,
instead of using grammars and primitives, the relationship between adjacent primitives is

used.
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Decomposition, eg Armstrong et al (1984), Fridshall (1988), Kim (1992), partitions a design
model into several smaller volumes. To be usable the decomposed smaller volumes need to
be manufacturing or design features in order that they can be used for process planning. A

recognition step is required after the decomposition step to find the semantics of the features.

Expert systems approaches, eg Fagan (1986), Joshiet al (1988), Bond and Chang (1988), are
based on the logic used by a human in detecting features. This approach attempts to capture
the notion of a feature into some form of rules or logic. Rules are represented in the form of

IF-THEN. Rules are created for each feature that needs to be recognised.

Pande and Prabhu (1990) describe an expert system for automatic identification of machines
surfaces on symmetrical rotational components. The OPSPLUS expert system shell was used
to represent the procedural knowledge to reason and extract the internal and external part
features and their dimensions in order to select form tools for machining. All rules are

expressed as "condition-action’ pairs.

Lee and Fu (1987)used a CSG approach, Feature recognition systems have mostly favoured
the use of boundary representations of solids. Features have been viewed as collections of
faces exhibiting certain relationships, and a boundary representation explicitly defines the
faces, and makes extraction of topological relationship easy, Joshi and Chang (1990).
However Lee and Fu (1987) used a CSG representation for the extraction and unification of
manufacturing features. Features considered where chamfer, round, bore neck, created by the
union or subtraction of cylindrical primitives. In order to circumvent the problems associated
with CSG (redundant primitives and operations) the procedure is based on the use of a CSG

free.

Joshi and Chang (1990) developed a graph based approach for feature recognition. In this

approach the boundary representation is transformed into an Attributed Adjacency Graph
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(AAG). An AAG s a graph with attributes assigned to each arc. Each face of the partis anode
and each edge or face adjacency is shown as an arc. The problem is recognising features

graphs from the complete graph.

Case and Gao (1993) carried out a review of features technology. They considered that
although features recognition allows the design of parts using existing conventional CAD
systems that have sophisticated geometric modellin g facilities, there are severe problems. In
particular only a limited number of features can be recognised from the solid model, the
pattern matching process is complicated, especially for 3D complex objects, and the
definition of the features is not precise (the same geometry may be converted into different
features by different processing algorithms). They observed that the design by features
approach can eliminate the need for feature recognition and gives a unique, predefined
feature list with which designer may construct their parts. Also design intent is maintained,
whereas it is destroyed during decomposition for recognition techniques. However it is
considered present systems still impose limitations on the designer: the design library is

finite, and the feature operations, such as add, delete and edit are frequently limited.

Mill, Salmon and Pedley (1993) identified the following truism, In order to recognise a
feature one must first have a definition of that feature. If such a definition exists then there is

no reason why the designer could not have made use of it in the first instance.

It was observed by Wierda (1991) that at present most programs have to use manual feature
identification to create feature libraries, or programs for feature recognition. As feature
recognition programs have been shown to be difficult to write, the preferred approach is the
use of *design with’ features, ie a set of predefined feature primitives. However *design with’

features are also not without complications:

Two questions have to be asked with respect to *design with’ features,
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i) Will the designer be allowed to create his own feature types?
il) What level of complexity should the features have?

With regard to the first question, from a designers point of view, high level predefined
features will speed up his work and allow him to work at his own level of abstraction.
However a big problem is that a predefined finite set of features could limit his design
possibilities and thereby constrain his way of working. High level features are in themselves
an advantage to the designer and would simplify the product model, Wierda (1991), but it
would be difficult to create a predefined list of high level features from the point of view of
feature derivation. Therefore probably only the most complex forms would be predefined,
and the designer would have freedom to develop new complex features from a fairly

complete set of lower level types.

From the viewpoint of process planning, features play an important part in CAPP and feature
based models are a better starting point than the geometry models. However according to
Wierda (1991), feature based models do not solve all the problems:

i) CAPP can handle predefined features, but it will‘be difficult to handle user defined types, ie
those features created by the designer from lower entity types or less complex features. From
this viewpoint, the freedom to create user defined features is undesirable.

i) CAPP usually involves two stages:

1. Generate process plans for all features.

2. Combine these plans to give the optimum sequence for overall optimisation.

Alternative template plans for predefined feature types can be used for the first step. The

27



complexity of the second step depends on the number of features and the number of relations
between them. Thus the development of CAPP will be much easier if the level of abstraction

of the features is higher, with more known cases and less new combinations to consider.

It is considered by Cunningham and Dixon (1988) that to avoid the difficulty of writing
programs to “extract’ the features from the finished object, the product should be defined
using ’design with’ features to give a primary representation, where a monitor system should
ensure that all operations requested by the designer to build the object are allowable and
understandable by the system. In this way the manufacturability, functionality etc of the
object can be examined at any stage of completion, unlike when using feature extraction,
where itis only possible when the system can detect recognisable features upon which to base
any analysis. In addition the possibility of monitoring every operation requested by the
designer allows secondary representations to be created from the primary. Secondary
representations convert the primary to that representation required by the various design and

process planning functions.

Domazet (1992) suggested that a potential solution to the problem of different features for
different design problems, eg functionality, manufacturability etc, is to define a library of
design features, containing only those that can be manufactured, inspected etc on a specific
facility. The problems with the approach include the restriction to individual manufacturing

or inspection facilities etc, plus the problem of derivation of an appropriate set of features.

Allada and Anand (1995) carried out a review of feature technology and concluded that the

problems which have eluded researchers and remain yet to be completely formalised are
i) feature interactions resulting in non standard features.

11) feature relations.
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Allada and Anand assert that a widely held view among experts is that the features based
system architecture should be a blend of a design by features approach and automatic feature

recognition

Gadh and Prinz (1995) presented an approach to resolving the problem of feature interactions
based on recognising feature types using higher level entities known as loops. This approach
enabled the recognition of feature types with shared faces. The limitations of the system are
that it cannot cope with features that gradually blend into one another, ie with no sharp

corners between them, Also recognition is limited to parts with no fillet or comer radii.

Due to the intractability of feature recognition and the inflexibility of *design with’ features
some hybrid approaches have been advocated. Pratt (1993) suggested that a designer could
indicate to create a feature of a given type. The system would prompt for the appropriate
dimensional information and then instantiate a feature of the required type with the required
dimensions. The feature is initially a separate entity until the designer indicates the required
position and orientation on the main part model. The system would then position the feature
and unite it with the overall model. This approach would avoid the necessity for model
decomposttion, and allow each feature to be validated for manufacturability etc before being
joined to the model. However the product has still to be constructed using relatively

inflexible predefined feature primitives.

Another suggested hybrid approach, Lee (1992) was to allow the designer to create his own
geometry (feature or group of features) which could be recognised before being joined to the
main medel. This would negate the problem of removing individual features from a
completed model and allow the design process to Bccome more concurrent compared with
the conventional feature recognition approach. Different design considerations may wish to
recognise that geometry at different times, depending on how much geometry has been
created and when it becomes recognisable as a feature or group of features for that viewpoint.

. Inthis way the power of *design with’ features can be combined with the flexibility of feature
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recognition, whereby the designer is not unduly constrained regarding the geometry he uses

to build up the model.

Zu, De Pennington and Saia (1993) combined the methodology of design with features and
feature rc_cognition as the underlying philosophy of their research. A graph grammar
approach is presented for feature representation and transformation. Geometric constraints
are used to define features symbolically and to define relative position and orientation of
features, which are integrated with geometric models. A graph grammar is generated for
representing and manipulating features and geometric constraints. Feature reasoning is then

achieved by incorporating graph grammar parsing with knowledge based techniques.

De Martino et al (1994) present a hybrid approach based on an intermediate model, which is
shape feature based and provides a communication link between design by features and
feature recognition. The system provides the design with the possibility of generating the
product feature—based description using both features and geometry primitives which are
subsequently used to create a feature based model. The system also provides the possibility of
creating application specific feature taxonomies to map feature based descriptions between
different application contexts. Conversion mechanisms map a geometric model onto the
intermediate model, and from this representation to a context dependant feature based model,

and vice versa.

Laakko and Mantyla (1993) have implemented a feature modelling system based on a hybrid
feature recognition and design by feature system. The designer has the flexibility to use either
of two approaches while designing the Product model. The system is based on a feature
recogniser that provides 'incremental feature recognition’ which allows changes to a
geometric model to be recognised as new or modified features while preserving previously

recognised features that remain unchanged in the geometric model.
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2.3.3. Features for injection moulding,

Hanada and Leifer (1989) aimed to implement a knowledge based system to represent
injection moulded parts and mould design knowledge. They established a process-function
analysis method for derivation of the appropriate features for the feature based model. It was
considered that for a well structured design system, the following issues should be addressed,
i) what information is required at the design stage, ii) how that information is communicated
between design stages, iii) what the user requires of the injection moulding. Their model
consisted of several design stages, the first of which, the skeleton stage, extracted the user
réquiremcnts as specifications. At the following stage, the product design stage, features
would then be added with regard to functionality and the injection moulding process. In the
mould design stage, the mould manufacturing process would be considered. Between the
stages the authors approach was to have a ’design translator’ which would act upon the
designed objects. This design translator had the knowledge to transform the features for one

design domain into those for another.
The process—function method used to develop the required features consisted of five stages:
i) Divide the basic function, ie make an injection moulded product, into sub functions.

ii) Ideas should be generated to the lowest level of sub functions, ie where no more sub

division of the basic function is possible.

iii) After the ideas have been generated these can be evaluated using a filter. Non appropriate
ideas are eliminated using evaluation by constraints, either user defined, physical or
manufacturing. This stage should leave the user with a selection of feasible sub function
ideas, which when combined can be used to generate the product. There may be more than

one possible combination of ideas to do this.
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Lead molten
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Make an injection —}—— Solidify molten —— plastic.
moulded product. plastic L— Remove heat from
moulds.
—— Unstick solid
Pick up plastic.
solid

plastic Separate moulds.

Eject solid plastic.
Figure 2.1. Injection moulding function tree.

iv) After selecting the best ideas, these would then be combined to give the entire product,

(reverse of stage 1)).

v) Finally the different combinations (if more than one) are evaluated using another filter,
where the criteria are performance and cost. If performance is the same for two then costis the

priority.

It was considered by Hanada and Leifer that by applying the above process—function analysis
method that it was possible to systematically derive the features and create the knowledge
base for product/process deéign. As an example Figurcr 2.1 shows the injection moulding
process tree. The bottom elemental sub functions would then be implemented by some
concrete design solutions, for example ’unstick plastic from mould’ would require one to
consider draft angle in the mould, the finish on the mould surfalce and/or adding a slipping

agent to the plastic.

The design stages are all linked to one another. They have a hierarchical relationship, and the
properties of the skeleton features are inherited by the product form features. The skeleton

features describe the users specification completely. For example, the outline feature
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includes outside shapes specified by the user. The product form features are SLAB, BOSS,
HOLE, RIB, JOINT and RELATION. Using these features the part model is created in the
knowledge based environment. SL AB means a thin wall of the part, and it has a close relation

to the QUTLINE feature in the skeleton stage.

Rho, Sheen and Lee (1990) attempted to identify the machining features associated with the
components of mould dies and thence to implement the related information into a data
structure to be used for general purpose planning functions, including estimation of
machining time. Machining features were classified into three areas i) header information, ii)
functional features, and iii) cavity core features. Header features were attributes for
management such as assembly hierarchy, due date etc, and were thus used to retrieve
information for one mould die. Functional features included runners, gates, cooling
passages, pockets and holes. These five functional features were analysed and classified
according to attributes of shape, size, orientation and machining accuracy. For cavity/core
features the main cavity shape was divided and classed as either 3D, 2.5D or cylindrical
shapes in order to estimate the rough machining time. The fine cut was estimated later using

the process planner. The 3D and 2.5D shapes could be expressed as *pockets’.

Kang, Park and Hong (1992), and Kang and Kim (1990) describe a CIM system for mould
design and manufacture used in a mould manufacturing company. Using this system the basic
product geometry is built up to the final product by adding secondary geometry such as ribs
etc and defining the parameters of these secondary features to the system. Based on this
geometry, the geometry and feature data for the mould is generated. The system generates the
features from the fact that most mould components are standardised except core and cavity
parts. Two types of feature are deﬁned,-functional features and atomic features. The standard
components which can be generated parametrically are transformed to functional features,
and the remainder to atomic features. The atomic features are primitives such as pockets,
holes, slots, steps, grooves, islands, surfaces etc. Twenty seven different atomic features are

defined and used. The parameters of atomic features are type, position and orientation, and
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size,

Ishii and Hornberger (1991) linked process review modules to an Al programcalled DAISIE.
One of the modules was to evaluate injection moulded parts. This system is described in more
detail in section 2.5.1. The features used in the system were walls, which were added by the
designer to build up the main geometry, and a set of predefined shapes often found in
injection moulded products, such asribs and bosses, but also standard clips and slots for click

fitting panels etc. These features were all selected from a predefined menu.

Dixon (1988) defined ’design with’ features sets for many processes including extrusion,
forging, stamping, casting, assembly and injection moulding. Three sets of features were
defined for injection moulding, for manufacturability analysis, for tool and die design and for
cost analysis. Feature types can be classified into five types, primitives, intersections,
add-ons, macros and whole forms. Primitive features are primary building blocks, eg walls.
These can be combined using intersections. Add—ons are features that provide some local
function and are usually added to a primitive, eg bosses, Intersections specify the way that
primitive and add-on features meet, eg 2D comer. Whole form features apply to an entire
product, or at least a significant region, eg hollowness. Macros are pre—specified

combinations of primitives, eg boxes.

Huh and Kim (1989) describe an expert system to support the design of injection moulded
parts called RIBBER. The system allows the designer to build up the main geometry using
wall featﬁrcs, and allows the addition of ribs, bosses and gate features by selecting primitives
from a menu. The system uses empirical formulae to consider the mouldability of the

designed part geometry as it is built up.

Two authors described feature based systems for the design of cast components, many of the

characteristics of which could be translated to injection moulding:
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Luby, Dixon and Simmons (1986) describe a system for the feature based design of castings.
The design method was to pick from a screen menu of macro features such as slab, corner, L
brackets etc, and co—features such as bosses, holes and ribs etc. It was considered that in order
to support design for manufacture, the geometrical database must represent explicitly
features in terms which correspond to the available manufacturing knowledge, and also must
represent connectivity among those features. The system, called CASPER took its design
rule checks from the casting design handbook, and the ’design rules slot’ of each feature

contained these tests.

Corbett and Woodward (1991) describe a *design with’ features system for die casting. The
appropriate features were chosen by referring to a knowledge handbook. The system user
selects a feature from the screen menu and enters suitable parametric attributes to fully define
it. Boolean cut and paste operations are used to build the final representation. The component
feature information is interfaced to an analysis system which accesses a knowledge base
comaining design for die cast rules. Features used for building component geometry were

plates, walls, surfaces, bosses, holes, ribs, webs and ejector points.

2.4. INFORMATION SUPPORT SYSTEMS.

2.4.1. Use of data models to support design for manufacture.

Simultaneous engineering has been facilitated within many organisations by the
establishment of multi-disciplinary teams to support new product development, Ellis,
Young, Bell (1993)a. The teams use tools such as computer aided design, finite element
analysis and process planning packages to support areas of design and manufacture. These
software tools work well in isolation but the transfer of cross functional information between
them, in a way that ensures data integrity, is difficult, McKay and Bloor (1991). According to
Ellis et al (1993)a, understanding the information and information structures required in

simultaneous engineering is the key toresolving this problem, and hence will provide a major
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step forward in the development of software tools to benefit product design and manufacture.
There is a considerable amount of research being undertaken by the STEP/PDES community,
PDES/STEP (1988), into developing a mechanism capable of describing product data
throughout the life of a product and which is also independent from any particular computer
system. STEP intends to enable effective integration by ensuring that the range of software

applications within a CAE system address a consistent source of product data.

Itis asserted by Ellis, Young, Bell (1993)b, that the true aim of DFM is to design a component
'right firsttime’ and so the evolving design must be monitored and evaluated continually. For
this to be achievable a consistent source of both product and manufacturing information must
be available. Data model based CAE systems can benefit DFM by providing the most up to
date and consistent product, process and resource data to both software tools and members of
the simultaneous engineering team. The prerequisite to a system to provide early
manufacturing knowledge is the development of a database that serves the information needs
of the design and manufacture spectrum, ie not only design but also manufacturing
evaluation, Libardi, Dixon,Simmons (1986). Data model Computer Aided Engineering
(CAE) systems can facilitate the simultaneous design of the product and process by providing

an interactive knowledge base that relates up to date product data to process constraints.

For really achieving concurrency of engineering activities to produce innovative products, it
is considered by Kimura and Suzuki (1989) that a new framework or infrastructure is
required for engineering information processing. It is asserted that instead of conventional
CAD systems, a more powerful information representation is required which is
understandable to both product designers and manufacturing engineers. The central concept
for such a representation is Product modelling, Kimura and Suzuki (1989). Product
modelling is defined by Kimura (1993)b, (1994) as a *'modelling framework which can
capture and represent all necessary information through the whole life cycle of our products,
from initial product planning until maintenance’. The approach of Kimura to product

modelling is described later in this section, and his approach to manufacturing modelling in
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the next section.

Product modelling is being accepted as a mechanism by which a central source of product
data can be captured to provide an integrating mechanism between a range of design and
manufacture functions, Corrigal, Lee, Young, Bell (1992); With respect to the integration of
design and manufacture, the benefits of shorter lead time and higher quality can be achieved
through the introduction of advanced CAD systems, However it is considered by Corrigal et
al (1992) that even greater benefits can come from making more use of the product dé.ta
which is both generated and required by design and manufacture functions. Corrigal et al
(1992) described the use of the product model environment as an integrating mechanism
between a range of design and manufacture functions. The Product model concept is shown
to provide a basis for a more integrated design and manufacture system by providing source
and repository for all data relating to the product. Hence the Product model allows a range of
design and manufacture functions to be integrated, by interfacing each td a common data

structure or product data model.

It was identified by Corrigal et al (1992) that component data models must capture data
relating to i) specification of component, ii) how the component was defined (ie engineering
drawings, process plan etc), iii) actual components that have been made, ie quality
information such as component measurements against the specification. It was identified that
the issues involved in the provision of a product data model relate to the design functions that
must be performed, their interactions and the data structures that cah capture their

requirements.

Linberg (1992),(1993) viewed DFM as a flow of data whereby the customer specification is
transformed into manufacturing documentation. Linberg concentrated on the role of the
product data model (PDM) structure in the flow of technical data. A general CAE system
architecture is suggested founded upon a set of independent but cooperating subsystems,

called functional systems (FS’s). Each has a common architecture and communication with
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each other, and data handled by the system would be much the same as in the formal company
documentation system. Documents would be tied to one level of the PDM by a parts Iist. The
PDM would describe the consisting parts, their attributes and their relations, and the key
elements are the *part’ and ’occurrence’ entities, which model the parts themselves and any
occurrences within the product structure, which could be more than once. Linberg notes that
the general requirement is to view the product from different design perspectives and
represent each perspective in a separate structure. It is hoped therefore to use the concept of
FS’s so that the original part structure can be taken apart and reassembled to get a new

structure, which is appropriate for each perspective.

It is considered by Kjellberg and Schmekel (1992) that the product development chain must
have allowance for many different data models to exist in parallel to allow product.analysis
from different design perspectives. These must be able to be updated, interrogated, and
maintain consistent relations with each other.‘ The PDM is thus a collection of different
models with consistent relations between them. Kjellberg and Schmekels product
representation is based on structures of functions, physic'al principles and solution principles.
The structure of the functions specifies the product functionality, thé .structure of the physical
principles specifies the physical behaviour of the product, and the solution principles
specifies the technical solution which has the specified behaviour and fulfils the Speciﬁcd
functionality. The set of relations between the different product:models can be defined
between engineering concepts, forexample lines, vertices, edges etc, in the different models,
representing equality, similarity, dependency or inconsistency between concepts. It is
considered very important to handle dependency relations between models effectively.
Tﬁesc relations would normally be expressed as a constraint which must be obeyed by all
specified dependences, and therefore changes to one model must not be permitted without

modifying the connections to other models, otherwise a conflict might occur.

Winjard, Carlberg, Kjellberg (1992) proposed a Product model structure divided into two

parts, with a well developed interface between the two. One part is the *geometric model’
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which contains an explicit description of shape. The other part which they have called the
“’technological model’ contained descriptions of all application specific terms, the
relationships between them and the functions applicable to them. The geometric model is
made up of a series of form feature entities which group together topological entities. Each
feature element has an associatioh into the technological model. This provides the form
feature with a link to the functional requirements of the product, or to a particular
requirement to be manufactured using a particular process etc. Thus the technological
elements in the technological model represent the other characteristics of a feature than the

explicit shape.

Winjard et al (1992) considered that there was a requirement in the Product model for a least
three levels. The firstlevel in their model was the "meta class’ level, describing a general solid
model with form feature entities, a general technological model consisting of technological
elements, attributes, relations and functions, and the coupling between the geometric and
technological model parts. Then there is a ’class’ level defining the different classes of
technological elements and form feature entities. The lowest level is the ’instance’ level,
where instances of class descriptions are created and related, and the actual geometric model
is also created. Winjard et al (1992) consider that the above is the basic strategy followed in
all schemas being defined in STEP, which is first to define the application independent basic
resource models, and then develop separate application protocols utilising a specialisation of

these basic resource models,

Mantyla et al (1994) put forward a Product model structure consisting of feature instances
and data representing the topological relationships between them. The topological relations
amongst the feature instances are captured in a tree structure. Explicit surface frames are used
to represent topological relationships. For example for a hole on a bottom face, an explicit

data structure assoctates the hole with the specific face.

Product modelling research was carried out at Leeds and Loughborough University called
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Information Support Systems for design and manufacture (ISS). The research was funded to
investigate Product modelling environments and their benefits for the support of the
integration of automated design and manufacturing applications, Corrigal et al (1992).
Corrigal et al (1992) asserted the requirement for a tool to formalise the product data model

and suggested the EXPRESS language to describe data structures.

In Kimuras approach (1993)b, (1994), the Product model is ’a framework which can capture
all the necessary product information through the whole life cycle of our products. It
represents target products, their materials and intermediate products. tools machines, and any
other manufacturing resources and environmental objects’. In Kimuras definition of
concurrency, (above section 2.1.1.), he identified the importance of processes being

‘mutually transparent’. It was considered that the Product model plays a 'central role’ for

realising mutual transparency among respective activities.

In all of the above work the Product model is a passivcl database, where design support
applications carry out operations on objects in the database. Domazet etal (1995) put forward
an approach called Active Data Driven Design (ADDD), which considers data objects in a
database as active rather than passive, capable of reacting to events that are of significance to
the product status. Using this methodology events raised in the Product model are used to
trigger automatic design changes or applications participating in a collabourative or
concurrent product development process. If a Product model contains elements (active data)
that can specify the generation of an appropriate signal whenever some database event is
detected, then it can be used as a valuable piece of information for controlling the product
development process. Instead of only using process models, this feedback can also be used
for choosing the next step in the product development process. Therefore a designer or design
agent modification to the Product model can trigger further antomatic changes to the Product
model or can activate other design agents before re—activation of the former design agent

and/or further designer changes,
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2.4.2. Use of functional models to support product design.

Kimura and Suzuki examined the issue of the representation of ’design intent’ within their
Product modelling research, Kimura and Suzuki (1989), (1995). According to Kimura and
Suzuki, most research in the area of Product modelling has dealt with the process of how to
generate such product information from the initial requirements for products. Itis considered
that for achieving efficient product design, design intent i§ one of the most important areas of
information, and is considered to play a fundamental role in concurrency. Design intent is
defined as the designer expression of their original objectives of the design, so that
manufacturing engineers can well understand the process of product design and attain good
manufacturability design without invalidating the performance of products. Design intent is
considered in terms of a series of logical constraints and a formal framework is introduced to
deal with design intent. Design considerations could be converted into the form of geometric
constraints, and by solving the geometric constraints, it was possible to determine which are
satisfactory for design requirements. “Transparency’ of this functional design process for
other areas such as manufacture, via the Product model, enabled the manufacturing
consequences of functional decisions to be considered, thereby allowing concurrency in

design,

Chandrasekaran et al (1993) considered the use of a functional representation to capture how
a device works or is intended to work. Specifically to capture design rationale, which is
defined as "the body of information that explicitly records the design activity and the reasons
for making choices’. A top down approach is used in the representation, in that the overall
function is described first and the behaviour of each component is described in the context of

this function.

Schmekel (1989) identified that if a product is specified in a formal specification, then the
functional specifications can be described in ’functional models’, and be analysed and

simulated for the required functionality of the product. Smeckel investigated the
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representation of functional models in terms of functional objects, such that functional
requirements of products can be modelled. A functional objective is defined as ’a symbolic
representation of a functional description’. It describes the functional requirement of é
product such that a structure of functional objects describe a functional model of the product.
Smekel asserted that a product specification describes the functionality of the intended
product plus the constraints on the product from what is known about the manufacturing
methods, price etc, which direct the development of the design. Some of the product
specifications deal with functional requirements on a product and constraints on the
functional requirements. This information can be used to compose a functional description of

the product, ie a functional model.

Schulte and Weber (1993) considered that in order to develop future intelligent CAD
systems, t‘hc relationship between function and shape had to be clarified because functional
information is necessary for services other than just handling geometric data (eg value
analysis,l automatic classification of engineering désign etc). They considered that the term
function is used in design methodology in such a way that it often stays on a too abstract level
for such applications. Thus an additional class of more concrete functions (technical
functions) has to be introduced. In addition intelligent CAD systems have to process
functional inform'ation together with geometrical data. Therefore an extensive understanding
of the relationship between function and shape is absolutely necessary, Schult and Weber
describe two approaches to identify the relationship between function and shape so that this
can be modelled in a design support system. They advocate features based design in
intelligent CAD systems, and consider that features for functional design must be a
combination of function and form. Therefore it is considered that the functional feature

object must have the following components: |

i) A feature must be mappable to a generic shape, ie it has a syntax. Thus one component of a

functional feature is a specific shape element.
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ii) A feature must have a specific meaning within the engineering context. Therefore it
represents a semantic. Consequently the second component of a feature must be specific

semantic elements to express the features functional meaning.

iii) The third component of a functional feature must be the relations between the two said

components.

Chachrabarti (1993) carried outareview of functional design methodologies. He considered
that reasoning about design problems and solutions in terms of their functionality, termed
here as functional reasoning, is central to designing. He concluded that functional reasoning
support in CAE systems should include supporting representations in terms of function and
form. Supporting functional reasoning is considered to require an understanding of how
function and form are created, how they can be used to represent design problems and

solutions (as part of a product representation), and how one is generated from the other.

McGinnis and Ullman (1992) investigated the interplay of design objects, features,
constraints and design decisions in order to identify the structures within a functional model
of design. A design terminology is developed based on empirical data extracted from verbal
design protocols. Constraints were identified in the protocol and classified according to
source, level of abstraction, and form or function orientation. A structure was also developed
which decomposes the constraints and classifies them into ten basic feature relaﬁons-hips.

This work was the basis for the building of a formal feature/constraint representation.

2.4.3. Use of a Manufacturing model to support design for manufacture.

An early reference to Manufacturing modelling 1s in the IMPPACT project documentation,
IMPPACT, (1991). IMPPACT defines a factory model which contains structured
information on facilities such as machine tools, jigs and fixtures, tools, robots etc, and a

process model which contains information on production activities and operations.
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Chen and Wallace (1993) investigated the requirements of timely provision of manufacturing
information to support manufacturing decisions during the early stages of design. The
rescarchers attempted to identify the type of manufacturing information required to achieve
increased manufacturability. Manufacturing information was categorised into direct and
indirect information. Direct manufacturing information assists the designer in defining parts
and is divided into project, material and process information. Indirect manufacturing
information is to assist a designer in evaluating and modifying designs to improve
manufacturability, and is divided into budget, guidance and diagnostic data. Software was

developed to support the above research.

According to Corrigal et al (1992), "a flexible representation of machine capability and
process characteristics is needed in future integration systerns to complement the Product
model. Such a Manufacturing model would allow a range of closely coupled applications to
assess common manufacturing process information as well as common product data. This
introduces the possibility that functions could be performed not only in a totally integrated

environment but also simultaneously’

Al-Ashaab and Young (1992), (1994) considered that in addition to product data, designers
needed access to a range of information describing the characteristics and capabiIitieé of the
manufacturing process. They therefore considered that in addition to the Product model there
should be the parallel concept of the Manufacturing model. It is asserted that in combination,
the Product and Manufacturing models can provide the key sources of information to enable
concurrency in design for function and design for manufacture. -Thc EXPRESS information
modelling language was used to capture the underlying structure of a Manufacturing model
for the injection moulding process. The implemented Manufacturing model supported
interacting design applications from multiple viewpoints, ie design for mouldability, mould
design and moulding machine calculation. It was considered that captured manufacturing

information in the Manufacturing model had to be structured in such a way that could aid the
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design of the product. The structure of a Manufacturing model should provide easy access to
information in an unambiguous representation, and be updatable to suit changes in user
requirements. According to Al-Ashaab and Young, the Manufacturing model must also
capture any relationships between data contained in the model and capture the behavioural

aspects of the process being considered.

In his work on virtual manufacturing, Kimura (1994) considers that although a lot of work
has been carried out on Product modelling, there are still many problems with representing
constraints on the product design. For this purpose it is asserted that a *process model’ is
required. Kimura considered that not only functionality of products but also the performance
of every necessary manufacturing process should be modelled. According to Kimura, the
relationship of the process model with the Product model is as follows: Reference data ordata
structures are stored in Product models, and appropriate process models are invoked
automatically or with human intervention. Kimura defined three different types of process

modelling:

i) declarative method: derivation of results from given conditions or constraints.

i) procedural methods: computing the result by a set of programs.

iii) computational methods: calculating the result by a set of given expressions.

Molina et al (1992) described a facility model which is able to represent product and material
handling systems, and the relationships between them according to a specific flexible
manufacturing system. The model is used for the design and evaluation of flexible

manufacturing cells in a concurrent environment for FMS design.

Molina et al (1994)b created a Manufacturing model consisting of three information entities,

namely: manufacturing resources, processes and strategies. The Manufacturing model has
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four levels based on a de—facto standard, (ie factory, shop, cell, station). The information
model has been modelled in EXPRESS and developed using the Booch Object Oriented
methodology. The model structure enables the effective representation of both
manufacturing resources and processes, together with their capabilities, The taxonomies of
resources and processes developed are generic enough to allow the representation of modern

technologies, eg complex turning centres and related manufacturing processes.

2.4.4. Reference architectures to support integration,

In ’order to achieve the goals of CIM architectural guidelines are required to define an
integrated methodology to support all phases of the CIM system life cycle from requirements
specification, through system design, implementation, operation and maintenance,
Al-Ashaab (1994). A reference arcﬁitccture defines the appropriate rules and structural
guidelines when integrating the constituent parts of a CIM system during its design and
building process. Among others the following ESPRIT projects have undertaken research in

the development of enabling technologies for CIM:

IMPPACT (Integrated Modelling of Product and Processes using Advanced Computer
Technologies) ESPRIT Project No. 2165 has developed systems that allow the integration
pertaining to product design, process and operation planning, including machine control data

generation using product and process models, Bjorke and Mykebust (1992).

CIM-OSA (CIM-Open System Architécture) ESPRIT Project No. 688 is a CIM architecture
framework for the design, development and implementation of a CIM system, BSIDD194
(1990), Kosanke (1992). CIMOSA consists of a Modelling framework and a supporting
distributed environment to represent different views of an enterprise. The views are classed

as the function, information, resource and organisation views in a consistent model.

The Open Distributed Processing (ODP) group of the ISO is defining a Reference Model
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after recognising the need for the standardisation of distributed systems. This RM-ODP
considers a distributed system from different viewpoints, each of which is chosen to reflect
one element of system design. These viewpoints are the enterprise information,
computational and technical viewpoints, Linnington (1992). The RM~ODP is intended to
provide a governing set of guidelines that will illustrate the potential interactions between
different information system architectures for computer based information systems.

EXPRESS is the adopted language of the information viewpoint of the RM-ODP

architecture and Booch is the representation for the computational viewpoint.

Molina et al (1993) investigated the definition of a taxonomy of reference models for
enterprise integration in terms of their life cycle support, system modelling and
representation, modelling dimension, methodologies and system architecture. The objective
was to assist in the selection of the model(s) which best sets the context and basis for the
definition of a Reference Model for the Computer Aided Support of Simultaneous

Engineering (RM_CASSE).

2.5. INJECTION MOULDING SOFTWARE SUPPORT
APPLICATIONS.

2.5.1. Software support for injection moulding design.

Gopalakrishan and Pandiarajan (1991) describe an experimental system that defines the most
appropriate manufacturing process and material for a particular component. The authors
define two design stages, firstly the preliminary design stage, where the product assumes its
form, shape and size as related to its functionality, and secondly the detailed design stage
where the product acquires detailed geometry, material specifications and quality attributes
such as surface finish and tolerance. During the preliminary design stage the key design
related attributes are compared with process related attributes. Using an expert system

~ integrated with databases, the suitability of each process is examined. Firstly those processes
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capable of producing the geometry of the product as a whole are determined, and then those
that can produce the entire geometry of the product are examined. The alternative process
options are now considered in turn regarding the materials that can be used with each of them
in order to suit the functionality of the product, and that can be processed without any
undesirable effects. Once the most suitable material has been identified for each process, with

respect to functional requirements, the options are then ranked according to a cost algorithm.

In the detail design stage the above list is modified to accommodate new design attributes
being specified at the detail design stage. The expert system compares the new design
attributes against the capabilities of the material—process pairs. Once the list has been reduced
to only those that can do the job, then all but one option is eliminated according to cost
criteria. The primary source of information for the knowledge base, as related to the

manufacturing processes and materials, was from published literature.

Cutkosky and Brown and Tenenbaum (1989) describe a program for the concurrent design of
machined and injection moulded parts named 'FIRST CUT”’, The design process has explicit
dependence upon design features and the process plan steps to achieve them. In the authors
view the essence of concurrent engineering is to use process planning information to
complete the partial deéign. For injection moulding there is the ability to complete a *rough
scetch’ of the moulding and clean it up via the application of process operations. The resultis
amouldable design. All of the above implies the need for backtracking, since a designer may
suggesta particular design change that cannot be permitted for processing reasons. Therefore

the system is required to keep a history of previous design states and associated process plans.

Cutkosky and Tenenbaum (1990) describe how for injection moulded design using FIRST
CUT, the authors have capitalised on the fact that most injection moulded parts are thin
walled, and the authors have therefore provided a thin walled primitive for deﬁning the
overall component shape. The designer can then paste a number of primitives such as ribs,

bosses, holes etc onto the thin walls. The designer begins by drawing cross sections of the
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main walls of the component in a commercial CAD system. The drawing is loaded into their
_program, and with designer guidance, feature-finders (for example wall-finders and
corner-finders) identify features. The program then modifies the geometry to produce cross
sections with preferred draft angles, thicknesses and comer radii. The designer adds small
features such as bosses and ribs. Finally the part is shipped back to the CAD system for

display.

The main goal of Ishii, Hornberger and Liou (1989), Ishii and Homberger (1991), was to
develop state of the art design rules for injection moulded products and establish a systematic
methodology that applied these rules to part designs in their early stages. The authors
approach was to model the process in which good design teams incorporate producability
concerns in the early design. They use the concept of "design compatibility analysis’ (DCA).
The concept views the goal of plastics design as achieving sound compatibility amongi) User
requirements, ii) Process constraints, and iii) The candidate design. Knowledge bases are
used to evaluate a given design situation, give a compatibility rating, and provide
improvement suggestions. Itis considered that the above concept gives a reasonable model of
the concurrent design and review process carried out by a design review team. An important
aspectis toidentify the diffcrent_ design values associated with the product for which there are
more or less separate experts. Each expert breaks down the part design into building blocks or
design elements, which act on information associated with design rules. It is important to
identify the decomposition by each expert, as the identified elements serve as data
organisation keys in the computer knowledge base. The idea is to model the ’round table’
design reviews from different viewpoints, discuss the design and suggest improvements. At
any one time the designer can check the proposed design by comparing it with the
compatibility knowledge base. The compatibility knowledge base comprises design rules
called *C data’. DCA uses the knowledge base to evaluate the soundness of the candidates
design with respect to engineering (or other) objectives of all the viewpoints. The
compatibility is graded, for example good, bad, poor etc, and if necessary improvements are

suggested.
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Huh and Kim (1989) and Kang and Kim (1990), describe a system for the design of ribs and
gates on injection moulded parts. A CAD solid modeller is used with an expert system that
has heuristics to make decisions. For example standard stress calculations are carried out to
decide if ribs are required or not, and if so then a formulae is used to decide how many, their
size and dimensions etc. The system would ask the designer to indicate a rib and its
dimensions, and then use its rules to decide if this is acceptable, for example the rib may be
too wide etc. According to Huh and Kim, since the injection moulding process has direct
consequences for the performance of the product, the design of supplementary features such
as bosses and ribs should include knowledge regarding not only machining operations of the
mould but also causal effects on the performance and mouldability. The system itself
comprises three functional groups of software, a geometrical modeller, knowledge based
modules and CAE programs. Overall control and the user interface is managed by an expert
system. The geometrical modeller displays the primary shape and accommodates
supplementary geometry as guided by the expert system. Heuristic knowledge of ribs, bosses
and other supplementary features are formalised as rules in the knowledge base module,
called RIBBER, which generates a recommendation of the optimum rib structure for a given
primary geometry. As well as the primary geometry, also considered are the material loading
conditions and structural requirements. The system also contains GATEWAY, which is an
expert system for the number and location of the necessary gates. Each expert module in the
system triggers the necessary modules for flow simulation, microstructure prediction,
mechanical behaviour etc. Thus itis asserted that kn~owIedge based CAD has been created by
theintegration of an expert system and a geometric modeller. Itis considered that the modular
structure of the expert system could be readily cxpandcd to cover most attributes of injection
moulded design by adding rule based modules. Since features in the form of supplementary
geometry are generated through CSG, the corresponding manufacturability features can be
simply extracted from the supplementary geometry specifications, for example a part with a

1ib is equivalent to a slot in the mould.
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Hanada and Leifer (1989), developed a knowledge based system to support the design of
injection moulded products. A three stage ’design with’ features process is supported.
Initially skeleton features are used to generate a functional description of the part. In the
second stage a representation of the injection moulding viewpoint is generated using a
'design translation’ module and interactively providing mouldability feedback to the
designer. Finally a second ’design translation’ module generates the mould representation
from the representation of the injection moulded part. Mould manufacturing feedback advice

is interactively provided to the designer as the mould representation is built up.

Poli, Kuo and Graves (1992) developed a design for injection moulding methodology to
support the design of parts for economical manufacture. The methodology is based on group
technology in order to group part design according to similar tooling and processing costs to

provide the designer with the following:

i) a comprehensive listing of difficult to produce features (cost drivers) so that designers can

minimise difficult—to—mould features, provided that component functionality is not affected.

it) a consistent and systematic method for analysing part designs from the viewpoint of

manufacturability.

iii) a qualitative and quantitative feel for the impact of part attributes on moulding complexity

and thus cost.
iv) a convenient and meaningful basis for organising relative cost data.

A systematic, knowledge based, approach for drawing designers attention to those factors of

a part which tend to increase its cost to mould is described.

Mochizuki and Yuhara (1992) developed a solid modeller based system for detecting
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potential undercuts in plastic injection mouldings and identifying the optimal withdrawal
direction. The system identifies feasible parting line positions, ie either where the die plates
come into contact or where an undercut occurs, and then evaluates each potential solution for
the absence or extent of undercuts, using a methodology developed by the authors. The
designer is notified of the optimum solution(s) and is allowed to choose which is to be the

solution of all those available.

Manoochebir (1994) and Sebastian (1994) presented a function based intelligent system
called ’Designer Apprentice’. The system enables the designer to associate the product
function and process knowledge with part geometry. The system uses features as the basic
building blocks of partdesign. Features are used as smart building blocks to capture logic and
intent in terms of the form and functions of the part. Design rules attached to features are
based on material properties, mouldability, strength, processing and mould making
requirements. The Designer Apprentice is implemented in C++ and uses Pro/Engineer as a

solid modeller and front end of the system.

2.5.2. Gating and feed system design software.

Irani, Kim and Dixon (1989)a,b describe an automated gating design system for injection
moulded parts, which includes determination of the best number, type and location of gates.
Five inputs are required for the system. The first input is a features representation of the
object to be moulded, the second the material properties, such as mould temperature, process
temperatﬁrc range and degradation temperature, the third is machine data, maximum
injection pressure, maximum clamping force, the fourth is the problem class, either one or
two. Class one is where the gate location and numbers have been specified, and class two is
where nothing is specified. Finally the fifth input is any constraints such as aesthetics (ie no

gates on certain faces, regions where no weld lines are permitted (for strength) etc.

The program has an interactive redesign scheme, using initially a coarse global search for the
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candidate design, and then a local search for the near optimum. In the global search a number
of trial gating plans are tried (based on an algorithm) with respect to three design variables,
mould temperature, injection temperature and injection time. The plan with the best overall
quality becomes the initial local search. During the local search gate plans are tried around the
area of the initial plan to try to improve the quality. Eighteen performance parameters are
used for evaluation in the local search. These are classified into geometry related and process
related parameters. The geometry type depended on the gate locations, and the process type

on cavity and inlet conditions,
There are five key areas for the redesign model:

i) Design variables— The program aims to use the minimum number of gates. The operator
can specify the initial gate locations for the global search or the program will generate

alternatives based on the geometry.

ii) Performance parameters— The criteria used to analyse the quality of the design. The
analysis program is based on three nested loops. Geometry type parameters are derived from

the results of analysis, whereas process type parameters are obtained directly from the results.

iii) Satisfaction curves— For each performance parameter there is an indication of how
satisfactory the intended design has been (excellent, good, fair, poor, unacceptable). These

curves can be based upon constraints or heuristic information.

iv) Priority ratings— All performance parameters have priority ratings, of which there are
five, very high, high, moderate, low, very low. These are used to steer the gating plan to the

overall goals.

v) Design quality— The quality of every iteration is judged based on atable. According to the

preset table the design quality is for example excellent if all very high and high priority
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ratings have excellent satisfaction, all moderate priority have good or better satisfaction, all

low priority have fair or better satisfaction, and all very low have poor or better.

Irani, Kim and Dixon (1990) considered that there is a need for computer programs that
interpret and make decisions based on the results of analysis. The above gating design
software is considered to be such a system, which is based on iterative redesign. Since design
is a sequential process it is asserted that knowledge is best expressed in terms of procedures
that initiate yet more procedures in a sequential manner, rather than an if—then, ie rule based
system, which the authors consider does not lend itself to design. The resultis a system that
having defined an initial gating location on a product can then use the results of mouldflow.

analysis etc to iteratively achieve the best location for the gating.

Many authors have been attempting to "automate’ the design process of gating and runner
systems using finite element analysis methods (FEM), for example Michaeli and Galuschka
(1994) and Michaeli et al (1995) describe recent developments in the CADmould simulation
package, whereby simulation of the filling and holding phases of the injection moulding
process is available as well as shrinkage and warpage. The system provides this information
back to the designer to help his configuration of the gating and runner system, Avoidance of
weld lines is aided by simulation of the cascade injection moulding technique, whereby
particular gates are opened and closed at particular times by taking appropriate mould and
control measures. Using this technique it is possible to bring about a situation where there is

only one flow front in the cavity at any time, thus preventing weld lines being formed.

Jong, Chan, and Wang (1994) describe a system based on C-FLLOW which automates the
problems of 3D runner balancing in a multi cavity mould using a finite element model of the

component and feeding system to simulate the flow of material through the mould.

Ni and Guinn (1994) cited the runner systemdesign as the largest single factor in the warpage

of injection moulded products and described a system based on C-MOLD for predicting the
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effect of different runner system configurations on component warpage using finite element

analysis techniques to predict pressure distribution during the moulding process.

Ong, Prombanpong and Lee (1994) describe CADFEED, a knowledge based and object
oriented system for the design of feed systems for plastic injection moulds. CADFEED
combines the use of knowledge based and object oriented tools with a draughting tool.

CADFEED’s design methodology is a four stage process:

i) CADFEED determines the feasible gating regions. A gate type is assigned to each of these

gating locations to form potential gating configurations.

ii) A disqualification process examines preliminary gating configurations for their
satisfaction of mould and material requirements. Some configurations are ruled outif they do

not meet mould and material requirements.

iii) The third stage is an evaluation of the remaining gating configurations on how well they
satisfy product specifications. This stage determines a value for each of the product

specifications using rules in a knowledge base.

iv) A final score is obtained for each gating configuration, and the one with the highest score
is recommended to the designer. Once a configuration is selected CADFEED proceeds to

calculate the dimensions of the gate and runner used.
2.5.3. Mould design software.

Hui and Tan (1992),(1994) presented a methodology to select the parting and side core
directions of an injection mould. Itis pointed out that it is much more complicated to integrate
CAD/CAM for injection moulding then for machining, because the mould cavity and core

are machined, and not the component itself. One of the most pertinent issues in injection
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moulding design is the determination of the main parting and side core directions. The
parting direction is directly related to the location of the parting lines, and hence the parting
surfaces: This in turn affects the choice of side core mechanism, the location of gates, ejection
pins and cooling ducts. Therefore determination of the main parting and side core directions
is a prerequisite to any subsequent design process. The first step to automation is to establisha
means of selecting an optimised parting direction with associated side core directions. The
authors then use a boolean subtraction to create the mould cavity. In order to determine the
parting direction a mesh of test points is generated over the surface of the intended product.
Then a semi-infinite ray is cast from the test point in the direction of a given prospective
parting direction. A blocking equation is used to give a blocking factor for each direction
tested. All possible parting directions are tested and the criteria are no or minimum undercuts,
and that the area in shear contact with the mould plate should be the minimum. Having chosen
the main parting direction, then if there is more than one possible side core direction, the

blocking check is again used to select the direction with the lowest number of side cores.

Kang, Park and Hong (1992) describe a CIM system for mould design and manufacture used
in a mould manufacturing company. Using this system the basic product geometry is builtup
to the final product by adding secondary geometry such as ribs etc and defining the
parameters of these secondary features to the system. Based on this geometry, the geometry
and feature data for the mould is generated. The process parameters such as flow rate,
packing pressure and melt temperature are determined as well. A solid modeller creates the
mould geometry by parting the product geometry, expanding it to take account of shrinkage,
and subtracting the expanded product geometry to form the cavity. Kang, Kim and
Chong-won (1990) when describing the same system considered that mould polishing was a

major bottleneck, and therefore mould design should aim to minimise this.

Delbressine and Hijink (1991) describe a system for checking the manufacturability of
components produced by metal removal, but the methodology could equally be used for the

machining of mould cavities. The approach taken is the definition of design transformations
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that can be manufactured, termed ’manufacturing design transformations’ (MDT’s). A
transform consists of an application to a manufacturable object (MQO) of a design and
manufacture process planning transform. The manufacturing transform consists of tools,
machines and set up constraints in manufacture. The MO consists of two geometric forms,
the initial geometric state and the final geometric state together with a set of application rules.
Thus backtracking is possible. The rules ensure that the MO can be applied (the transform)
and therefore the object can be made. Itis considered that for the above work the best design
representation was a combination of boundary representation and constructive solid
geometry (CSG), the first defining the object in terms of a topological boundary, and the
second based on the concept that one can represent a solid object as a series of CSG
transforms. The CSG user specifies an initial state and then gives the design transformsto get

the final design. The process tree can then be used as a guide for process plan generation.

The mould design system being developed by Rho, Sheen and Lee (1990) used machining
features to represent the various components of the mould, ie runners, gates, cooling
passages, pockets, holes etc. The features are applied to the cavity and core plate from the
viewpoint of required machining operations. Pocket and hole features are used to represent
the mould cavity. The authors were developing an application to support the use of the

features in mould design based on MOLDCAPP software.

Gerdes, Webb and Contantun (1994) developed an expert system called "Mold Fabrication
Process Planm_er’ (MFPP). The software supports the designer in building up the mould
design using standard parts. However each standard part is represented as a ’feature type’
which has a process plan attached for fabrication operations. Therefore as the designer builds
up the mould design, the process plan is also created. The MFPP has been writtenin C++and
runs under Microsoft windows. To describe the features of the mould, "Material Removal

Shape Element Volumes’ are used.

The expert system has been developed from the formal methodology of mould making it can:
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i) Produce work orders with consistent instructions independent of the mould maker.

ii) Generate work orders using only resources that are available and in a format that can be

used by scheduling and procurement packages.
iii) Simplify the development of work orders for complex moulds.
iv) Provide time and cost estimates.

Cinquegrana (1990)a, (1990)b describes a knowledge based system called
CAD-mould-maker. The system automatically generates mould designs (using standard
parts) based on parameters, rules and constraints captured in the knowledge base. The
application requires the designer to import the model of the moulded part in IGES format.
The system determines mould layout based on the lowest percentage scrap for the specific
number of cavities. The actual size of runners for each layout configuration is determined
~using injection pressure and viscosity models. The designer is given a choice of layout
options and estimated {material) cost per 1000 parts of each option. Once the layout has been
chosen the remainder of the mould 1s built up using standard parts. The cavity gcomcu'y is

established by subtraction of the part geometry from the mould plate.

Lodenstien, Romps and Tan (1994) describe a mould design support system called
’mould—clase’. A designeris allowed to build up a model of the component in a CAD system.
The part design is analysed and the designer is asked to make decisions on the number of
cavities, material used, and the size of the mould base. Following on from these decisions the
designer executes the mould design program which contains a catalogue of standard mould
components, and allows the designer to go through the mould design process, selecting
standard parts from the catalogue. The designer works through the design process using a

series of menus.
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Tseng Lia and Peng (1994) combined mould base software with a CNC programming
package (to generate CNC part programs), using a common geometrical data source. Once
the part geometry is created the mould design and machining data generation processes are
started at the same time. The CAD system has a mould base data bank from which the

designer is able to select.
2.6. Summary

From the above work it can be seen that there are many areas where research is being carried

out into concurrent engineering, and many different software applications being developed.
The main points to be extracted from the above literature are considered to be as follows:

i) The accepted approach for design for manufacture software is a general system architecture
within which there exists a set of independent but cooperating subsystems or functional

modules.

ii) There must be a defined set of relations between different functional modules within a
system. It is very important to handle dependency relations between different models
effectively and changes to one model must not happen without updating other models with

dependant relations.

iii) Design for manufacture considerations should be broughtin to the design cycle as early as
possible, but the implication of this is that the designer has too much information to
remember at the beginning of the design. Design for manufacture software should therefore
be used to provide and manage this information. Information should not be provided ﬂl at
once but the important details at the required time. However design for manufacture software

should not act as a constrainer on the designers activity, but rather in an advisory capacity,
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providing information and advice on possible design problems.

iv) The appropriate representation of geometry has been cited as the key issue for design for
manufacture software. Features are the accepted medium to store information on geometry
and to attach heuristics and constraints to that geometry. Ft_aatures also provide the designer
with information at his own level of cognition, ie reasoning about geometrical features rather

than simply lines and points etc.

v) Most of the above authors have advocated or used ’design with’ features for the reason that
feature recognition is a difficult programming task. However the designer is limited by
'design with’ features to relatively simple geometry, and this in turn limits the design for
manufacture software that is developed. The problem of geometrical complexity is therefore

a limiting factor for the development of design for manufacture software.
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Chapter 3.
Background to injection moulding

information support system.

3.1. INTRODUCTION.

This chapter provides the reader with the context of the research by describing the MOSES
(Model Oriented Simultaneous Engineering System) project, to which the research of the
author has contributed. The objectives of MOSES are desc;ibed, the role of the Manufactur-
ing strategist (which cbntains injection moulding design support applications) within the
MOSES system, and the role of information modelling with respect to the capture of manu-
facturing capabilities and constraints. Also described are the formal methods used in the re-
search and the experimental environment. The objectives of MOSES are described in section
3.2, the role of the Manufacturing strategist in section 3.3, and the role of information model-

ling in section 3.4. Section 3.5 describes the formal methods used in the research and section

3.6 the experimental environment.

3.2. THE MOSES RESEARCH PROGRAM.

A computer aided engineering (CAE) system to support simultaneous engineering called
MOSES (Model Oriented Simultaneous Engineering System) has been researched by
Loughborough and Leeds University. The research has been undertaken in order to define
how Product and Manufacturing Models can be exploited in future CAE systems that will
support Simultaneous Engineering. The sharing of common, consistent product and manu-
facturing data between a range of software applications and design teams is considered key
to the effective support of simultaneous engineering. Methods for the identification of con-
flicts that arise in simultaneous engineering are also being explored. The objectives of the
MOSES project are; 1) to provide a reference model for CAE systems based on Product and

Manufacturing Models, ii) to define aknowledge and software environment in which Design
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Figure 3.1. The conceptual research system of the MOSES project.

for Function and Design for Manufacture can be applied simultaneously, and iii) to provide

intermediate and end of project demonstrations of the results using an industrial case study.

The conceptual research system of the MOSES project is illustrated in Figure 3.1. The figure
shows the key elements of the MOSES project and the areas of contribution by members of -
the MOSES research group. In the context of the MOSES project the Product model captures
information related to the product throughoutits life cycle and the Manufacturing model cap-
tures information related to the manufacturing resources and processes to support product
realisation. The MOSES framework allows the sharing of common data between a diverse
range of design teams and software applications. A specialist application, called an Engineer-
ing moderator identifies conflicts within the Product model which may arise due to discor-

dant outputs from the different application environments that populate the Product model.

The MOSES architecture is intended to support many software applications. These software
applications are grouped into arange of application environments. Each application environ-

ment contains broad groups of applications that support a specific element of the product life
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cycle. Typical examples include a group of applications collectively called the Design for
- Manufacture Environment (DFME) and also a group called Manufacturing Information
Generation which is concerned with post design activities such as process planning. Other
non manufacturing elements of the product life cycle could be supported by a Design For
Function Environment (DFFE) for which the content has not yet been defined. Both the
DFFE and DFME will provide tools to populate the Product model. All engineering applica-
tion environments interact with the data models via an integration environment.

¥

3.3. THE ROLE OF THE MANUFACTURING STRATEGIST WITHIN
THE MOSES SYSTEM.

One of the engineering software applications in the DFME is the Manufacturing strategist.
Strategist applications are specialist expert applications which assist users of the CAE system
to evaluate, modify and extend the product design using criteria which are closely allied to
particular design perspectives. A manufacturing strategist assists users in design for manu-
facture activities, using product information from the Product model and manufacturing re-
sources and capabilities information from the Manufacturing model. The manufacturing
strategist enables the interaction of product and manufacturing information in order to asses
the consequences of changes to a product for manufacturability, Feedback advice is provided

to the designer.

At the higher level the manufacturing strategist is concerned with identifying the most suit-
able manufacturing processes and strategies for use of resources. The lower levels of the
strategist are divided into applications which act as DFM experts for a particular manufactur-
ing process, for example, machining, injection moulding, forming etc. The MOSES project
is addressing at the lower level the areas of machining rotational components with prismatic
elements and injection moulding. This research has been concerned with the structure of a

lower level application to support design for injection moulding.
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Figure 3,2, Top level classes of the Manufacturing Model.

3.4, THE MOSES MANUFACTURING MODEL.

Each design perspective, eg design for injection moulding, design for machining has its own
design criteria, rules and heuristics to which the product design should conform. A Manufac-
turing model captures all data related to process capabilities, characteristics and manufactur-
ing resources held by the enterprise, Ellis et al (1993)a. Having a Manufacturing model, par-
allel to the Product model, offers the basis for the integrity of both product and manufacturing
data, Ideally a Manufacturing model is the source of manufacturin g information from which
any engineering software application (DFM, process planning, production planning etc) can
draw information in order to support the decisions made in that application. The structure
and content of the Manufacturing modelin the MOSES project has been developed using the
Object Oriented techniques of the Booch methodology, Booch (1991), (1993). Figure 3.2
shows the top level classes of the Manufacturing model. This shows that the Manufacturing
model describes a Manufacturing Facility at four levels, factory, shop, cell and station. A
manufacturing facility has a ’has_a’ relationship with the "Manufacturing Resources’,
"Manufacturing processes’ and "Manufacturing Strategies’ classes to capture all aspects of
manufacturing information. The Manufacturing Resources class captures all the physical re-
sources that are available in an enterprise such as machines, cutting tools, handling equip-
ment etc. The Manufacturing Processes class captures the capabilities and characteristics of

all manufacturing processes such as machining, injection moulding etc. The Manufacturing
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strategies class captures the aspects related to how the Manufacturing Processes and Manu-

facturing Resources are structured and used in the company.

A. Al-Ashaab investigated the principles of a Manufacturing model for the design of injec-
tion moulded parts to support interacting design applications from multiple design view-
points, ie design for mouldability, mould design and moulding machine calculation, Al-

Ashaab and Young (1992), (1994).

In order to support the operation of a lower level design for injection moulding support ap-
plication, the authors research has examined the lower (station) level of the Manufacturing
model structure, ‘to capture the capabilities and constraints of the injection moulding process.
This work extends that of Al-Ashaab by considering 3D geometry instead of the simple 2D
representations used by Al-Ashaab. The use of 3D enabled the investigation of establishing

a direct link between the geometry of the product and that of the mould.

3.5. FORMAL METHODS USED IN THE RESEARCH.

The following sections describe the formal methodologies used in this research, which are
IDEFO, Booch and EXPRESS. The Booch object oriented methodology and the EXPRESS
data modelling langunage are respectively the computational and information languages of

the Reference Model for Open Distributed Processing (RM-ODP), Linnington (1992).

3.5.1. The IDEF0 methodology for design activity modelling.

IDEFO stands for ICAM Definition level 0, Colquhoun etal (1993), andis based upon a struc-
tured analysis and design technique to produce a function or activity model which is a struc-
tured representation of the functions of a manufacturing system, and of the information and
objects which relate to those functions. IDEFQ is a top down hierarchical method which de-

scribes a system using a series of functions arranged sequentially, as shown in Figure 3.3. The
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hierarchical method allows the definition of a system in any level of detail, in order to provide
an understanding of complex systems. IDEFQ is good at providing an initial clear view of
the interactions of activities in a system, but it does not provide a clear definition of the in-
formation flows between activities. IDEF0 can therefore be used to provide an initial view

of information flow but is inappropriate for detailed information representation.

In order to identify the functionality of an injection moulding strategist the author has per-
formed an activity modelling of support for injection moulded product design using the

IDEFO methodology. This analysis is described in Chapter 5.
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Figure 3.4. The models of the Booch object oriented design methodology.

3.5.2. The object oriented methodology of Booch.

To have a well implemented software system, it is very important to have a good understand-
ing of the problem. This requires the designing of models that emphasize the proper and ef-
fective structuring of a software system as well as defining the relations ﬁnd interactions be-
tween models. The designed models help to reason about the systems structure and provide
a requirement for implementation, Booch (1991). The object oriented approach to software
development is based on modelling objects from the real world (eg boss, machine, gating
system) and offers several advantages to conventional approaches (algorithmic approach).
Such advantages are better understanding of requirements, better handling of complex sys-
tems, smaller systems through the re-use of common mechanisms as well as leading to less

complex, easy to enhance and maintain software systems, Booch (1991).

Booch (1991) defined object oriented design as ’a method of design encompassing the pro-
cess of object oriented decomposition and a notation for depicting both logical and physical
as well as static and dynamic models of the system under design.” The results of object
oriented design can be used as blueprints for completely implementing a system using object
oriented programming, Booch (1991). Figure 3.4 shows the models used for object oriented
design in the Booch methodology. The models are intended to capture all necessary design
decisions. However object oriented design can be carried out without using all the models.

To serve the purpose of the author in representing the structure of the Manufacturing and
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Figure 3.5. The ’using’ and "has’ relations in the Booch methodology.

Product models only the static semantics of the logical view model expressed in class dia-

grams has been used.

A class is a set of objects that share a common structure and a common behaviour while an
object is an instance of a class. A class diagram is part of the object oriented design notation
to show the existence of classes and their relationships in the logical design of a system. The
key relationships that are used in the Booch representation are the "using’ and *has’ relation-

ships, as shown in Figure 3.5.

The class diagram notations of the Booch methodology have been used to represent the struc-

ture of the Manufacturing and Product models as described in Chapter 8.

3.5.3. The EXPRESS data modelling language.

The EXPRESS language has been used because no formal method exists within the Booch
methodology for the representation of complex data structures within each class. Therefore

EXPRESS has been used to represent the underlying data structures of the classes defined

in Booch notation.

EXPRESS is a formal non—software dependant language for the representation of data struc-

tures. EXPRESS has been approved for registration as the ISQ International Standard lan-
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guage for information modelling, EXPRESS (1992). EXPRESS is not a programming lan-
guage, but it consists of language elements which allow an unambiguous object definition,
with constraints on the data to be clearly and concisely stated. Classes are specified in EX-
PRESS asentities. The definition of an entity is in terms of its properties, which are character-

ised by specification of a domain and the constraints on that domain, EXPRESS (1992).

The use of the EXPRESS language in conjunction with the Booch methodology to represent

the structure of the Manufacturing and Product models is described in Chapter 8.

3.6. The experimental environment.

3.6.1. C++ and Objectivity.

The Product and Manufacturing models and a design for manufacture environment to pro-
vide concurrent support for injection moulded products have been implemented using pur-
pose written C++ code and DecObject DB, which is an object oriented database system, (a
version of Objectivity). The essential information content and structure of classes of objects,
and the relationships or associations between them have been captured through the attributes

for object classes.

3.6.2. Unigraphics.

The geometry in the Product model is displayed using the Unigraphics V10 Modelling ap-
plication. The core of the Unigraphics application is an exact Boundary representation
(BRep) solid modeller that also allows geometry to be built up using constructive solid ge-

ometry (CSG).
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Chapter 4.

Supporting concurrency in injection moulded product design.

4.1, Introduction.

This chapter presents the key issues in computer support for concurrent design for injection
moulding and the scope of the authors contribution to this area of research is identified. The
chapter then focuses on the main area of the research, discussing the issues involved in a set
~of design for injection moulding applications to support concurrent design for injection
moulding, referred to collectively in thisresearch as an Injection Moulding Strategist or IMS.
In order to support this work some investigation has been required in the area of features sup-
port, where the feature structures are effectively captured in the information modelling envi-
ronment, to provide for the information modelling support requirements of an injection
moulding strategist. The key issues in computer support for concurrent design for injection
moulding are identified in section 4.2. The issues involved in an Injection Moulding Strat-
egist are identified in section 4.3, and those involved in features support for an injection

moulding strategist are identified in section 4.4,

4.2, Issues in Design for Manufacture support for concurrent design.

Conventionally the design process has considered the various design viewpoints sequentially
and the manufacturing consequences of functional decisions have not been considered early
enough in the design cycle. The functional definition of the product would be refined through
interaction with process experts, to achieve a manufacturable product deﬁ’nition. In the tradi-
tional design process manufacturability of the product definition is therefore limited by the
form of the initial product definition, which is the input to the design for manufacture pro-
cess. Historically design for manufacture (DFM) has reflected this approach, providing sup-
port for individual areas of the productlife cycle, eg design for assembly Dewhufst and Boo-

throyd (1987). This problem is exacerbated in injection moulding because design for
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injection moulding (DFIM) involves not only design of the product, but also of the mould.
Therefore sequential approaches to design can limit not only the manufacturability of the
product, but also of the mould because the main input to the mould design process is the al-
ready designed product. Thus the traditional method of injection moulding design can re-
quire many iterations of the design process before an acceptable design is achieved. Each
time there is a conflict between the viewpoints considered in the design, eg design for func-
tion, design for mouldability, mould design, design for mould manufacturability etc another

iteration may be required to resolve conflict,

Research into software support tools for injection moulding design have been in two general
areas; mathematical modelling tools or computer advice systems using Al techniques. Math-
ematical modelling tools are simulation programs that simulate the flow of plastic in the
mould so that a designer can identify potential weld lines, areas of shrinkage, unfilled areas
of the mould etc, eg Mouldflow, Austin (1994) and CADMOULD, Michaeli and Galhusckla
(1994). This information can be used to optimise the gating positions on a product and to
balance the gating and runner systems. Other programs simulate heat flow in the mould to
assist the designer in choosing the configuration of the cooling sysfem or to anticipate com-
ponent warpage, eg C-MOLD, Ni and Guinn(1994). Mathematical simulation programs do
not provide advice on design decisions, but are useful in providing the designer with informa-
tion on the effect of different design scenarios without actually building a mouid. Since si-
mulation programs rely on simplifying assumptions, the results may be inaccurate. However
aslong as this is accounted for by the designer when using the program they are useful design
tools. This thesis does not consider the area of mathematical simulation tools, but investigates

the area of advice support for concurrent engineering using Al techniques.

Computer support forinjection moulding based on Al techniques has typically addressed de-
tail arcas within the overall process. For example: design for mouldability, eg Cutcosky et
al (1993), design of feeding systems, eg Cinquegrana (1990)a, (1990)b, Irani et al (1990),

design of cooling systems, eg Irani et al(1990), consideration of component ejection, eg Mo-
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shizuki and Yuhara (1992), Hui and Tan (1992) , and selection of mould plates Kang, Kim
Chong—won Lee (1990), Irani et al (1990), Cinquegrana (1990)a, (1990)b. The above sys-
tems capture engineering knowledge for their specific areas but do not consider interaction
between areas which impinge on product and mould design. The following authors have ex-
plored interactions in product design by concurrently considering different aspects of the the
life cycle, Gadh et al (1992), Ishii (1992) Hambaba et al (1992), Hanada and Leifer (1989).
Although these systems provide a level of design and manufacturing information, the in-
formation that they use is captured within an application that analyses a particular area of the
design process and is not accessible by other applications. For example Ishii et al (1989) and
Ishii and Hornberger (1991) implemented a computational model for design review that uti-
lised Design Compatibility Analysis (DCA). This was achieved by simultaneously evaluat-
ing a candidate design from multiple viewpoints, providing an expert for each of them. Hana-
da and Leifer (1989) implemented a knowledge based system that represented a plastic part
and mould design knowledge, and linked it to a CAD system. Their approach aims to have
different knowledge domains that could be simultaneously accessed when design decisions
are made. The above systems capture design and manufacture information in a software ap-
plication which represents a specific perspective on the design process, rather than that in-

formation being the kernel of the system.

The author takes the view that the kernel of a design for manufacture system can be defined
as the source of product and manufacturing information which must be available for each
application, To provide an appropriate design support tool based on this approach there are
anumberof issues that need to be resolved. The critical issues significant for the authors work

arc:

* How caninteracting software applications, which are data driven, be
structured to provide information to support design and manufactur-

ing decision making in a concurrent manner?
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» Canalternative feature representations be effectively used to support

the alternative viewpoints needed in design for injection moulding?

4.3. Interactions within a set of injection moulding strategist applications.

Design for manufacture is a process oriented activity, and to bridge the (DFM) gap involves
the simultaneous design of the product and the process to manufacture them, Cutcosky, Ten-
enbaum, Muller (1988). Therefore the important task of an intelligent Computer Aided De-
sign (CAD) system would be to make useful and relevant manufacturing knowledge avail-
able to the designer early in the design process, Dixon (1988). If manufacturing
consequences of a design are considered early in the design process, the product definition
is produced as the output of the disciplines involved in design for function and design for
manufacture, rather than as an output of functional design and an input to design for manufac-
ture. It is the view of the author that the objective of concurrent deéign for manufacture soft-
ware should be to provide manufacturing consequences as the designer builds up the func-

tional geometry of the product.

In order to explore data driven concurrent design for injectioh moulding, the main focus of
this research has been to investigate the functionality and structure of a set of injection
moulding strategist applications, in order to make use of the Manufacturing model and Prod-
uct model to provide the designer with design for injection moulding information in the form

of feedback advice on part mouldability and mould design.

The research addresses the following issues in relation to design for manufacture work:

» To what extent can injection moulding strategist applications inter-
act concurrently to provide alternative views of the product as it is

designed?
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» How should injection moulding strategist applications interact with

a Product and a Manufacturing model?

The authors investigation of these issues has led to the exploration of the functionality ofan
injection moulding strategist as described in Chapter 5, and also into the role of the strategist
in providing a translation capability between different views of product data, as described

in Chapter 7.

4.4. Representing product and manufacturing data to support design for

injection moulding.

The following work has been carried out in the area of features technology to support the
investigation described in section 4.3, The author has investigated the appropriate sets of fea-
ture types to support the alternative viewpoints needed in design for injection moulding. The
feature structures identified are effectively captured within the information mO(-ielling envi-

ronment and are therefore part of the Product model or the Manufacturing model.

With respect to features in the Product model, Kjellberg and Schmekel (1992) explored the
issue of parallel representations of the product to allow for the different viewpoints in the
product development chain. The representations had to be updatable, able to be interrogated
and have consistent relationships with the other representations. Kjellberg and Schmekels
product representation is based on structures of functions, physical principles and solution
principles. The structure of the functions specifies the product functionality, the structure of
the physical principles specifies the physical behaviour of the product, and the solution prin-
ciples specify the technical solution which has the specified behaviour and fulfils the required
functionality. It was considered important by Kjellberg and Schmekel to handle relations be-
tween models effectively, and a data structure in the Product model is advocated to maintain

consistency between representations.

Whilst the author agrees with Kjellberg and Schmekel, that functionality is captured in the
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Product model, the interactions that take place to support concurrency are part of the strat-
egist, rather than a data structure in the Product model. Therefore this research addresses the
consistency problem within the strategist issue of how to use the interaction of Product model
information on the product current state, and manufacturing process capabilities data from

the Manufacturing model, in order to support concurrent design for injection moulding.

This research addresses the following issues in relation to features in the Product model:

* What alternative sets of feature types are required to represent the

manufacturing views of a product?

* Can a set of feature types be defined to represent the functionality

of the product?

* What links are required between feature types instantiated in the

Product model to capture the data generated by the strategist?

With respect to features in the Manufacturing model, Al-Ashaab (1994) created a Manufac-
turing model for design of injection moulding parts which supported interacting design ap-
plications from multiple viewpoints, ie design for mouldability, mould design and moulding
machine calculation. Using an interface the desigﬁer was able to build up the product using
mouldability features and receive feedback on the consequences of design decisions for
mouldability, for the mould and for the requirements of the moulding machine. Investigating
the provision of an injection moulding strategist, capable of providing support for concurrent
product and mould design has led the author to explore the appropriate sets of feature types

to provide extended information structures that go beyond that of Al-Ashaab (1994)

The limitations of the work were that the designer was constrained to using mouldability fea-
tures to define the shape of the product, and therefore there was no interaction between func-
tional and manufacturing constraints. Also because the interface was focussed on demon-

strating the principles of 2 Manufacturing model, the product was defined in terms of two
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dimensional feature parameters. No geometry or geometrical relationships were evaluated,
and the system considered only simple 2D shapes. Since the geometry of the mould is de-
pendant upon that of the product, no direct Iink could be established between the product and

the mould.

This research addresses the following issues in relation to features in the Manufacturing

model:

* What is an appropriate set of feature types to capture mouldability
in order to support evaluation of geometry and geometrical relation-

ships?

* What are the appropriate sets of feature types to capture the alterna-
tive ways of configuring an injection mould in order to support

evaluation of geometry and geometrical relationships?

The authors investigation of the issues in this section has led to the exploration of features
technology to support the interactions of injection moulding strategist applications, as de-
scribed in Chapter 6, and also of the structure of a functional model termed the *Product
Range Model’ representation to capture functional constraints, as described in Chapters 6

and 7.
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Chapter 5.

Defining the functionality of an injection moulding strategist.

5.1. INTRODUCTION.

This chapter discusses the problems involved in defining the functionality of an injection
moulding strategist. The authors investigation into the required functionality of software
support tools for concurrent design for injection moulding using an IDEFQ activity model
is described. This investigation has led to the definition of an implied structure of a support
tool for concurrent design for injection moulding, which is presented. This structure is the
basis for subsequent investigations described in the remainder of this thesis. The defined sup-
port tool structure has enabled the definition of the information model support requirements
to facilitate functionality, and these are also presented and are used as the basis for subsequent
investigations described in the thesis. Section 5.2 discusses the implications of concurrent
design for injection moulding software support tools, and in section 5.3. the authors inves-
tigation into concurrent design support for injection moulding design is presented. Section
5.4 discusses the perceived structure of a support tool for concurrent design for injection

moulding based on the above.

3.2. THE IMPLICATIONS OF CONCURRENCY FOR DESIGN
SUPPORT TOOLS.

The product and the mould can be seen from different viewpoints, depending on the stage
of the design process. For example a designer may look at the product with a view to achiev-
ing the functionality by satisfying the product specification, and mouldability may be con-
sidered separately. With respect to the mould design, a designer may consider the cavity or
core design, and not consider feeding or cooling until a later stage. The activities involved
in injection moulding design are shown in Figure 5.1. Concurrency in injection moulding

design implies the concurrent interaction of the activities within product design, the concur-
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Figure 5.1. Viewpoints in injection moulding design.

rent interaction of all the activities within mould design, plus concurrency of the product and
mould design process. However each activity in injection moulding has inputs that are re-
quired before the constraints of that area can be considereci. Some of these inputs may be out-
puts from other activities. The initial phase therefore of defining the functionality and in-
formation requirements of a data driven injection moulding strategist application is to
understand the activities in injection moulded design as a clearly defined set of activities, plus
the information flows between them. To achieve such an understanding requires a formal
method of representing the design support process. This can provide the basis for an inves-
tigation into the structure and functionality of software applications to support the concurrent
design process. The author has created a formal representation of the design support process

for injection moulding as described in section 5.3.
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5.3. SIGNIFICANT INTERACTIONS IN DESIGN FOR INJECTION
MOULDING.

5.3.1. Activity modelling to identify potential interactions.

An IDEFQ activity model of concurrent support for injection moulding design has been built
by the author, and the relationships therein are analysed in the next section. The model in its
entirety is shown in Appendix 1. The modeling activity has been supported by discussions
with people in industry about their design methods for injection moulding, and by the use
of literature about the methodology and considerations in injection moulding product and
mould design. The activity model has enabled the author to break down the design support
process into its constituent parts. This has provided a view of the key activities and their rela-
tionships. The activities identified from the model have provided a basis from which to begin

the investigation of how concurrent design software support can be achieved.

From the IDEF0 model in Appendix 1 it has been possible to identify the possible areas for

concurrent interactions as:
1. Within product design.
2. Between product and mould design.

Also no concurrency has been identified between or within the key areas (within mould de-

sign) of cavity, core, feeding system, cooling system, ejection system or mould plate design.

Using this initial contribution the functionality of an injection moulding strategist has been

identified as described in the following sections.
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5.3.2. Interactions between product functional design and design for

mouldability.

During product development, functional product geometry must be interpreted by the injec-
tion moulding strategist {IMS) in terms of the equivalent mouldability representation. At
each juncture the IMS must analyse the functional data, and provide feedback to the designer
with réspect to the consequences for mouldability of each modification. The designer must
be able to modify the product representation in response to mouldability feedback, and any
changes in the mouldability geometry must result in the equivalent change to the functional
representation. Alternatively the designer must be able to ignore manufacturability advice

and continue the design process.
5.3.3. Interactions between mouldability and mould design.

During product development, mouldability data must be interpreted by the IMS in terms of
the equivalent mould cavity and core geometry. At each juncture the IMS must identify the
equivalent mould geometry, and provide the designer with feedback with respect to the
consequences for mould design of each modification to the product. The designer must be
able to modify mould geometry in response to mould design feedback, and any modification
of mould geometry must result in the equivalent change to the geometry of the injection

moulded product definition.

5.3.4. Interactions between mould design and mould system element

~design.

During product development, the mould cavity and core geometry must be used by the IMS
to identify the most suitable configuration for other mould system elements. At each juncture
the IMS must identify the mould system element geometry, and provide the designer with

feedback with respect to the consequences for mould system element design of each modifi-
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Figure 5.2. Interactions within injection moulding design.

cation of the product. The designer must be able to modify mould geometry in response to

mould design feedback, and any modification of mould geometry must result in the equival-

ent change to the geometry of the injection moulded product definition.

5.4.THE PERCEIVED STRUCTURE OF AN INJECTION MOULDING
STRATEGIST TO ENABLE INTERACTIONS.

In view of the interactions identified above the support applications within the IMS are
grouped into three areas; mouldability, mould design (cavity/core) and mould system el-
ement design, as illustrated in Figure 5.2. In order to enable the interaction of functional and
mouldability constraints the mouldability support applications must interact with a func-
tional design interface outside the IMS. As identified in the modelling activity, each of the
three main areas within the IMS must have interactions between themin order to support con-
current injection moulding design. From the above, within the context of the MOSES system,
the implied structure of the IMS application is shown in Figure 5.3, whereby mouldability
support applications are grouped together as are the mould design and mould system element
design support applications. This reflects the relationship between product and mould design

identified in the IDEF0 modeling activity.
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Figure 5.4. Strategist and information model interactions.

The information model support required to facilitate the strategist functionality, is as shown
in Figuré 5.4. A Manufacturing model is required to provide general injection moulding pro-
cess capabilities data. A representation is required to support the functional interface in the
association of function and form, and to capture functional constraints, In this thesis this
representation is termed the 'Product Range Model’. Another representation, termed the

"Product Model’, is required to represent the product and mould from all design viewpoints
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as they are built up by the designer. This model must be populated in such a way as to facilitate
the association of the product specific data therein with the general injection moulding pro-
cess capabilities data in the Manufacturing model and with the functional constraints in the

Product Range Model.

From the evaluation of the strategist structure the requirements to achieve concurrency have

been identified as:

i) An updatable representation in the Product model is required in terms of each viewpoint
which is considered by aninjection moulding strategist application, This requires a definition

of the features types to represent each viewpoint.

ii) In order to provide feedback support to the designer with respect to multiple viewpoints
in design a major requirement of an injection moulding strategist is to provide a translation

between the viewpoints within injection moulding design.

iii) The manufacturing data representation in the Manufacturing model must be in an ap-
propriate form to enable the association of general process constraints data with instantia-

tions of feature types in the Product model.

iv) A representation is required of functional data in the Product Range Model. This must
be in an appropriate form to enable the association of functional constraints data with instan-

tiations of feature types in the Product model.
The successful support of concurrent design for injection moulding can be attained if each

of these requirements are met. Each of the elements of design for manufacture support de-

fined in this chapter are discussed in the following chapters.
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Chapter 6.
Exploration of feature types to support interaction

between strategist applications.

6.1. INTRODUCTION.

This chapter discusses the contribution made by the author to features technology in the inter-
action between design for function and design for injection moulding. The problems in-
volved in providing manufacturability feedback during functional design are discussed, to-
gether with the authors analysis and the definition of appropriate sets of feature types to
support interactions between strategist interactions. The remainder of this chapter is divided
into two sections: Section 6.2 discusses the use of features in injection moulding design, the
role that they have in the present research, and the requirement for a range of alternative fea-
ture representations. Section 6.3 discusses the authors definition of a set of feature types for

each viewpoint within injection moulding design.
6.2. FEATURES IN INJECTION MOULDING DESIGN.

From the literature survey, intelligent design for maﬁufacture CAE systems must reason
about the topology élnd geometry of designed artifacts. Therefore a sufficient representation
of geometry is akey issue, as highlighted by Cunningham and Dixon (1988). Since feasoning
isin terms of features, representation should also be in terms of features. Geometric features
are a very importaht partof product generation and according to Gadh and Prinz (1992), typi-
cally four categories of geometric feature knowledge are required: (a) feature parameters eg
boss diameter, rib thickness etc, (b) feature relations such as distance and orientation between
two features, (c) feature interactions, eg one feature rests on another, (d) topological entities
on a feature (faces, edges, vertices). In the authors exploration, these four views seemed to

be appropriate to the application of features technology to design for injection moulding. The
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Figure 6.1. The mouldability features set of Al-Ashaab.

authors work goes further than that of Gadh and Prinz who considered only the representation
of form features, whereas the authors work has considered the representation of multiple

viewpoints using features.

Features are valuable in a data driven design support application because they facilitate the
grouping of design data and its association with particular geometry. Thus the relevant data
can be placed into an appropriate representation. In the authors research the data is stored in
information modeis, either a Product model or a Manufacturing model. In this way general
process constraints in the Manufacturing model and functional constraints in the Product
Range Model can be referenced in relation to a given geometry, or combination of geometry
on a particular product in the Product Model. The work represented in this thesis has built
up the work of Al-Ashaab (1994) who developed a Manufacturing model for injection
moulded products based on the set of mouldability features of Cunningham and Dixon
(1988). The features set of Al-Ashaabis shown in Figure 6.1. This Figure shows the different
geometric forms within the mouldability process. A key problem in the authors research has

been to use that process related data and apply it to different products.

In the context of injection moulded product design, manufacturability information concerns
not only the mouldability of the product but also the design of the mould. Therefore the prob-
lem for the author has also included the application of mould design data to the specific prod-

uct. In order to achieve this it was necessary to capture a 3D representation of information
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in order to enable the link between the product and the mould. This goes well beyond the
work of Al-Ashaab who considered only simple 2D shapes. His representation supported
general feedback on the consequences of the product for mould system elements but could
not support the concurrent design of a specific product and mould. The use of 3D geometry
also has implications for the representation of injection moulding process capability a; de-

scribed in section 6.3.3.

To link the design of a specific product and a mould requires a knowledge of the equivalent
cavity/core design, and the design of each of the mould system elements, so that the conse-
quences of design decisions from the product viewpoint may be identified for the cavity/core
and mould system elements and vice versa. The work in this thesis is focussing on geometry
interactions between the elements in injection moulding design. Consideration of each of
these elements effectively provides a distinct view of the manufacturability of the product
and as such each representation requires a separate features description. This research has
investigated support for the design of the following mould system elements; cavity, core,
feeding system and cooling system in the mould.. The author has therefore considered five
sets of manufacturing features (including the mouldability set). Whilst there are others it is
considered that investigation of interactions between these five is adequate to provide a basis
for the research investigation. In order to limit the scope of this work, only single impression

integer moulds have been considered.

When designing the product it is necessary to consider functional requirements of the product
in addition to mouldability requirements. One route to achieving this through features tech-
nology, is to constrain the designer to using mouldability features, eg Al-Ashaab (1994).
However this represents a major constraint on the design process. It would seem more ap-
propriate to allow the designer to design with features that provide the appropriate function-
ality for the product. This means that to offer manufacturability feedback to the designer a
means is required of translating from the functional definition of the product to the mould-

ability definition. Thus, there is a requirement for a set of functional
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features in order to group functional design data, and associate this information with the par-
ticular product geometry. Therefore in addition to the manufacturing features, ie mouldabil-
ity, cavity, core, feeding system and cooling system, the author has considered a set of func-

tional features.

The representation of data in the Product model at any point in time represents the current
state of the product and facilitates analysis from all required viewpoints, in order that the
consequences of changes to the product may be assessed from all these viewpoints. While
there are many attributes of a product that need to be considered in a design process, a basis
for analysis between viewpoints is required. In this work the geometry is assumed to be the
central attribute through which all viewpoints interact. Therefore each viewpoint of design
must be able to be associated with the product form as it is developed, so that changes can
be assessed with respect to new geometry and the combination of new and existing geometry.
In this way translation between viewpoints can be achieved via a common association with

the form..

Previous approaches to translation have been either i) to define the functional geometry in
aconventional CAD system and then progressively replace each section of the geometry with
a selection from a manufacturing feature library eg Cutcosky et al (1988), Hanada and Leifer
(1989), Torbenhenau and Lianchum (1993), or ii) to bridge the gap between viewpoints in
design using CAD, for example by taking a functional design geometry and changing itto
a finite element representation for mouldflow analysis, or creating an offset cavity represen-
tation from the whole geometry of the product, eg Cinquegrana (1990)a, (1990)b, Tseng et
al (1994), Gerdes, Webb, Chassapis (1994). The above translations provided feedback with
respect to multiple viewpoints in design, but feedback was based on the whole product ge-
ometry, which had to be converted before feedback could occur from each viewpoint. Addi-
tionally there was no way of translating back to the previous representations and therefore
it was not possible to re—examine an early viewpoint due to changes from a viewpoint later

in the product life cycle. Thus there was no true interaction of functional and manufacturing
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constraints and true concurrency was not possible.

The author takes the view that the form features representation should provide the basis for
linking of specific design viewpoint data. In this way the definition of a product from a par-
ticular viewpoint is a combination of the viewpoint specific data and the form. Whilstin other
areas of application, for example machining, using common geometric features to relate
viewpoints has had limited success, (Young and Bell (1993)), in the authors investigation of
injection moulding it appears to be an appropriate approach. It is considered by the author
that if viewpoint specific design data is linked to a common instance of form as other view-

points, then backtracking is possible to earlier viewpoints in the product life cycle, and it is

possible to support the proper interaction of functional and manufacturing constraints.

6.3. DEFINITION OF FEATURE TYPES TO ENABLE INTERACTION
BETWEEN STRATEGIST APPLICATIONS.

6.3.1. A form features set capturing interaction constraints.
6.3.1.1. Basic form features set.

A setof forms has been derived from the rotational product ranges used in the research inves-
tigation. An illustration of these basic form features used in the research is shown in Figure
6.2. The forms are rotational wall, hollow rotational wall, spaced holes, spaced bosses,
spaced ribs. Although Figure 6.2 shows a very restricted set of geometric forms, these forms
are an adequate set to describe the rotational products used in the authors investigation and

form the basic set for the majority of rotational products.

The author takes the view that the form features provide the common data that each design

viewpoint shares. However in the investigation of form features, it has been found that ge-
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Figure 6.2. Identification of basic forms from case study product ranges.

ometry alone is not enough to support reasoning between the injection moulding design
viewpoints. A critical aspect of a form feature, in addition to its geometry, is its relationship

to other forms, and therefore there is a need to capture the relationships between forms.

Other authors who have considered form features and form feature relationships have looked
at capturing form feature relations within specific design viewpoints. For example Mantyla
et al (1994) identified the need to identify the relationships between forms, but this require-
ment was investigated in the specific viewpoint of functionality. Similarly, Dixon (1988) in-
vestigated the identification of relationships between forms in the specific viewpoint of
mouldability. The representations of the type described by Mantyla et al (1994) and Dixon
(1988) are important, and are also investigated in this thesis, shown in chapter 7. However
this data is not adequate if the form features set provides a common data source for multiple
design viewpoints, as it is not accessible or appropriate for other design viewpoints. There-

fore extra data on form feature relationships that is viewpoint independent is required.

One way of achieving the viewpoint independent data relationships is to provide an enhanced

form features set which captures the way in which one form feature can relate to another. The
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authors investigation into the problems involved in inter form relationships is discussed in
section 6.3.1.2 and the definition of an enhanced form features set is described in section

6.3.1.3.
6.3.1.2, Inter form relationship problems,

An important éttribute of any form feature is the way in which it can be connected to other
form features, termed in this research the inter form relationship. The problem posed in the
interaction of form features is that the connectivity between one form feature and anothercan
be changed by their relative movement or the application of tapers to one or both features.
For connectivity to be maintained it is important that the appropriate alignment is maintained
between abutting faces on the form features. The ways in which breakdowns in connectivity
can occur is dependant upon the spatial relationship that exists between the form features and

the types of form feature involved.

There is a limited number of inter form relationships which can occur between form features
in a rotational product. The author has identified six significant inter form relationships
which occur frequently in rotational products, and the way in which form features can in-
terrelate within them. These are illustrated in Figure 6.3, using a simple pot and a shallow
plastic ring as examples. The six inter form relationships identified are A) a relationship
where one hollow rotational wall is totally enclosed by another and aligned to the baﬁe, B)
a relationship where one hollow rotational wall is partially enclosed by another and the tops
are aligned, C) a relationship where a rotational wall closes off a hollow rotational wall and
the outside surfaces are aligned, D) a relationship where a hollow rotational wall is placed
onto the flat surface of a rotational wall, E) a relationship where one hollow rotational wall
is closed off by another and the outside surfaces are aligned, F) a relationship where one hol-
low rotational wall is totally enclosed by another and aligned to the top. The problems of con-
nectivity with respect to the above relationships and the definition of the resulting enhanced

form features set are described in the following sub sections.
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Figure 6.3. An enhanced form set is required to capture inter form relationships.

Inter form relationship F

6.3.1.2.1. Inter form relationship A.

Figure 6.4 illustrates inter form relationship A. It can be seen by looking at the relative posi-
tion constraints’ that fof this type of inter form relationship it is important that the base of
the outer feature is flush with the base of the inner feature. If the inner form feature is not
fully enclosed by the outer form feature, a thinning of section occurs at the point of contact
between the two. If the inner form feature is away from the base of the outer form feature,
aredundant feature is created. If the bases of the features are flush then the adding of tapers
has no effect on their connectivity providing both features are tapered at the same angle, as
shown in Figure 6.4 1). The following problems occur if the taper angles are different: If only
the outer form feature is tapered orithas a larger taper angle than thdt of the inner form feature
a loss of contact occurs between the form features as shown in Figure 6.4 ii). If only the inner
feature is tapered or it has the larger taper angle then the features tend to merge together and

the top surface of the inner is reduced as shown in Figure 6.4 iii).

If the bases of the inner and outer form features are not flush then the following problems
occur if tapers are added: If the inner form feature is away from the outer form featu're base

itcan be seen from Figure 6.4. iv) that any taper angle on the outer form feature causes a loss
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Figure 6.4. Characteristics of inter form relationship A.

of contact to occur, whatever the taper on the inner. A taper only applied to the inner form
feature causes the features to merge together and the top surface of the inner is reduced. If
the inner form feature is not fully enclosed by the outer it can be seen from Figure 6.4 v) that
a taper only on the outer form causes a loss of contact to occur, and a taper only applied to
the inner form feature causes the features to merge together and the top surface of the inner

is reduced. Tapering both form features diminishes the extent of contact between the two.

6.3.1.2.2. Inter form relationship B.

Figure 6.5 illustrates inter form relationship B. It can be seen by locking at the ’relative posi-
tion constraints’ that for this type of inter form relationship it is important that the top of the
outer feature is flush with the top of the inner feature. If only part of the outer form feature
encloses the inner form feature, a thinning of section occurs at the point of contact between
the two. If the outer form feature is away from the top of the inner form feature, a redundant
feature is created. If the tops of the features are flush then the following problems occur with
the addition of tapers: A taper applied to the inner form feature, whatever the taper on the

outer, will cause the form features to merge together and the outer form feature may encroach
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Figure 6.5. Characteristics of inter form relationship B.

on the inside surface of the inner form feature as shown in Figure 6.5 i). If a taper is added
only to the outer form feature a loss of contact between the form features will occur, as in

Figure 6.5 ii).

If the tops of the inner and outer form are not flush then the following problems occurif tapers
are added: If only part of the outer form feature encloses the inner form feature it can be seen
from Figure 6.5 iii) that a taper added to the inner form feature, whatever the taper on the
outer, will cause the form features to merge together. The outer form feature may encroach
on the inside surface of the inner form feature and the top surface of the inner form feature
is reduced. A taper added only to the outer form feature causes a loss of contact to occur. If
the top of the outer form feature is away from that of the inner form feature it can be seen
from Figure 6.5 iv) that a taper added to the inner form feature, whatever the taper on the
outer, will cause the form features to merge together. The outer form feature may encroach
on the inside surface of the inner form feature and the top surfaéc of the outer form feature

is reduced. A taper added only to the outer form feature causes a loss of contact to occur.
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5

6.3.1.2.3. Inter form relationship C.

Figure 6.6 illustrates inter formrelationship C. It can be seen by looking at the *relative posi-
tion constraints’ that for this type of inter form relationship it is important that the top of the
lower feature is level with the base of the higher feature, and that the outside surfaces of the
two form features are flush. If the outside surfaces are not flush, a smaller diameter on the
lower form feature causes a thinning of the section at the point of contact or loss of contact
between the features. A larger diameter on the lower form feature creates a redundant feature.
If the top of the lower feature is not level with the base of the higher, a loss of contact can
occur if the lower feature is away from the higher or the lower form feature can encroach on

the inside surface of the higher.

If the outside surfaces of the higher and lower form features are flush then the addition of
tapers has no effect on their connectivity, as long as the lower form feature is tapered in the
opposite direction than the higher, as shown in Figure 6.6 i). However if the lower form fea-

ture is tapered outwards an overhang is created, as shown in Figure 6.6 ii).

If the outer surfaces of the higher and lower features are not flush then the following problems
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occur if tapers are added: If the diameter of the lower feature is greater than the higher, and
aredundant feature has been created, .thc addition of tapers does not change the connectivity,
whether the taper on the lower form feature is applied inwards or outwards, as shown in Fig-
ure 6.6 iii). If the diameter of the lower form feature is smaller than that of the higher it can
be seen from Figure 6.6 iv) that if the lower form feature is tapered inwards the connectivity
is unchanged, whereas if the lower feature is tapered outwards the connectivity situation can

be improved by increasing the extent of contact between the two form features.

6.3.1.2.4. Inter form relationship D.

Figure 6.7 illustrates inter form relationship D. It can be seen by looking at the "relative posi-
tion constraints’ that for this type of inter form relationship it is important that the top of the
hollow form feature is level with the base of the flat feature. If the top of the hollow form
feature is lower than the base of the flat feature, a loss of contact occurs. If the top of the hol-
low form feature is too high it can encroach on the opposite surface of the flat feature onto
which it was "placed’. It can be seen from Figure 6.7 that the addition of tapers to one or both
form features has no effect on the connectivity of the forms whether the relative position con-

straints are achieved or not.
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Figure 6.8. Characteristics of inter form relationship E.

6.3.1.2.5. Inter form relationship E.

Figure 6.8 illustrates inter form relationship E. It can be seen from the Figure 6.8 that the
relative position constraints’ and the effects of relative movement and taper additions are
identical to those in Figure 6.6. Inter form relationship E involves two hollow rotational
walls, whereas Figure 6.6. shows an inter form relationship between a hollow rotational wall

and a rotational wall.
6.3.1.2.6. Inter form relationship F.

Figure 6.9 illustrates inter form relationship F. It can be seen by looking at the "relative posi-
tion constraints’ that for this type of inter form relationship it is important that the top of the
outer feature is flush with the top of the inner feature. If the inner form feature is not fully
enclosed by the outer form feature, a thinning of section occurs at the point of contact be-
tween the two. If the inner form feature is away from the top of the outer form feature, a re-

dundant feature is created. If the tops of the features are flush then the following problems

96



Effect of tapers if tops aligned Effect of tapers if tops non aligned

i) Taper Inner form only 1if) Inner form away from top of outer

‘Taper Inner form only
I = reduced combined top - reduced top surface of
’ la ia sarface of form fe:tuml inher foature
| g ii} Taper outside or both — any angle Taper °"t':::;:°th "E'“k
Inter form relationship F ~ increased combined surface of innor feature

surface of form Eunuu - incroased top surface of
- reduced underida outer form festure
surface of inrer fosture - incroased outer diameter
~ inereased outer dismeter _ofuer feamure

g of ouwr fosture B “;::LM“ of

) Iv) Inner only partly enclosed by outer
Tupir Intar fort only

Relative position constraints
ia = reduced top surfacs of
redundant feature severely thinning section outer feature

Taper oul.llde or both -luy ang

ﬁ lmflm of irner funuu
= increased top surface of
outer form featwe

- incremsed outer dismeter
of ouor feature

Figure 6.9. Characteristics of inter form relationship F,

* occur with the addition of tapers: A taper applied to the inner form feature will caﬁsc the form
features to merge together and loss of the features combined top surface as shown in Figure
6.91). If a taper is added to both form features or only to the outer form feature it can be seen
from Figure 6.9 ii) that the underside surface of the inner form feature is reduced. The com-
bined top surface of the form features and the outer diameter of the outer form feature are

increased

If the tops of the inner and outer form are not flush then the following probléms occurif tapers
are added: If the inner form feature is away from the top of the outer form feature it can be
seen from Figure 6.9 iii) that a taper added only to the inner form feature will cause the form
features to merge together and the top surface of the inner form feature is reduced. A taper
added to both form features or only to the outer form feature causes the underside surface
of the inner form feature to be reduced. There is an increase in the top surface and outer diam-
cter of the outer form feature, and a reduction in the top surface of the inner form feature.
If the inner form feature is not fully enclosed by the outer form feature it can be seen from
Figure 6.9 iv) that a taper added to the inner form feature will cause the form features to
merge together and the top surface of the outer form feature is reduced. A taper added to both

form features or only to the outer form feature causes a reduction in the underside surface
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Figure 6.10. Inter form relationships associated with enhanced form features.

of the inner form feature. The top surface and outer diameter of the outer form feature is in-

creased.

6.3.1.3. A set of enhanced form features which enable'inter form

relationships.

In order to identify an enhanced form features set to capture inter form relationships the
author has characterised the spatial relationships between the form features in inter form rela-
tionships A) to F), as shown in Figure 6.10. For the inter form relationships described in the
previous sub secttons to be useful, there is a need to capture within individual form features
the relevant attributes that enable the identification of these relationships. Therefore the
author has defined enhanced form feature types which reflect one form features spatial rcla;
tionship with another. The enhanced form feature set contains the following:— side wall,
flange, lip, base wall,base feature, spaced bosses, spaced ribs and spaced holes, as shown in
Figure 6.11. The nature of each enhanced form feature type which captures one form features

spatial relationship with another is described below:
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Figure 6.11. The enhanced form features set used in the research.

A side wall feature is the main body of a rotational product. A side wall can be ’partially en-
closed’ by another form feature and it can be “closed off’.
A flange feature can "partially enclose’ and can ’close off” other hollow rotational form fea-

tures.

A lip feature can completely enclose’ other hollow rotational form features.

A base wall has a flat surface and can ’close off’ a side wall.

A base feature is a hollow rotational form feature that is placed on the flat surface of a base

wall.

When considering the spaced bosses, spaced ribs and spaced holes, the only addition to the
basic form features is to capture one significant inter form relationship. The inter form rela-
tionship is the same as that shown in Figure 6.7 if the base feature is replaced by either spaced
ribsor by spaced bosses. If the base feature is replaced by spaced holes the inter form relation-
ship is similar to that shown in Figure 6.7, except the important alignment is between the top

of the group of holes and the top of the flat form feature.
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6.3.2. Functional features.

Fﬁnctional design can be defined as the build up of geometry in the product in order to
achieve the product functionality, eg Suh (1990), (1995), and many authors have defined a
functional feature as a combination of function and form, eg Winjard et al (1992), Schute and
Weber (1993) and Chakrabarti (1993). The authors agrees that a functional feature must be
a combination of function and form and with the implicit assumption of the above, that to
assess geometry with respect to achieving product functionality the function must be asso-

ciated with form.

Previous approaches to the representation of functional design data have been either focussed
on defining a general relationship between function and form, eg Kimura (1994} , Schmekel
(1989), Schute and Weber (1993), or on the use of variant design, eg Dowlatshahi (1992),
Cross (1989), Suh (1990), (1995). Taking the former approach offers support in the authors
work, but it requires a universal set of functional features that is applicable over all products.
If a functional feature is a combination of function and form the definition of such a set is
unlikely as each product type has its own set of functional requirements with its own unique
set of relationships between function and form, Lee and Young (1994)a. The utilisation of
variant design as in the approaches of Dowlatshahi {(1992), Cross (1989} and Suh (1990),
(1995) offers the potential of building up a representation of the functionality of individual
product ranges. Taking this approach would seem an appropriate mechanismto provide alink
to an injection moulding strategist and seems appropriate to the types of product manufac-

tured by the industrial sponsors of this work.

To define a functional features set the author has adapted the approach of Suh (1990), (1995)
who divides overall product functionality into a set of functional requirements which must
be satisfied by a set of design parameters. This approach has been adapted to provide a set
of functional requirements of a selection of injection moulded products. These functional re-

quirements can be associated with the form to provide a means of interaction with the mould-
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ability support application within the injection moulding strategist.

By studying examples of product ranges the author has identified the functions each product |
has to perform and the forms required. An example product is shown in Figure 6.12. The set
of relations between the functions of a product range and the geometric forms that can be used
to achieve each function is stored in the Product Range Model, which is described in Chapter
8. The authors definition of a functional feature is therefore the linking of a function of a
product range and a form feature to achieve the function. This linking is driven by the de-
signer as he builds up the product geometry to achieve a function on a particular product. This
association is supported by the data in the Product Range Model. The structure of the Product

Range Model to support this association is described in section 7.3.

6.3.3. Mouldability features.

For mouldability a group of features can be identified for which the rules are well known,
eg Al-Ashaab (1994) (Figure 6.1), Hanada and Leifer (1989), Dixon (1988), Huh and Kim

(1989). The author has identified a set of mouldability features which are: wall, rib, solid and
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Figure 6.13. Mouldability features taxonomy.

hollow boss, hole, gate position, corner blend, protrusion blend and taper, as shown in Figure
6.13. Mouldability ribs, solid bosses and hollow bosses can be collectively termed 'reinforce-
ment’ features since they can all be used to reinforce product geometry and the design rules
are alsd identical (see Chapter 8). Consideration of weld lines, ejection positions and parting
line, which were included in the mouldability features set of Al-Ashaab (Figure 6.1), re-
' quires information on the configuration of the mould and therefore they cannot be considered
at the mouldability design stage. The work of Al-Ashaab did not result in a mould design
and therefore these elements Were considered at the mouldability design stage using assump-

tions about a possible mould design.

The author has defined a taper as a separate mouldability feature as opposed to an attribute
of a wall. A wall feature can be associated with varying geometry, and the way in which a
taper is applied is dependant upon the nature of this geometry and its relationship with sur-
rounding geometry. Thus a taper cannot just be applied to a mouldability feature, but is ap-

plied to one face or a set of faces.

The mouldability features set of the author has two types of blend, a protrusion blend and
a corner blend. This is because when using 3D geometry a blend between two wall features
(corner blend) has different parameters and mouldability process constraints than a blend be-

tween a wall feature and a rib feature or between a wall feature and a boss feature (protrusion
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blend). The different mouldability process constraints for a corner blend feature and a protru-

sion blend feature are described in Chapter 8.

Only the mouldability features shown as ’primary’ in Figure 6.13 have a direct relationship
with form, ie only the wall, rib, solid and hollow boss and hole exist as aresult of the existence
of form. Other "secondary’ mouldability features exist as aresult of the creation of a primary
mouldability feature or a combination of primary mouldability features. The problem of
translating between form features and the secondary mouldability features is discussed in

section 7.4.

6.3.4. Cavity and core features.

As illustrated in Figure 6.14, in order for concurrency to occur between product and mould
design a link must be established between the mouldability features and the cavity and core
features, S0 that the meaning of changes to one viewpoint can be identified for the other.
Additionally it must be possible to re-examine the mouldability viewpoint with respect to
the consequences of cavity and core design decisions. Therefore a cavity and a core features

set that provide a basis for such links to the mouldability viewpoint must be identified.

All previous work on creating a cavity representation has taken the approach of subtracting
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the complete product geometry from the standard mould plate. Some authors have used solid
geometry eg Cinquegrana (1990)a, (1990)b, Tseng et al (1994), and some surface representa-
tions, eg Rho et al (1990), Gerdes, Webb, Chassapis (1994). None of the above work has ad-
dressed the issue of cavity design modification as the product geometry is developed, for

example in order to eradicate undercuts in the mould.

Where the generation of mould cores has been addressed the whole product geometry has
been the input to the process and core blocks are created using Boolean operations in a solid
modeller, eg Kang et al (1990), (1992), Tseng et al (1994). Only simple shallow components
have been examined eg Kang et al (1990), (1992), or components with simple geometry and
hence no undercuts, eg Tseng et al (1994). Some work has examined the identification of
possible parting directions on the complete component based on undercut detection, eg Mo-
chizuki and Yuhara (1992), Hui and Tan (1992), (1994). However this work is focussed on

complex algorithms for retrospective examination of the whole product geometry.

It has been identified by the author that the use of geometry alone as the input to cavity and
core design breaks the link between the structure of the product geometry and that of the cav-
ity and core, and there is no way back to re—examine mouldability in response to changes to
the cavity or core. It is considered by the author that re—examination of the mouldability
viewpoint with respect to cavity/core changes is only possible if a link can be established be-
tween the individual parts of the mouldability geometry and the corresponding parts of the
cavity and core geometry. Therefore the cavity and core features set have been identified by
the anthor to provide a basis for such links between mouldability geometry and that of the
cavity and core. The author has identified a set of cavity "impression’ features, which are:
cavity volume, cavity rim, cavity slot, cavity hole, cavity boss, cavity blend, cavity taper and
cavity group volume, as shown in Figure 6.15. A set of core *impression’ features has been
identified, which are: core volume, core rim, core slot, core hole, core boss, core blend, core
taper and core group volume, as shown in Figure 6.16. The interaction of the cavity and core

‘impression’ features with the mouldability features set is discussed in chapter 7.

104



Integer cavity impression

Cavity rim Cavity boss Cavity slot Cavity taper
(=ve)

Cavity volume  Cavity hole Cavity blend
= @

Figure 6.15. Integer cavity impression features.

Integer core impression

Cote rim Core boss Core slot Core taper
= RO R
Core volume Core hole Core blend
(-ve)

2

Figure 6.16. Integer core impression features.

Feeding_system

1

Cooling_system Guide_system

2= gl

Ejection_system

Figure 6.17. A link is required between the cavity/core
and the other mould system elements

105

Venting_system




translated from.

Mould
ability
requires
———tsemaluien,
translated from Q g
Guide
system
requires accommodation
Key mquires ejection
= Dependancy relation
Ejection

system

Figure 6.18. Multiple relationships between mould system elements

In order for concurrency to occur between product design and all the viewpoints in mould
design, the cavity and core features sets must provide a bridge between the product geometry
and the mould system elements. As illustrated in Figure 6.17, to provide a bridge requires
links between the cavity/core features and the mould system elements, as well as between
the cavity/core features and the mouldability features set. However as shown in Figure 6.18,
a major problem is that multiple relationships exist within the mould between mould system
elements. It can be seen from Figure 6.18 that many of these relationships are not focussed
on the cavity/core and therefore the cavity/core features alone are not sufficient to facilitate
consideration of all viewpoints in mould design and still maintain links to the product ge-
ometry and product design viewpoints. In order to enable the cavity/core to act as a bridge
between the product and mould a method is required of focussing the relationships within

the mould onto the cavity/core.

The author was able to accomplish the focussing of relationships within the mould onto the
cavity /core by combining the features set of the cavity impression and the cavity mould plate
and combining the features set of the core impression and the core mould plate, as shown in

Figure 6.19. With respect to the cavity, the author has identified an expanded cavity features
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Figure 6.20. Complete integer cavity features set.

set which includes the following cavity "plate’ features: cavity block, cavity inner land, cav-
ity peripheral land, cavity backing plate, cavity nozzle recess, as shown in Figure 6.20. The
cavity plate features set includes all entities that can occur in a single cavity integer mould
plate in the form considered in the present work. The interaction of the cavity "plate’ features

with the mould elements and their relationship with the cavity *impression’ features is de-
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Figure 6.21. Complete integer core features set.

scribed in chapter 7.

The core has been treated similarly to the cavity and the author has identified an expanded
core features set which includes the following set of core ’plate’ features: core block, core
inner land, core peripheral land, as shown in Figure 6.21. The core plate features set includes
all entities that can occur in a single cavity integer mould core plate in the form considered
in this work. The interaction of core "plate’ features with the mould elements and their rela-

tionship with the core *impression’ features is described in chapter 7.

6.3.5. Feeding system features.

The feeding system features set must capture all permutations of feeding system type and
configuration available to the designer. The feeding system features set must be such that a
basis is provided for appropriate links between the feeding system geometry and that of the

cavity/core and the product.

All previous work has retrospectively examined the feeding system using the whole product
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geometry as the input. The approach has either been to examine runner and gating systems
in terms of machining features, as the input to an NC machining process planner, eg Rho et
al (1990), or to use simulation techniques to automatically generate the feeding system using
standard parts and predetermined rules on system configuration, eg Cinquegrana (1990)a,
(1990)b. None of the above work has considered the issue of feeding system design modifica-

tion as the product geometry is developed.

In order to allow critical decisions to be taken in support of the design of the feeding system,
and to enable interactions between the design of the product, the cavity/core and the feeding
system, the necessary components of a feeding system features set are considered by the
author to be the gate types, the choice of runner systems, and the main feeding sprue. There-
fore the author has identified a set of feeding system features which includes i) all conven-
tional gate types: ring gate, tab gate, sprue gate, sub—surface gate, diaphragm gate, rectangu-
lar edge gate, overlap gate, fan gate, pin gate, film gate, ii) all conventional types of runner
system: trapezoidal runner, modified trapezoidal runner, circular runner, hexagonal runner,

and iii) the main feeding sprue, as shown in Figure 6.22. The features set in Figure 6.22 is
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the basis for the linking of the feeding system geometry to that of the product and the cavity/

core.

6.3.6. Cooling system features.

The cooling system features set must capture the possible types and configuration of the cool-
ing system, available to the designer. The cooling system features set must be such thata basis
is provided for the appropriate links between the coolihg system and the cavity/core and feed-

ing system.

Similar to feeding system design, all previous work has retrospectively examined the cooling
system using the whole product geometry plus the completed feeding system design as the
input. The approach of previous work has either been to examine cooling systems in terms
of machining features, as the input to an NC machining process planner, eg Rho et al (1990},
or to automatically generate the cooling system using standard parts and predetermined rules
on system configuration, eg Cinquegrana (1990)a, (1990)b. No work has addressed the issue

of cooling system design modification as the product geometry is developed.

The cooling system feature set must represent all the options of cooling system configuration
and geometry for the designer, and allow himyher to decide what configuration and geometry
is most appropriate, given the current state of the cavity/core and feeding system. In order
to allow critical decisions to be taken in support of cooling éystcm design, the author has
identified a set of cooling system features, which are: standard flow way, baffle flow wa.y and
baffle blade, as shown in Figure 6.23. The features in Figure 6.23 are the basic elements of
any cooling system configuration in terms of the geometry inside the mould. The cooling
features set is the basis for the linking of cooling system geometry to that of the product, the
cavity/core and the feeding system, thereby extending design links into the mould system

elements, as described in section 7.8.
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Chapter 7.
Feature translations and application strategies to enable

support for concurrent design for injection moulding.

7.1. INTRODUCTION.

This chapter builds on the work in Chapter 5 by investigating the requirements of the key
modules within the design for injection moulding strategist applications, Each application
has been defined as having a strategy module and a translation module to enable the interac-
tions of applications. In this chapter it is shown possible to define translation routines which
support the interactions between strategist applications. The work described in this Chapter
investigates the detailed functionality of the modules which provide these translation pro-
cesses and the design support strategies. Section 7.2 discusses the need for the general mod-
ule functionality, Section 7.3. discusses the translation process and the design support strat-
egy of the functional interface which provides the initial interpretation of functional design
datainto a form suitable for design for manufacture. Section 7.4 discusses the translation pro-
cess and the design support strategy of the mouldability assessment modules. Sections 7.5
and 7.6 discuss the translation process and the design support strategy of the cavity/core
assessment modules with respect to the cavity and the core respectively. Sections 7.7 and 7.8
discuss the translation process and the design support strategy of the mould system element

assessment modules with respect to the feeding system and the cooling system respectively.
7.2. Overview of module functionality.

7.2.1. Design support strategy.

Research in concurrent injection moulding design support systems typically constrains the

designer to using mouldability features to define the shape of the product, eg Dixon (1988),
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Al-Ashaab (1994}, Hanada and Leifer (1989). Mould design has been considered retrospec-
tively, and the issue of examination of mould design constraints as the product geometry
evolves has not been solved, eg Cinquegrana (1990)a, (1990)b, Gerdes, Webb, Chassapis
(1994), Rho et al (1990). In order to support concurrency, the author takes the view that de-
sign support systems should aim to: i) To provide the designer with manufacturing conse-
quences of functional product geometry as the design evolves. ii) To provide the designer

with all options and consequences for mould design as the product geometry evolves.

To achieve these aims an overall strategy is required to control the interactions of support
applications so that the design process is as concurrent as possible. The limitations imposed
on such a strategy have been identified in Chapter 5, where an IDEFO activity model showed
that all areas of injection moulding design cannot be addressed at once. Thus the elements
of a strategy can only be executed when the appropriate information can be made available.
For example the work in Chapter 5 has shown that whilst product geometry can be available
to support analysis of a product design from multiple viewpoints as the design evolves, a pre-
requisite of mould design is identifying the parting line. Thus concurrent product and mould
design is only possible if at any juncture of product development a parting line can be identi-
fied to enable reasoning about mould design, and also the consequences of mould design

changes for product design can be examined.

The investigation in Chapter 5 led to a general application structure (Figure 7.1) which re-
flects the overall design support strategy. The information limitations on the interaction of
the strategist modules hasled to an overall strategy of the following form: To support concur-
rent product design every change from the functional viewpoint (functional interface activ-
ity) must trigger the mouldability support application to provide mouldability feedback in
response to design changes. Re—analysis (backtracking) must be available at any juncture in
the product design process to re-analyse functionality in response to mouldability or mould
changes. Functional re-analysis must also trigger mouldability re-analysis. The dcsigncr

must also be able to perform a mould design process at any juncture in the product design
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process, and it must be possible to repeat the mould design cycle as many times as required
ateach juncture, so that the designer can examine all options for the configuration of a mould

as the product evolves. A simple flow diagram of this strategy is provided in Figure 7.2.

7.2.2. Translation mechanisms.

Each application strategy is dependant upon the availability of information which it needs

as input. To obtain this information a translation process is required. The requirement is for

translation mechanisms to provide feature instantiations which can be associated with data
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Figure 7.2. Overall design support strategy
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in the information models, providing data input to an application strategy. The application
strategies are driven by the relevant feature instantiations within the Product model and
therefore the requirement of a translation mechanism s principally to provide the appropriate

feature instanttations for each type of strategy.

Consideration of feedback advice potentially can change feature instantiations, and to enable
concurrency these changes must be reflected in each of the corresponding feature types in
the Product model. This is necessary in order that the consequences of design decisions from
one viewpoint can be considered from another. The author takes the view that this feedback
problem can be overcome by the creation of a link between the new feature instantiation and

that instantiation from which 1t was translated.

Translation processes must support each of the application strategies and are therefore re-
quired to provide i) form feature instantiations linked to corresponding functional specifica-
tion data, ii) mouldability instantiations linked to corresponding form instantiations, iii) cav-
ity instantiations linked to corresponding mouldability instantiations, iv) core instantiations
linked to corresponding mouldability instantiations, v) feeding system instantiations linked
to corresponding cavity instantiations, vi) cooling system instantiations linked to correspon-
ding cavity and core instantiations. How each of these translation processes can be achieved

is discussed in the following sections.

7.3. The Functional interface.

Design by feature systems commonly have the drawback of over constraining the designer
by enforcing the use of manufacturing features to build up product geometry. The designer
should be able to construct designs from a functional point of view and therefore the author
takes the view that the product design should be created using a range of functional features.
The work of others has considered functional features by defining form from a functional

viewpoint, eg Shah and Rogers (1988), Winjard et al (1992), but no work has considered the
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interaction of such a features set with separate manufacturing features, whose formis derived
from the manufacturing viewpoint, The focus of the author has been to achieve an instantia-
tion of functional data linked to a separate form instantiation so that geometry can be the cen-

tral attribute through which application strategies interact.

7.3.1. Problems in the instantiation of linked function and form.

The instantiation of linked function and form is the front end of the interaction process be-
tween viewpoints in injection moulding design because this activity is the first to capture the

form. Investigation has revealed the following problems:

i) A source of data is required which allows the designer to select a form feature to achieve

a function.

ii) A method is required of evaluating‘ the functionality of a form feature instantiation.

iil) Specification data must be available against which to evaluate functionality.

iv) Functionality may relate to the relationship with existing geometry as well as the at-

tributes of a new form. A mechanism is therefore required to ensure context setting for new

form feature instantiations.

7.3.2. Use of product ranges to support the instantiation of linked function

and form.

The authors approach to the solution of these problems is based on the use of product ranges.
The first problem was to support the designer with a knowledge of form features which can
be used to achieve a particular function. This can be done by defining a product range which

contains the necessary functions of the product type and the possible forms which can be
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used. An example of this can be found in Figure 6.12.

The problem of evaluating functionality can be overcome by defining a set of constraints
which apply to each function within the product range. The detailed structure of this data to

support the evaluation of an independent form set is discussed in Chapter 8.

Thirdly as the designer builds up the geometry of a product, specification data is required
against which the functional constraints in the product range can be evaluated. The approach
of Shah and Rogers (1988) was to provide a specificationin the product representation, defin-
ing ’technological features’ which contained information relating to performance and oper-
ation, including performance parameters and design constraints. Winjard et al (1992) also
put forward a Product model structure of coupled *technological elements’ and 'form feature
entities’. The approach here uses the specification data for each product function in a similar
way to Shah and Rogers (1988) use of their "technological features’, as follows: The product
range must contain data to support the designer in providing a specification for a product
function. When a designer selects a product range function to be achieved on a particular
product, the specification data provided by the designer is instantiated in the Product model.
The combination of specification data and the linked form feature selected by the designer
- make up the functional representation of the product. An example of these relationships lead-
ing to a build up of a functional representation in a Product model is shown in Figure 7.3.
Product range data is captured in the Product Range Model as discussed in Chapier 8. An
example showing the relationships between the Product Range Model, functional interface

and the Product model is illustrated in Figure 7.4.

A fourth problem is that many functional constraints require a knowledge of adjacent exist-
ing geometry for evaluation of functionality. Therefore the issue of identification of adjacent
geometry must be resolved. This requirement has been recognised by many authors when
investigating the representation of functional constraints, eg McGinnis and Ullman (1992),

Linberg (1992), Sivard, Linberg and Agerman (1993). One option was to use the Product
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model to identify the adjacent form using spatial relationships, as in the approaches of Lin-
berg (1992) and Sivard et al (1993). However this approach does not resolve the problem that
a new instance of a form feature may be adjacent to several existing form feature instances,
and the adjacent form features that affect functionality have to be identified. The approach
taken in this thesis to solve this problem has been to look for the type of adjacent form feature

thatis identified as being significant to functionality in the Product Range Model. By looking
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at example product ranges such as in Figure 6.12 it has been identified that for each form
feature that helps make up the shape of a product, the type of adjacent geometry is dependant
upon the function that it is achieving plus the type of the form feature itself, ie the method
that has been chosen to achieve the functionality. The Product Range Model therefore in-
cludes this data within each productrange function. If several pieces of geometry are adjacent
to a new form feature instantiation in the Product model, only that type of form feature speci-
fied in the Product Range Model as affecting functionality is identified. This method is

shown in Figure 7.5.

7.3.3. Functional design support strategy.

When using product ranges the designer is required to follow a particular design cycle: The
designer is supported in choosing a product function to address from the product range and
in defining a specification for the function. Support is provided in choosing a form type to
achieve the function and functional feedback advice enables the designer to consider the di-
mensions of the form in relation to achieving the functionality. This cycle may be repeated

until the build up of the product is completed. The functional design support strategy which
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supports the design cycle is illustrated in Figure 7.4.

Utilising product range data and the functional design support strategy a functional interface
can be defined which enables the demonstration of the concurrent interaction of functional
and manufacturing constraints as described in the remainder of this text. The structure of the
functional constraints data within the Product Range Model is discussed in detail in chapter
8. Chapter 9 describes the design of an experimental software system that incorporates the

ideas that have been described and discussed above.

7.4. Mouldability assessment.

The author has defined a mouldability features set in Chapter 6 which is modified from that
of Al-Ashaab, as shown in Figure 6.13. Previous work typically constrained the designer to
using mouldability features to define the shape of the product, the forms used by the designer
being defined from the viewpoint of mouldability. In the approach taken by the author a
translation process is required between the independent form features set and the mouldabil-
ity features set, and a strategy is required to support the consideration of the mouldability of
aproduct as the geometry evolves. Translations from form to primary and secondary features

have different characteristic and are therefore treated separately in the following sections.

7.4.1. Problems of instantiation of primary mouldability features.

The problems discussed in this section are how to translate between the set of form features
and the primary mouldability features set. When you look at each form feature in turn and
examine the relations with the mouldability features the potential mappings between form
features and mouldability features can be readily identified, and are illustrated in Figure 7.6.
The authors investigation has shown the following problems in identifying the particular

route to the instantiation of a primary mouldability feature:
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i) For a base feature, a flange, spaced bosses or spaced holes, the mouldability meaning of
the form feature is dependant upon the context of surrounding geometry. Therefore in order
to interpret the meaning of these form features with respect to mouldability, a methodology

for identification of adjacent form feature instantiations is required.

ii) As illustrated in Figure 7.7 for the example of a mouldability wall feature, features of the
same mouldability type may have different geometry. Since geometry is captured in the form
features, the problem to be resolved is to translate parameters of the form feature to the equiv-

alent mouldability feature parameters.

iii) As shown in Figure 7.6, some of the form features representation have a one-to-many
relationship with the mouldability representation. These are spaced ribs, spaced bosses and
spaced holes. Each form feature translates to as many mouldability features as there are
members of the group. The instantiation of the mouldability viewpoint by translation re-
quires consideration of positional and orientation problems of each mouldability feature, and

therefore each mouldability instantiation must be examined as a separate entity.
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iv) In order to instantiate a mouldability feature and provide feedback on its parameters with
respect to mouldability constraints, a knowledge is required of adjacent mouldability ge-
ometry. For example the maximum size of a protrusion feature {rib, solid or hollow bosé) is
determined by the thickness of the adjacent mouldability wall, the optimum thickness of the
wall is determined by the relative thickness of adjoining walls etc. Therefore a method is re-

quired of identifying adjacent mouldability feature instantiations.

7.4.2. A structured methodology for primary mouldability feature

instantiation,

From the previous section, the requirements to be met in translation from the form represen-
tation to the primary mouldability representation are i) identifying adjacent geometry in
terms of form and mouldability in the Product model, i) identifying the mouldability mean-
ing of form features, taking account of adjacent form features where appropriate, iii) manag-
ing one—to—-many relationships between form features and the mouldability viewpoint, iv)
correctly interpreting the parameters of form features when translating to mouldability.

Formulated solutions for each in turn are outlined below:
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i) To achieve translation when a knowledge of surrounding geometry is required, the new
form feature instantiation must be evaluated in the context of surrounding instantiations of
form features, The author has already defined a method in section 7.3.2. which identifies ad-
jacent instances of form feature (Figure 7.5). This method can also be used to identify adjac-
ent mouldability instantiations as long as a two way link bctwecnhthc form and mouldability
feature can be instantiated, (Figure 7.8): The backward link (mouldability—to—form) is
driven by the translation process as a primary mouldability feature is instantiated. Taking the
form feature from which the translation has been made, the adjacent form can be identified
as described in section 7.3.2. The forward link (form—to—mouldability) can then be used to
identify the equivalent mouldability feature of the adjacent form feature. This method is
shown in Figure 7.9. By instantiating the backward link this is available when retumning to
re~evaluate mouldability. The above structured methods solve the problem of identifying ad-

jacent geometry in terms of form and mouldability.

ii) Those form features with more than one mouldability equivalent are base feature, flange,
spaced bosses and spaced holes as illustrated in Figure 7.6. Other form features can be direct-
ly translated to mouldability as only one mouldability equivalent exists, ie base wall, side
wall, and lip always translate to mouldability *wall’ features and spaced ribs always translate

to mouldability ’rib’ features. Given that the adjacent geometry can be identified and spatial
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relationships between existing geometry and new evaluated, translation of base feature,

flange, spaced ribs and spaced bosses is as follows:

It can be seen from Figure 6.13. that the difference between a mouldability *wall’ feature and
a mouldability ’rib’ feature is that the wall exists at the extremity of geometry, ie extending
geometry, whereas the same form away from the extremity, ie reinforcing the geometry, can
be considered to be a ’rib’ feature. Figure 7.10 shows the possible relationships between a
flange and adjoining geometry in the context of a rotational product. If the flange is away
from the edge of geometry, as in Figure 7.10 b), ¢), f), g), the translation is to a mouldability
'rib’ feature, If the flange is on the edge of geometry, as in Figure 7.10 a), d), ), h), the

translation is to a mouldability *wall’.

Figure 7.11 shows the possible relationships between a base feature and adjoining geometry
inthe context of a rotational product. If the base feature is positioned on the edge of geometry,
as in Figure 7.11 b), ¢), the translation is to a mouldability 'wall’ feature. If away from the
edge of geometry, the base feature can be translated either to a mouldability hollow boss’
feature orto a 'rib’ feature, depending on the relationship with the geometry of the base wall.

In the context of a rotational product if the diameter of the base feature is smaller than that
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of the base wall, as in Figure 7.11 d), e), the translation is to a mouldability *hollow boss’
feature, if the diameter is larger, as in Figure 7.11 a), the translation is to a mouldability 'rib’
feature. The above constraints, if captured within a method, solve the problem of translation

from form to mouldability where a form feature has more than one mouldability meaning.

The above translation of the base feature and flange emphasises the limitations of the *design

by mouldability features® approaches of Al-Ashaab (1994), Dixon (1988), Huh and Kim
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(1989) and Hanada and Leifer (1989).

iii) Three form feature types (Figure 7.6) have a one—to—many relationship with the mould-
ability representation, namely spaced holes, spaced bosses and spaced ribs. For these form
features each member of the group translates to a separate mouldability feature. Therefore
there is a requirement to calculate the position of the individual mouldability features and

also the orientation for the individual mouldability rib features.

As shown in Figure 7.12, the position of a spaced holes, spaced Bosses or spaced ribs form
feature is at the centre of a pitch circle diameter around which the group members are posi-
tioned. Group members are equally spaced around the pitch circle diameter with the first
form being at 0.0 on the y axis and at the radius of the pitch circle on the x axis (assuming
the orientation is such that the central axis is z). Therefore the position of each mouldability
feature is calculated around the pitch circle diameter, with the centre of the mouldability fea-
ture on the circle. For a mouldability hole or solid boss this means the central axis is on the
circle, and for a mouldability rib this means the centre of the base is on the circle. For each
mouldability rib feature the orientation angle in radians relative to the x axis is calculated so
that the length of a mouldability rib feature runs parallel to a line from the centre of the old
form feature to the position of the centre of the base of the mouldability rib on the pitch circle
diameter. The translation of spaced ribs, spaced bosses and spaced holes to multiple individ-
ual mouldability features is shown in Figure 7.12. Each individual mouldability feature has
to be dealt with separately with respect to mouldability feedback and interaction with the de-

signer. Potential problems with the above approach are:

For the spaced holes form feature each hole in the group translates to a separate mouldability
hole, unless that hole is positioned oﬁ an existing mouldability solid boss feature, in which
case the translation is to a mouldability hollow boss. The hollow boss is made up of the new
hole and original solid boss. If the translation results in the instancing of hollow bosses, then

the place in the Product model of the solid bosses that existed prior to the translation must
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A. Variable section thickness B. Hole not fully within the solid boss

Figure 7.13. Examples of ambiguities when combining non—coaxial
hole and solid boss into a hollow boss.

be taken by the new hollow bosses. The original solid bosses must be removed from the Prod-

uct model.

The method for identifying adjacent geometry described in 7.2.1. and extended above to
identify adjacent mouldability features, may not identify an existing spaced bosses instantia-
tion in the Product model. For example, if the functional objective for the spaced holes form
was "drainage’ on a flower pot, the method would identify a base wall as the adjacent form
feature, since the holes’ drainage functionality relates to their relationship with the base wall.
Therefore if spaced bosses are not identified as adjacent geometry, checking for existing

spaced bosses instantiations in the Product model is required.

A potential difficulty in combining instances of hole and solid boss to create a single hollow
boss is that they may not be coaxial, resulting (Figure 7.13) in a varying section thickness
from one side of the hollow boss to the other or the hole not being fully within the hollow
boss. Neither of these geometry configurations would be permissible in an injection mould,
Pye (1989). Therefore the two instances must either be made coaxial and combined or separ-
ated and considered as separate entities. The author considers that the optimum solution is
to recognise a hollow boss only if the new instance of hole is coaxial with the existing solid
boss geometry. Otherwise the designer must decide whether to reconfigure the new form fea-
ture so that the mouldability instances are separated or combined. Feedback is required to

inform the designer of the problem and assist in the reconfiguration.
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Other authors, eg Al-Ashaab (1994), Hanada and Leifer (1989), Dixon (1988), Cunningham
and Dixon (1988), Cutcosky et al (1989), (1991), appear not to have considered the interac-
tion of bosses and holes, assuming that because the instance has been chosen from a features

library, instances of hollow boss arise only as a conscious decision of the designer.

Similar to the translation of spaced holes, each member of the group in a spaced bosses fea-
ture translates to a single mouldability solid boss, unless placed on an existing mouldability
hole, where the new instance of a solid boss and existing hole are combined into a single in-
stance of a hollow boss. The procedures for spaced bosses translation are close to those of
the spaced holes: a) If the translation of spaced bosses results in the instancing of hollow
bosses, then the place in the Product model of the holes that existed prior to the translation
must be taken by the new hollow bosses. The original holes must be removed from the Prod-
uct model, b) If spaced holes are not identified as adjacent geometry, checking for existing
spaced holes instantiations in the Product model is required, ¢} A hollow boss is only recog-
nised if the new instance of solid boss is cbaxial with the existing hole geometry. Otherwise
the designer must decide whether to reconfigure the new form feature so that the mouldabil-
ity instances are separated or combined. The above structured methods solve the problem of
managing one—to—many relationships between form features and the mouldability view-

point.

iv) Figure 7.7 shows an example of a situation where the interpretation of form feature para-
meters when translating to a particular mouldability type is not always the same. The inter-
pretation of parameters is dependant upon the type of form feature from which the mouldabil-
ity instance is derived. Another situation where variations exist in the way form feature
parameters are translated to mouldability is where a form feature has more than one mould-
ability equivalent, ie base feature, flange, spaced holes and spaced bosses. To enable the cor-
rect translation of form feature parameters to mouldability a set of rules is required for inter-
pretation of form feature parameters. A set of rules have been defined for all permutations

of translation between the form features set and that of mouldability. This set of rules is
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shown in Figure 7.14,

The structured methods described above solve the problems of translation between the form
features set and the primary mouldability features. Chapter 9 describes the design of an injec-
tion moulding strategist application that incorporates the ideas that have been described and

discussed above.

7.4.3. Problems of instantiation of secondary mouldability features.

Tapers, blends and gates are secondary mouldability features. No direct translation is poss-
ible from the form features set as with the primary mouldability feature types because sec-
ondary mouldability features are instantiated as aresult of considering mouldability. Second-
ary mouldability features do not have a form of their own but affect the form of primary
mouldability features. A method for the identification of when such features are needed and
how to instantiate them is needed. The problems of doing this for each secondary mouldabil-

ity feature type are as follows:

The mouldability taper feature should be applied to all instances of primary mouldability fea-
tures to facilitate removal of the product from the mould. Therefore the requirement for a
taper feature instantiation must be identified each time a mouldability primary feature is in-
stantiated in the Product model. Different constraints on tapers exist when applied to differ-
ent types of geometry, depending on the primary mouldability type to which it is applied.
Also, the way that a taper feature is applied to a primary mouldability feature is dependant
on the type and context of the geometry to which it is applied, as shown in Figures 6.4 t0 6.9.
It can be seen from those figures that a taper application has a significant effect on the ge-

ometry and on the connectivity of abutting geometry. Therefore the three problems with re
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Figure 7.14. Interpretation of form feature parameters during translation to mouldability
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spect to taper feature instantiations are i) identifying the need for a taper feature instantiation,
ii) identifying the constraints on the taper, ii) identifying a method for applying taper feature
instantiations is required which allows for the effect of a taper on geometry and on the con-

nectivity of abbutting geometry.

The mouldability blend feature must be applied between two wall instantiations or between
an instantiation of a wall feature and that of a mouldability reinforcement feature. Therefore
the requirement for a blend feature instantiation must be identified each time a reinforcement
feature is instantiated in the Product model adjacent to an instance of a wall feature or a wall
feature is instantiated adjacent to an instance of a reinforcement feature or another instance
of a wall feature. Different types of blend are applied to different combinations of primary
mouldability feature types, ie abbuting wall feature instantiations require a corner blend,
whereas an abutting wall aﬁd reinforcement feature instantiation require a protrusion blend.
Previous work has ignored a separate protrusion blend type, eg Dixon (1988), Huh and Kim

(1989).

Corner blends must be applied differently depending on the context of the geometry, as
shown in Figure 7.15. Figure 7.15a) shows the application of corner blends on 2D geometry,
asin the work of Al-Ashaab (1994), and Figure 7.15b) shows the application of corner blends
to the same corners using 3D geometry. Using 2D geometry, (as in Figure 7.15a) it can be
seen that the relationship between two walls is always the same. Using 3D geometry, as in
Figure 7.15b) it can be seen that the relationships between abutting walls can change, this
having an effect on how the blend is applied, and individual radii within a corner blend can
be applied to different edges and/or faces on different wall feature instantiations. Previous
work has allowed a designer to select a blend feature from a library of pre—determined feature
primitives, eg Dixon (1988) Hanada and Leifer (1989). However when translation is required

the part of each wall feature instantiation to which the blend must be applied must be identi-
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fied.

As shown in the figure, a corner blend outside radius on the parting line is not applied on a
3D product as this prevents ejection of the product from the mould unless the parting line is
moved to the edge of the blend and a concave core is used. Figure 7.15¢) shows that blends
applied between reinforcement feature instantiations and wall feature instantiations vary in
their nature according to the type of reinforcement feature. The problems arising are i) to
identify the need for a blend feature instantiation, ii) to identify the required type of blend,
iii) A structured method for the application of blends to 3D geometry is required which takes

account of the combination and context of 3D geometry to which the blend is applied.

A gate feature is not required on every primary mouldability feature instantiation. However
at least one gate feature must be instantiated somewhere on an injection moulded product to
allow plastic material to enter the mould cavity. For adequate feeding a gate must be placed
onto a large section, therefore gate features should only be applied to wall feature types. In
the context of mouldability the gate position is evaluated with respect to the feeding require-
ments of the product. This involves calculation of the largest distance that material must flow
(in the mould) from the gate position to the extremities of the product geometry. Previous
work on mouldability support has evaluated the gate position either by assuming a central
gate position and calculating the distance material must flow through the mould by adding
up the wall lengths of 2D geometry, Al-Ashaab (1994), or has retrospectively evaluated the
gate position on simple geometry (eg slabs with protrusions attached) using FEM type soft-
ware to identify potential weld lines, eg Irani, Kim, Dixon (1989)b,(1990). Modern FEM
analysis software can be used to evaluate gate positions on complex geometry, eg Gerdes et
al (1994), Michaeli et al (1995). The problem here is that such software requires data on the
dimensions of the mould elements such as the gate, runner system and spruc."I‘his dataisun-
available until the mould design stage and it is considered by the author that it is important
that some information about gating should be defined during the product design phase. This

thesis therefore takes the following approach: The designer chooses the gate position and this
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could be anywhere on the component. The longest distance material has to flow in any direc-
tion from the gate must be identified and compared with the maximum feeding distance in

the Manufacturing model.

The gate position is evaluated in relation to the type of gating system, eg pin gate, sprue gate
etc and this evaluation is considered during the mould design stage, as discussed in section
7.7. However the appropriate gate type(s) is/are dependant on the configuration of the prod-
uct geometry, eg tubular-thin walled, shallow prismafic—thick walled etc. Furthermore, the
type of gate has an influence on the evaluation of the distance material is required to travel
from the gate to the product extremity, (section 7.4.4). Therefore the gate type needs to be

considered at the mouldability stage, ie product design stage rather than mould design.

Problems arising are i) identifying the need for a gate feature instantiation, i) identifying the
configuration of the product geometry hence the appropriate gate type(s), iii) To evaluate the
feeding distance from a gate feature instantiation to the product extremity when the sequence
of geometry creation is unknown and the flow of material from the gate is multi directional.
The following section describes the formulated solutions to the problems of the instantiation

of secondary mouldability features outlined in section 7.4.3.
7.4.4. A structured method of secondary mouldability feature instantiation.

A method has been defined which identifies when a taper feature needs to be instantiated as
follows: The requirement for a taper is identified via the mouldability constraints associated
with a primary mouldability feature. For example, a wall feature constraint in the Manufac-
turing model identifies the need for a taper to be applied to a wall feature instantiation. The
dcsigner isthen advised on the need for a taper as part of the mouldability assessment process
of the primary feature. If the designer chooses to instantiate a taper the constraints associated
with the taper feature within the Manufacturing model are evaluated. These evaluated con-

straints are compared with the designer specified values and appropriate advice given to the
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designer as necessary.

In the previous work of Dixon (1988) and Al-Ashaab (1994) the constraints that apply toa
taper are known because the taper is an attribute of a primary mouldability feature. However
using a separate taper instantiation as herein, the different angle constraint that applies to the
taper is dependant upon the type of primary mouldability feature to which the taper is applied.
At the time of primary mouldability feature instantiation, the identity and type of the primary
mouldability feature is known, and this data is thus used to support the instantiation of the

taper feature (Figure 7.16).

The final problem of taper feature instantiation is the definition of a structured method of
taper application, taking account of the effect of the taper on geometry and on the connectiv-
ity of abbutting geometry. All previous work into mouldability, eg Dixon (1988), Hanada and
Leifer (1989), has used predefined mouldability feature types, selected by a designer from
a menu. Tapers have been applied by associating attributes of wall instantiations with areas
of a solid model of the whole product geometry, with no requirement to consider the effect
of a taper on inter form relationships. When considering multiple viewpoints in product de-
sign, as currently, a taper feature instantiation changes the geometry of the form feature from
which the primary mouldability feature has been instantiated. The enhanced form features
set defined by the author supports a structured method of taper applications, taking account
of the effect of taper feature instantiations on inter form relationships. The successful
identification of the inter form relationship enables the identification of the manner in which

the taper must be applied to the geometry of the form feature. Alternative taper applications
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and their effect on product geometry is illustrated in Figure 7.17.

How the geometry is modified by a taper application can be defined from three factors; the
type of form feature instantiation, the context of the form feature with respect to other form
features in the Product model and the parting line. The first two of these factors can be readily
identified as already discussed in sections 7.3.2 and 7.4.2. The relative position of the parting
line must be established. However, in the authors work, considering rotational products, it
can be assumed that the parting direction is parallel to the central axis of the wall feature in-
stantiations. The identification of a parting line position can be achieved as discussed in sec-

tion 7.5. The above structured methods solve the problem of taper feature instantiation.

The above approach is illustrated in Figure 7.18, which illustrates the process of primary and
secondary mouldability instantiations. The approach can also be applied to the blend or gate
features. However there are some structural differences in the way mouldability is assessed

for the blend and gate features, as discussed in the remainder of this section.

A mouldability blend feature should be applied between all reinforcement feature instantia-
tions and adjacent walls, and between all abutting wall feature instantiations. With the excep-
tion of the first feature to be instantiated in a Product model, where there is no blend require-
ment, the identification of a blend requirement can be accomplished in the same way as for

a taper, and follows the same instantiation procedure as illustrated in Figure 7.18.

The work of Dixon (1988) and Al-Ashaab (1994) which also provided feedback on the re-
quirement for a separate mouldability blend feature instantiation using the mouldability con-
straints of other mouldability features only considered corner blends, and relied upon the de-
signer torespond to feedback advice by selecting a blend from a predetermined feature menu.
In this work the instantiation of mouldability features is driven by the functional design view-
point (via translation), and Dixon and Al-Ashaab’s approach is not appropriate as there is

no form equivalent of a mouldability blend feature.
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Figure 7.18. The process of instantiation of primary and secondary mouldability features.

It is also necessary to identify which type of blend should be applied. A protrusion blend is
applied between a reinforcement feature and a wall feature, and a corner blend is applied be-
tween abutting wall features. Therefore a wall feature constraint in the Manufacturin g model
identifies the requirement for a corner blend if adjacent existing geometry in the Product
model has been identified as a wall feature instantiation, or identifies the requirement for a/
some protrusion blends if adjacent existing geometry in the Product model has been identi-
fied as a/some reinforcement feature instantiation(s). A reinforcement feature constraint in
the Manufacturing model identifies the requirement for a protrusion blend between a rein-

forcement feature instantiation and existing geometry in the Product model.

Finally there is the problem of the definition of a structured method of blend application, tak-
ing account of the combination and context of the geometry to which the blend is applied.
The same approach can be taken as described for the taper feature. The actual consideration

of blend features and their effect on geometry is illustrated in Figure 7.19.

In all previous work, eg Ong et al {1995), Al-Ashaab (1994), Irani, Kim, Dixon (1989), the

application of a gate feature has been considered retrospectively to the build up of product
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Figure 7.19. Application of blends to 3D geometry.
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geometry, which however, precludes the consideration of different gating options as the
product geometry is built up. It is also not possible to consider mould design without first
considering the gating of the product, and so retrospective consideration of gating, precludes
the possibility of concurrent product and mould design. Therefore the designer must be able

to consider gating during the build up of the product geometry.

At least one gate feature is essential on an injection moulded product and gate features are
only applied to wall feature types. Therefore using the defined method of managing second-
ary mouldability feature instantiations (Figure 7.18), a wall feature constraint in the Manu-
facturing model identifies the requirement for applying at least one gate feature to a wall fea-
ture instantiation in the Product model. The designer is advised of the need, and given the
opportunity of creating a gate on a particular primary feature instantiation as part of the

~ mouldability assessment process of the primary feature.

It is also necessary to identify the overall configuration of product geometry, and hence the
type of gate, in order to evaluate the feeding distance and provide a basis for examination
of gating system process constraints during the mould design stage. Two options exist for
identifying the overall product geometry; i} to analyse the form feature instances in the Prod
uct model using an algorithm in a solid modeller, and ii) to anticipate the configuration of
“the product geometry using part family analysis, storing this data in the Product-Range
Model. If gating is to be considered during the build up of product geometry, then using the
former option, the configuration of geometry could change as the designer builds up the
product in the Product model. In such a case the wrong type of gate may be chosen by the
designer for the eventual configuration of product geometry, with possible erroneous feeding
distance evaluation which is influenced by the type of gate. Furthermore design effort may
be wasted during the mould design stage evaluating the process constraints for the wrong gate

type and consequent mould configuration.

The latter method, that of storing data on product configuration in the Product Range Model,

141



ensures that the appropriaté gate type(s) is/are known to the designer at the outset of the de-
sign process, enabling him/her to make the correct decision on gate type. In the authors work
this information is made available to the designer when a gate feature is instantiated in the
Product model, via the gate feature constraints in the Manufacturing Model. Feedback advice
on gate type is in relation to the configuration data in the Product Range Model and wall

thickness attributes data from the Product model, eg tubular — thin walled.

The final problem of gate feature instantiation was to evaluate the feeding distance from a
gate feature instantiation to the product extremity to identify potential filling problems. The
interpretation of flow length isrelated to the position of the gate relative to the wall geometry
and the relationship of a wall feature instantiation with surrounding geometry. Two factors
influence this. The first is that features of the same mouldability type may not have the same
geometry. The second is that the length attribute of a feature does not always correspond to
the flow length of the plastic material. The feeding distance through a particular wall ge-
ometry is dependant on where the material enters the geometry and where it exits or reaches
the product extremity. Below the author presents a structured method of measuring the flow
length through wall feature instantiations based on their association with instantiations of the

enhanced form features set in the Product model:

To identify the relative position of a gate and wall feature instantiation in the Product model,
the chosen gate type of the designer can be classified as either an under gate or side gate.
Examples of side gates are rectangular edge gates, ring gates, film gates, fan gates, overlap
gates, sub—surface gates and tab gates, Pye (1989). Examples of under gates are diaphragm
gates, pin gates and sprue gates, Pye (1989). These gate types are discussed further in section
7.7. Side gates are so called because they are placed on or near the parting line of a mould,
whereas under gates are placed away from the parting line. If the type of form feature from
which a wall feature instantiation was translated can be identified, the feeding length through
the wall geometry can be ascertained for the associated form feature, depending on whether

the product is side gated or under gated, using feeding lengths identified in Figure 7.20. The
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Figure 7.20. Flow length of material through 3D form features in an injection mould.




Calculation of feeding length using
Type of associated mouldability feature attributes
form feature .
undergated side gated
Side wall gate on side wall gate on side wall
feeding distance = SQRT( SQ(height)] feeding distance = SQRT( SQ(height)
: + SQength/2.0)) + SQ(length/2.0))
gate not on side wall gate noton side wall )
feeding distance = height feeding distance = SQRT( $Q(height)
+ SQ(length/2.0))
Base wall feeding distance = length — (shortest feeding distance = length/2.0
distance from gate to wall edge)
route 1
Lip feeding distance = height feeding distance = height
route 2
feeding distance = SQRT( SQ(height)
+ 5Q(length/2.0))
gate on flange gate on flange
Flange route 1 route 1
feeding distance = height feeding distance = hejght
route 2 route 2
feeding distance = length/2.0 feeding distance = length/2.0
gate not on flange gate not on flange
feeding distance = height feeding distance = height
diameter > adjacent base wall diameter > adjacent base wall
Base feature feeding distance = thickness feeding distance = thickness
diameter < adjacent base wall diameter < adjacent base wall
feeding distance = height feeding distance = height

Figure 7.21. Flow length calculation through 3D geometry

rules for calculation of the feeding length of plastic material through form feature instantia-
tions in the Product model have been defined in Figure 7.21. It can be seen fromlthe figure
that some form feature types have two possible routes of material flow that reach the extrem-
ity of geometry. In Figure 7.21 the route 1 represents the feeding distance of plastic material
through a wall geometry and out the other side. Route 2 is used in the feeding distance cal-
culation only if the particular instantiation is the last feature into which material must flow,
ie itis at the extremity of geometry from the gate. This can be ascertained using the adjacent

feature identification technique discussed in section 7.4.2.

Once the feeding length through every feature instantiation is known they can be added to-
gether. The total feeding distance is evaluated and feedback advice is provided to the designer
via the gate feature *maximum feeding distance’ constraint in the Manufacturing model. The
designer is informed if additional gates are required on a product and/or the gate instantiation

must be re—positioned. If more than one route to the extremity of geometry exists, the largest
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feeding distance must be the input to the gate feature 'maximum feeding distance’ constraint
in the Manufacturing model. The above provides a solution to the problem of evaluating
feeding distance using rotational product geometry when the sequence of build up of ge-
ometry is unknown and the above structured methods provide a solution to the problem of

gate feature instantiation.

This section has described the authors formulated solutions to the problems of instantiation
of secondary mouldability features. The instantiation of secondary mouldability features in
the Product model, with no direct relationship with form feature instantiations, requires the
linking in the Product model of each secondary mouldability feature with the associated pri-
mary mouldability feature(s), so that the effect of taper, blend and gate instantiations can be
evaluated with respect to other viewpoints in injection moulding design, eg the design of the
cavity and core. Therefore the relationships built up in the Product model including second-

ary mouldability data are as shown in the example in Figure 7.22.
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7.4.5. Mouldability design support strategy.

The mouldability design support strategy is shown in Figure 7.18. Any form modification
results in the modification of the mouldability viewpoint and the provision of mouldability
feedback advice. The designer may change geometry due to mouldability fccdbéck and initi-
ate the instantiation of secondary mouldability features. Any modification from the mould-

ability viewpoint results in corresponding modifications to the form.

Chapter 9 describes the design of an injection moulding strategist application that incorpor-

ates the ideas that have been described and discussed above.
7.5. Cavity/core assessment — Cavity.

Previous work into cavity design has considered cavity design retrospective of design of the
product, eg Cinquegrana (1990)a (1990)b, Gerdes, Webb and Chassapis (1994), Rho et al
(1990), Huh and Kim (1989). However for concurrency a designer must be able to consider
the consequences of product geometry for cavity design as the product evolves and modify
the design of a product in response to cavity process constraints. To overcome this problem
cavity impression features must be instantiated as the product is designed. This work has re-
solved the problem by defining both a translation process between individual mouldability
features and cavity design features, and a strategy to support the designer in consideration
of the cavity design as the product evolves. The problems involved and the formulated sol-

utions are now outlined.
7.5.1. The instantiation of cavity impression features.

This section discusses the problems of instantiating the features in the cavity impression from
the existing product definition data available defined in terms of functional, mouldability and

form features. A procedure which supports the build up of the cavity (and core) geometry
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Figure 7.23. Translation problems: Identifying type of cavity space

by translation from the mouldability viewpoint has been identified in Appendix 1 (Drawing
B1). This involves the identification of the parting line, the definition of the main cavity ge-
ometry, the definition of the main core geometry, the definition of any local inserts and finally
the generation of any additional parting lines. These problems are discussed in this section
with the exceptions of the parting line which is a cavity plate feature and is therefore dis-

cussed in section 7.5.2, and the main core geometry which is discussed in a separate section.

The initial problem for the instantiation of the cavity impression features defined in section
6.3.4 was to identify the main cavity geometry from mouldability wall features. Mouldability
wall features can translate either to an integer cavity volume or to an integer cavity rim as
illustrated in Figure 7.23. One must therefore identify whether a particular wall instantiation
translates to a volume or to a rim, In most cases the translation of a wall feature will be to
an integer cavity volume, which has solid rotational geometry. However non detection of a
rim, which has a hollow rotational geometry, will result in the wrong shape of cavity, hence

a structured method of rim identification is required.

The following method identifies whether a translation is to an integer cavity volume or an
integer cavity rim which is shown in Figures 7.24 and 7.25. Wall feature instantiations in the
Product model are identified (Figure 7.24) in order of the proximity of their base to the part-
ing line (whose instantiation is discussed in section 7.5.2). Working from the furthest wall
feature instantiation towards the parting line, the gcomctry of each wall instantiation is com-
pared with that of the next furthest in order to check for the occurrence of rims. There are

two ways in which arim occurs in the cavity; A rim occurs (Figure 7.25 a)) when a wall fea-
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Figure 7.24. Sequential build up of cavity to identify type of geometry

ture instantiation with hollow rotational geometry is placed on the non parting line side of
a wall instantiation with non—hollow rotational geometry, and also (Figure 7.25 d)) when

an overhang is created in a direction parallel to the plane of the parting line.

To achieve translation, checking for the conditions in Figure 7.25 a) and 7.25 d) is carried
out whilst working from the furthest wall instantiation towards the parting line, This requires
that the geometry of the furthest wall feature instantiation be evaluated against the next
furthest to look for the conditions in Figure 7.25 a), and that the geometry of each of the other
wall feature instantiations be evaluated against the adjacent wall whose base is further from
the parting line to look for the conditions in Figure 7.25 d). If the furthest wall instantiation
has hollow rotational geometry and the next furthest has non-hollow geometry, the furthest
wall translates to an integer cavity rim (Figure 7.25 a)). If the geometry of the next furthest
is also hollow then the furthest wall translates to an integer cavity volume (Figure 7.25 b)).
With respect to the remaining wall feature instantiations, for a rim to exist a wall must partial-
ly enclose an adjacent wall whose base is further away or the same distance from the parting
line as in Figure 7.25 c) and d). If no contact exists between the encloser and the enclosed,
as in Figure 7.25 d) the encloser wall instantiation translates to an integer cavity rim. If there
is contact between the encloser and the enclosed the encloser wall instantiation translates to

an integer cavity volume, as in Figure 7.25 ¢). The above provides a solution to the problem
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Figure 7.26. Integer cavity rims and integer cavity volumes take mouldability wall parameters unchanged

of identifying equivalent cavity feature types of mouldability wall feature instantiations in
the Product model. As shown in Figure 7.26, both the integer cavity volume and integer cav-
ity rim take their position, height and outer diameter, from the equivalent wall geometry. The

integer cavity rim also takes the inner diameter of the equivalent wall geometry.

While the comparison of these cavity feature types provides a basis for the identification of
most potential moulding problems, this cannot cope with a situation where a gap may occur
in the main cavity(/core) geometry due to reinforcement features in a product bridging the
gap between two walls, as shown in Figure 7.27. Therefore a method of considering the pro-

- cess constraints of the cavity(/core) in relation to gaps in the cavity(/core) geometry is re-
quired. While the work of (_for example) Hui and Tan (1994), and Mochizuki and Yuhara
(1992) has been in the area of automatic undercut detection in moulded components using
complex algorithms in a solid modeller, it has been performed on a completed mould ge-
ometry with no potential links back to product design and has not addressed the specific prob-
lems created by such gaps. Concurrent feedback on gaps has been addressed in this thesis by
the inclusion of the integer cavity group volume in the cavity features set which must be in-

stantiated when a gap has been identified.
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CORE

Figure 7.27. Translation problems: Dealing with gaps in cavity/core walls.

A gap between adjacent integer cavity volume instantiations can be identified simply by the
relative position and dimensions of the geometry. Once a gap is identified, it must be estab-
lished that the gap is bridged by reinforcement instantiations. To bridge a gap areinforcement
instantiation must be within the gap vertically and within the horizontal boundaries of the
cavity impression at the level of the furthest of the two integer cavity volumes from the part-

ing line.

Having established that an integer cavity group volume must be instantiated, the dimensions
of the group volume must be obtained from the group of reinforcement instantiations in the
gap. In the context of this work, such a group of reinforcement instantiations can only be
mouldability solid bosses or mouldability ribs. The author has formulated below a structured
method of obtaining integer cavity group volume dimensions from a group of reinforcement
instantiations so that the process constraints of a gap in the cavity(/core) geometry can be

considered.

Group volume dimensions are taken from the form feature instantiation that is associated
with the reinforcement instantiations in a gap, as shown in Figure 7.28. In the context of a
gap in the cavity the associated form feature instantiation can only be spaced ribs if the

mouldability instantiations are of the rib type, or spaced bosses if the mouldability instantia-
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Figure 7.28. Instantiation of integer cavity group volume from ribs and solid bosses in a gap.

tions are of the solid boss type. Selecting one mouldability instantiation, the association with
a form feature instantiation is used to obtain the identity of the other mouldability instanca-
tionsin the gap, via their associations with the same form feature instantiation, the parameters
of the integer cavity group volume being obtained from the form feature instantiation. If the
form feature instantiation is spacgd ribs the diameter of the integer cavity group volume is
the outer diameter of the ribs grouping, the height is the height of the rib group members and
the position is the position of the base of the central axis of the spaced ribs instantiation (see
Figure 7.12). If the form feature instantiation is spaced bosses the diameter of the integer cav-
ity group volume is the axis diameter of the spaced bosses plus the diameter of a boss group
member, the height is the height of the boss group members and the position is the position
of the base of the central axis of the spaced bosses instantiation (see also Figure 7.12). The

above method enables integer cavity group volume instantiation.

The integer cavity group volume enables consideration of process constraints of gaps in the
main cavity geometry as follows. Adjustments of integer cavity group volume dimensions
in response to feedback advice, eg for undercuts in the cavity, are used to adjust the position
of the associated mouldability feature instantiations (via the form) so that the mouldability

instantiations’ relationship with the dimensions of the integer cavity group volume is main-
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Figure 7.29. Constant relationship between dimensions of integer cavity group volume
and mouldability instantiations in a gap.

tained, as shown in Figure 7.29. The constraints associated with the integer cavity group vol-
ume in the Manufacturing model are discﬁssed in Chapter 8. The above structured solution
solves the problem of considering process constraints of gaps in the main cavity geometry
bridged by reinforcement instantiations. The consideration of gaps in the main core geometry
is discussed in section 7.6. The above structured methods for wall translation and dealing
with gaps in the cavity solve the problems of instantiation of the main geometry in the cavity

impression.

Having instantiated the main cavity and core geometry, the next problem is the instantiation
of any local inserts. Previous work has carried out geometric analysis of a completed cavity
and has not identified local inserts separately, eg Cinquegrana (1990)a (1990)b, Gerdes,
Webb, Chassapis (1994). The authors work identifies local inserts as individual features,
namely integer cavity boss, integer cavity hole and integer cavity slot features, plus aninteger
cavity rim if it is translated from a hollow boss instantiation rather than that of a wall. Local
inserts are translated from mouldability reinforcements and holes. Reinforcement features
that are associated with an integer cavity group volume should not be translated to local in-
serts because their process constraints in the cavity have been considered during instantiation
of the group volume. As shown in Figure 7.30, it is necessary next to identify whether arein-
forcement or hole instantiation translates to a local insert in the cavity or in the core. Instantia-
tion of local inserts in the core is discussed in section 7.6. If a reinforcement or hole feature
translates to a local insert in the cavity, then a third problem arisés, to identify the type of

cavity feature to which it translates, ie a cavity rim, boss, hole, slot or a combination.
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Figure 7.30. Translation problems: identifying equivalent entitics created in cavity or core by reinforcements and holes

As shown in Figure 7.28, reinforcement instantiations inside a group volume (and therefore
excluded from translation to a local insert) can be identified by the association in the Product
model between an integer cavity group volume and those reinforcements from which it was
instantiated. The rules for translation of reinforcement and hole instantiations have been
identified by the author as in Figure 7.31. Figure 7.31 a) shows that solid boss instantiations
translate to integer cavity holes if their geometry is below the base of the core, or to integer
core holes if their geometry is above the base of the core. Similarly in Figure 7.31 b) hollow
boss instantiations translate to integer cavity rims if their geometry is below the base of the
core, or to integer core rims if their geometry is above the base of the core. From Figure 7.31
c), if the geometry of a rib instantiation is below the core base the translation is to an integer
cavity slot. If the rib instantiation is above the base of the core, then if it is inside the diameter
of the cavity impression the translation is to an integer core slot, otherwise it is to an integer
cavity slot. The rules for the translation of hole instantiations are shown in Figure 7.31 d).
If a hole instantiation is blind and above the base of the cavity the translation is to an integer
core boss. If a blind hole instantiation is on or below the base of the cavity the translation
is to an integer cavity boss. However the translation of a through hole is to an integer core
boss and an integer cavity hole. The integer cavity hole provides location for a core pin in

the mouid.
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Figure 7.31. Translation of reinforcements and holes to the cavity/core.

As shown in Figure 7.32, local inserts are the equivalent of reinforcement and hole instantia-
tion geometry in the cavity. Therefore for the translation of ribs, solid bosses, hollow bosses
and blind holes, the dimensions for the corresponding integer cavity slots, holes, rims and
bosses are taken unchanged. However for the translation of a through hole the length of an
integer core boss is increased downwards by 5 mm to give some location in the cavity, and
the depth of the corresponding integer cavity hole is the distance from the base of the cavity
to the base of the integer core boss. The above structured solution solves the problems of in-

stantiation of local inserts in the cavity. The instantiation of local inserts in the core is dis-
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cussed in section 7.6.
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A further problem that relates to both the main cavity geometry and the local inserts is the
translation of secondary mouldability feature instantiations to the cavity viewpoint. As indi-
cated in Figure 7.33, it is necessary to first identify whether there is a need for an infeger cav-
ity blend in the cavity. As a blend is between two primary mouldability instantiations, it is
essential to establish to which other cavity geometry the new integer cavity blend instantia-
tion should be attached. If the mouldability blend is of the comer blend type, one needs to

know whether the larger radius or the smaller radius should be applied to the cavity, ie which




Figure 7.33. Translation problems: identifying blends between cavity entities
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Figure 7.34, Translation problems: Applying blends correctly to cavity geometry

radius should be on the cavity and which on the core. An additional problem (Figure 7.34)
is how to apply an integer cavity blend to the cavity geometry to correctly replicate the out-
side product geometry. It can be seen in the figure that the manner of application of an integer
cavity blend to cavity geometry is not the same as the application of a mouldability blend to

product geometry.

Mouldability taper features translate to integer cavity tapers. The instantiation problems of
an integer cavity taper are similar to those of an integer cavity blend: Firstly a requirement
for an integer cavity taper in the cavity must be identified. It is then essential to know how
to apply an integer cavity taper to the cavity geometry in order to correctly replicate the out-

side product geometry as illustrated in Figure 7.35.
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Figure 7.35. Translation problems: Applying tapers correctly to cavity geometry

To identify the requirement for an integer cavity taper and/or an integer cavity blend in the
cavity the existence of a taper and/or a blend on a translated primary mouldability feature
instantiation must be detected. This can be achieved using the Product model structure in Fig-
ures 7.22 and 7.36. The associations in Figure 7.36 identify the equivalent primary mould-
ability instantiation of a cavity feature instantiation, and therefore using the associations be-
tween primary and secondary mouldability feature instantiations shown in Figure 7.22, the
existence of tapers and blends on the equivalent primary mouldability instantiation can be
identified. If a blend exists on a primary mouldability instantiation, there is a problem of
identifying the adjacent geometry in the cavity to which aninteger cavity blend instantiation
should be attached. This can also be identified using the associations in the Product model
shown in Figures 7.22 and 7.36. Having identified the equivalent primary mouldability in-
stantiation and the existing blend, the associations in Figure 7.22 allow identification of the
other primary mouldability instantiation to which the blend instantiation is attached. The

cavity equivalent of the former is then identified using the assoctations in Figure 7.36.

With respect to the translation of blends a further problem exists if a blend is of the corner
type, namely to identify whether the smaller or larger radius is to be used in the cavity or the
core, ie which is to be used in the integer cavity blend instantiation. A method of radius
identification for integer cavity blend instantiations is shown in Figure 7.37. Using the as-
sociations in Figure 7.36 and 7.22 the equivalent wall feature instantiation for each integer

cavity volume instantiation is known. Therefore which radius from a corner blend to be used
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Figure 7.37. Identifying blend radii and manner of application between cavity entities

in an integer cavity blend instantiation is identified by comparing the dimensions and posi-
tions of the equivalent blended wall feature instantiations in the Product model, working
from the furthest wall instantiation from the parting line to the nearest. Note that a wall fea-
ture instantiation that translates to an integer cavity rim is considered as the nearest to the
parting line, even though an enclosed wall instantiation will be nearer. Thus the dimensions
of those wall instantiations that translate to an integer cavity volume are compared as far as
the parting line, and the last of these wall instantiations is compared with the one that trans-
lates to an integer cavity rim. The comparison in the product is as follows: If the further of
two wall instantiations is ’closing off’ (Figure 7.37 a) and d)) the larger of the radii in the
comner blend is instantiated in the cavity. If two wall feature instantiations are the same dis-
tance from the parting line (Figure 7.37 ¢)) the larger of the radii in the corner blend is instan-
tiated in the cavity. In any other comparison the smaller of the radii in the corner blend is

instantiated in the cavity.

The formulated solution to the application of integer cavity blends and integer cavity tapers

in a manner that replicates the outside geometry of the product is shown in Figures 7.37 and
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Figure 7.38. Applying tapers correctly to cavity geometry using the rules
that apply to the corresponding mouldability geometry.

7.38 respectively: Looking at wall to wall relationships in the product; in *closing off’ scen-
arios 7.37 a) and d) an integer cavity blend is applied to the lower outside edge of the furthest
integer cavity volume instantiation from the parting line. In the same distance scenario of
7.37 c¢) an integer cavity blend is applied to the lower outside edge of the wider integer cavity
volume instantiation. In a partial enclosure scenario (Figure 7.37 b) and e)) an integer cavity
blend is applied between the base face of the wider integer cavity volume instantiation and
. the outside face of the other. In a full enclosure scenario (Figure 7.37 f)) an integer cavity
blend is applied between the inside face of the integer cavity rim instantiation and the base
face of the integer cavity volume. As shown in Figure 7.38, the same rules apply for the ap-
plication of integer cavity tapers in the cavity as for mouldability tapers on primary mould-
ability geometry. The above provides a structured solution to the problems of the instantia-

tion of integer cavity blends and integer cavity tapers in the cavity.

The structured methods described above provide a solution to the problems of translation
from the mouldability features set to an alternative set of cavity impression features which
maintains the links between the structure of geometry of the two viewpoints. Chapter 9 de-
scribes the design of an injection moulding strategist application that incorporates the ideas

that have been described and discussed above.
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7.5.2. The instantiation of cavity plate features.

A set of geometric relationships can be defined between the cavity impression and the plate
such that as the impression is instantiated, so feedback can be provided on the consequences
of product geometry for the cavity plate design as the product geometry evolves. Therefore
the design of the cavity plate can be modified as the product is developed by the designer.
 For cavity plate feature instantiation, these geometric relationships must be evaluated, most
of which require an additional input of the geometry of mould system elements such as the
feeding or cooling system, and/or the geometry of other cavity plate feature instantiations.
These prerequisite data requirements and the geometric relationships can be captured in rela-
tion to each cavity plate feature type. This captured data can be used to support a strategy for
instantiation of the cavity plate features. This places a requirement on the cavity design strat-
egy as described in section 7.5.3. The problems of the above approach for instantiation of
each cavity plate feature is considered in the remainder of this section, and the formulated

solutions are described.
7.5.2.1. Cavity parting line feature instantiation.

The instantiation of the integer cavity parting line is a prerequisite toinstantiation of the cav-
ity impression features, because undercuts in the mould must be considered with respect to
the position of the parting line. Furthermore the parting line is required to identify the types
of some features in the cavity impression, as described in section 7.5.1. Hui and Tan (1992)
(1994) using sweep operations, and Mochizuki and Yuhara (1992) using direction vectors
of half spaces, used complex algorithms in a solid modeller to identify the optimum with-
drawal direction(s) of a component. All retrospectively analysed the developed component
geometry. Ininvestigating the concurrent design of the product and mould, amethod of ident-
ifying the parting line at each juncture of product development is required, so that the conse-

quences of the product geometry for mould design can be considered and vice versa.
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Figure 7.39. Problem of identifying a parting line position.

For rotational products the draw direction can be assumed to be along the central axis of a
component, the parting line being assumed to be flat and in the horizontal plane. The parting
line can therefore be identified as being on the widest part of the product when viewed in the
draw direction, and where on that widest section to place the parting line (see Figure 7.39)
must be identified, Another problem is to identify a requirement to create a split mould and

the resultant requirement for a vertical parting line instantiation.

As shown in Figure 7.39, there are three possible solutions for instantiation of a horizontal
parting line, the simplest of which is 7.39¢. The methods in Figure 7.39a and 7.39b require
a hollow core, and in Figure 7.39b careful alignment of the cavity and core is required to
avoid a visible mark on the product or a mis—shapen product. Using the method in Figure
7.39c¢ the parting surface is perfectly flat and the need for a hollow core and the problem of
careful alignment of edges is avoided. Furthermore the parting line is not visible on the prod-

uct unless flash develops.

Identifying the requirement for a vertical parting line is possible by comparison of individual
integer cavity volumes, group volumes and rims during instantiation of the cavity impression
features. Each individual integer cavity volume, group volume or rim can be evaluated with

respect to overhangs in the cavity. If an overhang is detected feedback advice can be provided
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to the designer via process constraints data associated with the feature. This offers the oppor-
tunity to make changes as an alternative to instantiation of a vertical integer cavity parting
line. To demonstrate a vertical parting line instantiation the simplifying assumption has been
made that a split line is in the plane of the y and z axis. Considering only rotational products

the widest part of a product has been assumed to be along the central axis of the main product

geometry.

Having instantiated the integer cavity parting line(s) and the cavity impression features, the
remaining features in the cavity plate need to be instantiated. The examples in Figure 7.40
show that the cavity plate features have a geometric relationship with the parting line and
with the cavity impression. However it can be seen from the figure that the nature of this rela-
tionship is also dependant upon the type of feeding system. The example in Figure 7.40
shows how different cavity plate features may be instantiated depending on the type of feed-
ing system, in this case a two plate mould (Figure 7.40b) or a three plate mould (Figufe
7.402). Therefore the feeding system geometry must be instantiated in the Product model be-
fore the remaining cavity plate features can be considered. The instantiation of the feeding

system features is discussed in section 7.7.

As described in the following sections, it has been identified that data on cavity lands is a
prerequisite to cavity block instantiation, and cavity block data is a prerequisite to instantia-
tion of a backing plate or a nozzle recess (if required). The order of instantiations must there-

fore be 1) lands, ii) block, iii) backing plate or nozzle recess (mutually exclusive).

7.5.2.2. Cavity land features instantiation.

Having instantiated the feeding system features, the next cavity plate feature to be instan-
tiated should be the integer cavity inner land. The inner land is a small area around the edge
of the impression where the parting surfaces are bedded down to provide an effective seal.

The remainder of the parting surface in the vicinity is relieved to a minimum depth of 2.4
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mm. As shown by the examples in Figure 7.41, the general problems of inner land instantia-
tion are, i) an inner land must enclose the cavity impression, and to accomplish this enclosure,
the minimum size and the shape of the land is dependant upon the type and geometry of the
feeding systemas well as the width of the cavity impression, ii) the size of an inner land must
take account of venting considerations, which are again dependant upon the type and ge-
ometry of the feeding system. Inpractice the sﬁapc of an innerland can be any shape, depend-
ing on the shape of the opening and the nature of the feeding system. In order to consider any
shape of inner land a cémplex analysis capability is required, which is not available in this
work. To demonstrate that cavity impression and feeding system data can be used at an early
stage as an input to decision making with respect to the size and shape of the lands, and the
extent to which this can be in parallel with the design of the product, the following method

has been used.

Considering only rotational products the simplifying assumption has been made that aninner
land can be of two types, an integer cavity circular land or an integer cavity rectangular land.
It can be seen from Figure 7.41 that a rectangular land instantiation is required in order to
achieve en(_;losure of a cavity impression with a side gate feeding system. If a cavity impres-
sion is under gated a circular land'instantiation isrequired. The gate type in the Product modél

thus defines the required shape. If the gate is a side gate, ie fan gate, rectangular edge gétc,
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film gate, sub-surface gate, tab gate, overlap gate or ring gate, an integer cavity rectangular
land is instantiated. If the gate is an under gate, ie sprue gate, pin gate or diaphragm gate, an

integer cavity circular land is instantiated.

The land position can be assumed to be on the centre of the cavity impression, at the parting
line minus the depth of the land. The depth of a land is assumed always to be the minimum
value of 2.4mm, Pye (1989). Therefore to achieve enclosure the size of the inner land instan-
tiation can be calculated based on the venting requirements, as shown in Figure 7.41. The
diameter of an integer cavity circular land instantiation is thus the width of the cavity impres-
sion at the parting line plus 10 mm, ie 5 mm all round to allow venting of the cavity impres-
sion. A side gated feeding system can be assumed to always be along the x axis and therefore
the x dimension of an integer cavity rectangular land instantiation has been calculated as the
width of the cavity at the parting line plus the length of the feeding system plus 10 mm, allow-
ing venting of the feeding system as shown in Figure 7.41. The y dimension is the width of
the cavity impression at the parting line plus 10 mm. The above methods solve the problems

of instantiating an inner land.

If a narrow inner land is instantiated, ie an integer cavity circular land in the context of the
authors work, the surface area at the parting line is likely to be insufficient to withstand the
injection forces and deformation and flash formation may occur, Pye (1989). Therefore in-
teger cavity peripheral lands are required to increase the surface area. As shown in Figure
7.42, the problems of peripheral land instantiation are, i) the total surface area of peripheral
lands should make up the difference between the surface area of a narrow land and the area
of an equivalent wide land. This requires identifying the surface area of each land, and ii)
in the literature, and in practice there is a wide variety of shapes, spacing and numbers of
peripheral lands, and no specific guide-lines exist, other than to provide balanced clamping
forces. This creates a problem of the identification of these factors for instantiation of periph-

eral lands.
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As shown in Figure 7.42, in the absence of specific guidelines the number of peripheral lands
has been assumed to be four, equispaced around the cavity impression, and the shape has been
assumed to be circular. The surface area of an integer cavity peripheral land instantiation is
therefore one quarter of the difference between the actual surface area of a narrow inner land
instantiation and the surface area of one that is wide. In order to enable bedding down of the
parting surface over the entire area, the maximum width of an inner land is 25 mm, Pye
(1989). Therefore this dimension has been used to identify the surface area a wide innclr land
instantiation would have. Having done this the depth is the same as that of the inner land (2.4
mm), leaving the problem of spacing. As no guide-lines have been found in practice or in
the literature for the spacing of peripheral lands, the author has assumed a spacing relating
to the diameter of an integer cavity circular land instantiation and the diameter of the periph-
eral land instantiations, as shown in Figure 7.42. A minimum spacing constraint may exist

due to machining access. However this is outside the scope of the present work.

7.5.2.3. Cavity block feature instantiation.

The examples in Figure 7.40 show that the general problems of integer cavity block instantia-
tion are, i) to provide a depth under the cavity impression that avoids distortion of the mould
due to injection forces, ii) to provide sufficient depth in the block to accommodate the mould
system elements. The mould system elements that have a potential effect on the depth of an
integer cavity block instantiation are the feeding system and the cooling system, and iii) to

provide sufficient width and length in the block to accommodate the cavity impression, lands
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and the mould system elements. Those mould system elements with a potential effect on the
width and length of an integer cavity block instantiation are the cooling system, and the guide
system. Using the following method it can be demonstrated that cavity impression, feeding
system and cavity lands data can be used at an early stage in product design as an input to
decision making with respect to the dimensions of a cavity block, and the exfent that these

can be considered in parallel to product design can be shown.

With respect to the depth of a cavity block, in the absence of a complex analysis capability
the minimum depth of steel beneath a cavity impression can be calculated using Releaux’s
formula for a circular flat plate secured all around the edge with a uniformly distributed load.
over the unsupported area, where the unsupported area is the projected area of the cavity im-
pression, Pye (1989). Considering the depth requirement for the feeding system, if the cavity
impression is under gated the deﬁth of an integer cavity block instantiation under the impres-
sion must be sufficient to accommodate the sprue (sprue or diaphragm gated) or the gate (pin
gated). If the cavity impression is side gated then the total depth of an integer cavity block
instantiation must be sufficient to accommodate the main feeding sprue. Thus if the base of
a sprue or pin gate is below that of an integer cavity block instantiation, the depth must be

increased so that the base of the sprue or gate is on the base of the integer cavity block.

Rules can be specified with respect to the cooling system. For example a gap of 16 mm is
required around a cooling tube to avoid the effects of local cooling and a similar gap is re-
quired to allow for machining, Pye (1989). This would then effect the depth of an integer
cavity block. Thus for example in a shallow mould a single cooling tube would require a
minimum integer cavity block depth of the cooling tube diameter plus 32 mm. Therefore dur-
ing integer cavity block instantiation the depth of the cooling sy'stem plus 32 mm is calcu-
lated, and if this is greater than the total depth of the integer cavity block instantiation, the

depth is increased.

The calculation of the width and length requirements of an integer cavity block instantiation

169



is shown in Figure 7.43. Toenable the accommodation of the cavity impression and the lands,
their width and length can be easily identified as an envelope around the outside of a rec-
tangular land instantiation or around the outside of peripheral land instantiations. The re-
quirement of 16 mm clearance around a cooling tube is used to create a cooling system envel-
ope for an integer cavity block instantiation. The guide system is not instantiated in the
authors work but Pye (1989) related the required dimensions of the guide pins to the size of
the mould by tabulating standard pin sizes against mould dimensions for a large number of
working moulds. This data is used in this work to calculate a guide system envelope around
the outside of the cooling system or feeding system envelope as shown in 'Figurc 7.43. For-
guide pin size calculation, the size of the mould is taken as the envelope around the outside

of a rectangular land instantiation or around the outside of peripheral land instantiations.
7.5.2.4. Backing plate feature instantiation.

From Figure 7.44a) it can be seen that the geometry of some feeding systems dictates that
athree plate mould is required to enable ejection. Thus an integer cavity backing plate instan-
tiation is required to accommodate the runner and sprue. The general problems of integer
cavity backing plate instantiation are, i) the requirement for an integer cavity backing plate
instantiation must be identified, ii) the depth of a backing plate must be related to the mini-
mum strength requirements of a mould and accommeodation réquiremems of the runner and
sprue in a feeding system, iii) the width and Iength of a backing plate must be related to those
of the integer cavity block. Using the following method it can be demonstrated that cavity
impression, feeding system and cavity block data can be used at an early stage in product de-
sign as an input to decision making with respect to the dimensions of a cavity backing plate,

and the extent that these can be considered in parallel to product design can be shown.
An integer cavity backing plate instantiation is required when a pin gate is used. Therefore

after integer cavity mould block instantiation, if a pin gate exists in the Product model an

integer cavity backing plate is instantiated. In the absence of a complex analysis capability
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the minimum depth of an integer cavity backing plate to withstand the injection forces with-
out distortion is assumed to be dependant upon the same minimum depth of steel calculation
used for the integer cavity block. However if the depth requirement of a feeding system in-
side an integer cavity backing plate is greater than that for the minimum steel depth to avoid
distortion, the depth of an integer cavity backing plate is increased. It cah be seen from Figure
7.44 that the depth requirement of a feeding system inside an integer cavity backing plate is
equal to the width of the runner plus the length of the sprue. With respect to the width and
length of a backing plate, these are related to those of an integer cavity block. To avoid uneven
clamping forces on the block or the plate which may cause distortion and/or flash to occur,
it is assumed that the width and length of an integer cavity backing platc instantiation must
match those of the integer cavity block. In any event the plates of an integer mould are usually
made from a single block of steel, Pye (1989), and the backing plate has a similar requirement

to accommodate the guide system.
7.5.2.5. Nozzle recess feature instantiation.

Because of a limit on the maximum diameter of the elements of a feeding system, Pye (1989),

(Figure 7.44 b) a deep cavity impression may imply that a tapered main sprue cannot reach
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the base of a deep integer cavity mould block with sufficient diameter to correctly interface
with an injection machine nozzle. In such a case an integer cavity nozzle recess instantiation
is required. The general problems of integer cavity nozzle recess instantiation are, i) that an
instantiation requirement needs to be identified, ii) from Figure 7.44 b), the depth of a nozzle
recess must be related to the the dimensions of the integer cavity block and of the feeding
system that must be connected td the machine nozzle, and 1ii) The diameter of a nozzle recess
must be related to the diameter of a machine nozzle it has to accommodate. Using the follow-
ing method it can be demonstrated that feeding system and cavity block data can be used at
an early stage as an input to decision making with respect to the size and shape of a nozzle

recess, and the extent to which this can be in parallel with the design of the product.

In the authors work, if an integer cavity block is instantiated with a depth that is greater than
the maximum length of a main feeding sprue instantiation an integer cavity nozzle recess is
automatically instantiated. The maximum length of a main feeding sprue is the length re-
quired to taper down from the maximum dimension (see section 7.7) to the diameter required
to interface with an injection machine nozzle. The depth of a nozzle recess is the distance
from the base of a sprue instantiation of maximum length to the base of an integer cavity
block instantiation. In order to relate the diameter of a nozzle recess to that of a machine
nozzle, an all round clearance of at least 7 mm is required to avoid heat transfer from a hot
machine nozzle to the mould, Pye (1989). Therefore the diameter of an integer cavity nozzle

recess instantiation is equal to the diameter of an injection nozzle plus 14 mm.

The structured methods described above provide a solution to the problems of instantiation

of the cavity plate features.

7.5.3. Cavity design support strategy.

The above investigation into the interaction of the cavity and mouldability viewpoints has

identified a set of precedence relationships which are reflected in the cavity design support
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strategy (Figure 7.45a ). The strategy is i) identify the parting line, ii) instantiate main cavity
geometry, ii) instantiate cavity group volumes, iii) instantiate local inserts, iv) instantiate
cavity plate. With respect to cavity plate instantiation, the precedence relationships identified
for evaluation of geometricrelationships described in section 7.5.2 mean that the strategy has
been defined as i) instantiate parting line, ii) instantiate cavity lands, iii) instantiate cavity

block, iv) instantiate backing plate or nozzle recess if required.

The above solutions provide a link between the geometry of the product and that of the
mould. Chapter 9 describes the design of an injection moulding strategist application that in-

corporates the ideas that have been described and discussed above.

7.6. Cavity/core assessment — Core,

There has been no reported examination of process constraints during the build up of mould
cores. Where the generation of mould cores has been addressed the whole product geometry
has been the input to the process and core blocks are created using Boolean operationsin a
solid modeller, eg Kang et al (1990), (1992), Tseng et al (1994). Only simple shallow compo-
nents have been examined eg Kang et al (1990), (1992), or components with simple geometry
and hence no undercuts, eg Tseng et al (1994). None of the above work has addressed the
issue of core design modification as the product geometry is developed. This work aims to
identify the functionality of the support applications to enable this type of concurrent design.
The requirement is for a translation process between individual feature types of the mould-
ability and core design viewpoints, and a strategy to support the designer in consideration
of the core design as the product evolves. The problems involved and the formulated sol-

utions are now outlined.
7.6.1. The instantiation of core impression features.

This section discusses the problems of instantiation of the features in the core impression
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from existing product data available defined in terms of functional, mouldability and form
features. A procedure which supports the build up of the (cavity and) core geometry by
translation from the mouldability viewpoint has been been identified in Appendix 1 (Draw-
ing B1). As outlined in the previous section, this involves identification of a parting line, the
definition of the main cavity geometry, the definition of the main core geometry, the defini-
tion of any local inserts and finally the generation of any additional parting lines. The prob-
lems that relate to the core are discussed in this section, with the exception of the parting line

which is a core plate feature and is therefore discussed in section 7.6.2.

Similar to the cavity, the initial problem for the instantiation of the core impression features
defined in section 6.3.4. was to identify the main core geometry from mouldability wall fea-
tures. Mouldability wall features all translate to an integer core volume, but one must correct-
ly interpret the parameters of a wall instantiation for an integer core volume instantiation.
A method of translating from the mouldability representation to the main core geometry fol-

lows.

As for the build up of the main cavity geometry, the wall feature instantiations in the Product
model are identified in order of proximity of their base to the parting line. Working from the
furthest wall feature instantiation towards the parting line, the geometry of each wall instan-
tiation is compared with that of the next furthest in order to identify the equivalent dimen-
sions of an integer core volume. The geometry of an integer core volume is not always the
same as the inside of the equivalent wall feature instantiation, requiring i) Identifying the
base of the core, ii) instantiating the corner geometry in the core, and iii) dealing with wall

feature instantiations whose equivalent is an integer cavity rim in the cavity.

Identifying the base of the core; From Figure 7.46. it can be seen that if the furthest wall fea-
ture instantiation from the parting line has non-hollow rotational geometry (Figure 7.46 a)),
then the top of the wall is recognised as the base of the core, and an integer core volume is

instantiated of equal thickness above the top surface of the wall instantiation. The diameter
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of the integer core volume cannot be that of the inside geometry of a non-hollow wall instan-
tiation, and so to create the equivalent geometry of the inside of the product the diameter is
related to that of the inside of the next furthest wéll feature instantiation, The diameter is 4
mm less than the inside diameter of the next furthest wall instantiation to allow for the instan-
tiation of integer core blends, which is discussed later in this section. If the furthest wall in-
stantiation has hollow geometry as in Figure 7.46 b) and c) then the base of the core may or
may not be related to this wall feature instantiation. It can be seen in Figure 7.46 b) that if
the next furthest wall instantiation has non-hollow geometry there is no core equivalent for
the furthest wall geometry, and the base of the core is instantiated in the same way as in Figure
7.46 a). If however, the next furthest wall instantiation is also hollow as in Figure 7.46 ¢),
then the base of the core is identified as the base of the furthest wall instantiation. The equiv-
alent geometry of the furthest wall instantiation is an integer core instantiation with the same

height and position and with the inside diameter of the wall.

Figure 7.47 shows the formulatéd method of instantiation of corner geometry in the core. It
can be seen from the figure that the manner in which the geometry of a corner is instantiated
in the core is dependant on the spatial relationships between two wall feature instantiations.
As shown in Figure 7.47 a) in a partial enclosure relationship as between walls 2 and 3, the
enclosed wall instantiation translates to an integer core volume which has the same geometry
as the inside of the wall instantiation, ie identical position, height and the inside diameter of
the wall. However to correctly reproduce a corner in the core, the encloser wall instantiation
translates to an integer core volume of the same diameter as the inside of the enclosed wall
instantiation, otherwise a step is created in the core. The integer core volume has the same
position and height as the encloser wall instantiation. Figure 7.47 b) shows that in a full en-
closﬁrc relationship as between walls 3 and 4, the encloser wall translates to an integer core
volume which has the diameter of the inside of the wall geometry. However the height of the
integer core volume is reduced to the difference between the encloser and the enclosed wall

instantiation and the position is relocated to the top of the enclosed wall instantiation.
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The formulated method of dealing with wall feature instantiations whose equivalent is an in-
teger cavity rim in the cavity is shown in Figure 7.48. It can be seen from the figure that the
instantiation of integer core volumes is based upon the relationships between the 'rim’ wall
and the adjacent wall instantiations. In Figure 7.48 a) the further wall instantiation geometry
has a partial enclosure relationship with the 'rim’ wall instantiation, and therefore the instan-
tiation of integer core volumes is the same as in Figure 7.47 a), ie the enclosed wall instantia-
tion translates to an integer core volume which has the same geometry as the inside of the
wall instantiation, ie identical position, height and the inside diameter of the wall. The 'rim’
wall instantiation translates to an integer core volume of the same diameter as the inside of
the enclosed wall instantiation, otherwise a step is created in the core. The integer core vol-
ume has the same position and height as the ’rim’ wall instantiation. Figure 7.48 b) shows
a full enclosure relationship, but unlike in Figure 7.47 b) it is the wall instantiation nearer
the parting line that is enclosed. In this scenario the nearer wall instantiation translates to an
integer core volume whose diameter is the same as that of the integer core volume equivalent
of the *rim’ wall, otherwise a step is created in the core. The height and position are identical

to that of the nearer wall instantiation.

A problem for the core as well as for the cavity is that a gap may occur in the main (cav-
ity/)core geometry due to reinforcement features in a product bridging the gap between two
walls. A method of considering the process constraints of the core in relations to gaps in the
main geometry is required, a problem hitherto not considered the closest work being that of
Hui and Tan (1994) and Mochizuki and Yuhara (1992) in the area of automatic undercut
detection using complex algorithms in a solid modeller. As outlined their work has been per-
formed on completed mould geometry with no potential links back to product design. Here
the problem has been addressed by including in the core features set an integer core group
volume which is instantiated from a group of reinforcement instantiations bridging a gap be-
tween two wall instantiations. As in the cavity, a requirement for an integer core group vol-
ume must be identified, ie that a gap exists in the main core geometry which contains rein-

forcement instantiations. Itis also necessary to correctly identify the dimensions of an integer
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core group volume from a group of reinforcement instantiations bridging a gap in the core.

As in the cavity, a gap can be identified simply by the relati-vc position and dimensions of
geometry. Once a gap is identified, reinforcement instantiations in a gap are identified in the
same way as in the build up of the cavity. Having established that an integer core group vol-
ume must be instantiated, the dimensions of the group volume must be obtained from the
group of reinforcement instantiations in the gap. Similar to the build up of cavity geometry,
dimensions are taken from the form feature instantiation that is associated with the reinforce-
ment instantiations in a gap, as shown in Figure 7.49. Selecting one mouldability instantia-
tion, the association with a form feature instantiation is used to obtain the identity of the other
mouldability instancations in the gap, via their associations with the same form feature in-
stantiation. As shown in the figure, the parameters of the integer core group volume are ob-
tained from the form feature instantiation in the same way as for the instantiation of the cavity

group volume.

The integer core group volume enables consideration of process constraints of gaps in the
main core geometry in a similar manner as the integer cavity group volume does for gaps in

the cavity: Adjustments of integer core group volume dimensions in response to feedback
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advice, eg for overhangs in the core, are used to adjust the position of the associated mould-
ability instantiations (via the form) so that the mouldability instantiations’ relationship with
the dimensions of the integer core group volume is maintained, as shown in Figure 7.29. The
above structured methods for wall translation and dealing with gaps in the core solve the

problems of instantiation of the main geometry in the core impression,

Having instantiated the main core geometry, we must next instantiate the local inserts in the
core. Local inserts have previously been considered only as a part of the overall core ge-
ometry in a solid model, eg Kang et al (1990), (1992), Tseng et al (1994) not individually.
As in the cavity, the authors work identifies local inserts as individual features, namely in-
teger core boss, integer core hole, integer core slot and integer core rim feature types. Local
inserts in the core are translated from reinforcements and holes, and similar to the cavity, rein-
forcement features that are associated with an integer core group volume should not be trans-
lated to local inserts because their process constraints in the core have already been con-
sidered during instantiation of the group volume. A method of identifying whether a
reinforcement feature translates to a local insert in the cavity or in the core has been described
in section 7.5.1, is shown in Figure 7.31. If a reinforcement or hole translates to a local insert
in the core, then there is a requirement to identify the type of core feature to which it trans-
lates, ie a core boss, hole, slot or rim. A solution to this problem has also been described in
section 7.5.1, and the permutations of equivalent core entities to mouldability reinforcements
and holes are shown in Figure 7.31. A final problem is the interpretation of the parameters

of the reinforcement or hole instantiations from which the local inserts are translated.

As shown in Figure 7.49, reinforcement instantiations inside a group volume can be identi-
fied in a similar way as during the build up of cavity geometry, by the associationin the Prod-
uct model between an integer core group volume and those reinforcements from which it was
instantiated. As illustrated in Figure 7.50, considering the remaining problem of identifying
the parameters of local inserts, for the translation of ribs, solid bosses, hollow bosses and

blind holes the dimensions are taken unchanged for the corresponding integer core slots,
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holes, rims and bosses. However for the translation of a through hole the length of an integer
core boss is increased by 5 mm to give some location in the cavity. The above structured sol-

ution solves the problems of instantiation of local inserts in the core.

A further problem that relates to both the main core geometry and the local inserts is the
translation of secondary mouldability feature instantiations to the core viewpoint. The re-
quirement for an integer core blend in the core must first be identified. As a blend is between |
two primary mouldability instantiations, one must establish to which other core geometry the
new integer core blend instantiation should be attached. If the mouldability blend is of the
comer blend type, the problem is to identify whether the larger radius or the smaller radius

should be applied to the core. An additional problem (Figure 7.51) is how to apply an integer
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Figure 7.52. Translation problems: Applying tapers correctly to core geometry,

core blend to the core geometry to correctly replicate the inside product geometry. It can be
seen that the manner of application of an integer core blend to core geometry is not the same

as the application of a mouldability blend to product geometry.

Mouldability taper features translate to integer core tapers. The instantiation problems of an
integer core taper are similar to those of an integer core blend: A requirem‘ent for an integer
core taper in the core must be identified. The second problemis how to apply aninteger core
taper to the core geometry to correctly replicate the inside product geometry, as illustrated

in Figure 7.52.
To identify the requirement for an integer core taper and/or blend in the core the existence

of a taper and/or a blend on a translated primary mouldability feature instantiation must be

detected. This can be achieved using the Product model structure in Figures 7.22 and 7.53.
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The associations in Figure 7.53 identify the equivalent primary mouldability instantiation of
a core feature instantiation, and therefore using the associations between primary and sec-
ondary mouldability feature instantiations shown in Figure 7.22, the existence of tapers and

blends on the equivalent primary mouldability instantiation can be identified.

If a blend exists on a primary mouldability instantiation, the adjacent geometry in the core
towhich an integer core blend instantiation should be attached needs identification, also done
by using the associations in the Product model shown in Figures 7.22 and 7.53. Having
identified the equivalent primary mouldability instantiation and the existing blend, the as-
sociations in Figure 7.22 allow identification of the other primary mouldability instantiation
to which the blend instantiation is attached. The core equivalent of the former is then identi-

fied using the associations in Figure 7.53.

What if a blend is of the comer type? The problem is now to identify whether the smaller or
larger radius is to be used in the cavity or the core, ie which is to be used in the integer core
blend instantiation. Figure 7.54 exemplifies a method of radius identification for integer core
blend instantiations. Using the associations in Figure 7.53 and 7.22 the equivalent wall fea-

ture instantiation for each integer core volume instantiation is known. Therefore, the radius
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from a corner blend to be used in an integer core blend instantiation is identified by compar-
ing the dimensions and positions of the equivalent blended wall feature instantiations in the
Product model, working from the furthest wall instantiation from the parting line to the
nearest, Note that a wall feature instantiation that translates to an integer cavity rim (no walls
translate to rims in the core) is considered as the nearest to the parting line, even though an
enclosed wall instantiation will be nearer. Thus the dimensions of those wall instantiations
that translate to an integer cavity volume are compared as far as the parting line, and the last
of these wall instantiations is compared with the one that translates to an inte ger cavity rim,
The comparison in the product is as follows: If the further of two wall instantiations is clos-
ing off’, as in Figure 7.54 a) and d), the smaller of the radii in the corner blend is instantiated
in the core. If two wall feature instantiations are the same distance from the parting line, as
in Figure 7.54 c), the smaller of the radii in the corner blend is instantiated in the core. In any

other comparison the larger of the radii in the corner blend is instantiated in the core.

The final problem of the translation of secondary mouldability features to the core design
viewpoint is the application of integer core tapers and integer core blends in a manner that
replicates the outside geometry of the product. Figure 7.54 offers a solution for the applica-
tion of integer core blends: Looking at wall to wall relationships in the product; in ’closing
off” scenarios 7.54 a) and d) an integer core blend is applied to the lower outside edge of the
integer core volume instantiation that is associated with the nearer wall instantiation to the
parting line. In the same distance scenario of 7.54 c) an integer core blend is applied to the
lower outside edge of the wider integer core volume instantiation. In the partial enclosure
scenarios in Figure 7.54 b} and ¢) an integer core blend is not applied to the lower integer
core volume at all, but the integer core blend is *moved’ to be between the higher of the two
integer core volumes and the next one up. In the case of the scenario in Figure 7.54 ¢) this
means that the integer core blend is between an integer core volume and the integer core inner
land. Note that no integer core blend is applied between two integer core volumes if one has

an equivalent wall instantiation that translates to an integer cavity rim.
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From Figure 7.55, the author has shown that the same rules apply for the application of in-
teger core tapers in the core as for mouldability tapers on the product. However no taper is
applied to an integer core volume whose equivalent wall feature instantiation translates to
aninteger cavity rim. The above provides a structured solution to the problems of the instan-

tiation of integer core blends and integer core tapers.

The above structured methods provide a solution to the problems of translation from the
mouldability features set to an alternative set of core impression features which maintains
the links between the structure of the geometry of the two viewpoints. Chapter 9 describes
the design. of an injection moulding strategist application that incorporates the ideas that have

been described and discussed above.

7.6.2. The instantiation of core plate features.

A set of geometric relationships can be defined between the core impression and the plate,
and between the cavity and the core plate, such that as the impression is instantiated, so feed-

back can be provided on the consequences of product geometry for the core plate design as
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the product geometry evolves, Therefore the design of the core plate can be modified as the
product is developed by the designer. For core plate feature instantiation, these geometric
relationships must be evaluated, some of which require an additional input of the geometry
of mould system elements such as the feeding or cooling system, and/or the geometry of other
core plate feature instantiations. These prerequisite data requirements and the geometric rela-
tionships can be captured in relation to each core plate feature type. This captured data can
be used to support a strategy for instantiation of the core plate features. This places a require-
ment on the core design strategy as described in section 7.6.3. The problems of the above
approach for instantiation of each core plate feature is considered in the remainder of this

section, and the formulated solutions are described.

7.6.2.1, Core parting line feature instantiation.

The first problem that must be addressed in the translation between mouldability and the core
is the instantiation of the integer core parting line. A knowledge of the parting line position
is a prerequisite to the instantiation of the core impression because process constraints such
as overlaps in the core must be considered with respect to the position of the parting line.
Furthermore, the parting line position is required to identify the geometry of some feature
types in the core during translation. The problem of integer core parting line instantiation is
to identify the position. The position of the parting line on the product is identified during
analysis of the cavity design viewpoint, and therefore the integer core parting line position

can simply be taken from that of a horizontal integer cavity parting line instantiation.

7.6.2.2. Core land features instantiation.

Having instantiated the integer core parting line and the core impression features, consider
next the instantiation of the remaining features in the core plate. As in the cavity, integer core
inner lands must be instantiated as a prerequisite to instantiation of the core block, since core

lands geometry is an input into the core block instantiation process. To match the cavity, the
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assumption here has been made that a core inner land can be of two types, an integer core
circular land or an integer core rectangular land. The general problems of an integer core
inner land instantiation are similar to those for an integer cavity inner land ; i) the inner land
must enclose the core impression, and to accomplish this enclosure, the minimum size and
shape of the land is dependant upon the type and geometry of the feeding system as well as
the width of the core impression, ii) the size and shape of an integer core inner land instantia-
tion must also take account of venting considerations, which are related to the type and ge-
ometry of the feeding system. To demonstrate that core impression, parting line, and cavity
plate data can be used at at early stage in product design as an input to decision making with
respect to the size and shape of the lénds, and the extent to which this can be in parallel with

the design of the product, the following method has been used.

It can be seen from Figure 7.56 that the mating and sealing requirements between lands in
the cavity and core means that lands instantiated in the core must match those instantiated
in the cavity. Therefore if an integer cavity circular land is instantiated in the cavity, an integer
core circular land is instantiated in the core and if an integer cavity rectangular land is instan-
tiated in the cavity, an integer core rectangular land is instantiated in the core. It can also be
seen that the geometrical relationship that exists between lands in the cavity and core ident-

ifies most dimensions of the integer core inner land. The enclosure requirements of the in-
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teger core inner land with respect to the impression and feeding system geometry have al-
ready been considered during instantiation of the integer cavity land. Only the depth remains
to be identified, and as with the cavity lands, this is assumed to be the minimumrequirement

identified by Pye (1989) of 2.4 mm.

If a narrow integer core inner land is instantiated'(a circular land in the current context), the
surface area of the inner land is likely to be insufficient to withstand the injection forces and
deformation and flash formation may occur, Pye (1989). Therefore integer core peripheral
lands are required to increase the surface area. As for the integer cavity peripheral lands the
problem of integer core peripheral land instantiation is to identify the numbers, shape and

spacing of the peripheral land instantiations and the surface area of each.

It can be seen from Figure 7.56 that the shape and numbers of integer core peripheral land
instantiations has already been identified during instantiation of the integer cavity peripheral
lands. It can also be seen that the geometrical relationship that exists between lands in the

cavity and core identifies the surface area and spacing of the integer core peripheral lands.
7.6.2.3. Core block feature instantiation.

Having instantiated the integer core lands the last of the core plate features to instantiate is
an integer core block. The general problems of integer core block instantiation are i) to pro-
vide a depth of block behind the impression to avoid distortion of the block due to injection
forces, ii) the depth of an integer core block instantiation must take account of the require-
ment to accommodate mould system elements such as the cooling system and possibly some
of the feeding system, the width and length must be sufficient to accommodate the width of
the core impression and lands, the cooling system, the guide system, and ejection system.
Using the following method it can be demonstrated that core impression and lands data, cav-
ity plate data, and feeding and cooling system data can be used at an early stage in product

design as an input to decision making with respect to the dimensions of a core block, and the

192



extent to which these can be considered in parallel can be shown,

As described in section 7.5.2.3, tubes in a cooling system require a clearance of 16 mm in
order to avoid localised cooling effects. Therefore the depth of an integer core mould block
instantiation is the depth of the cooling system in the core block (some cooling tubes may
be in the centre of the core impression)}, plus 32 mm. Thus for example for a single layer of
cooling tubes across the core block, the block depth dimension is the diameter of the tubes
plus 32 mm. With respect to the feeding system, as shown in Figure 7.40, if the impression
1s side gated half of the runner éystem is in the cavity plate and half in the core. Furthermore,
to aid ejection of the feeding system a sprue puller is located in the core plate (see section
7.7). A 16 mm clearance between the cooling system and the feeding system must be main-
tained in order to avoid premature solidification of the sprue and runner and the possible
consequences of inadequate filling of the impression. Any adjustments in the position of the
cooling tubes to accommodate this require a corresponding increase in the depth of the core

block.

It can be seen from Figure 7.56 that the dimensions of the integer cavity block can be used
to identify the width and length of an integer core block instantiation. As shown in Figure
7.43 the dimensions of an integer cavity block are determined by the need to accommodate
the guide system, which has the largest envelope of all the mould system elements. The guide
system in the integer core block must match that of the cavity block to ensure mating of the

two halves and therefore the two blocks can be assumed to have the same size.

The structured methods described above provide a solution to the problems of instantiation

of the core plate features.

7.6.3. Core design support strategy.
The above investigation into the interaction of the core and mouldability viewpoints has
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identified a set of precedence relationships which are reflected in the core design support
strategy (Figure 7.45b). The core design strategy is i) instantiate main core geometry, ii) in-
stantiate core group volumes, iii) instantiate local inserts, iv) instantiate core plate. It has been
identified that the strategies of the cavity and core applications for instantiating the impres-
sion are interrelated and a set sequence of interactions can be identified (Figure 7.45¢ ). With
respect to core plate instantiation, the precedence relationships identified for evaluation of

geometrical relationships described in section 7.6.2 mean that the strategy has been defined

as 1) instantiate core parting line, i) instantiate core lands, iii) instantiate core block.

The above solutions provide a link between the geometry of the product and that of the

mould. Chapter 9 describes the design of an injection moulding strategist application that in-

corporates the ideas that have been described and discussed above.

7.7. Mould system elements assessment — Feeding system.

For true concurrency a designer must be aware of the choices that exist in terms of the con-
figuration and geometry of the feeding system as the geometry of the product evolves. How-
ever all previous work has considered the design of the feeding system retrospectively to the
design of the product. Much of the previous work has focussed on the automation of feeding
system design and has considered some kind of optimisation algorithm, eg Cinquegrana
(1990)a (1990)b, Rho et al (1990). The work of Ong et al (1995) considered the type of gating
systemin relation to the product geometry in a solid model, taking account of possible parting
lines. However no gating system or runner system geometry was produced. Al-Ashaab
(1994) captured the elements of a feeding system in a Manufacturing model and provided
feedback on the appropriate type and parameters of a gating and runner system in a mould.
However no product or mould geometry was considered and a question and answer routine
was required to identify the overall shape of a product, eg tubular. All of the above work has

considered the feeding system after completion of the product design.
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In this work a strategy is required to support the designer in consideration of the feeding sys-
tem design during the build up of product geometry. To provide the designer with choices
with respect to the configuration and geometry of a feeding system at each juncture in the
development of a product a translation process is required between the cavity viewpointand
individual feature types of the feeding system. The problems involved and the formulated

solutions are now described.
7.7.1. Problems of instantiation of feeding system features.

This section discusses the problems of instantiating the features in the feeding system, iering
gate, tab gate, sprue gate, sub-surface gate, diaphragm gate, rectangular edge gate, ovetlap
gate, fan gate, pin gate, film gate, trapezoidal runner, modified trapezoidal runner, circular
runner, hexagonal runner and main feeding sprue. A prerequisite must be the instantiation
of a gating system, since all other entities in the feeding system are joined to the cavity via
the gate. Therefore the geometric relationship with the cavity/core of other entities instan-
tiated in a feeding system, and thus their dimensions, are dependant upon the position and

dimensions of the gating system as well as those of the cavity/core.

The first problem in instantiating one of the gating systems included above is to identify
where it should be positioned. It has been recognised that each gating system hasits own geo-
metric relationship with the cavity impression in order that each type shall have the correct
feeding position. For example a rectangular edge gate must be on the parting line as well as
on the edge of the cavity, whereas a sprue gate must be on the base of the cavity, ideally in
the centre. The required type of gating system instantiation has to be identified and then allo-
cated the correct position in relation to the cavity impression. Previous work has considered
the gate position solely with respect to the geometry of a product, eg Ong et al (1995), Irani

et al (1989). The final problem is to identify the dimensions of a gating system instantiation.

Next it is necessary to identify which feeding system feature types must be instantiated to
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build up the remainder of a feeding system. This is dependant upon the type of gating system.,
For example, a rectangulér edge gate requires a circular runner and a main feeding sprue, a
diaphragm gate requires only a main feeding sprue and a sprue gate requires no other el-
ements in the feeding system. If additional feature types are needed they must then be instan-

tiated.

The available runner systems are trapezoidal runner, modified trapezoidal runner, circular
runner and hexagonal runner feature types. If a runner is needed the next steps are to identify
the geometrical relationship between a runner instantiation and a gating system and decide
upon appropriate dimensions. In general a runner can be said to be "on the end of’ a gating
system, but the meaning of these words changes depending upon the type of gating system

and the type of runner feature.

Followin g this stage a main feeding sprue may have to be instanciated. The geometrical rela-
tionship between a main feeding sprue instantiation and a runner, or a gating system if a dia-
phragm gate has been used needs to be determined. Again a main feeding sprue can be said
to be "at the end of” a runner system. However the meaning of these words varies depending
upon the type of runner or gating system instantiation. Finally the main sprue dimensions

need to be established.

7.7.2. A structured methodology for feeding system feature instantiation.

Solutions to the problems of feeding system instantiation are now described.

Instantiation of a gating system. It is first necessary to identify the requirement for a gating

system instantiation. To do this the existence of a mouldability gate instantiation on the pri-
mary mouldability geometry must be detected. This can be achieved using the Product model
structure in Figure 7.22. The associations between the primary and secondary mouldability

instantiations in the Product model mean that by checking all wall instantiations on a particu-
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lar product the existence of a gate feature instantiation on any wall can be identified.

The type of gating system to instantiate and its position in relarion to the the cavity, Previous
work has considered the gate position solely with respect to the geometry of a product, eg
Ong et al (1995}, Irani et al ( 19'89). Subsequently Ong et al (1995) identified the possible
gating system types based on the gate position on the product and possible parting lines. The
work in this thesis has identified that the type of gating system influences the configuration
of the cavity and core plate (sections 7.5. and 7.6) so that the choice of gating system must
berelated to the product geometry in order to then provide the most appropriate configuration
of cavity and core for the given product geometry. The position of the gating system in rela-
tion to the cavity/core can then be considered by the designer in relation to the specific pro-
cess constraints of a given type of gating system during the feeding system design stage. The
possibly significant consequences of the position of a gating system in relation to the cavity/
core geometry has to date been ignored. To take an example, a rectangular edge gate away
from the parting line prevents ejection of the feeding system and renders a mould non-man-

ufacturable.

Because the appropriate type of gating system must be considered with respect to the ge-
ometry of the product this can be considered during instantiation of a mouldability gate fea-
ture, as described in section 7.4.4. Thus the required type of gating system can be identified

from the mouldability gate feature instantiation identified in the Product model.

The appropriate position of a gating system in relation .to the the cavity is dependant upon
the gate system type and can be identified as follows. Consider Figure 7.57. This figure shows
where the position of each gating system feature type is measured and where the position
should be in relation to the cavity/core geometry. A gating system inherits the position of
the associated mouldability feature instantiation, and this position can be evaluated with re-
spect to process constraints data in the Manufacturing model associated with each gating sys-

tem type.
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Finally the dimensions need to be determined. The rules (see Figure 7.58) for identifying the
dimensions of most gating systems in relation to the geometry of the cavity/core can be
identified fromthe literature, eg Pye (1989), Dym (1987). These rules can be captured in rela-
tion to each gating system feature type. Al-Ashaab (1994) and Ong et al (1995) also captured
process constraints on dimensions in relation to gating system types but no mould geometry
was available in their work and therefore the dimensions were considered with respect to

product geometry, and no gating system geometry was created.

Here, where the geometry of the cavity/core is available, it can be seen that to identify the
- dimensions of atab gate and a fan gate during instantiation requires the diameter of the runner
system. The dimensions of a runner system instantiation are either related to the cavity ge-
ometry or can be calculated without external data (see below). These calculations must be
made during the instantiation of the gating system in order to identify all dimensions of a tab
gate or a fan gate. Therefore the process constraints in the Manufacturing model relating to
fan gate and tab gate dimensions must contain data on runner design. It can also be seen from
Figure 7.58 that the lengths of a pin gate and a sprue gate instantiation are related to the depth
of the cavity block under the impression. The identification of the depth of an integer cavity
block has been described in section 7.5. However as described in section 7.5.2. the instantia-
tion of the feeding system is a prerequisite to the instantiation of all cavity plate features ex-
cept the integer cavity parting line. Therefore at the time of instantiation of the gating system
the integer cavity block has not been instantiated and the process constraints in the Manufac-
turing model that relate to pin gate and sprue gate dimensions must contain data on integer
cavity block design. The above structured methods provide a solution to the problem of in-

stantiation of a gating system.

Having instantiated a gating system, the next problem is to identify the feature types which
make up the remainder of a feeding system. This can be related to the type of gating system,
and can be identified from practice and the literature, eg Pye (1989), Dym (1987). The author

hasrelated the type of gating system instantiation to the other feature instantiations required
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Gate type Runners Main feeding sprue
. Trapezoidal/
Ring gate Modified trapezoidal ! 1
Tab gate Circular/Hexagonal 1 1
Sprue gate 0 0
Sub-surface gate Circular/Hexagonal 1 1
Diaphragm gate 0 1
R;itangular edge Circular/Hexagonal 1 1
Overlap gate Circular/Hexagonal 1 1
Fan gate Circular/Hexagonal 1 1
: Trapezoidal/
Fin gate Modified trapezoidal ! 1
Film gate Circular/Hexagonal 3 1

Table 7.1. Types and numbers of runner and main feeding sprue
instantiations associated with diffcrent gating system types,

to complete the feeding system, as shown in Table 7.1. This data has been captured in relation
to each gating system feature type. The instantiation of the remainder of the feeding system

as identified in Table 7.1 is discussed in the remainder of this chapter.

Assuming a runner is required, this is now considered. The author has identified the geomet-
ric relationships between runner instantiations and the various types of gating system in Fig-
ure 7.59. The figure shows where the position of each runner instantiation should be
measured and where the runner position should be in relation to the geometry of the gating
system and the cavity. Figure 7.60 shows that the rules for identification of the dimensions
of arunner in relation to the geometry of the gating system and the cavity/core can be identi-
fied from the literature, eg Pye (1989), Dym (1987). These geometric relationships and pro-
cess constraints on dimensions have been captured in relation to each runner system type.
Ong et al (1995) used the same approach to provide feedback on the parameters of a runner
system, but with no mould geometry a question and answer routine was required to obtain
from the designer information on desired runner/cavity volume ratio and the number of sec-
ondary runners etc. No runner geometry was created and only diameter feedback information
could be provided. In this work, where the geometry of the cavity/core is available, it can be

seen from Figure 7.60 that in all cases the dimensions of a runner are dependant upon the

201



4374

/

ition ocelentationm 0.0 Reciangular edge, fan, overbap, sub—surface - Circu-
orientations PI/2 : \ lar runner om wet feeding position on end of gate (de- Rumer position
pending on gato type), oricnicd away from cavity im-
< pression " -

\ Flim gate— Set foeding position is away from gate,
1 runner to feeding position, orientation away from cavity.
2 runmers oricrted alongside cavity, + and = length from

Peeding position

RECTANGULAR EDGE GATE FILM GATE

FAN, OVERLAP, SUR-SURFACE GATE

A. Circular runner onto rectangular edge, fan, overlap, sub-surface and film gate.

Runner position

R itiem 1 dimmncicr
posi Feeding position @ 1 ¢ diame

orientation= 3 PI2 = [)
Focding position -
Feeding posit TAB GATE PIN GATE
RING GATE arientation= 0.0
Clrcular runner lo tab gate - Trapezoldal runner 1o ring gate— Runner position
Runner to set position oo gate, Runner on act foeding position on gats, .
arisnted alongaide cavity ecicnted away from contre of cavity oricntations PI

Trapezoldal runner to pin gate—
Ruswner to feeding position beyond
pata from cavity, eriented towards
centre of cavity

B, Circular mnner onto tab gate, trapezoidal runner onte pin and ring gate.

Figure 7.59. Runner onto gate — "on end of” has a different meaning for each gating system type.




€0T

TAB GATE

L = L&/ + min distance from
cavity 1o maln sprue

DefWead) 37 &

FILM GATE

L1 = min distance from cavity 1o main
sprue—(gate land + D/2) ¥

DA WL BT o

L2=gate length + D/2 W

cavity length Lo
Centre of
—avity
8 ﬁw Tunner poaition Lg bt
foiererd W,
> ol -
—

runney position 7 | w
é g" = |%:sl main sprue top diameter
o Main sprue position

ey
L RING GATE
L = m!n distance from cavity to
PIN GATE maln sprue = (wg + Lg) + Ds #
Main sprus watfwieaynr o
L= dlstance runner position to centre of position

cavity + 10mm (13mm If PYC)

walf Witd QL) 12T o

* source — Pye (1989)

whers L=dength of mupmes
D=diameter of runner
Wiaweight of moulding
evwumm  requires cavity daia
e roquires no external data

requires data from other
focding system entitics

RECTANGULAR EDGE, FAN, OVERLAP,
SUB-SURPACE GATES

L = min distance from cavity to
main sprue - (gate land) #

pdwoalyns

Figure 7.60. Runner parameters have to be derived from gate, sprue and cavity data




position of the main feeding sprue relative to the cavity. Therefore the process constraints
in the Manufacturing model that relate to runner dimensions must contain data on main feed-
ing sprue design. The above structured methods provide a solution to the problem of instan-

tiation of a runner system.

Finally the instantiation of a main feeding sprue. We need first to identify the geometric rela-
tionship between a main feeding sprue instantiation and a runner system or diaphragm gate
instantiation. In Figure 7.61 the author identifies the geometric relationship between a main
feeding sprue and arunner system or a diaphragm gate. From the figure the correct geometric:
relationship is attained if the méin feeding sprue position is the same as the feeding position.
It can be seen that the geometric relationships between a runnerinstantiation and a main feed-
ing sprue is dependant upon the type of gating system. These geometric relationships and
their relevance to particular types of gating system have been captured within the data asso-

ciated with a main feeding sprue in the Manufacturing model

With regard to the dimensions, as shown in Figure 7.62 these can be related to an integer cav-
ity block, and these relations can be captured in association with a main feeding sprﬁc feature
type: If a mould cavity is side fed as in Figure 7.62 a) and b), the length of a main feeding
sprue is directly related to the depth of an integer cavity block unless i) the top diameter of
a tapered main feeding sprue with a base diameter to match an injection machine nozzle has
alesser diameter than the width of a runner instantiation, or ii) a tapered sprue of maximum
width 10 mm at the top (Pye (1989)) does not have sufficient length to reach the base of the
cavity block with a base diameterlarge enough to interface with an injection machine nozzle.
Scenario i) requires an extension of the imegér cavity block to allow an increase in the top
diameter of the main feeding sprue to be equal to that of the runner. Scenario ii) requires the
instantiation of an integer cavity nozzle recess as described in section 7.5. It can be seen that
if 2 mould cavity is under fed using a pin gate as in Figure 7.62 c), and the top diameter of
a tapered main feeding sprue with a base diameter to match an injection machine nozzle has

alesser diameter than the width of a runner instantiation, then an extension of the integer cav—
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ity backing plate isrequired to allow an increase in the top diameter of the main feeding sprue
to be equal with that of the runner. The above structured methods provide a solution to the

problem of instantiation of a main feeding sprue.

To enable concurrency, changes to a feeding system in response to consideration of process
constraints must be reflected in the other viewpoints in injection moulding design. The only
area earlier in the design cycle where changes to the feeding system affect another design
viewpoint is mouldability, which is affected with respect to a gate instantiation that corre-
sponds to a gating system, If the position of a gating system is changed due to analysis of
process constraints, the position of a corresponding mouldability gate instantiation must also
be changed, so that a later analysis of the feeding system does not show the same design prob-

lems as existed in a current analysis.

The above structured methods provide a solution to the instantiation of the feeding system
features identified by the author, enabling a linking between the feeding system design view-

point and those of product and the cavity/core design.
7.7.3. Feeding system design support strategy.

The above investigation has identified the information precedence relationships in feeding
system feature instantiation, and the feeding system design support strategy is as expected
for a mould design, ie i) gating system instantiation, ii) runner system instantiation, iii) main
feeding sprue instantiation (Figure 7.45d ). After execution of stage 1) of the strategy, the first
stage of the cooling strategy in the cavity (Figure 7.45¢ ) is a prerequisite to executing stages

ii) and iii) which require a knowledge of the minimum depth of the cavity plate.

Chapter 9 describes the design of an injection moulding strategist application that incorpor-

ates the ideas that have been described and discussed above.
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7.8. Mould system elements assessment — Cooling system.

For true concurrency a designer must be aware of the choices that exist in terms of the con-
figuration and geometry of the cooling system as the geometry of the product evolves. How-
ever, as with the feeding system, this has always been examined retrospectively in the past
using the whole product geometry plus the completed feeding system design as the input. The
approach until now has either been to examine cooling systems in terms of machining fea-
tures, as the input to an NC machining process planner,-eg Rho et al (1990), or to automati-
cally generate the cooling system using standard parts and predetermined rules on system

configuration, eg Cinquegrana (1990)a, (1990)b.

In this work a strategy is required to provide the designer with choices in respect of the con-
figuration and geometry of a cooling system at each juncture in the development of a product.
In order to provide the designer with this choice‘a translation process is required between the
viewpoints of the cavity/core and individual feature types of the cooling system. The prob-

lems involved and the formulated solutions are now described.
7.8.1. Problems of instantiation of cooling system features.

This section discusses the problems of instantiating the features in the cooling system, ie stan-
dard flow way, baffle flow way and baffle blade. The order in which the following problems
arise is dependant upon the type of cooling system, and whether it is in the cavity or the core,

as discussed in section 7.8.3.

One consideration is which configuration of cooling system to use, ie 2 'U’ tube, 'Z’ tube,
or more complex design. The optimum configuration of a cooling system is dependant upon
the geometry of the cavity/core and feeding system that must be cooled and whether the cool-
ing system is in the cavity or the core. The temperature of the mould is important as it governs

a portion of the overall moulding cycle, Pye (1989). The melt flows more freely in a hot
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mould but a greater cooling period is required before the solidified moulding can be ejected.
Alternatively, while a melt solidifies quickly in a cold mould it may not reach the extremities
of the impression. During the impression filling stage the hottest material in the mould will
be in the vicinity of the entry point, ie the gate, and the coolest will be at the point furthest
from the entry. The temperature of the coolant fluid however, increases as it passes through
the mould. To minimise the cycle time the configuration of a cooling system must provide
as far as possible an even cooling effect over the surface of the moulding, Pye (1989), Dym
(1987). To achieve this it is necessary to locate the incoming coolant fluid adjacent to the
_’hot" moulding surfaces and to locate the channels containing heated coolant fluid adjacent
to the cool’ moulding surfaces. With respect to cooling system design, it is not always poss-
ible to adopt the idealistic approach and common sense is required if unnecessarily expensive

moulds are to be avoided, Pye (1989).

Having identified the best possible configuration, it is necessary to identify which types and
quantity of cooling feature instantiations are required to build the chosen cooling system con-
figuration, ie what types of flow ways and how many, does the cooling system require baffle
blades to change the flow of coolant through the system etc. For example a *U” tube configur-
ation of cooling system would require three standard flow ways. Also to be identified is the

way in which the instantiations fit together to create the chosen configuration.

Another problem is to maximise the potential cooling effect of the system in order to provide
the minimum cycle time. This problem is related to the capacity of a cooling system to carry
coolant around the mould and the surface area that is made available for heat transfer between
the coolant and the mould. As shown in Figure 7.63, a further problem of cooling system
instantiation is the avoidance of local variations in the temperature across the impression with
the consequent moulding problems. Thus the optimum cooling system formation provides
the maximum cooling effect without causing local variations in the temperature of the im-

pression.
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Figure 7.63. Optimum cooling formation must give maximum cooling without local variations

The final problem of the instantiation of a cooling system is to identify the dimensions of the
cooling feature instantiations making up the cooling system geometry. The dimensions of a
cooling feature instantiation are dependant upon i) the final formation of a complete cooling
system, ii) which part of the overall cooling system is provided by the instantiation eg is it
the bottom of the 'U” in a “U* tube or on the side etc, and iii) the dimensions of the cavity

or core block instantiation within which the cooling system is contained.

7.8.2. A structured methodology for cooling system feature instantiation.

The problems of instantiation of the cooling system features described above can be dealt
with as follows. The configuration of a cooling system must as far as possible minimise the
cycle time by providing an even cooling effect over the surface of the moulding without ne-
cessitating an unduly expensive mould, Pye (1989). The configuration problem is different
for a cooling system in the cavity and for a cooling system in the core, and so are dealt with

separateiy.

With respect to a cavity, the options for cooling system configuration are limited by the geo-
metrical requirement to envelope the cavity impression. Additionally, as indicated by Pye
(1989), where possible highly complex cooling systems which increase the cost of the mould

should be avoided. Therefore two configurations of cooling system in the cavity are con-
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sidered; the "U’ tube configuration and the ’paired’ tube conﬁéuration. The author has deter-
mined that the configuration of the cavity cooling system can be related to the type of gating
system and whether the impression is single or multi gated, as shown in Figure 7.64. A cavity
impression is either undergated, using a pin gate a diaphragm gate or a sprue gate, or else it
is side gated, using a ring gate, a fan gate, a film gate, a sub-surface gate, an overlap gate,
a rectangular edge gate or a tab gate, Looking at the side gates, as shown in Figure 7.64 a)
a single side gate produces a hotter moulding at the gated end than at the other. Therefore in
order to produce as even a cooling effect as possible a ‘U tube configuration should ideally
be used to provide extra cooling at the gated end. It can be seen from the figure that if more
than one layer of cooling tubes is used the cooiant can be passed in opposite directions in the
layers to alleviate the effects of the coolant heating up whilst travelling through the mould.
From Figure 7.64 b), with more than one side gate a "U’ tube configuration would actually

promote an uneven cooling effect. Therefore a system of ‘paired’ tubes is preferable.

With respect to an undergated cavity impression, if a single gate is used then if an undergate
is in the centre of the base as in Figure 7.64 ¢) a "paired® tube configuration is preferable as
a "U’ tube configuration promotes uneven cooling. If an undergate is acentral as in Figure
7.64d) thena’U’ tube conﬁguratjon is preferable to provide additional cooling at the gated
end. If multiple undergating is used as in Figure 7.64 ¢€) a system of ’paired’ tubes is prefer-
able. As shown in Figure 7.64 f) all types of gating system can be related to a preferred con-
figuration of a cavity cooling system. Capturing the above relations for cavity cooling sys-

tems solves the problem of identifying the configuration of a cooling system in the cavity.

The configuration of a cooling system in a core depends amongst other things upon whether
the core is a *deep’ core or a *shallow’ core. A core is considered to be deep if the depth of
the cavity impression is greater than 25 mm, Pye (1989), in which case cooling tubes are re-
quired inside the core impression as well as the core block. As shown in Figure 7.65 a), for
the cooling of a deep integer core three types of cooling system are available, ie i) a stepped

circuit system, ii) an angled hole system, and iii) a baffle tube system. It can be seen from

2l



rA Y4

E. Double pin gate — pair configuration

C. Sprue gate — pair configuration

B. Double rect edge gate — pair configuration D. Single pin gate — "U’ configuration

o — ﬁ / O @ 9 Q

Sprue Sub-—surface Overlap edge

- Y @@@ P PP

L 4B B

E. Tabulated relations between gating system type and cooling system configuration in the cavity.

Figure 7.64. Preferred cavity cooling configuration is related to the gating system.
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Figure 7.65. Possible cooling configuration in the cavity and core.

the figure that a stepped circuit system requires holes drilled through the side of the core,
which are subsequently plugged and refinished. The angled hole system may cause diffi-
culties in making sure the angled holes meet up in a very deep core, and it can be seen that
this configuration places a limit on the depth of core that can be reasonably cooled. Because
of the geometry of the angled hole system, the lower end of the core is only cooled in the
centre. The baffle tube system uses baffle blades to divert the coolant so that it flows into and
out of the core in the vertical flow ways. It can be seen that the baffled hole system has a
greater capacity to carry coolant around the mould than the others and it has none of the prob-
lems of configurations i) and ii). Therefore this is the only deep cooling system considered

in the authors work,

As shown in Figure 7.65 b), the options for the configuration of a cooling system in a shallow
core depends on the number of tubes across the top of the core. In the authors work this is
determined by the maximum cooling capacity evaluation, which isdiscussed later in this sec-
tion. The number of tubes across the top of a core impression in a core block can be any
number from a single tube upwards. As shown in the figure, with two tubes a cooling system
configuration can be a "U’ tube or a ’paired’ tube. Any number of paired or U tubes can be
used where the number of tubes across the core is a multiple of two, and the direction of flow

can be alternated to provide more even cooling. With three tubes a cooling system configur-
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Figure 7.66. Relating cooling system configuration to gating in a shallow core.

ation can be *Z’ tube or a “single’ tube. Any number of Z tubes can be used where the number
of tubes across the core is a multiple of three, and the direction of flow can be alternated to

provide more even cooling.

In order to identify the preferred configuration of cooling system across the top of a shallow
core, the appropriate configuration can be related to the gating system type and the number
of gates, as shown in Figure 7.66. It can be seen from the figure that if a cavity is undergated
centrally or with multiple gates as in Figure 7.66 a), then for two tubes across the core the
cooling system configuration should be *paired’ tubes, for three tubes across the core the con-
figuration should be "single’ tubes, and for four tubes across the core the configuration should
be a single tube system with the coolant flow as shown. This is the same for a cavity that has
multiple side gates as in Figure 7.64 b). In Figure 7.66 a) a *U’ tube in scenario i), ora 'Z’
tube in scenario ii) would promote uneven cooling in the mould. As shown in Figure 7.66
b) if a cavity is undergéted acentrally or is side gated then for two tubes across the core the
cooling system configuration should be a U’ tube, for three tubes across the core the con-
figuration should be a *Z’ tube, and for four tubes across the core the configuration should
be a balanced U’ tube system. These configurations give extra cooling to the "hot’ part of
the mould. Capturing the above relations for core cooling systems solves the problem of

identifying the configuration of a cooling system in the core.

Having identified the configuration of a cooling system in the cavity and the core, the types
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and numbers of cooling feature instantiations required to make the geometry of the system
has to be identified and how they fit together. The types and numbers of cooling feature in-
stantiations for each configuration, and how they fit together have been identified in Table

7.2, and have been captured in relation to cavity and core cooling systems.

A further problem of cooling feature instantiation is to identify the maximum cooling effect.
The author has identified a method of evaluating the maximum cooling effect of a cooling
system as shown in Figure 7.67. The maximum cooling effect is related to the capacity of
a cooling system to carry coolant around the mould and the surface area available to allow
heat transfer from the mould to the coolant. The surface area of a cooling tube per unit of
length is related to the diameter. However there is a limit on the range of tube diameters that
can be used in the mould. The smallest tube diameter that should be used is 7 mm as a smaller
tube has insufficient surface area for good heat transfer, and the largest diameter tube that
should be used is 10 mm, otherwise too much coolant will be needed to be pumped around
the mould, Pye (1989). Therefore the maximum cooling effect evaluation aims to maximise
cooling within the range of diameters above. The exception is the baffle flow way in a deep
core. Owing to the two way flow and the requirement to contain a baffle blade, the diameter
of these tubes can range from 12 mm to 16 mm, Pye (1989). As shown in Figure 7.67, to
identify the maximum cooling effect the maximum number of cooling tubes of each diameter
that can be fitted a) alongside the cavity, b) across the top of the core, and ¢) inside the core
is identified. This number is multiplied by the surface area per unit length. The diameter of
cooling tube which provides the highest total surface area is used in the mould cooling sys-

em.

In order to avoid local variations in cooling effect a clearance of 16 mm is recommended
around a cooling tube, Pye (1989). As shown in Figure 7.67, this distance is taken as the mini-
mum distance between a) layers of tubes in the cavity, b) tubes across the top of the core, and
¢) tubes inside the core, Figure 7.68 shows how the optimum cooling formation is identified

in the cavity and core. This involves ensuring the minimum distance of 16 mm between a
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Table 7.2. Components of each cooling system configuration and how they fit together.

cooling system and the closest parts of the impression and the feeding system. Capturing the
above relations for cavity and core cooling systems solves the problems of idcntifying the

cooling system that gives the maximum cooling effect and of avoiding the problems of local

21

6




Shallow core max cooling calculation Deep cort max cooling calculation,
B. Maximum coaling capacity in the com ® number of cooling tibes scroua comfinside core X surface area

Figure 7.67. Maximum cooling capacity in the cavity and core,

CAVITY CAVITY.
@) @ :
Q) Q| [ |0—
@ ] &—i
m:::ﬁmolhg pr:r:.lnml'mg \

. minimum distance
A. Optimum cooling formation in the cavity has to be derived from cavity and feeding system dimensions

. 3
“H “ \ c,wrrﬂ\ ) a
< ‘«L\xt;h ~ Tl y A
_ —ed
. \\ min distance for ﬁol:l::n-:u?ip e ; Ttﬂ dj ed
e genonl cocking same as for under gate
<
DEEP CORE SHALLOW CORE

B. Optimum cooling formation has 1o be derived from cavity and feeding system dimensions

Figure 7.68. Optimum cooling formation in the cavity and core.

cooling effects.

The final problem of instantiation of the cooling system is to identify the dimensions. The

dimensions of the cooling features that make up a cooling system can be related to the dimen-
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sions of a cavity or core block and the size of the impression and feeding system. These rela-
tionships have been identified by the author and are shown in Figure 7.69, and have been

captured in relation to individual cooling system feature types.

The above structured methods solve the problems of instantiation of a cooling system in the

cavity and core.

7.8.3. Cooling system design support strategies.

The Work described above has enabled the identification of the precedence relationships to
support cooling systemdesign. The strategy is not always the same for the cavity and the core.
In the cavity the first stage of the strategy has to be "identify maximum cooling effect’ as the
data from this activity is a prerequisite to the latter stages of the feeding system design strat-
egy (section 7.7.3 ). The remaining stages of the cavity cooling system design strategy are
executed after feeding system design. The strategy in the cavity is i) identify maximum cool-
ing effect, i1) identify cooling system configuration, iii) identify type and number of feature
instantiations, iv) identify how instantiations fit together, v) identify optimum cooling
formation, vi) identify dimensions (Figure 7.45¢ ). The last stage in the cavity cooling system
design strategy has the final stage of the cavity design strategy (Figure 7.45a ) in the middle
because some dimensions of the cavity plate are dependant upon those of the cooling system
and vice versa. In the core the stages i) and ii) interchange, depending on whether the core
isa deep or shallow (Figure 7.45f ). This is because in a shallow core the first stage identifies
the number of tubes across the core, which is a prerequisite to identifying the options for con-

figuration of the cooling system.

Chapter 9 describes the design of an injection moulding strategist application that incorpor-
ates the ideas that have been described and discussed above. As a result of the above work
the IDEFO activity model of the functionality of a design for injection moulding support ap-

plication has been significantly modified (Appendix 2).
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Chapter 8.

Experimental information modelling environment.

8.1. INTRODUCTION.

This research has investigated the range of feature types and feature interactions required
to support concurrent design for injection moulding. The types of feature and their asso-
ciated constraints are captured in information models. The information model environment
has been identified as a Product model and a Manufacturing model, and a need has been
identified for a Product Range Model. This Chapter describes the design of an information
model environment based on the need to support the strategist applications and interactions
between them. Section 8.2 discusses the structure of the Product Range Model, Section 8.3

the Manufacturing model structure, and section 8.4 the Product model structure,

8.2. PRODUCT RANGE MODEL.

8.2.1. General Product Range Model Structure.

In order to provide a representation of the functional viewpoint, this work has focussed on
the use of variant design. The utilisation of variant design as in the approaches of Dowlat-
shahi (1992), Cross (1989) and Suh (1990),(1995) offers the potential of building up a
r¢presentation of the functionality of individual product ranges. The approach of the
authors work has been to define a structured representation of product functions to support
variant design. This representation is referred to as the "Product Range Model’ (PRM) and
this section describes the authors investigation into the structure of a Product Range Model
to capture the relationship between the functions of product ranges and form, and thereby

support the association of function and form in a Product model.
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Figure 8.1, Conceptual data structure of the Product Range Model.

Figure 8.1 shows the conceptual structure of the Product Range Model that was identified
by the author in Chapters 6 and 7. Thefigure shows a product range as one of many captured
in the Product Range Model. Each product range representation captures information de-
scribing the functions of a product range, relating to specification (data) requirements,
possible forms that can be used to achieve a function in the context of the product range,
functional constraints and the type of adjacent geometry that affects functionality for a par-
ticular function. As described in section 7.3, this information structure enables functional
constraints data for a product range to be evaluated with respect to the specific product. The
Booch methodology has been used to create a formal representation of the Product Range
Model data structure (Figure 8.2). In addition to thc data described above, Figure 8.2 also-
shows initial product definition data, which is discussed in section 8.2.2. Figure 8.2 illus-
trates how the Booch methodology can be used to capture the hierarchical structure of the
elements in the Product Range Model. The EXPRESS language is used to capture the data

structures within the elements in the Pro::luct Range Model.
8.2.2, Product range data.

From Figure 8.2, the main areas to be considered are form/function relations data, func-
tional requirements and initial product definition data. From section 6.3.2, the association

of function and form is driven by the designer as he/she builds up the geometry of a product
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in the Product model. Form/function relations data supports the designer in choosing a
form feature to achieve a particular function of a product range. From Chapter 6, the author
has adapted the approach of Suh (1990),(1995) who divides overall product functionality
into a set of functional requirements which must be satisfied by a set of design parameters.
This approach has been adapted to provide a set of functional requirements of a selection
of product ranges. These are yoghurt pots, flower pots and a tamper evident ring for food
packaging called PTPlus. The example products are all rotational products. Additionally
the yoghurt pot and the PTPlus were made by the sponsor company. The flower pot
example allowed the analysis of a minimum variation on the yoghurt pot range that is simi-
lar in overall shape. Thus a comparison could be made with respect to the diﬂ'grences in
features that make up the similar products. Also with respect to the mouldability viewpoint,

the flower pot case study allowed the analysis of features such as holes.

The author has identified the functions each product range has to perform and the forms
required, as shown by the example in Figure 6.12. Figure 8.3 shows the product functions
identified by the author for all the example products. It can be seen that to achieve most
product functions requires more than one form feature, This is true for i) all PTPlus product
functions, ie fix into lid, torsion failure, fix onto jar, ii) two yoghurt pot functions, ie enclose

volume, destack, and iii) all flower pot functions, ie enclose volume, destack, drainage.

Within the approach of this thesis the problem is how to associate the product functions
with individual form features in order to create functional features. The author has identi-
fied the relationships'bctween product functions and individual form features by decom-
posing product functions requiring more than one form feature into sub—functions which
can be achieved using individual form features, as shown in Figures 8.4, 8.5 and 8.6 for

PTPlus, yoghurt pots and flower pots respectively.
Figure 8.4 shows that for PTPlus the sub—functions of the fix into lid function are locate

in lid, hold in lid and cover lid edge. The sub-functions of the torsion failure function are

break in torsion and prevent rotation and the sub functions of the fix onto jar function are
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locate on jar and hold on jar. Figure 8.5 shows that for the yoghurt pot the enclose volume
function has the sub—functions of enclose horizontal and enclose below and the destack
function has the sub—functions of section destack horizontal, section destack vertical and
insert destack. For the flower pot product range, as shown in Figure 8.6 the enclose volume
function has the sub—functions of enclose horizontal and enclose below, the destack func-
tion has the sub—functions of section destack horizontal, section destack vertical and insert
destack, and the drainage function has the sub-functions of drainage and drainage clear-
ance. The above decomposition of product functions requiring multiple form features into
lower level functions which can be achieved using only one form feature has enabled the
identification of a set of relations between the functions of a product range and the geomet-
ric forms that can be used to achieve each function (Figure 8.7). This data is captured in
the form/function relations data and is used to provide support for the designer as he/she
chooses a particular function of a productrange to address. The authors definition of a func-
tional feature is therefore the association of a function or sub—function of a product range
and a form feature to achieve the function or sub—function. The above structured methodol-
ogy solves the problem of supporting the association of function and form data in the Prod-
uct model. A formal representation of form/function relations data is presented in section

8.2.3 using the Booch methodology, and product examples are described in section 8.2.4.

227



In order to support the evaluation of functionality of a form feature the Product Range
Model contains functional requirements data. From section 7.3. there are three require-
ments of functionality evaluation that affect the structure of functional requirements data;
i) Functional constraints data must be available in the Product Range Model to be asso-
ciated with a functional feature in the Product model, ii) data is required in the Product
Range Model to support the instantiation of specification data in the Product model against
which to evaluate functional constraints, and iii) in order to evaluate functionality in rela-
tion to the geometrical relationship of a form feature with surrounding geometry, because
several forms may be adjacent to a functional feature instantiation, data is required on the

type of adjacent geometry that is significant to functionality.

FromFigure 8.2, the above requirements i) to iii) are captured as elements of the functional
requirements data: The functional constraints capture the dimensional requirements for a
form feature instantiation in the Product model to achieve the functionality of a particular
product function, and also the requirements with respect to the spatial relationships of a
form feature instantiation with adjacent form feature instantiations. The structure of func-
tional constraints data enables the functionality evaluation of the independent form features
set identified in Chapter 6. The evaluation of functional constraints is carried out with re-
spect to a specification defined by the designer, supported by the specification requirements
data in the Product Rangé Model. Specification requirements data captures the information
that a designer must provide to instantiate a specification for a particular product function
in the Product model. The instantiation is subsequently associated with a chosen form fea-
ture instantiation to create a functional feature. Specification requirements data also cap-
tures the relationships between specifications provided by the designer for different prod-
uct functions on the same product in order to provide feedback advice where one
specification creates a conflict with another in respect of the overall product functionality.
Adjacency data simply provides the type of form feature that should be identified as adjac-
ent geometry when evaluating the functionality of a form feature with respect to a particular
product function, so that if there are several adjacent form features in a Product Model only

the type that is relevant to the functionality evaluation will be identified. The above struc-
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tured methodology solves the problem of supporting evaluation of the functionality of as-
sociated function and form data in the Product model. A formal representation of functional
requirements data is presented in section 8.2.3 using the Booch methodology, and product

examples are described in section 8.2.4.

When building up the geometry of a product in the Product model, it has been identified
by the author that in order to ensure the instantiation of fully functional geometry some
product functions must be addressed before others. For example, the destack function of
a pot cannot be evaluated before the geometry has been instantiated for the containment
function as the relevant dimensions of the pot for analysis of the destack function are un-
known. Therefore in this thesis the initial product definition data captures those product
functions that if addressed lead to the instantiation of geometry that is a prerequisite for
evaluation of other product functions. In this way as the designer builds up the geometry
of a particular product he/she must address first those functions identified in the Product
Range Model as a part of the initial product definition, before the remaining product func-
tions can be addressed in any order chosen. A formal representation of initial product de-
finition data is presented in section 8.2.3 using the Booch methodology, and product

examples are described in section 8.2.4.
8.2.3. The representation of product range data.

This section argues for a representation that captures the product range functional data as
explained in the previous section. The author has proposed that functional data based on
product ranges can be captured in a Product Range Model. From the previous section the
areas to be considered are form/function relations data, functional requirements and initial
product definition data. A formal representation of the structure of captured functional data
in Booch is presented. The full Booch representation of the Product Range Model is shown

in Appendix 3.

From section 8.2.2, form/function relations data captures a set of relations between the

229



product functions and the geometric forms that can be used to achieve each function. For
each product range that exists in the Product Range Model there must be a choice of form
features that can be used to achieve each product function. Figure 8.8 shows how the cap-
tured relationships between product functions and form can be represented in the Booch
methodology. The figure shows that the form/function relations data is captured for each

product range in the Product Range Model.

Functional requirements data captures i) the functional constraints of a product function
to provide functional feedback advice, 1i) data to support an instantiation of a specification
in the Product model and to capture the relationships between the specifications for differ-
ent product functions, and iii) the adjacent feature type that is significant for the functional-
ity of any given product function. Figure 8.9 shows how the structure of the captured func-
tional requirements data, minus the functional constraints can be represented in the Booch
methodology. Figure 8.10 shows the representation of the captured functional constraints
" in the Booch methodology. Figure 8.9 shows that the functional requirements data is cap-

tured for each product range in the Product Range Model.

Initial product definition data captures those product functions that if addressed lead to the
instantiation of geometry that is a prerequisite for evaluation of other product functions.
Figure 8.11 shows how the captured "initial product definition’ product functions be repre-
sented in the Booch methodology. The figure shows that the identity of initial product de-
finition functions is captured plus any precedence between initial product definition func-
tions. It can be seen that this data is captured for each product range in the Product Range

Model.

8.2.4. Product range data on example product ranges.

This section presents product examples of the data structures considered to be required in
the Product Range Model, as described in section 8.2.3. Example data structures are pres-

ented using the Booch methodology and EXPRESS. The full Booch representation of pro—
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ductrange data in the Product Range Model is shownin Appendix 5, and the ful EXPRESS

representation is shown in Appendix 6.

Examples of form/function relations data can be seen in Figure 8.7. It can be seen from the
figure that for example a PTPlus product has seven product functions, each if which has
one choice of form feature type which can be used to achieve the function. A flower pot
has eight product functions of which the drainage clearance function has a choice of two
form feature types which can be used to achieve the function. Similarly the insert destack
function of a yoghurt pot has a choice of two form feature types that can be used to achieve
the function. This captured form/function relations data can be represented using the Booch
methodology as shown in Figures 8.12 and 8.13 for the examples of the PTPlus and flower
pot product ranges. Figure 8.14 shows a detailed representation of the form/function rela-

tions data for a PTPlus and Flower pot product range in the EXPRESS language.

An example of functional requirements data is the ’break in torsion’ product function of
a PTPlus. Figure 8.15 shows example product functions including *break in torsion’ of the
PTPlus tamper evident ring and their specifications. The break in torsion function relates
to the breakage of the bridges between the top and bottom side walls if the seal is broken
on the jar, thereby indicating air contamination of the contents. The specification data
shown for break in torsion relates to the torsion at which the bridges should fail. If the
torque is too small tampering may be erroneously indicated, and too large a torque means
that the bridges fail in elongation rather than shear. In the latter case the seal may be broken
without detection. The functional constraints of the break in torsion product function are
shownin Fi gure 8.16. Obviously the adjacent form feature type thatis relevant to function-
ality is a side wall. Figure 8.16 a) shows that there is a functional constraint on the position
of spaced bosses used to fulfil the break in torsion function. The position must be such that
full contact is maintained between a side wall and the spaced bosses, and such that a second
side wall can have full contact with the spaced bosses without the two side walls touching.
Figure 8.16 b) shows that a functional constraint exists on the group diameter of a spaced

bosses feature to avoid a drastic reduction in the torque at failure. The group diameter of
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ENTITY PTPlus_form_function_relations
SUBTYPE OF (Form_function_relations_data);
RULE PTPlus_form_function_relations FOR
(PTPius_form_function_relations);

IF functional_requirement == Locate_in_lid THEN
choice of form == Side_wall.

IF functional_requirement = Break_in_torsion THEN
choice of form == Spaced_bosses.

IF functional_requirement == Locate_on_jar THEN
choice of form == Side_wall.

IF functional_requirement == Hold_in_lid THEN
choice of form == Flange.

IF functional_requirement == Hold_on_jar THEN
choice of form == Flange.

IF functional_requirement == Prevent_rotation THEN
choice of form = Spaced_ribs.

IF functional_requirement == Cover_lid_edge THEN
choice of form == Lip.

END_RULE;

END_ENTITY;
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ENTITY Flower_pot_form_function_relations

SUBTYPE OF (Form_function_relations_data);

RULE Flower_pot_form_function_relation

FOR (Flower_pot_form_function_relations);

IF functional_requirement == Enclose_horizontal THEN
choice of form == Side_wall.

IF functional_requirement == Enclose_below THEN

choice of form = Base_wall.

IF functional_requirement == Insert_destack THEN

choice of form == Spaced_ribs.

IF functional_requirement == Section_destack_horizontal THEN
choice of form == Flange.

IF functional_requirement == Section_destack_vertical THEN
choice of form == Lip.

IF functional _requirement == Prainage THEN

choice of form == Spaced_holes.

IF functional_requirement == Drainage_clearance THEN
choice of form == Spaced_ribs or Spaced_bosses.
END_RULE;

END_ENTITY;
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; Figure 8.14. EXPRESS representation of form/function relations data
for case study Yogurt pot and PTPlus.
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spaced holes must be such that contact is maintained between a side wall and the full cross
section of each group member. Figure 8.16 ¢) shows the breakage torque calculation based
on the cross sectional area of the spaced Bosses. Thetarget is that abreakage torque be with-

in + or — five percent of that spcciﬁed by the designer.

The captured functional requirements data of the break in torsion function on a PTPlus can
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be represented using the Booch methodology as shown in Figure 8.17, which shows the
constraints on position, group diameter and torque. Figure 8.18 shows a detailed represen-
tation of the captured functional requirements data for the break in torsion function, using
the EXPRESS language. RULE Break_in_torsion_adjacency_data FOR (Break_in_tor-
sion) captures the adjacent form feature type that is relevant to functionality as a side wall.
RULE Torsion_position FOR (Break_in_torsion) captures the functional problems of er-
roneously positioned spaced bosses. RULE Torsion_group_diameter FOR (Break_in_tor-
sion) captures the functional problems of spaced bosses where the group diameter prevents
full contact of group members with a side wall. RULE Torsion_torque FOR (Break_in_tor-
sion) captures the functional problems of a spaced bosses cross sectional area that provides

too much or too little torque for the break in torsion function.

An example of functional requirements data where inter function specification relations
data is important is the "prevent rotation’ product function on the PTPlus product range.
As shown in Figure 8.4 a prevent rotation function aims to ensure that the spaced bosses
fulfilling the break in torsion function break in shear, rather than elongation via rotation
in the lid. The specification data for the prevent rotation product function relates to the
minimum torque in order to compensate for the torque applied to the spaced bosses fulfil-
ling the break in torsion function during shear. In order to achieve the overall functionality
of a PTPlus, the minimum torque specification for the prevent rotation function must be
greater than the torque specified for the break in torsion function. If this is not the case,
~ fulfilment of the prevent rotation function may not achieve the overall product functional-
ity. A safety margin of twice the torque specified for the break in torsion function is recom-
mended in the prevent rotation function. Figure 8.9 shows the captured inter function spec-
ification relations data as a part of the specifications requirements data using the Booch
methodology, and Figure 8.19 shows part of a detailed representation of the captured pre-
vent rotation product function of a PTPlus product range using the EXPRESS language.
RULE Prevent_rotation_requirements_data FOR (Prevent_rotation) captures the prob-
lems of a lesser torque specification than that for the break in torsion product function, and

captures the recommended safety margin of two times the break in torsion specification.
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ENTITY Break_in_torsion

SUBTYPE OF ( PTPlus_functional_requirements, IPD_functional _requirements};
adjacent_feature_type : STRING;

torsion_req : dimension;

connect_boss : Spaced_bosses;

connect_wall : Side_wall;

WHERE

min_group_dia : = connect_wall.inner_dia + connect_boss.boss_dia;
max_group_dia : = connect_wall.inner_dia + connect_wall.thickness — connect_boss.boss_dia;
yield : = 29.0;

boss_area ¢ = 3.1416%SQ(connect_boss.boss_diaf2.0);

total_area : = boss_area*connect_boss.boss_numb;

Force : = yield*total_area;

Torque_calculation : = Force*connect_boss.axis_dia/2.0;

Reverse_force : = Torque_calculation/{connect_boss.boss_dia/2.0);
Reverse_total_area : = Reverse_force/yield;

Reverse_boss_area : = Reverse_totel_area/connect_boss.boss_numb;
recom_diameter : = SQRT(Reverse_boss_area/3.1416);

recom_boss_no : = FLOOR(Reverse_iotal_area/boss_area);

RULE Break_in_torsion_requirements_data FOR (Break_in_torsion);
Regquire breakage torsion (Nmm) == torsion_req.

END_RULE;

RULE Break_in_torsion_adjacency_data FOR (Break_in_torsion):
adjacent_feature_type == Side_wall.

END_RULE;

RULE Torsion_position FOR (Break_In_torsion);

IF (connect_boss.position[2] + connect_boss.height) < connect_wall position[2] THEN
Top of boss grouping not in contact with wall.

Lost product funcuonality. Advise reposition

connect_boss.position[2] to {connect_wall.position[2] —
connect_boss.height).

IF (connect_boss.position[2] + connect_boss.height) > connect_wall position[2} THEN
Top of boss grouping is kigher than underside of

side wall. Possible loss of function if boss grouping

is contained in side wall, Advise relocate connect_boss.

position[2] to connect_wall.position[2] — connect_insert height.
END_RULE;

RULE Torsion_group_diameter FOR (Break_in_torsion);

IF (connect_boss.axis_dia + connect_boss.boss_dia) > { connect_wall.inner_dia +
2.0*connect_wall.thickness) THEN

Group outer diameter greater than that of supporting

wall. Breakage torsion drastically reduced from that

intended and cannot be evaluated. Advise decrease

group diameter to be in full contact with supporting

wall ie min_group_dia <= connect_boss.axis_dia <=

max_group_dia,

IF (connect_boss.axis_dia ~ connect_boss.boss_dia) < connect_wall.inner_dia THEN
Group inner diameter smaller than that of supporting

wall. Breakage torsion drastically reduced from that

intended and cannot be evaluated. Advise increase

group diameter to be in full contact with supporting

wail ic min_group_dia <= connect_boss.axis_dia <=

max_group_dia.

END_RULE;

RULE Torsion_torque FOR (Break_in_torsion);

IF Torque_calculation < torsion_req THEN

Feature cross sectional area not large enocugh to

provide failure at the torque specified. Tampering

with the jar may be indicated erroncously. The lid

can be removed from the jar 100 easily, Advise

increase connect_boss.boss_numb to recom_boss_no

or increase connect_boss.boss_dia to recom_diameter.

IF Torque_calculation > torsion_req THEN

Feawre cross sectional area too large to provide

failure at the torque specified. Difficulty in removing

the lid from the jar. Advise decrease connect_boss boss_numb

to recom_boss_no or decrease connect_boss.boss_dia

1o recom_diameter.

END_RULE;

END_ENTITY;

Figure 8.18. EXPRESS representation of break in torsion function on PTPlus.
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ENTITY Prevent_rotation

SUBTYPE OF ( PTPlus_functional _requirements, IPM_functional_requirements);
adjacent_feature_type : STRING;

min_torque : dimension;

connect_rib : Spaced_ribs;

connect_wall : Flange;

connect_torsion : Break_in_torsion;

WHERE

yield : = 29.0;

rib_length : = (connect_rib.outer_dia — connect_rib.inner_dia)/2.0;
torque_distance : = connect_rib.inner_dia + (rib_length/2.0);
rib_area : = rib_length*connect_rib.width;

total_area : = rib_area*connect_rib.rib_numb;

force : = yield*total_area;

torque_calculation : = force*torque_distance;

reverse_force @ = min_torque/torque_distance;

reverse_total_area : = reverse_forcefyield;

reverse_rib_area : = reverse_total_area/connect_rib.rib_numb;
recom_width : = reverse_rib_area/rib_height;

recom_rib_no : = FLOOR(reverse_total_area/reverse_rib_area);
RULE Prevent_rotation_requirements_data FOR (Prevent_rotation);
Require minimum torque at which rotation

can occur (Nmm) == min_torque.

IF min_torque < connect_torsion.torsion_req THEN

min_torque smaller than torque for break_in_torsion.

Rotation of component will occur — bridges will fail by
clongation. Seal can be broken without detection. Advise

specify min_torque higher than that for break_in_torsion

function, recommended safety margin is times 2 ==
(2.0*connect_torsion.torsion_req).

IF (min_torque > connect_torsion.torsion_req) && (min_torque <
2.0*connect_torsion.torsion_req)THEN

min_torque smaller than recommended safety margin above
torque for break_in_torsion function, Possible rotation of
component — bridges will fail by elongation. Possible non
indication of broken seal. Advise specify min_torque higher

than that for break_in_torsion function, recommended safety
margin is times 2 == (2.0*connect_torsion.torsion_req).
END_RULE;

Figure 8.19. Part of EXPRESS representation of
prevent rotation function on PTPlus.
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An example of initial product definition data is the three product functions that must be
addressed on a PTPlus product range as a prerequisite to the others. The initial product de-
finition functions of a PTPlus are shown in Figure 8.15 and are locate in lid, break in tor-
sion, locate on jar. The other functions associated with PTPlus are hold in lid, hold on jar,
prevent rotation and cover lid edge. Figure 8.20 a) shows examples of the product functions
on a PTPlus other than those of the initial product definition, and it can be seen that the
instantiation of form features fulfilling the initial product definition functions are a pre-
requisite to the functionality evaluation of the remaining product functions because the spa-
tial relationships necessary to fulfil the non initial product definition functions cannot be

evaluated.

Furthermore there may be product functions within the initial product definition that are

a prerequisite to other initial product definition functions. For example as shown in Figure
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ENTITY PTPlus_nitial_product_definition_data
SUBTYPE OF (Initial_product_definition_data);
RULE Initial_preduct_definition FOR (PTPlus);
Initial product definition =

Locate_in_lid THEN

Break_in_torsion THEN

Locate_on_jar

END _RULE;

END_ENTITY;

ENTITY Yoghurt_pot_initial_product_definition_data
SUBTYPE OF (Initial_product_definition_data);

RULE Initial_product_definition FOR (Yoghurt_pot);
Initial product definition =

Enclose_honzontal THEN

Enclose_below

END_RULE;

END_ENTITY;

Figure B.21. Initial product definition data of
PTPlus and Yoghurt pot product ranges.

8.20 b), the initial product definition functions of a yoghurt pot are "enclose horizontal’ and
‘enclose below’, and product functions such as *destack horizontal’ cannot be evaluated
without the forms fulfilling the initia! product definition functions. However, it can be seen
from the figure that in the absence of a form feature instantiation for the enclose horizontal
function, a form feature fulfilling the enclose below function cannot be evaluated for func-
tionality because the spatial relationship necessary to fulfil the enclose below function can-
not be evaluated. Initial product definition data therefore captures the order of addressing
product functions required as part of the initial product definition as well as their identity.
Figure 8.11 shows the general structure of initiél product definition data using the Booch
methodology, and Figure 8.21 shows a detailed representation of the captured initial prod-
uct definition data of the PTPlus product range and the yoghurt pot product range using the
EXPRESS language. RULE Initial_product_definition FOR (PTPlus product range) and
RULE Initial_product_definition FOR (Yoghurt pot product range) capture the product
functions that must be included in the initial product definition and the order in which these

functions should be addressed.

8.3. MANUFACTURING MODEL.

A Manufacturing model is required to capture injection moulding process constraints inde-
pendent of any specific product. This section describes the authors investigation into the

detailed structure of a Manufacturing model to support the operation of an injection mould-
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ing strategist. In particular a Manufacturing model structure has been constructed which
can support the three dimensional spatial relationships of the injection moulding process.
This section relates to the work in Chapter 6 which identified the feature types for each
viewpoint in injection moulding design, and investigates how the process constraints asso-
ciated with each viewpoint can be applied to the feature types therein and the way they can

be captured in a Manufacturing model structure.

8.3.1. General Manufacturing model structure.

Figure 8.22 shows the conceptual structure of a Manufacturing model as defined by Al-
Ashaab (1994). The Figure shows the injection moulding representation as one process
within a range of processes represented in a Manufacturing model. The injection moulding
process representation captures information describing the capabilities and constraints of
the process relating to three main classes of object: mouldability, injection moulds and ma-
chine elements. The general structure of Al-Ashaab has been used by the author. However
this structure was not good enough in detail to provide information support to interacting
injection moulding strategist applications. To explore an injection moulding strategist fully
there was aneed tore—evaluate the structure of Al-Ashaab in order to provide the appropri-
ate information structure. The full Booch representation of the detailed Manufacturing

model structure identified in this thesis is shown in Appendix 3.

The mouldability class captures the general constraints imposed on any product to be
manufactured using injection moulding. The injection mould elements capture all the dif-
ferent wa‘ys that injection moulds can be configured. The injection mould elements are
shown in Figure 8.23. This representation has all the elements of a typical injection mould

but it should be noted that this is not a mould for a specific product.
The machine elements have not been considered in the work reported in this thesis, as this
was not considered necessary to explore information support for an injection moulding

strategist.
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8.3.2. Mouldability.

8.3.2.1. Mouldability process constraints.

The process constraints that apply to mouldability are well known and can be listed as; i)
Shrinkage and warping, ii) Ejection, iii) Stress concentrations, iv) Weld lines, v) Surface
defects. The types of problem which can occur and the significant factors which need to

be considered for each of these five are described below:

i) Shrinkage — A major characteristic of the injection moulding process is that it is capable
of producing only thin walled products. A wall thickness should therefore be less than or
equal to a maximum value which is recommended by the material suppliers. Too thick a
wall may cause shrinkage to occur as the plastic solidifies in the mould, or cause warpage
. or bending of the product. Uniform thickness of product walls is recommended where poss-
ible, otherwise a gradual change of wall thickness is very important to avoid warping due

to shrinkage.

ii) Ejection — All parts of a product require draft angles parallel to the axis of the injection
machine in order to facilitate removal of the product from the mould. A component with

no draft angles will become stuck in the mould.

iii) Stress concentrations ~ These occur in a mould where sharp corners exist or due to .
sudden changes in section thickness which cause differential shrinkage rates. This can lead
to failure of the product. Stress concentrations can be avoided by the provision of radii on
the product to avoid sharp comers and by ensuring uniform thickness of product walls

where possible.

iv) Weld lines — These occur where interference with the material flow exists, such as a core
to make a hole. Molten plastic material in a mould flows around an obstruction by splitting

into two streams and then enveloping it and rejoining at the other side. Where the two ma-
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terial streams meet they may not properly fuse togéthcr duetocooling, leading to the occur-
rence of a weld line which is a weak point in the product. To avoid weld lines the position
of such obstructions in relation to the gate must be considered, ie the hotter the material
at the location the less likely a weld line is to occur. Also thin streams around an obstruction

should be avoided, as these accelerate the cooling process.

iv) Surface defects — Too large a radius applied to a product should be avoided as this can
cause a surface defect due to turbulent flow of material in a mould. If too thick a wall section
exists or the size of a protrusion produces a thick section at the intersection with a wall, sink

marks can appear on the surface of a product due to shrinkage.

The types of mouldability features defined by the author have been described in Chapter
6. The following section describes how the process constraints can be applied to these fea-

tures and the way in which they can be captured in 2 Manufacturing model structure.

8.3.2.2. Process constraints applied to mouldability features.

Typical ways of avoiding mouldability problems are indicated in Figure 8.24, which shows
design rules linked to mouldability features, Dixon (1988), Al-Ashaab (1994). The set of
mouldability features defined in Chapter 6 are wall, rib, solid boss, hollow boss, hole, gate,
taper, protrusion blend and corner blend. Examination of each of these features in turn has
enabled the author to ascertain how process constraints can be applied. Process constraints
can be feature specific or can be feature intcrac‘:tion constraints. The attributes of example

mouldability feature types are now described:

Wall feature: The attributes of a wall feature that relate to the wall feature alone are wall

thickness, wall taper, wall gating. These attributes are described below:

i) Wall thickness — A wall thickness should be less than or equal to a maximum value which

is recommended by the material suppliers. Too thick a wall may cause shrinkage to occur
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as the plastic solidifies in the mould, causing sink marks on the surface or causing warpage
or bending of the product, WEKA (1991) Examples of these problems are shown in Figure
8.24. a). A designer may use ribs to enable a reduction in wall thickness without losing

strength.

if) Wall taper — Wall features require a taper parallel to the axis of the injection machine

in order to facilitate removal of the product from the mould.

iii) Wall gating — In order to consider the gating of a product the designer must have the

opportunity of instantiating a gate on a wall.

With respect to the attributes relating to wall feature interactions with other features, there
is a significant difference in the approach of the author and that of previous work, eg Al-
Ashaab (1994), Dixon (1988). Previously wall features were considered the ’base’ feature

of injection moulded products, ie all wall features are instantiated on the product before
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Figure 8.25. The case study component PTPlus.

"add ons’ such as protrusions and holes are considered. Conscquently'the attributes of a
wall feature with respect to relationships with other features, have only been considered
for interaction with adjacent walls. However due to the interaction of functional design
with mouldability this approach is no longer appropriate. An example is the PTPlus product
shown in Figure 8.25, A critical aspect of this product is the bridges illustrated in the Figure,
which would be overlooked by the approach of using walls as *base’ features. In this thesis
a translation process is used to instantiate mouldability features. Therefore the order in
which mouldability types are instantiated is driven by the alternative design viewpoint of
functionality, and cannot be predicted. Thus the design rules of a wall feature have to be
captured not only with respect to adjacent walls, but also with respect to adjacent protru-

sions.
The attributes of a wall feature which provide a relationship to adjacent features are:

i) Relative wall thickness — Uniform thickness of product walls is recommended where
possible, otherwise a gradual change of wall thickness is very important to avoid warping
or surface finish problems due to shrinkage. Also stress concentrations can occur in the

product due to differential shrinkage.
ii) Wall blends — The intersection between a wall and another wall or between a wall and

a protrusion requires a blend radius or radii to avoid stress concentrations at the sharp

corners and possible surface defects due to turbulent flow in the mould.
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The following example shows how the EXPRESS language complements the Booch repre-
sentation in capturing the Manufacturing model structure. Figure 8.26 shows how the
mouldability constraints of a wall feature can be represented in the Booch methodology,
showing a 'Use_rib’ attribute. This is a recommendation for the possible use of ribs to al-

leviate the strength problems of a reduced wall thickness.

The Booch representation chptures the attribute but cannot capture when a recommenda-
tion for rib usage should be made. As shown in Figure 8.27 a detailed representation of the
mouldability of a wall entity in the EXPRESS language captures this datain RULE Use_rib
FOR (Wall). Also shown in the figure are two constraints on the thickness attributes of a
wall entity; in RULE wall_thickness FOR (Wall) and RULE Relative_thickness FOR
(Wall, against adjacent wall). The firstrule representé the mouldability problems of a wall
feature whose thickness attribute is greater than the max_thickness value, which is defined
in the WHERE clause as 5.0 mm. The relative thickness rule represents the mouldability
problems of a wall thickness attribute which has a value other than that of the adjoining
wall, where the difference in the thickness attributes of the two walls is identified in the

DERIVE clause.

Figure 8.27 shows three constraints relating to the requirement of secondary mouldability
features to be added to a wall: RULE Wall_taper FOR (Wall, untapered) captures the
mouldability requirement for a taper on a wall to avoid problems in removal of the part
from the mould. RULE Wall_blend FOR (Wall, against adjacent wall or reinforcement)
captures the mouldability requirement for blend radius or radii between a wall feature and
an adjacent wall or reinforcement. If the adjacent mouldability type is a wall then a corner
blend is required, otherwise a protrusion blend. RULE Wall_gating FOR (Wall, ungated)
captures the mouldability requirement for a gate on a wall. A gate is not necessary on every
wall in a product. Sufficient gating should be provided to ensure that adequate feeding is
attained throughout the mould. The EXPRESS representation also shows that numbers are

being put into the constraints for evaluation, which cannot be captured in Booch.
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ENTITY Wall

SUBTYPE OF {Primary_mouldability_festarcs);
Feature_name : STRING; .
Feawre_type : STRING;
Associmed_form_pame : STRING;
Associsted_form_type : STRING;

hick o A

thickness_difference : BOOLEAN = {thick
RULE wall_thickness FOR (Wall);

IF thicknesvomasx_thickness THEN
Poasible shrinkage marks and comp
Advise in wall thick:
of max_thickness.

NE.connect_wall.thicknessk

W L
END_RULE;

RULE Use_tib FOR (Wall);

1F thickness>max_thickness THEN

Advise the vsz of ribs to allow &

reduction b weall thickness.

END_RULE;

RULE Wall_taper FOR (Wall, untapered);

IF wall has 1o aper THEN

Problems with removal of part from

meuld. Request that & Taper be ereated.

END_RULE;

RULE Relatlve thickness FOR (Walt, against adjacent wall);
IF thickness difference THEN

Potsible feeding problems, component
waipsge or surface finizh problems,

stress ions in the sormp

Advise change of thickness 1o
connect_wall.thickness,

END_RULE;

RULE Wall_blend FOR (Wall, sgainst ad}
IF wall has no blend THEN

Sircn in the comg

possible surface defects. Request that &

Blend be created.

TF adjacent mouldsbility type s= Wall THEN
Blend type = comer,

IF adjscent moaidability type == Salid_boss OR Rib OR Hollow_boss THEN
Blend type = protrosion.

END_RULE;

RULE Wall_gating FOR (Wall, engated);

IF weall has no gate THEN

Ask if 2 gue is 10 be created

on the wall,

END_RULE;

END_ENTITY;

t wall of peinf )

Figure 8.27. EXPRESS representation of mouldability wall feature.
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The above example has shown how the EXPRESS representation complements the Booch

methodology. The remaining EXPRESS representations can be seen in Appendix 4.

Reinforcement features:

Mouldability ribs, solid bosses and hollow bosses can collectively be termed ’reinforce-
ment’ features, since they can all be used to reinforce product geometry tofacilitate areduc-
tion in wall thickness and the design rules are also identical. The attributes that relate to a

mouldability reinforcement feature alone are:

i) Reinforcement orientation — The orientation of a reinforcement must be such that its
heightis measured parallel to the machine axis to avoid an overhang that may require a col-

lapsing core or a split mould for ejection.

ii) Reinforcement taper —~ In order to facilitate ejection of the product from the mould a gen-

erous taper is essential.

The attributes relating to reinforcement feature interactions with adjacent wall features are

reinforcement width, reinforcement height and reinforcement blend, as follows:

i) and ii) Réinforcement width and Reinforcement height — The width and height dimen-
sions of a reinforcement are limited by those of the host wall. If the dimensions of a rein-
forcement exceed limits directly related to the thickness of the wall, then sink marks may
occur on the opposite side of the wall to the reinforcement and component warpage may

OCccur,

iii) Reinforcement blend — The intersection between a reinforcement and a wall requires
a blend radius to avoid stress concentrations at the sharp corners and possible surface de-
fects due to turbulent flow in the mould. Examples of the mouldability problems of rein-

forcement features are shown in Figure 8.24. b).

250



Figure 8.28 shows how the captured mouldability of a reinforcement feature can be repre-
sented in the Booch methodology. The detailed representation of the mouldability rein-

forcement entity in the EXPRESS language is shown in Appendix 4.

Taper feature;

Previous work has not considered a zaper feature as separate entity but as an attribute of
a wall, reinforcement or hole feature. Due to the requirements of considering 3D geometry
described in Chapter 6, the author has defined the taper as a separate mouldability type. The

attributes of a taper are described below:

i) Wall draft angle — From the literature, in order to avoid difficulty in removing the compo-
nent from the mould, tapers on wall features should have a minimum angle of 0.8 degrees,

Pye (1989), WEKA (1991).

if) and iii) Reinforcement draft angle and Hole draft angle —From the literature, in order
to avoid difficulty in removing the component from the mould, tapers on reinforcement or
hole features should have a minimum angle of 5 degrees, Pye (1989), WEKA (1991).
Examples of the mouldability design rules of taper features are shown in Figure 8.24. d).
Figure 8.29 shows how the captured mouldability of a taper feature can be represented in
- the Booch methodology. The detailed representation of the mouldability taper entity in the

EXPRESS language is shown in Appendix 4.

8.3.2.3. The representation of the mouldability features hierarchy.

Mouldability features can be categorised as either primary mouldability features which fol-
low on from form, or secondary mouldability features which arise from the mouldability
requirements of the primary mouldability features. A primary mouldability feature is either

a wall, a reinforcement or a hole feature type, and a reinforcement is shown to be either a
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solid boss, a hollow boss or arib. A secondary mouldability feature is either a taper, a blend
or a gate feature type, and a blend is shown to be either a protrusion blend or a corner blend.
As described in chapter 7, an association is required between secondary mouldability fea-
tures and primary mouldability features. Figure 8.30 represents the mouldability features

hierarchy.

8.3.3. Mould cavities and cores.

There has been no previous published consideration of an equivalent representation either
of the cavity or the core impression capable of concurrent interaction with the geometry
of the product, to allow the designer to examine the process constraints of the cavity or core
as he/she builds up the product geometry, and enabling product geometry to be re—exam-
ined withrespect to the effects of design decisions. This thesis describes the first investiga-
tion of the capture of the process constraints of the cavity and core impression to support

the concurrent design of a product and a mould.

8.3.3.1. Process constraints of the cavity and core impression,

The process constraints that apply to the cavity impression and core impression are similar
and have been identified by discussions with people in industry about their design methods
for injection moulding, and by the use of literature about the methodology and consider-
ations in injection mould design. Three items need consideration for each: In the cavity,
i) overhangs, ii) cavity tapers, iii) cavity blends. In the core, i) overhangs, ii) core blends,

iii) core tapers. The types of problem arising and the significant factors are:

i) Overhangs — If an overhang exists in the mould cavity a split mould is required for re-
moval of a product from a mould, If a rim exists on a rotational product this renders the
product non-mouldable, as the rim acts as an obstruction to the opening of the second split
line, If an all round ovérhang exists in the core of 1.5 mm or less stripping of the component

isrequired from the core. For a greater overhang than 1.5 mm a collapsing core is required
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for removal of the product from the mould, Pye (1989).

i) Tapers — In order to reproduce the outside and inside shapes of a product, both cavity
and core tapers are required in the impression to match those on the outside and inside of
the corresponding walls on a product. If there are no tapers in an impression components

will become stuck in the mould.

iti) Blends — In order to produce the outside and inside shapes of a moulded product, both
cavity and core blends are required to match those on the outside and inside of the corre-
sponding walls on a product. The absence of blends leaves sharp corners which are difficult

to produce and can wear during operation of a mould, Pye (1989).

8.3.3.2. Process constraints applied to cavity/core impression features.

The ways of avoiding problems in cavity and core impressions have been identified by the
authorin Figures 8.31, 8.32 and 8.33, which show design rules linked to cavity impression
features, and Figures 8.34 to 8.36 for core features. The features defined as part of the cavity

and core impression in Chapter 6 are: integer cavity/core volume, rim, slot, hole, boss,
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blend, taper and group volume. Examination of each of these features in turn has enabled
the author to ascertain how process constraints can be applied. Examples of the application

of process constraints to these impression features are now presented.
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Figure 8.35. Integer core tapers and blends on integer core slots, bosses and holes.
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Figure 8.36. Process constraints of integer core group volumes.

Integer cavity volume, Integer core volume:

The attributes that relate to an integer cavity volume and integer core volume alone are cav-

ity/core volume tapers:

i) Cavity and core volume tapers — To produce the outside or inside shape of a moulded
product, the integer cavity or core volumes require a taper to match those on the correspon-

ding walls. If there are no tapers the component will become stuck in the mould

The attributes relating to integer cavity or core volume interactions with adjacent features

are the volume overhang and volume blend:

i) Cavity or core volume overhang — If the diameter of an integer cavity volume is larger
than that of another integer cavity volume or an integer cavity rim that is closer to the part-

ing line, an overhang exists in the mould cavity and a split mould is required for removal
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of the product from the mould. If a rim exists on a rotational product this renders the product
non-mouldable, as the rim acts as an obstruction to the opening of a second split line, In
order to avoid a split mould and a possible non—mouldable component the diameter of each
integer cavity volume should be progressively reduced away from the parting line or re-
main the same. If the diameter of an integer core volume is larger than that of another in-
teger core volume that is closer to the parting line, an overhang exists in the mould core.
For an all round overhang of 1.5 mm or less stripping of the component is required from
the core. For a greater overhang than 1.5 mm a collapsing core is required for removal of
the product from the mould, Pye (1989). In order to avoid stripping of the component or
acollapsing core the diameter of each integer core volume should be progressively reduced

away from the parting line or remain the same.

1i) Cavity or core volume blends - In order to produce the outside shape of a moulded prod-
uct in the cavity, an integer cavity volume requires a blend to match that on the outside of
acorresponding wall. An integer cavity blend can be between two abutting integer cavity
volumes or between an integer cavity volurne and an integer cavity rim. In order to produce
the inside shape of a moulded productin the core, an integer core volume requires a blend
to match that on the inside of a corresponding wall. An integer core blend is between two
abutting integer core volumes. The absence of blends in the core or cavity leaves difficult

to produce sharp corners which can wear during the operation of the mould, Pye (1989).
Figures 8.37 and 8.38 show how the captured designrules of an integer cavity and core vol-

ume feature can be represented in the Booch methodology. The detailed representation of

an integer cavity and core volume in the EXPRESS language are shown in Appendix 4.

Integer group volumes:

The attributes that relate to an integer cavity/core group volume are group volume overhang
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above and group volume overhang below. These attributes are described below:

i) Group volume overhang above - If the diameter of an integer cavity or core group volume
is larger than that of an integer cavity or core volume that is closer to the parting line, an
overhang exists in the mould cavity or core respectively. In the former case a split mould
isrequired for removal of the product from the mould. If a rim exists on a rotational product
this renders the product non-mouldable, as the rim acts as an obstruction to the opening
of a second split line. In order to avoid a split mould and a possible non—-mouldable compo-
nent the diameter of an integer cavity group volume should be the same or lower than the
diameter of the integer cavity volume on the parting line side. In the case of the core, for
an all round overhang of 1.5 mm or less stripping of the component is required from the
core. For a greater overhang than 1.5 mm a collapsing core is required for removal of the
product from the mould, Pye (1989). In order to avoid stripping of the component or a col-
lapsing core the diameter of an integer core group volume should be the same or lower than

the diameter of the integer core volume on the parting line side.

i) Group volume overhang below — If the diameter of an integer cavity group volume is
smaller than that of an integer cavity volume that is further from the parting line, an over-
hang exists in the mould cavity and a split mould is required for removal of the product from
the mould. If a rim exists on a rotational product this renders the product non-mouldable,
as the rim acts as an obstruction to the opening of a second split line. In order to avoid a
split mould and a possible non-mouldable component the diameter of an integer cavity
group volume should be the same or higher than the diameter of the integer cavity group
volume on the furthest side from the parting line. If the diameter of an.integer core group
volume is smaller than that of an integer core volume that is further from the parting line,
an overhang exists in the mould core. For an all round overhang of 1.5 mm or less stripping
of the component is required from the core. For a greater overhang than 1.5 mma collapsing
core is required for removal of the product from the mould, Pye (1989). In order to avoid
stripping of the component or a collapsing core the diameter of an integer core group vol-

ume should be the same or higher than the diameter of the integer core volume on the
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furthest side from the parting line

Examples of the problems of integer group volumes are shown in Figure 8.33 (cavity) and
8.36 (Core). Figures 8.39 and 8.40 show how the captured design rules can be represented
in the Booch methodology. The figures show that the existence of overhangs is considered
both above and below, ie nearer the parting line and further away. The detailed representa-
tion of integer cavity and core group volume entities in the EXPRESS language is shown

in Appendix 4.

8.3.3.3. Process constraints of the cavity plate and core plate,

The cavity plate and core plate are those parts of the cavity/core that contain the impression,
the feeding system and the cooling system. Previous work has not considered the geometry
in the mould and work was restricted to identifying the components of an insert type mould
in relation to the overall shape of the insert block containing the impression. The para-
meters of the mould elements were considered as abstract entities. We now consider the
capture of the process constraints of the cavity plate needed to provide feedback support

for the designer as he/she builds up the mould.

The features defined as part of the cavity plate or core plate in Chapter 6 are integer cavity
block, integer core block, integer cavity or core inner land, integer cavity or core peripheral
land, integer cavity backing plate, and integer cavity nozzle recess. Two types of inner land
have been considered here which are integer cavity or core rectangular land and integer
cavity or core circular land. Examination of each of these features in turn has shown that
there are certain process constraints relating to feature types and also to their interaction
with other features. The process constraints that apply to the cavity plate have been identi-
fied as: i) Accommodation of impression (cavity) or supporting the impression (core), ii)
Accommodation of the feeding system, iii) Accommodation of the cooling system, iv) Ac-
commodation of the guide system. The following are the types of problem that can occur

and the significant factors which need to be considered:
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i) Accommodation of impression — A cavity plate must accommodate the cavity impression
such that the opening of the impression is at the widest part in the draw direction, allowing
removal of producté from a mould. The spatial relationship of the cavity plate and the im-
presston and the configuration of the cavity plate must provide balanced forces in the mould
due to clamping forces and minimum strength requirements to avoid distortion of the
mould and the consequent flash formation on the products. Supporting the impression —
A core plate must provide support for the core impression such that the opening of the im-
pression is at the widest part in the draw direction, allowing removal of products from a
mould. The spatial relationship of the core plate and the impression and the configuration
of the core plate must provide balanced forces in the mould due to clamping forces and
minimum strength requirements to avoid distortion of the mould and the consequent flash

formation on the products.

ii) Accommodation of feeding system — The configuration and dimensions of the cavity
and core plates must enable the accommodation of a feedin g system in a manner that facili-
tates provision of minimum venting requirements, allows removal of the feeding system
from the mould and facilitates the interfacing of the feeding system with the injection ma-

chine nozzle.

iii) Accommodation of the cooling system — The dimensions of the cavity and core plates
must enable the accommodation of a cooling system of the appropriate configuration to

provide optimum cooling to the cavity impression, and to the core respectively.

iv) Accommodation of the guide system — Allowance must be made in the dimensions of
the cavity plate for the accommodation of the appropriate size of guide system to ensure
the mating of the two mould halves. Likewise the configuration and dimensions of the core

plate must ensure the mating of the two mould halves.
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8.3.3.4. Process constraints applied to the cavity plate features, and core

plate features.

The ways of avoiding the problems in the cavity and core plates have been identified in
Figures 8.41 to 8.44, and 8.45 respectively which show design rules linked to these fea-
tures. Each of the plate features has been examined in turn in order to ascertain how process

constraints can be applied. Examples are described below:
Integer cavity rectangular land:

The attributes that relate to an‘integer cavity rectangular land feature are cavity rectangular
land position, cavity rectangular land depth, cavity rectangular land width and cavity rec-

tangular land length. These attributes are described below:

i) Cavity rectangular land position — There is a positional constraint on an integer cavity
inner land arising from the requirement to enclose the opening of the cavity impression.
The land is a small bedded down area adjacent to the impression, Pye (1989). If a cavity
impression is edge gated, the integer cavity inner land must provide a parting surface for
a gate and that paﬁ of a runner system that is on the parting line as well as for a cavity im-

pression.

il) Cavity rectangular land depth - There is a recommended minimum value which places
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aconstraint on the depth attribute of an integer cavity rectangular land. Apart from the sur-
face of aland, which is used for bedding down in order to seal the impression, the surround-

ing area is relieved to a depth of a least 2.4 mm, Pye (1989).

iii) and iv) Cavity rectangular land width and Cavity rectangular land length—The distance
between the opening of an impression and the edge of an integer cavity inner land is nor-
mally between 5 mm and 25 mm. The small distance permits venting where required to be
added easily, by scribing fine grooves across the surface of the land from the cavity impres-

sion to the relief area, Pye (1989). A distance above 25 mm causes problems of achieving
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a perfect parting surface over a large area.

Examples of inner lands are shown in Figure 8.42, Figure 8.46 shows how the the captured
design rules of an integer cavity rectangular land feature can be represented in the Booch
methodology, The detailed representation in the EXPRESS language is shownin Appendix
4.

In r core circular an ripheral lands:

Aninteger core circular land is used where an impression is undergated to give the thinnest
possible land around the impression opening, and thereby the best possible venting, Due
to large clamping forces ina mould, if a small inner land is used the land area may be insuffi-
cient to withstand the applied force and may deform. Therefore the effective land area is
made up by using integer core peripheral lands, normally at the corners of the mould. The
attributes that relate to an integer core circular land are core circular land position, core

circular land depth and core circular land diameter, as follows:

i) Core circular land position — There is a positional constraint on an integer core circular
land arising from the requirement to enclose the opening of the impression. In order to en-
sure this and the mating and sealing of the two mould halves the position of an integer core

circular land must be directly above an integer cavity circular land.

ii) Core circular land depth —~ There is a minimum value which places a constraint on the
depth attribute of an integer core circular land. As in the cavity, apart from the surface of
a land, which is bedded down in order to seal the impression, the surrounding area is re-

lieved to a depth of at least 2.4 mm, Pye (1989).
iii) Core circular land diameter — The dimensions of an integer core circular land should
match those of an integer cavity circular land so that the two halves of the mould can mate

and seal.
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The attributes that relate to an integer core peripheral land are core peripheral land posi-

tion, core peripheral land depth and core peripheral land diameter:

i) Core peripheral land position — There is a positional constraint on an integer core periph-
eral land arising from the requirement for the mating of the two mould halves in a manner
that provides extra land area to withstand clamping forces, The position of an integer core

peripheral land must be directly above an integer cavity peripheral land.

ii) Core peripheral land depth ~ To increase the land area to withstand clamping forces in

the mould the depth of the peripheral lands must be identical to that of the core inner land.

iii) Core peripheral land diameter — The dimensions of an integer core peripheral land
should match those of an integer cavity peripheral land so that the two halves of the mould

can mate and the maximum extra land area is provided.

Figure 8.47 shows how the captured design rules of integer core circular land and periph-
eral land features can be represented in the Booch methodology. The detailed representa-

tion in the EXPRESS language is shown in Appendix 4.
Integer cavity mould block and integer core mould block;

The attributes thatrelate to an integer cavity and core mould block are block position, block

depth, bléck width, block length and guide system parameters. Consider each of these:

i) Block position — Integer cavity and core mould blocks must be centred on a cavity/core
impression to avoid unbalanced clamping forces in the mould and must make allowance
for depth requirements below the cavity impression or above the core impression for mould

system elements.
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ii) Block depth — An integer mould block must be deep enough to accommodate the depth
as appropriate of a cavity impression below the lands, and any parts of a feeding system
or cooling system that may be below a cavity, above a core, impression. In order to avoid
distortion of the mould due to the injection forces, aminimum thickness of metal must exist
below a cavity, and above a core, impression, Pye (1989). The minimum thicknessis related

to the width of the impression when viewed in the draw direction.

iii) and iv) Block width and Block length — The length and width of a mould block must
be sufficient to accommodate an impression, a feeding system, cooling systern, lands, and

a guide system. Beyond the above requirements the dimensions of a block should be kept

to a minimum to avoid cost and weight. As shown in Figure 8.45 the length and width of
an integer core block would normally match those of an integer cavity block since the
largest of the mould elements, the guide system, must be accommodated by both blocks
and must mate between the éavity and the core. Therefore the minimum length and width
calculations of the two blocks will be the same. Furthermore in an integer mould the cavity

and core may be made from the same block of steel.

v) Guide system parameters — In order to ascertain the minimum dimensions of an integer
cavity mould block the size of the guide system it must accommodate must be ascertained.
The diameter of the pins in a guide system can be related to the size of the mould and

whether side forces are likely to occur.

Example .problems of an integer cavity block are shown in Figure 8.43, Figures 8.48 and
8.49 show how the captured design rules of an integer cavity or core block respectively can
be represented in the Booch methodology. Figure 8.48 shows that due to the requirement
of an integer cavity block to accommodate the guide system, one of the design rules on the
dimensions of an integer cavity block is the size of the guide system. The detailed represen-
tation of the integer cavity and core block entities in the EXPRESS language is shown in

Appendix 4.
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8.3.3.5. The representation of the cavity and core features hierarchy.

Cavity and core features can be cafcgorised as either impression or plate features. There
isan association between cavity or core impression features and the mouldability viewpoint
as the impression features represent the corresponding part of a cavity or core. The cavity
plate features have relations with the cavity impression and the other mould system el-
ements, similarly for the core. Of the impression featureé, the rim, boss, hole and slot are
alllocal inserts which means that a separate plate or "local insert’ is placed in the impression
to create the geometry. In the plate features an integer cavity or core land can be an inner
land or a peripheral land. An integer cavity or core inner land is either a rectangular land

oracircularland. These relations are reflected in the features hierarchies as shown in Figure

8.50 (cavity) and 8.51 (core).

8.3.4. Feeding systems,

The capture of feeding system behaviour is very important as it has a significant influence
on a part performance and the moulding process. For example the gate size affects the cycle
time in a mould because when it freezes it acts as insulation between the impression and
the feeding system. Whether or not the gate provides adequate feeding to the impression
determines whether weld lines appear in the product etc. No previous work has considered
the issue of feeding system design modification as the geometry of the product evolves. To
support the designer in consideration of the feeding system design during the build up of
product geometry it is necessary to provide the designer with the choices with respect to
the configuration and geometry of a feeding system at each juncture in the development
of a product. In this thesis a representation has been investigated to capture the process con-
straints of a feeding system, in order to support the designer in making such choices as the

geometry of the product is built up.
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8.3.4.1. Process constraints of feeding system elements.

The process constraints that apply toafeeding systemare: i) Adequate feeding, ii) Removal
from mould, iii) Venting, iv) Mould manufacture considerations, and these are now con-

sidered.

i) Adequate feeding — A feeding system should provide _achuate flow of molten material
into the mould impression to ensure material reaches the extremities of the impression. This
prevents weld lines or shrinkage occurring in a moulding. The rate of flow of material into
the mould should be controlled to ensure that surface defects do not occur, for example as

a result of turbulent flow in the mould.

ii) Removal from the mould — The geometry and configuration of a feeding system plus
the spatial relationships with other mould elements should ensure it can be removed from
the mould upon solidification at the same time as a moulding without extra removal oper-

ations being required.

iii) Venting — The geometry and configuration of a feeding system plus the spatial relation-

ships with other mould elements should facilitate venting to avoid gas pockets forming.

iv) Mould manufacture considerations — The geometry and configuration of a feeding sys-
tem plus the spatial relationships with other mould elements should not be such that it is
impossible or significantly more difficult to manufacture a mould or a weakness in mould

construction is enforced that may fail during mould operation.
8.3.4.2. Process constraints applied to feeding system features.

The ways of avoiding problems in the cavity impression have been identified from the lit-
erature using empirical formulae and by the author in Figures 7.57 to 7.62, which show

design rules linked to feeding system features. The feeding system features are: ring gate,
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tab gate, sprue gate, sub—surface gate, diaphragm gate, rectangular edge gate, overlap gate,
fan gate, pin gate, film gate, trapezoidal runner, modified trapezoidal runner, circular
runner, hexagonal runner and main feeding sprue. Examination of each of these features
in turn has enabled the author to ascertain how process constraints can be applied.

Examples of the application of process constraints to feeding system features are described

below:

Rectangular te;

The attributes that relate to a recrangular edge gate are rectangular edge gate position, rec-
tangular edge gate land length, rectangular edge gate width and rectangular edge gate

depth.

i) Rectangular edge gate position — It can be seen from Figure 7.57 that the position of a
rectangular edge gate is constrained by the needs of feeding the cavity impression, the
strength requirements to cope with mould operation, and the requirements of ejection and
mould manufacture. From Figure 7.57, the problems that can arise with respect to the posi-
tion of a rectangular edge gate are 1) a gate position is inside the edge of the cavity, ie too
near the centre of the impression, ii) a gate position is on the parting line but away from
the edge of the impression, iii) a gate position is away from the parting line. In the first scen-
ario the gate land length (see Figure 7.58) is reduced and this can lead to a weakness in the
mould construction, resulting in wear and/or eventual failure during mould operation, Pye
(1989). Obviously in scenario ii) the gate is not attached to the component and no feeding
can occur. In scenario iii) the gate and runner system cannot be gjected and so the compo-
nent is non—-mouldable. Moreover such a gating and runner system could not be machined

into the mould block, making the mould non—manufacturable.
if) Rectangular edge gate land length — The pressure drop across a gate is determined by

the land length, Dym (1987), and too large a 1and length causes an excessive pressure drop

across the gate and inadequate filling of the impression. The land length should therefore
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be kept to a minimum. However too small a 1and length causes a weakness in the mould,
as described above for position scenario 1). The recommended size of land length for a rec-

tangular edge gate is between 0.5 mm and 0.75 mm, Pye (1989).

iii) Rectangular edge gate depth — The depth of a gate controls the time for which a gate
remains open. This must be long enough for material to reach the extremities of the impres-
sion. To identify the recommended depth of a rectangular edge gate the empirical formula
h = nt can be used, where h is the depth of gate (mm), t is the wall section thickness (mm)

and n is a material constant, Pye (1989).

iv) Rectangular edge gate width — The cross sectional area of the gate controls the rate at
which material enters the impression, and if the depth is established as above the width is
the controlling dimension for the flow rate. The gate width is related to the surface area of
the cavity (mm) using the empirical formula W = n*SQRT(cavity_area)/30, where W is

the width dimension of a rectangular edge gate and n is a material constant, Pye (1989).

Figure 8.52 shows how the captured design rules of a rectangular edge gate can be repre-
sented in the Booch methodology. The detailed representation of the design rules of arec-

tangular edge gate feature in the EXPRESS language is shown in Appendix 4.

ircul nner;

The attributes that relate to a circular runner are circular runner position, circular runner
orientation, circular runner length and circular runner diameter. These attributes are de-

scribed below:

i) and ii) Circular runner position and Circular runner orientation — As shown in Figure 7.59
the position and orientation of a circular runner is constrained by the required geometric
relationship with a gating system. The required geometric relationship depends on the type

of gating system.
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iii) Circular runner length— As shown in Figure 7.60, the length of a circular runner is deter-
mined by the distance between the runner position and the centre of a main feeding sprue.
A main feeding sprue must be a minimum distance from the cavity impression to avoid a

hot sprue causing local heating effects in the cavity.

iv) Circular runner diameter — The diameter of a circular runner can be related to the weight
of a moulding and the runner length using the empirical formula D =
(SORT(part_weight}*POW(runner_length,0.25))3.7, where D is the runner diameter and
POW(runner_length,0.25) is the fourth root of the runner length., Pye (1989). Additionally
a minimum runner diameter of 2 mm is recommended in order that a runner does not freeze
before the cavity is filled, and a maximum diameter of 10 mm is recommended so that the

solidification of a runner does not control the injection cycle time.

Figure 8.53 shows how the captured design rules of a circular runner can be represented
in the Booch methodology. The detailed representation of the design rules of a circular

runner feature in the EXPRESS language is shown in Appendix 4.
8.3.4.3. The representation of the feeding system features hierarchy.

Anelement in a feeding system is either a gating system, a runner system or a main feeding
sprue. A gating system can be a tab gate, sub—surface gate, overlap gate, fan gate, sprue
gate, ﬁ.lm gate, ring gate, rectangular edge gate, pin gate or a diaphragm gate. A runner sys-
tem can be a circular runner, a hexagonal runner, a trapezoidal runner or a modified trap-
ezoidal runner. As identified in Chapter 7, a gating system has an association with a mould-
ability gate feature. The above is reflected in the structure of the feeding system features

hierarchy shown in Figure 8.54.

279



Project: on
Title: Class Diagram: Feuding_system
Printed on: Thursday, November 23, 1865

Printed by: onii

."“."-“.-"-, ."‘ i ““\
S Feading_synem" - Mouldability Jum:-u

A 3
! .- 1 -
. b LY
P
. .

% - --.,' . . ;_‘ Gue {
Main_ruaing_qm'- ; E: e tisoclion P e

i ... : e have - Glhng_symm b

muw / X m/ . ;\
\,-__ rsociat
o i 8
kY lem:r_vyu:m'
:‘ . e e - iss
Tub_gale :‘
Sub o e
) su
” me_gu.e s is s
i Lt
S Ovr.rlup_xm i’ . ‘_:

T 4 Rectangular_sdge_gate
S ‘-\: . - ':‘ et
. Cuwhr mnner‘ Faiaat " N e . -

-. } ; \_ '. 2 R

[P Trlfemdal_;umer Sty Fin_gute ': . b

. . [ - ]
h ; L s, Ring_gue |
b e - ey . {
PR AN b P RN ' ; s ' LT
i CL T I i --. P : V™
~ E ’ *.. Sprue_gate |
‘Hexagonal _nemner MW“’ ‘"P‘M‘I—’“’“‘” % - ;
L et .‘“_.,,--..
. Figure 8.54. The Booch representation of the feeding system features hierarchy.

Projeck: fon
Tithe Class Diagram: Integer_cavity_cooling_system
Printad on: Thursday, November 23, 1995

Printed by: enry

! P
A ae
15, is_a 3
““-."—~\ . ‘--‘- ."-\- - ’-.\
¢ N - [T T
'.' . /l \: J .,
- . y . . ‘ . A . e .
Cavity.cooling_system_configuration Cavity_optimum_cooling_formation Cavity_maximim_cooling ‘capacity
*y - Y —Hes -
' s i + v H

Figure 8.55. The Booch representation of integer cavity cooling system constraints,

280



8.3.5. Cooling systems,

No previous research has been found that considers the issue of cooling system design
modification as the geometry of the product evolves. To support the designer in consider-
ation of the cooling system design during the build up of product geometry it is necessary
to provide the designer with the choices with respect to the configuration and geometry of
a cooling system at each juncture in the development of a'pro'duct. In this thesis a represen-
tation has been investigated to capture the process constraints of a cooling system, in order

to provide the designer with such choices.
8.3.5.1. Process constraints of a cooling system.

Three process constraints apply to a cooling system: i) Even cooling, ii) Maximum cooling,
iit) Non localised cooling, and the types of problems that can occur and the significant fac-

tors which need to be considered are as follows:

i) Even cooling — As far as possible an even cooling effect should be provided over the im-
pression, This involves providing extra cooling to "hot” areas of the moulding, eg at a gate
location, and less cooling to 'cooler’ areas, eg at the extremities. Uneven cooling of a
moulding can cause a differential thickness over a moulding or differential shrinkage re-

sulting in warpage.

ii) Maximum cooling — Providing the maximum cooling capacity of a cooling system in

a mould provides the maximum capability to reduce the cycle time for each moulding.
iii) Non localised cooling — The optimum cooling formation of a cooling system provides

maximum cooling capability while avoiding getting too close to the impression and caus-

ing local cooling effects.

281



8.3.5.2. Process constraints applied to cooling system elements.

From the work described in Chapter 7 relating to cooling systems, and the investigation
described in this chapterithas been identified by the aﬁthor that most design rules to capture
process constraints in the cooling system must be applied in a Manufacturing model to
higher level entities as they relate to the overall cooling effect of a system. The design rules
in the lower level entities, ie the cooling system features described in Chapter 6, concern
the relationship of an individual lower level entity with the design rules in the higher level
entities. This relationship is dependant upon which part of a cooling system a lower level
entity is used forin an instantiation. The higher level entities are cavity cooling system, core
cooling system, deep core cooling system and shallow core cooling system. The ways of
providing the optimum cooling configuration and avoiding problems have been investi-
gated by the author as illustrated in Figures 7.63 to 7.69, which show design rules linked
to higher and lower level cooling system elements. The cooling system features are stan-
dard flow way, baffle flow way and baffle blade. Examination of each of these features in
turn and the higher level entities has enabled the author to ascertain how process constraints
can be applied. Examples of the application of process constraints to the higher level cool-

ing system entities are described below:
Integer cavi lin m;
Attributes that relate to an integer cavity cooling system are described below:

i) Cavity cooling system configuration — As shown in Figure 7.64 the appropriate configur-
ation of an integer cavity cooling system is related to the type of gating system and the
number of gates, whereby the best cooling system configuration promotes an even cooling
over the moulding. If a cavity impression is side gated using a single gating system or un-
dergated acentrally, a ‘U’ tube configuration is recommended. If a cavity impression is un-

dergated centrally or multigated a "paired’ tube configuration is recommended.
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ii) Cavity maximum cooling capacity — The diameter of the tubesin a cavity cooling system
is constrained by the requirement to provide the maximum cooling capacity. A diameter
less than 7 mm provides insufficient surface area for heat exchange in a mould, one greater
than 10 mm requires too much coolant to be pumped around a mould, Pye (1989). As shown
in Figure 7.67 a), subject to t.he above limits the recommended diameter is that which pro-
vides the highest total surface area for heat exchange. This recommended diameter is
identified based on the maximum number of tubes of a given diameter that can fit alongside

the cavity impression, multiplied by the surface area per unit length of that diameter.

iit) Cavity optimum cooling formation — As shown in Figure 7.68 a) in order to avoid local
cooling effects in the impression there is a constraint on the tubes in a cooling system to

provide a clearance of 16 mm around the nearest parts of the cavity impression, Pye (1989).

Figure 8.55 shows how the captured design rules can be represented in the Booch method-
ology. The detailed representation of the design rules in the EXPRESS language is in Ap-

pendix 4.
Integer cor lin

The attributes that relate to an integer core deep cooling system are type of deep cooling,
deep core maximum cooling capacity and deep core optimum cooling formation. These at-

tributes are described below:

i) Type of deep cooling — As shown in Figure 7.65 a) of the three common configurations
of deep core cooling systems the stepped circuit system has openings into the impression
which require re-sealing and the angled hole system does not cool the periphery of the core
base. Both of these configurations have a lesser cooling capacity than the baffle tube system
and therefore this is the only type of deep core cooling system considered in the present

work.
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ii) Deep core maximum cooling capacity — The diameter of the baffle tubes in a deep core
cooling system is constrained by the requirement to provide the maximum cooling capac-
ity. Below a diameter of 12 mm there is insufficient surface area for heat exchange in a
mould, while above a diameter of 16 mm too much coolant needs to be pumped around a
mould, Pye (1989). As shown in Figure 7.67 b), subject to the above limits the recom-
mended diameter is that which provides the highest total surface area for heat exchange.
This recommended diameter is identified based on the maximum number of tubes of a
given diameter that can fit inside the core impression multiplied by the surface area per unit

length of that diameter.

iii} Deep core optimum cooling formation — As shown in Figure 7.68 b) in order to avoid
local cooling effects in the impression there is a constraint on the tubes in a cooling system

to provide a clearance of 16 mm around the nearest parts of the impression, Pye (1989).

Figure 8.56 shows how the captured process constraints of an integer core cooling system
can be represented in the Booch methodology. The detailed representation of the design
rules of an integer core deep cooling system in the EXPRESS language is shown in Appen-

dix 4.

8.3.5.3. The representation of the cooling system features hierarchy.

A cooling system is either an integer cavity cooling system or an integer core cooling sys-
tem. An integer cavity cooling system has either a pair tube configuration or a U tube con-
figuration. An integer core cooling system can be an integer core deep cooling system or
an integer core shallow cooling system. An integer core shallow cooling system has a
paired tube configuration, a U tube configuration, a Z tube configuration or a single tube
configuration. An integer core deep cooling system is either a stepped circuit system, an
angle hole system or a baffle system. The above is reflected in the structure of the cooling

system features hierarchy shown in Figure 8.57.
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Figure 8.58. Conceptual data structure of the Product Model.

8.4. PRODUCT MODEL.

The Product model is required to represent the product and mould from multiple design
viewpoints as they are built up by the designer. The appropriate structures mustexi;st inthe
Product model to facilitate analysis and re—analysis of the current state of a product and a
mould for multiple design viewpoints. To enable design support the model must be popu-
lated in such a way as to facilitate the association of the product specific data therein with
the general injection moulding process capabilities data in the Manufacturing model and

with the functional constraints in the Product Range Model.

8.4.1. General Product model structure.

Figure 8.58 shows the conceptual structure of a Product model based on the features sets
identified by the author in Chapter 6. This work has not considered the ejection system or
the moulding machine. Under each viewpoint in the Product model, product specific data
is instantiated using the translation processes described in Chapter 7. In this way, with the
appropriate links between the viewpoints, the Product model canrepresent the current state
of a product and mould in a way which facilitates analysis and re-analysis of the current
state of multiple viewpoints. The Booch methodology has been used to create a formal

_ representation of the Product model structure and Figure 8.59 shows the scope of the auth—
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ors investigation into the Product model, by showing the top level structure.

8.4.2. Capturing the structure of multiple viewpoint data in the Product

model.

The entities that are instantiated in the Product model for each viewpoint have been identi-
fied by the author in Chapter 6. Further structural requirements for the Product model were
identified in Chapter 7 to enable the translation processes. This section reviews the identi-

fied structural requirements of the Product model and discusses any further requirements.

As described in section 7.3 the approach of this work is to represent functionality using a
combination of function and form data in the Product model, The association of function
and form is driven by the designer as he/she builds up the product geometry to achieve a
function on a particular product. However a backward link is required to enable evaluation
of functionality in response to changes from other design viewpoints. This link cannot be
driven by the designer and therefore a software provision isrequired to check functionality.
This link is created at the time the forward link is being driven by the designer, and is shown
in Figure 7.3. This link is represented using the Booch methodology in the top level of the

Product model structure, as shown in Figure 8.59.

From section 7.4, in order to evaluate the mouldability of a specific product a knowledge
is required of adjacent mouldability geometry. In order to identify adjacent mouldability
instantiations it is necessary to go via the equivalent form feature instantiation to the asso-
ciated functional data to get information on the type of adjacent form feature instantiation
to identify. The adjacent form feature is identified and the equivalent mouldability instan-
tiation can then be identified. Thus a two way link is required in the Product model between
mouldability feature instantiations and the equivalent form feature instantiations. A back-
ward link is required to get from a new mouldability instantiation, via form to the functional
data, and a forward link is required to get from an identified adjacent form feature instantia-

tion to the equivalent mouldability instantiation. These links are shown in Figure 7.8.
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These links are represented using the Booch methodology in the top level of the Product

model structure, as shown in Figure 8.59.

Secondary mouldability features have no form equivalent and therefore no direct link with
the form is possible. However to evaluate the effects of secondary mouldability instantia-
tions from other viewpoints in injection moulding design, and for the mouldability evalu-
ation of instances of blends which involves a knowledgc of adjacent mouldability ge-
ometry, a link is still required to the form. Therefore a secondary mouldability instantiation
can be associated with the form viewpoint via a backward link to the associated primary

mouldability instantiation, as shown in Figure 7.22, This link is represented using the

Booch methodology as shown in Figure 8.30.

After translation of primary mouldability instantiations to the cavity and core design view-
points, consideration of process constraints may change the geometry of the cavity or core
feature instantiations. To enable concurrency these changes must be reflected in the corre-
sponding mouldability geometry in the Product model. This is necessary in order that the
consequences of design decisions in the cavity and core can be considered from the view-
point of the product, thus achieving a link between the geometry of the product and that
of the cavity/core. Therefore an association is required in the Product model between the
cavity and core feature instantiations and the corresponding mouldability feature instantia-
tions, as shown in Figures 7.36 and 7.54. Associations between the primary mouldability
instantiations and the equivalent cavity/core feature instantiations in the Product model are
also a prerequisite to the instantiation of integer cavity tapers and integer cavity blends or
integer core tapers and integer core blends, as described in sections 7.5 and 7.6. The links
between cavity and core features translated from the mouldability viewpoint and the
mouldability features is represented using the Booch methodology as shown in Figures

8.50 and 8.51.

From section 7.7 the first part of a feeding system to be instantiated is a gating system. The

type instantiated depends on the data in an equivalent mouldability gate instantiation. Once
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instantiated the process constraints of a gating system are evaluated, these being the ap-
propriate position inrelation to the geometry of the cavity/core. Adjustment of a gating sys-
tem in response to feedback advice means that for consistency the equivalent mouldability
gate instantiation must also be adjusted, so that a backward link is required from a gating
system instantiation in the Product Model to an equivalent mouldability gate feature. Other
individual elements of a feeding systemare instantiated in relation to existing instantiations
in a feeding system and the whole geometry of the impression and mould plates. Therefore
individual instantiations do not require links to those of other viewpoints in the Product
model. The link between a gating system and a mouldability gate feature is represented

using the Booch methodology as shown in Figure 8.54.

A cooling system is instantiated in a mould in relation to the whole geometry of the impres-
sion and feeding system (section 7.8) and therefore no links are required between individ-
nal elements of a cooling systern instantiation in the Product model and those of another

viewpoint.

The above links, together with the entities in the features sets identified in Chapter 6 pro-
vide a representation that facilitates the association of product specific data therein with
the general injection moulding capabilities data in the Manufacturing model and with the
functional constraints in the Product Range Model. The Product model structure also en-
ables interaction between applications in an injection moulding strategist application. The
use of the above Product model structure is described in Chapter 9 for an experimental in-

jection moulding strategist application.
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Chapter 9

An experimental injection moulding strategist.

9.1. INTRODUCTION.

This chapter describes the design of an experimental injection moulding strategist applica-
tion to fulfil the requirements of supporting concurrent desi gn for injection moulding. The
general structure of an injection moulding strategist is shown in Figures 5.10 and 5.11.
Based on the features sets identified in Chapter 6 applications have been implemented for
the functional interface, mouldability, cavity/ core, feeding system and cooling system, to-
gether with higher level strategies for their interaction. The cavity and core applications

include design support for the cavity and core plate.

Section 9.2 describes the overall strategy for interaction of applications within the injection
moulding strategist. Sections 9.3 and 8.4 describe the authors investigation into the design
of the functional interface and mouldability applications. Section 9.5 describes the strategy
for interaction of mould design applications. Sections 9.6 and 9.7 describe the authors in-
vestigation into the design of the cavity and core applications. Sections 9.8 and 9.9 describe
the authors investigation into the design of the feeding system and cooling system applica-

tions.
9.2. OVERALL STRATEGY.
In order for the strategist applications to interact such that design support is provided in a

concurrent manner, an overall strategy is required to control these interactions. The interac-

tions must take account of the requirements of each viewpoint in injection moulding de-
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sign. From Chapter 8, the functional viewpoint requires an initial product definition phase
to evaluate those product functions with precedence over the others. The functional view-
pointdrives the design process, and therefore for concurrency in product design the mould-
ability strategist must be triggered by any activity of a functional interface that results in
the creation or changing of geometry in the Product model. Equally mouldability changes
may effect the functionality viewpoint, eg the creation of tapers. Thus there is a requirement
for a functional interface to support re-analysis of the functional viewpoint in response to

mouldability changes (backtracking).

In order to support concurrency between product and mould design an interaction between

strategist applications is required to allow the designer to analyse mould design as the prod-
Y

uct evolves, Therefore after each change in product geometry it must be possible to analyse

the consequences for mould design. Furthermore, it must be possible to analyse all the op-

tions for mould design at any juncture in the design of the product.

The overall strategy to support concurrent product and mould design is shown in Figure
9.1. If a product already exists in the Product Model the functional strategist is triggered
to support the designer in addressing remaining product functions in any order he wishes.
If a new product is created the functional strategist is triggered to support the designer in
instantiating the initial product definition. During these phases any changes to geometry
as a result of functional interface activity triggers the mouldability strategist application.
After the initial product definition is instantiated or a product function is addressed the de-
signer has a choice of addressing further product functions, re—analysis of functionality to
asses the consequences of mouldability changes, going onto mould design or displaying

geometry from the Product model. Each of these can be done in any order and a designer

may go into and out of a particular application as many times as he wishes without using
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the other applications. For example at a particular juncture in the product evolution a de-
signer may try various different options in mould design by going through several cycles
before building any more product geometry. In the mould design cycle the design is warned
that changes to the mould design viewpoint will also change the geometry of the functional
viewpoint and may therefore effect functionality. The mould design sequence is started by
triggering the cavity design strategist and the applications within mould design then inter-
act to support the designer in producing a complete mould design as described in section

9.5.

9.3. DESIGN FOR FUNCTION INTERFACE.

The functional interface application has three strategies; i) to support the designerin instan-
tiating an initial product definition, ii) to support the designer in addressing subsequent
product functions individually, and iii) to support re-analysis of functionality due to
changes from other viewpoints, ie mouldability or mould design. The strategy for initial
product definition is shown in Figure 9.2. It can be seen that the functional interface ident-
ifies the product ranges for which data is held in the Product Range Model and provides
the designer with the choice. Once the choice is made the application identifies the number
of product functions in the initial product definition and their order of precedence. For each
of these functions in turn the designer is supported in defining a specification in the Product
model, using data from the Product Range Model. In this way any conflicts between indi-
vidual specifications can be evaluated before creation of any geometry. Subsequently,
form/function data in the Product Range Model is used to support the designer in a choice
of form to achieve each product function. Each form feature is evaluated for functionality
upon instantiation, using adjacent geometry data from the Product model and functional

constraints data in the Product Range Model. Taper applications on adjacent geometry are -
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included in the evaluation. A method of identifying adjacent form features in the Product

model has been described in Chapter 7 using the links shown in Figure 7.3,

It can be seen that after functionality evaluation the mouldability strategist is triggered to
evaluate the new form feature instantiation. The mouldability application is discussed in
the next section. After mouldability analysis, if tapers have been applied to the product the
designer is advised of the possible effect on functionality and which form features should
therefore be re~analysed. The order of re—analysis is also advised. This should be the same
as the order of instantiation, otherwise the design intent is lost and a re-analysis may not
identify changes in functionality. An example of this situation is shown in the experimental

chapter 10.

The strategy for addressing individual product functions is shown in Figure 9.3. This shows
that the functional interface identifies those functions that must be individually addressed
using data from the Product Range Model and gives the designer the choice of which order
to address the functions. Once a product function is selected it can be seen that the strategy

is identical to that in the initial product definition.

Figure 9.4 shows the strategy for re—-analysis of the functional viewpoint, It can be seen that
the designer can choose any form feature instantiation to be re—evaluated for functionality.
A choice of form feature to re—evaluate does not have to be based on feedback advice and
a designer can re—evaluate any part of a product for functionality at any time. The asso-
ciated functional data to a form feature is identified by the links created by the functional
interface during form feature instantiation, as shown in Figure 7.3. It can be seen that the
strategy for re—evaluation is identical to the post form feature instantiation stages of strat-

egies i) and ii), including the triggering of the mouldability application.
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9.4. MOULDABILITY STRATEGIST.

The mouldability strategist application has three strategies; i) for instantiation of mould-
ability features in response to the instantiation of a new form feature in the Product model,
and ii) for evaluation of existing mouldability instantiations in response to changes to exist-
ing form feature instantiations in the Product model, and iii) for requested instantiations
by the cavity, core or feeding system applications. The mouldability applicationis triggered
by occurrence of one of the above. Figure 9.5 shows the strategy in response to the former
occurrence. The first activity is to translate from form to mouldability. The translation pro-
cess has been described in detail in Chapter 7. From Chapter 7, it may be that a one-to—
many relationship exists between a form feature instantiation and the mouldability view-
point. It can be seen that the mouldability application instantiates each mouldability
equivalent in the Product model and evaluates each for mouldability upon instantiation. It
can be seen thatevaluation of mouldability is carried out using data on adjacent mouldabil-
ity geometry from the Product model and mouldability constraints from the Manufacturing
model. A method of identifying adjacent mouldability geometry in the Product model has
been described in Chapter 7, using the links shown in Figure 7.8 and 7.22. It can be seen
that any changes to a mouldability instantiation due to feedback advice is reflected in the
equivalent form feature instantiation by updating of the form viewpoint by the mouldabil-

ity application.

Figure 9.6 shows the strategy for re—evaluation of the mouldability viewpoint due to
changes to an existing form feature instantiation. The mouldability equivalent of an exist-
ing form feature instantiation is identified using the links in the product model created by
the mouldability application during mouldability feature instantiation, as shown in Figure

7.8 and 7.22. Thereafter, apart from the lack of an instantiation, the strategy is identical to
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the instantiation strategy in Figure 9.5.

Figure 9.7 shows the strategy for requested instantiations from other viewpoints, ie feeding
or cavity/core. As described in section 9.8, the feeding system design strategist may request
a gate instantiation if none exists on a product, and as described in section 9.6 and 9.7 the
cavity or core design strategist may request instantiation of a blend or taper in response to
a designer request to instantiate the equivalent entities in the cavity or core impression.
From Figure 9.7, if a gate instantiation is requested the gated wallis chosen by the designer,
and is therefore already known. Thus a gate is instantiated on the wall and the process con-
straints are considered using data from the Manufacturing model. In order to enable re—
analysis or backtracking the link between the gate instantiation and that of the wall is
created as in a forward instantiation (ie driven by the functional interface). This link is

shown in Figure 7.22.

It can be seen that if a taper or a blend instantiation is requested, the first activity is toident-
ify the equivalent wall instantiations of the cavity or core viewpoint, using the links shown
in Figure 7.36 (cavity) and Figure 7.54 (core). A taper or blend is instantiated on the equiv-
alent wall instantiation(s) and the process constraints are evaluated using data in the Manu-
facturing model. As for a new gate instantiation, to enable re-analysis or backtracking the
link between the taper or blend instantiation and that of the wall(s) is created asin a forward

instantiation (ie driven by the functional interface). These links are shown in Figure 7.22.

9.5. MOULD DESIGN STRATEGY.

In order for the strategist applications to interact within the area of mould design such that

design support is provided in a concurrent manner, a mould design strategy is required to
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ensure the appropriate interactions. The strategy in the present work is based on the preced-
ence relationships identified in Chapter 5 and Chapter 7, and is shown in Figure 9.8. The
first major part of a mould to be generated is the cavity impression. However, as described
in Chapter 7 a prerequisite to instantiation of the cavity impression is the instantiation of
the parting line, so this is identified and instantiated first. Afterwards support is provided
to the designer for instantiation of the cavity impression by the cavity design strategist.
Next the core design strategist is triggered to provide design support for instantiation of the
main core impression geometry. Once the main geometry in the cavity and core impression
has been instantiated it is possible to examine the effects of gaps in the cavity/core if they
exist by supporting the designer in instantiation of cavity and core group volumes and con-
sideration of their process constraints. This requires interaction between the cavity and core
design strategists as described in sections 9.6 and 9.7. After instantiation of group volumes,
or if no gaps exist in the cavity/core the cavity design strategist considers the spatial rela-
tionship between mouldability reinforcement and hole instantiations and the geometry of
the cavity and core impression to see if they translate to local inserts in the cavity or the
core. Instantiation of those that translate to local inserts in the cavity is supported by the
cavity design strategist and those that translate to local inserts in the core result in triggering

of the core design strategist to support their instantiation.

Having identified the cavity and core impression geometry, the feeding system design strat-
egist can support instantiation of the feeding system, and this requires some interaction
with the cooling system design strategist as described in section 9.8. Once the feeding sys-
tem geometry and the cavity and core impression geometry exists in the Product model the
cooling system can be instantiated. The cooling system design strategist supports instantia-
tion of the cavity cooling system first. This provides the prerequisite data for the cavity de-

sign strategist to support the designer in instantiation of the cavity plate. Some dimensions
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of the cavity cooling system are dependant upon the length and width of the cavity block,
and therefore the cooling system design strategist must be triggered again to complete the
cavity cooling system geometry. Subsequently the cooling system design strategist sup-
ports instantiation of the core cooling system. As with the cavity cooling system, some di-
mensions of the core cooling system are dependant upon the length and width dimensions
of the block, but in this work these dimensions can be taken from the cavity block as the
dimensions are the same for the cavity and core blocks. Finally the core design strategist
supports instantiation of the core plate, completing the mould design strategy. The follow-
ing sub sections describe the part each strategist plays in the mould design strategy, describ-

ing their strategies in order of utilisation.
9.6. CAVITY DESIGN STRATEGIST.

The cavity design strategist has four strategies; 1) for instantiation of the main geometry
of the cavity impression, ii) for dealing with gaps in the main geometry of the cavity/core
impression, iii) for instantiation of local inserts in the cavity, and iv) for instantiation of the
cavity plate. The first cavity design support strategy is shown in Figure 9.9. It can be seen
that the position of an integer cavity parting line is identified and a parting line instantiated
as a prerequisite to instantiation of the cavity impression (see Chapter 7). The next activity
is the translation from the mouldability viewpoint to the main cavity impression geometry,
which hés been described in detail in Chapter 7. From Chapter 7, at the time of each instan-
tiation not all adjacent geometry is known. Therefore the process constraints of the main
cavity impression geometry are considered retrospectively of instantiation, shown by the
loop in Figure 9.9. Consideration of process constraints may result in the instantiation of
integer cavity tapers and integer cavity blends, in which case the equivalent mouldability

instantiations must be generated on the equivalent walls in the product. instantiation of
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mouldability types is performed by triggering the mouldability strategist. After consider-
ation of the process constraints of the main cavity impression a vertical split line is instan-
tiated if required. After instantiation of the main cavity impression the core design strategist
is triggered to instantiate the main core impression geometry before returning to the cavity

design strategist for the second strategy below:

The second strategy of the cavity design strategist is shown in Figure 9.10. This strategy
identifies gaps in the main cavity/core geometry. If none exist the cavity design strategist
goes on to the third strategy. If a gap exists an integer cavity group volume is instantiated,
as described in Chapter 7 and the process constraints are considered in relation to the main
cavity and core impression geometry as described in Chapter 8. The core design strategist
is triggered to instantiate a core group volume of identical dimensions in the core. After
process constraints have been examined in the core (see section 9.7) the cavity design strat-
egist matches the dimensions of the cavity group volume with those of the core group vol-
ume and re-evaluates the process constraints to check the effects of core design decisions.
Finally the core design strategist is triggered to match the core group volume to the final
dimensions of the cavity group volume. After consideration of the process constraints of

the integer cavity group volume a vertical split line is instantiated if required.

The third strategy of the cavity design strategist, to instantiate local inserts in the cavity is
shown in Figure 9.11. Using information on the main cavity and core impression geometry
from the Product model the cavity design strategist identifies whether a mouldability rein-
forcement or hole instantiation translates to a local insert in the cavity or the core, as de-
scribed in Chapter 7. If it is in the cavity the instantiation is made, but if it is in the core
the core design strategist is triggered to instantiate a local insert in the core. Consideration

of process constraints in the cavity may result in the instantiation of integer cavity
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tapers and integer cavity blends, in which case the equivalent mouldability instantiations
must be generated on the equivalent walls in the product. instantiation of mouldability

types is performed by triggering the mouldability strategist

The final strategy of the cavity design strategist is to instantiate the cavity plate, shown in
Figure 9.12. It can be seen that instantiation of the cavity plate is carried out as described
in Chapter 7, using a knowledge of the parting line, the dimensions of the cavity impression
and the dimensions of the feeding system from the Product model, and a knowledge of cav-
ity block process constraints from the Manufacturing model. The requirement for a nozzle
recess is identified by the dimensions of the feeding system compared to those of the cavity
block. If a nozzle recess is required it is instantiated using a knowledge of the cavity block
and feeding system geometry plus the dimensions of the injection machine nozzle, The type
of inner land is identified based on the configuration of the feeding system. Either a rec-
tangular inner land or a circular inner land is instantiated. If a circular inner land is instan-
tiated, four peripheral lands are subsequently instantiated. If a pin gate has been used in the
feeding system a backing plate is instantiated to enclose all parts of the feeding system

below the gate, as described in Chapter 7.

9.7. CORE DESIGN STRATEGIST.

The core design strategist has four strategies; i) for instantiation of the main geometry of
the core impression, ii) for dealing with gaps in the main geometry of the cavity/core im-
pression, iii) for instantiation of local inserts in the core, and iv) for instantiation of the core
plate. Each strategy is invoked by a call from the cavity design strategist, as described in
the previous section, and all but the last end with triggering of the cavity design strategist.

The last strategy ends with triggering of the feeding system design strategist. The first core
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design support strategy is shown in Figure 9.13. It can be seen that the position of aninteger
core parting line is identified and a parting line instantiated as a prerequisite to instantiation
of the core impression (sece Chapter 7). The next activity is the translation from the mould-
ability viewpoint to the main core impression geometry, which has been described in detail
in Chapter 7. As with the cavity, at the time of each instantiation not all adjacent geometry
is known. Therefore the process constraints of the main core impression geometry are con-
sidered retrospectively of instantiation, shown by the loop in Figure 9.13. Consideration
of process constraints may result in the instantiation of integer core tapers and integer core
blends, in which case the equivalent mouldability instantiations must be generated on the
equivalent walls in the product. instantiation of mouldability types is performed by trigger-
ing the mouldability strategist. After instantiation of the main core impression the cavity
design strategist is triggered to instantiate an integer cavity group volume if a gap exists
in the main cavity/core geometry before returning to the core design strategist for the sec-
ond strategy below. If no gap exists the cavity design strategist goes on to the third strategy,

which ends by triggering the third core design strategy.

The second strategy of the core design strategistis shownin Figure 9.14, If an integer cavity
group volume is instantiated, the core design strategist instantiates an integer core group
volume of identical dimensions. Using a knowledge of the main cavity and core impression
geometry and a knowledge of process constraints from the Manufacturing model the pro-
cess constraints of an integer core group volume are evaluated. The cavity design strategist
is then triggered to reconsider the cavity group volume process constraints in respect of any
changes, and the core design strategist is triggered again to update the dimensions of the
integer core group volume to be identical to those of the re—evaluated integer cavity group

volume.
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The third strategy of the core design strategist is to instantiate local inserts in the core and
is shown in Figure 9.15. When the cavity design strategist identifies that a local insert is
in the core, alocal insert is instantiated in the core by the core design strategist, as described
in Chapter 7, and the process constraints evaluated. Consideration of process constraints
in the core may result in the instantiation of integer core tapers and integer core blends, in
which case the equivalent mouldability instantiations must be generated on the equivalent
walls in the product. instantiation of mouldability type§ is performed by triggering the

mouldability strategist.

The final strategy of the core design strategist is to instantiate the core plate, and is shown
in Figure 9.16. It can be seen that instantiation of the core plate is carried out as described
in Chapter 7, using a knowledge of the parting line, the dimensions of the cavity block and
the dimensions of the core cooling system from the Product model and a knowledge of core
block process constraints from the Manufacturing model. As described in Chapter 7, the
type and dimensions of lands are identified from the cavity plate. If a circular inner land

is instantiated, four peripheral lands are subsequently instantiated.
9.8. FEEDING SYSTEM DESIGN STRATEGIST.

The feeding system design strategist has only one strategy, shown in Figure 9.17. The first
activity is to identify a gate or gates on the product in order to instantiate the equivalent
gating system. If a mouldability gate has not been instantiated on a product the dcsigner
is asked to indicate a wall and a gate is instantiated as described in Chapter 7. instantiation
of the mouldability gate is performed by triggering the mouldability strategist. Before
many of the process constraints of the feeding system can be considered the minimum depth

in the cavity block to contain the cooling system must be known, Thus the cooling design
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strategist is called to support the designer in establishing this depth before returning to the

feeding system design strategist. This support is described in section 9.9.

Once the minimum depth of a cavity block is known a gating system is instantiated of the
type indicated during mouldability gate instantiation (see Chapter 7) and the process con-
straints evaluated using data from the Manufacturing model. The type of gating system is
used to identify the elements of the rest of the feeding system, eg what type of runner sys-
tem, As shown in Figure 9.17, if a runner system is required (depending upon the gating
system type) the appropriate type is instantiated in the Product model and the process con-
straints evaluated using data from the Manufacturing model. Finally (if required) 2 main
feeding sprue is instantiated in the Product model and the process constraints evaluated

using data from the Manufacturing model.
9.9, COOLING SYSTEM DESIGN STRATEGIST.

The cooling system design strategist has four strategies; i) for identifying the minimum
depth of the cavity block to co_ntain the cooling system, ii) for supporting instantiation of
" most of the cavity cooling system, iii) for completing the cavity cooling system geometry
after instantiation of the cavity block, and iv) for supporting instantiation of the core cool-

ing system.

The first strategy is shown in Figure 9.18. This strategy is triggered by a call from the feed-
ing system design strategist for information. Using a knowledge of the cavity impression
geometry the maximurr-1 cooling capacity of acavity cooling system is identified. The mini-
mum depth of a cavity block to contain such a cooling system is then identified based on

the minimum distances to avoid directional cooling, as described in Chapter 7. The second
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strategy, shown in Figure 9.19 is triggered by completion of the feeding system design.
Using a knowledge of the cavity cooling system constraints from the Manufacturing model
and of the type and numbers of gating systems in the Product model the designer is sup-
ported in identifying the optimum configuration of cooling system for balanced cooling of
the mould. Using a knowledge of cavity cooling system constraints from the Manufactur-
ing model the optimum cooling formation is identified based on minimum distances be-
tween the cooling system and the closest parts of the imi)ression and the feeding system.
The spacing between layers of tubes is identified based on minimum distances between the
tubes in a cooling system, and the standard flow ways are instantiated in the appropriate
positions and orientation to produce the required configuration of cavity cooling system

in the optimum cooling formation. All of the above is as described in Chapter 7.

The third strategy, shownin Figure 9.20 is triggered by the instantiation of the cavity block.
Using a knowledge of cavity cooling system constraints from the Manufacturing model,
and based on the dimensions of the new cavity block instantiation, the geometry of the cav-
ity cooling system in the Product model is completed. The final strategy is shown in Figure
9.21. It can be seen that using a knowledge of the core impression geometry and a knowl-
edge of core cooling system constraints it is identified whether a deep or a shallow core
cooling system should be used. If ashallow core cooling systemis used, then using a knowl-
edge of shallow core cooling system constraints from the Manufacturing model and the ge-
omctfy of the cavity impression, the number of tubes across the core is identified (maxi-
mum cooling capacity), as described in Chapter 7. With the additional knowledge of the
feeding system geometry the designer is supported in identifying the optimum shallow
cooling system configuration for even cooling of the mould core. Using a knowledge of
the shallow core cooling system constraints from the Manufacturing model the optimum

cooling formation is identified based on minimum distances between the cooling system
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and the closest parts of the impression and the feeding system. Finally the standard flow
ways are instantiated in the appropriate positions and orientation to produce the required
configuration of core cooling system in the optimum cooling formation. All of the above

is as described in Chapter 7.

If a deep core cooling system is used, then using a knowledge of deep core cooling system
constraints from the Manufacturing model and the geometry of the core impression the
number of tubes inside the core is identified (maximum cooling capacity), as described in
Chapter 7. Using a knowledge of the deep core cooling system constraints from the Manu-
facturing model the optimum cooling formation is identified based on minimum distances
between the cooling system and the closest parts of the impression and the feeding system.
Finally the baffle flow ways and standard flow ways are instantiated in the appropriate posi-
tions and orientation to produce the required configuration of core cooling system in the

optimum cooling formation. All of the above is as described in Chapter 7.
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Chapter 10

The experimental investigations performed.

10.1. INTRODUCTION.

This chapter explains the experimental work performed by the author to explore support
for concurrent design for injection moulding by an injection moulding strategist and its use
of the representations in the Manufacturing model, Prc;duct model and Product Range
Model, when supporting the instantiation of 3D geometry. Section 10.2, presents the scope
of an experimental injection moulding strategist implementation. This covers the imple-
mentation objectives and the implementation of the injection moulding strategist itself, the
Manufacturing model, the Product Range Model and the interface to the user. Section 10.3
presents the experimental exploitation of an injection moulding strategist to support con-
current design for manufacture of example products. Section 10.4 discusses the experi-

mental results.

The experimental design support systemn is based on the definition of the injection mould-
ing strategist functionality and structure as described in Chapters 5,7 and 9, and the defini-
tion of the Manufacturing model and Product Range Model in Chapters 6 and 8.

10.2. EXPERIMENTAL EVALUATION OF THE STRATEGIST

10.2.1. An implementation of feature types.

Figure 10.1 shows a screen dump of the primary mouldability features class and secondary

mouldability features classes in the Object DB browser. The primary mouldability features
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Figure 10.2. Screen dump of the cavity and core features in the Manufacturing model.
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are wall, rib, hollow boss, solid boss, hole. The secondary mouldability features, which
have been implemented as a separate class, are comer blend, protrusion blend, taper and
gate. Figure 10.2 shows a screen dump of the integer cavity and integer core classes in the
Object DB browser. Figure 10.3 shows a screen dump of the implemented feeding system
features, which are pin gate, sprue gate, rectangular edge gate and main feeding sprue, and
the implemented cooling system features, which are stapdard flow way, baffle flow way
and baffle blade. The process constraints of the cavity cooling system, t-hc shallow core
cooling system and the deep core cooling system are stored in the cooling system class. For
all the above feature types methods have been defined in each class to capture the process
constraints of the feeding system or cooling system and their detailed representation in the

EXPRESS language is shown in Appendix 4..

Figure 10.4 shows a screen dump of the example product ranges of PTPlus, Yoghurt pot
and Flower pot in the Object DB browser. Note that Object DB does not permit double in-
heritance, and thus those product functions common to the yoghurt pot and flower pot prod-
uctranges have had to be implemented as separate product functions for the flower pot with

the appendage ’_fp’.
10.2.2. Interfacing the experimental software program.

The ihjcction moulding strategist is linked to and drives the Object DB software. It provides
an interface menu for the designer to drive the application and receive feedback advice. The
menu also allows the designer to select display options. The product design or parts of the
mould can be displayed from the current state of the Product model in Object DB. The dis-
play of the current state of a product or mould in the Product model is provided via a linker

to the Unigraphics V10 solid modelling package.
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10.2.3. Supporting concurrent design for function and mouldability on a

yoghurt pot,

The experiment described in this section has been performed to demonstrate how an injec-
tion moulding strategist supports the designer in considering the interaction of functional

and mouldability constraints on a yoghurt pot. The objectives can be listed below:

i. To show how the designer is supported in the association of function and form using in-

formation from the Product Range Model.

ii. To show how the designer is supported in consideration of mouldability using a transla-

tion process from form to mouldability and information from the Manufacturing model.

In this experiment the designer creates a new product in the yoghurt pot produc.t range.
Therefore the functional interface strategy for supporting the instantiation of an initial
product definition is invoked (Figure 9.2). The designer is provided with feedback advice
with respect to functional and manufacturing constraints as he/she builds up 3D geometry
in the Product model. The plastic part that is built up in the experiment is shown in Figure
10.5. The initial product definition of a yoghurt pot comprises two product function instan-
tiations; enclose horizontal and enclose below, and two associated form feature instantia-
tions; a side wall to achieve the former function and a base wall to achieve the latter. Also
there are two mouldability instantiations which are the alternative of the form viewpoint

and associated secondary mouldability instantiations such as tapers and blends.

The functional interface application first asks the designer to choose a product range from
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those for which data is stored in the Product Range Model.

Product ranges where data is available in the Product Range Model are:

1. Yoghurt pot range of products

2. Flower pot range of products

3. PTPlus range of products

Enter choice.

1

After the designer chooses a product range and indicates.to create a new product the func-

tional interface application identifies the product functions that must be addressed and asks
the designer to provide a specification for those product functions that have been identified
as within the initial product definition. The data required for each specification is relayed
to the designer using information in the product function class in the Product Range Model,
eg enclose horizontal.

Functional requirements:

enclose_horizontal
enclose_below
provide_seal_surface
Section_destack_horizontal
Section_destack_vertical
Insert_destack

Specify functional requirements for initial product definition:

FUNCTION - Enclose horizontal

What is the enclosed volume? (mm3)500000

What is the diameter of the enclosure? (mm)80

FUNCTION - Enclose below

What is the enclosed diameter? (mm)70

This diameter specification is smaller than that for adjacent "Enclose horizontal’ function

Consequences:
L. If form maiches specification, enclosure not achieved, product functionality lost

Remedial options:

1. Increase diameter specification to a minimum of 80 mm
— No further options

Change specification? y/ny

Enter new specification:80
Inthis experiment it can be seen that the specification given for the second product function

creates a conflict with that for the first. This is because fulfilment of the second specifica-
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tion would not necessarily result in attainment of the overall product functionality. There-
fore the designer is asked to change the latter specification. After providing the specifica-
tion the designer is a supported in associating each product function in the initial product
definition with a form feature using the form/function data in the Product Range Model.
First the designeris provided with a choice of forms to achieve the product function. In this
experiment only one type of form feature is identified as usable to achieve the enclose hori-
zontal function. The choice is a side wall. Therefore the designer is supported in providing
the dimensions of a side wall form feature instantiation.

FUNCTION:enclose_horizontal

Forms available for use:
1.side_wall
No more forms available.

FORM FEATURE- SIDE_WALL: Ronan_Fsid_w0
Do you wish to see feature dimensioning instructions?y/nn
Specify feature position (base of central axis of rotation}:0 0 10

Specify feature oricntation 1 O 0 major axis is X direction
01 0 major axis is Y direction, 0 0 1 major axis is Z direction:0 0 1

Specify inner diameter:80

Specify side_wall thickness:2

Specify side_wall height:70

After instantiation of the form feature in the Product model, the association with the func-
tional viewpoint (Figure 7.3) is used by the functional interface application to identify the
functional constraints in the Product Range Model. Using data from the Yoghurt Pot —en-
close horizontal class in the Product Range Model, functional feedback advice is provided
to the designer with respect to the functionality of the form feature. In this experiment the
height of the side wall instantiation has to be increased to satisfy the enclose horizontal
specification.

FORM FEATURE Ronan_Fsid_w(
FUNCTIONALITY ASSESSMENT - enclose_horizontal function:

Inner diameter satisfactory for enclose horizontal function

Present wall dimensions mean that the enclosed volume is lower than that specified
Specified volume: 500000 mm3

Consequences:
Enclose horizontal function specification not achieved
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Remedial options:

1. Increase inner diameter to: 93 mm

NOTE: Enclose horizontal specification for inner diameter: 80 mm
2. Increase wall height to: 94.5 mm

— No further options

Change feature inner diameter? y/nn

Present diameter recorded
Change height?y/ny

New height: 94.5

After functionality has been evaluated the mouldability strategist is invoked and a transla-
tion is made from the form viewpoint to that of mouldabiiity. The designer is provided with
mouldability feedback advice using data from the wall class in the Manufacturing model.
This application strategy is shown in Figure 9.5. The dimensions of the wall instantiation
are acceptable for mouldability. However a taper is required on the wall instantiation to fa-
cilitate removal of the product from a mould. The designer is supported in instantiation of
a taper feature and provided with feedback advice with respect to taper constraints using
data from the wall class and taper class of the Manufacturing model respectively.

MOULDABILITY WALL FEATURE: Ronan_Mwall0
Wall thickness ok
Wall features require a taper

Consequences of non—inclusion of a taper can be difficulty in
removal of the component from the mould

Do you wish to create a taper?y/ny

Creating taper on wall Ronan_Mwall0
Enter taper angle:
Recommended minimum draft angle = 0.8 degrees0.8

Taper angle ok

Having addressed the first product function in the initial product definition and considered
the functional and manufacturing constraints, the designer is supported in addressing the
second (and last) product function in the initial product definition. Using the form/function
data in the Product Range Model it is identified that only one type of form feature as usable
to achieve the enclose below function. The choice is a base wall. Therefore the designer
is supported in providing the dimensions of a base wall form feature instantiation.

FUNCTION:enclose_below

Forms available for use:
1.base_wall
No more forms available.
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FORM FEATURE- BASE_WALL: Ronan_Fbs_wl0
Do you wish to see feature dimensioning instructions?y/nn
Specify feature position (centre of base);0 0 8

Specify feature orientation 1 O 0 major axis is X direction
0 1 0 major axis is Y direction, 0 0 1 major axis is Z direction:0 0 1

Specify base_wall diameter: 84

Specify base_wall thickness:3

After instantiation of the second form feature in the Product model, the association with
the functional viewpoint (Figure 7.3) is used by the functional interface application to
identify the functional constraints in the Product Range Model. Using data from the Yo-
ghurt Pot — enclose below class in the Product Range Model, functional feedback advice
is provided to the designer with respect to the functionality of the form feature. The form
feature has to be repositioned to avoid areduction in the internal volume of the yoghurt pot.

FORM FEATURE Ronan_Fbs_wl0
FUNCTIONALITY ASSESSMENT - enclose_below function:

Top of base wall is higher than the base of horizontal enclosure wall

Consequences:
1. Base wall encroaching on ‘Enclose horizontal’ surface— Loss of functionality

Remedial options:
1, Lower base wall to z position 7

=No further options
Reposition the feature? y/ny

New feature position: 0 07
Diameter satisfactory for enclose below specification
Feature outer diameter satisfactory for enclose below function

Next the mouldability strategist is invoked and a translation is made from the form view-
point to mouldability. As before, the designer is provided with feedback advice using data
from the wall class in the Manufacturing model and the taper class as a taper is instantiated
on the wall. With more than one mouldability instantiation in the Product model, feedback
advice is also required on the relationships between mouldability instantiations. In this ex-
periment the thickness of the new mouldability instantiation is acceptable for the individual
instantiation, but it is not acceptable for the relationship with other mouldability instantia-
tions, as it is not the same as that of the adjacent wall feature instantiation. The designer

changes the thickness to be the same.
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MOULDABILITY WALL FEATURE: Ronan_Mwalll
Wall thickness ok
‘Wall features require a taper

Consequences of non—inclusion of a taper can be difficulty in
removal of the component from the mould

Do you wish to create a taper?y/ny

Creating taper on wall Ronan_Mwalll
Enier taper angle:
Recommended minimum draft angle = 0.8 degrees.8

Taper angle ok
Wall thickness is not the same as adjacent wall

Possible consequences: '

1. Feeding problems if a thick section is fed by a thin section

2, Stress concentrations at abrupt section changes

3. Abrupt section changes can interfere with the flow of material in the mould causing surface defects
4, Component warpage

Remedial options:
1. Make wall thickness the same or near to that of adjacent wall (2)
2. If the difference in thickness must remain make sure the change is not abrupt

—No further options
Change wall thickness? y/ny
Enter new wall thickness (mm):2.0

New thickness ok

As well as the wall thickness comparison a blend is required between adjoining mouldabil-
ity wall instantiations. The designer is supported in instantiating a corner blend using feed-
back advice from the wall class of the Manufacturing model and from the corner blend class
with respect to corner blend constraints. A constant section thickness around a corner sec-
tion is required to avoid mouldability problems, and the designer has to modify the outer
radius of the corner blend.

‘Wall {eatures require a blend

Possible consequences of non inclusion;
1, Stress concentrations in the component
2, Turbulent flow around the corner can cause surface defects

Do you wish to create a blend?y/ny

Creating blend on wall Ronan_Mwalll

Enter inside radius:

Recommended inside radivs is between 0.8 and 1.2 mm
0.5 mm is the recommended minimum radius.8
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Inside blend radins ok

Enter outside radius:
Recommended outside radius is 2.8 mm2.,7

This blend radius is less than 2.8 causing thickening corner section

Possible consequences:

1, Shrinkage marks or surface depressions in the corner
2. Widening of the corner angle

3. Curvature of the wall sections either side of the comer

Remedial options:
1. Increase blend radius to 2.8

-No further options

Increase the blend radius?y/ny

Enter new blend radins:2.8

New radius recorded

The above completes the initial product definition. However the designer is advised that
the application of tapers for mouldability may effect the functionality of the product. Re~
analysis of the functional viewpoint is advised (backtracking). This should be carried out

in the order of functional feature instantiation if the design intent is not to be lost.

WARNING: Application of tapers for manufacturing objectives may invalidate the functional relationships
within the product

Advise re~analysis of functional features in the given order before proceeding:

0. Ronan_Fsid_w0
1. Ronan_Fbs_wl0

Select modification/re—analysis option on main menu

Re-analysis of the functional viewpoint is carried out by the designer, as advised, in the
order shown. After functional re—analysis, mouldability re-analysis is automatically per-
formed. The functional and mouldability re—analysis strategies are shown in Figures 9.4
and 9l.6 respectively. For re-analysis the designer is asked for the identity of the form fea-
ture to re—analyse. No problems exist for form feature Ronan_Fsid_wO (analysis not
shown). The functionality of form feature Ronan_Fbs_wl10 has been affected by mouldabil-
ity changes, but not because of the taper application. Instead the reduction of the wall thick-
ness in response to mouldability advice has destroyed the functionality of the product, and
the form feature must be repositioned. After functionality re—analysis and adjustments no

further problems exist for mouldability.
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FORM FEATURE Ronan_Fbs_wl0
FUNCTIONALITY ASSESSMENT - enclose_below function:

Top of base wall is not in contact with base of horizontal enclosure wall

Consequences:
1. Product functionality lost

Remedial options:
1. Relocate base wall to z position 8

—No further options
Reposition the feature? y/ny
New feature position: 00 8

Diameter satisfactory for enclose below specification
Feature outer diameter satisfactory for enclose below function

MOULDABILITY WALL FEATURE: Ronan_Mwalll

Wall thickness ok

Wall thickness relative to adjacent wall ok

Figure 10.6 shows the results of the above experiment in the Product model. The Figure
shows the two product function instantiations, those of the form features and the primary

and secondary mouldability instantiations.
The above experiment has shown:

1. That an injection moulding strategist of the structure described in Chapter 9 can support

the designer in the concurrent design of an injection moulded product.

2. A functional interface application facilitates the build up of a product definition by sup-

porting the designer in the association of function and form.

3. A translation process allows the interaction of the functional and mouldability view-

points.

4. The functional interface application invokes functional data from the Product Range

Model and relates this to individual feature instantiations in the Product model.
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5. The mouldability strategist application invokes mouldability data from the Manufactur-

ing model and relates this to individual feature instantiations in the Product model.

6. The Product Range Model provides feedback advice to the designer about product func-

tionality.

7. The Manufacturing model provides feedback advice to the designer about product

mouldability.

The entire interaction between the designer and the injection moulding strategist in above

experiment is shown in Appendix 7.

10.2.4. Supporting concurrent design for function and mouldability on a

PTPlus.

The experiment described in this section has been performed to demonstrate how an injec-
tion moulding strategist supports the designer in considering the interaction of functional
and mouldability constraints on a PTPlus. The objectives are identical to those listed for
the previous experiment, in order to show that different product types can be considered.

Additional objectives can be listed below:

i. To show how a taper application can affect the functionality viewpoint,

ii. To show how an injection moulding strategist deals with gaps in wall geometry and with

one-to—many relationships between form and mouldability.

In this experiment the designer creates a new product of the PTPlus product range. There-
fore the functional interface strategy for supporting the instantiation of an initial product
definition is invoked. (Figure 9.2). The plastic part that is built up in the experiment is

shown in Figure 10.7. The initial product definition of a PTPlus comprises three product
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function instantiations; locate in lid, break in torsion and locate on jar, and three associated
form feature instantiations; a side wall to achieve the first and the third, and spaced bosses
to achieve the second. Also there are the five mouldability instantiations which are the
equivalent of the form viewpoint and associated secondary mouldability instantiations
such as tapers and blends. Subsequently the designer goes on to address an individual prod-

uct function outside the initial product definition.

Having identified the product range as PTPlus by asking.the designer to choose, the func-
tional interface application identifies the product functions that must be addressed and asks
the designer to provide a specification for those product functions that have been identified
as within the initial product definition. The data required for each specification is relayed
to the designer using information in the product function class in the Product Range Model,
eg locate in lid.

Functional requirements:

locate_in_lid
locate_on_jar
break_in_torsion
hold_in_lid
hold_on_jar
prevent_rotation
cover_lid_edge

Specify functional requirements for initial product definition:
FUNCTION - locate_in_lid
‘What is the inner diameter of the metal lid? (mm)52 44

Note: location surface contains flange for "hold_in_lid’ function as well as mating with inside lid surface
What is the height of the location surface? (mm)3

FUNC_TION — break_in_torsion

‘What is the breakage torsion required? (Nmm)1220
FUNCTION -locate_on_jar

What is the outer diameter of the jar neck? (mm)S0.08

‘What is the height of the location surface? (mm)3.5

After providing the specification the designer is supported in associating each product
function in the initial product definition with a form feature using the form/function data

in the Product Range Model. In this experiment only one type of form feature is identified
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as usable to achieve the locate in lid function. The choice is a side wall. Therefore the de-
signer is supported in providing the dimensions of a side wall form feature instantiation.

FUNCTION:locate_in_lid

Forms available for use;
1.side_wall
No more forms available.

FORM FEATURE- SIDE_WALL: Ronan_Fsid_w{
Do you wish to see feature dimensioning instructions?y/nn
Specify feature position (base of central axis of rotation).0 0 10

Specify feature orientation 1 O 0 major axis is X direction
01 0 major axis is Y direction, 0 0 1 major axis is Z dircction:0 0 1

specify inner diameter:50.44

specify side_wall thickness:1.3

specify side_wall height:2

After instantiation of the form feature in the Product model, the association with the func-
tional viewpoint (Figure 7.3) is used by the functional interface application to identify the
functional constraints in the Product Range Model. Using data from the PTPlus — locate
in lid class in the Product Range Model, functional feedback advice is provided to the de-
signer with respect to the functionality of the form feature. In this experiment the diameter
of the side wall must be reduced to satisfy the locate in lid function. and the height must
be increased.

FORM FEATURE Ronan_Fsid_w0
FUNCTIONALITY ASSESSMENT- locate_in_lid function:

Feature height is smaller than the height of the lid location surface
The location surface height is 3 mm,

Consequence:

The location surface is under utilised
Possible problems with "hold_in_lid” function
Change feature height?y/ny

Enter new height:3

Feature position is currently: 0 0 10
Do you wish to adjust the position for the new location?y/nn

Feature outer diameter is greater than the inside diameter of the lid
The location diameter is 52.44 mm.

Consequence:
This is an interference fit
Change feature diameter?y/ny
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New outer diameter: 52.44

To maintain constant inner diameter new thickness should be: 1
Do you wish to adjust the thickness?y/ny

New thickness: 1

After functionality has been evaluated the mouldability strategist is invoked and a transla-
tion is made from the form viewpoint to that of mouldability, The designer is provided with
mouldability feedback advice using data from the wall class in the Manufacturing model.
This application strategy is shown in Figure 9.5. The dimensions of the wall instantiation
are acceptable for mouldability. However a taper is required on the wall instantiation to fa-
cilitate removal of the product from a mould. The designer is supported in instantiation of
a taper feature and provided with feedback advice with respect to taper constraints using
data from the wall class and taper class in the Manufacturing model respectively. Addition-
ally the designer decides to gate on the wall and is supported in instantiating a gate feature
and provided with feedback advice with respect to the feeding distance and the gate type
inrespectof the product geometry using data from the wall ¢lass and gate class in the Manu-
facturing model respectively.

MOULDABILITY WALL FEATURE: Ronan_Mwall)

Wall thickness ok

Wall features require a taper

Consequences of non—inclusion of a taper can be difficulty in
removal of the component from the mould '

Do you wish to creale a taper?y/ny

Creating taper on wall Ronan_Mwall0
Enter taper angle;
Recommended minimum draft angle = 0.8 degrees.8

Taper angle ok
Do you wish to create a new gate on this wall?y/ny

Creating gate on wall Ronan_MwallQ
Enter gate position X Y Z26.22 0 12
Feeding distance ok

This product is tubular:

Possible choices of gate type:
1. Rectangular edge gate
2. Pin gate

336



3. Diaphram gate
4, Ring gate

Enter choice:1

Gate type is rectangular edge gate

Having addressed the first product function in the initial product definition and considered
the functional and manufacturing constraints, the designer is supported in addressing the
second product function in the initial product definition. Using the form/function data in
the Product Range Model it is identified that only one type of form feature as usable to
achieve the break in torsion function. The choice is spaced bosses. Therefore the designer
is supported in providing the dimensions of a spaced bosses form feature instantiation.

FUNCTION:break_in_torsion

Forms available for use:
I.spaced_bosses
No more forms available,

FORM FEATURE- SPACED_BOSSES: Ronan_Fsp,_ bs0
Do you wish to sce feature dimensioning instructions?y/nn
Specify feature position (base of group central axis):0 0 9.75

Specify feature orientation 1 O 0 major axis is X direction
0 1 0 major axis is Y direction, 0 ¢ 1 major axis is Z direction:0 0 1

Specify number of bosses:5

Specify boss diameters:, 17

Specify diameter between boss axes:52

Specify bosses height:.25

Aftcr‘instantiation of the second form feature in the Product model, the association with
the functional viewpoint (Figure 7.3) is used by the functional interface application to
identify the functional constraints in the Product Range Model. Using data from the PTPlus
- Brehk intorsion class in the Product Range Model, functional feedback advice is provided
to the designer with respect to the functionality of the form feature. The number of bosses

in the form feature has to be reduced to avoid difficulty in removing the lid from the jar.

FORM FEATURE Ronan_Fsp_bs()
FUNCTIONALITY ASSESSMENT- break_in_torsion function:

Torque specification: 1220
Feature position satisfactory for break in torsion function
Group diameter satisfactory for break in torsion function
Torque calculation2013.45
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Feature cross sectional area is too large to provide failure
at the torque specified

Possible consequences:
1. Difficulty in removing the lid from the jar

Remedial options:

1. Decrease the numbecr of bosses

2. Decrease the diameter of the bosses

Recommended number of bosses: 3

Necessary boss diameter at present numbers: 0.103007

—No further options

Decrease the number of bosses? y/ny
Enter number of bosses:3
Recommended boss diameter: 0.171679
Change the diameter of bosses? y/nn

Present diameter recorded
New torque = 1208.07 Nm

Next the mouldability strategist is invoked and a translation is made from the form view-
point to mouldability. The spaced bosses form feature translates to three separate mould-
ability solid boss instantiations. The designer is provided with feedback advice using data
from the solid boss class in the Manufacturing model. A taper is required on a solid boss
instantiation to facilitate removal of the product from a mould. However, from Figure 10.7
the solid bosses are eventually sandwiched between two walls. Therefore the advice to
create a taper is ignored. With more than one mouldability instantiation in the Product
model, feedback advice is also required on the relationships between mouldability instan-
tiations. In this experiment the width and height of the solid bosses, the maximum dimen-
sion of which is related to the adjacent wall thickness, are acceptable. As well as the width
and height evaluation a blend is required between adjoining mouldability wall instantia-
tions. However the height of the solid bosses is only .25 mm and the minimum recom-
mended blend radius is 0.5 mm, Therefore the advice is ignored.

MOULDABILITY SOLID BOSS FEATURE: Ronan_Msbos(0

Solid boss orientation ok

Solid boss features require a taper

Consequences of non-inclusion of a taper can be difficulty in
removal of the component from the mould
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Do you wish to create a taper?y/nn
Solid boss height ok
Solid boss width ok
Solid boss features require a blend

Possible consequences of non inclusion:
1, Stress concentrations in the component
2. Turbulent flow around the corner can cause surface defects

Do you wish to create a blend?y/nn

MOULDABILITY SOLID BOSS FEATURE: Ronan_Msbosl
Solid boss orientation ok

Solid boss features require a taper

Consequences of non—inclusion of a taper can be difficulty in
removal of the component from the mould

Do you wish to create a taper?y/nn
Solid boss height ok
Solid boss width ok
Solid boss features require a blend

Possible consequences of non inclusion;
1. Stress concentrations in the component
2. Turbulent flow around the corner can cause surface defects

Do you wish to create a blend?y/nn

MOULDABILITY SOLID BOSS FEATURE: Ronan_Msbos2
Solid boss orientation ok

Solid boss features require a taper

Consequences of non—inclusion of a taper can be difficulty in
removal of the component from the mould

Do you wish to create a taper?y/nn
Solid boss height ok
Solid boss width ok
Solid boss features require a blend

Possible consequences of non inclusion;
1. Stress concentrations in the component
2. Turbulent flow around the corner can cause surface defects

Do you wish to create a blend?y/nn

Having addressed the second product function in the initial product definition and con-

sidered the functional and manufacturing constraints, the designer 1s supported in addres-
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sing the third product function in the initial product definition. Using the form/function
data in the Product Range Model it is identified that only one type of form feature is usable
to achieve the locate on jar function. The choice is a side wall. Therefore the designer is
supported in providing the dimensions of a side wall form feature instantiation.

FUNCTION:locate_on_jar

Forms available for use:
l.side_wall
No more forms available.

FORM FEATURE- SIDE_WALL: Ronan_Fsid_w1
Do you wish to see feature dimensioning instructions?y/nn
Specify feature position (base of central axis of rotation):0 0 6.25

Specify feature orientation 1 O 0 major axis is X direction
01 0 major axis is Y direction, 0 0 1 major axis is Z direction:0 0 1

Specify inner diameter;50.08

Specify side_wall thickness:1

The functional and mouldability evaluation is carried out as for the first and second product
functions, but is not shown in this section. The full PTPlus initial product definition is
shown in Appendix 8. The above completes the initial product definition. However the de-
signer is advised that the application of tapers for mouldability may affect the functionality
of the product. Re—analysis of the functional viewpoint is advised (backtracking). This
should be carried out in the order of functional feature instantiation if the design intent is
not to be lost.

WARNING:Application of tapers for manufacturing objectives may invalidate the functional relationships
within the product

Advise re-analysis of functional features in the given order before proceeding:
0. Ronan_Fsid_w0
1, Ronan_Fsp_bs0

2. Ronan_Fsid_wl

Select modification/re-analysis option on main menu

As advised, re-analysis of the functional viewpoint is carried out by the designer in the
order shown, After functional re-analysis, mouldability re-analysis is automatically per-
formed. The functional and mouldability re—analysis strategies are shown in Figures 9.4

and 9.6 respectively. For re—analysis the designer is asked for the identity of the form fea-
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ture to re—analyse. Only re—analysis of the first product function is shown below, and the
remainder can be seen in Appendix 8. The functionality of the form feature
Ronan_Fsid_wO has been affected by the application of a mouldability taper. At the begin-
ning of the experiment the diameter of the form feature had to be reduced to achieve the
locate in lid function. However the application of a mouldability taper requires that the di-
ameter be reduced again. After functionality analysis no further problems exist for mould-
ability.

FORM FEATURE Ronan_Fsid_w0
FUNCTIONALITY ASSESSMENT- locate_in_lid function:

Feature height satisfactory for locate in lid function

Feature outer diameter is greater than the inside diameter of the lid
The location diameter is 52.44 mm,

Consequence:
This is an interference fit
Change feature diameter?y/ny

New outer diameter: 52.44

To maintain constant inner diameter new thickness should be: 0.979055
Do you wish to adjust the thickness?y/nn

MOULDABILITY WALL FEATURE: Ronan_Mwall)
Wall thickness ok

Wall thickness relative to adjacent wall ok

After completion of the initial product definition the designer is given the opportunity of
addressing the remaining product functions in any order he wishes as one of the menu op-
tions. In this experiment the designer chooses to go on to address the hold in lid function.

1. Go on to Interactive product Modification design phase
2, Modification/re-analysis of existing forms

3. Display options

4, Go on to mould design

5. End sessionl

Functional requirements:

1. hold_in_lid

2. hold_on_jar

3. prevent_rotation

4, cover_lid_edge

Select a product function,1

When addressing individual product functions the designer is asked to provide a a specifi-

cation for the chosen function. The data required for the specification is relayed to the de-
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signer using information in the hold in lid class in the Product Range Model. After provid-
ing the specification the designer is supported in associating the product function with a
form feature using the form/function data in the Product Range Model. First the designer
is provided with a choice of forms to fulfil the product function. In this experiment only
one form feature is identified as usable to achieve the hold in lid function. The choice is
a flange. Therefore the designer is supported in providing the dimensions of a flange form
feature instantiation.

FUNCTION:hold_in_lid

Forms available for use:
1.flange
No more forms available.

FORM FEATURE- FLANGE: Ronan_Fflang0
Do you wish to sce feature dimensioning instructions?y/nn
Specify feature position (base of axis of rotation):0 0 12

Specify feature orientation 1 O 0 major axis is X direction
01 0 major axis is Y direction, 0 0 1 major axis is Z dircction:00 1

Specify inner diameter:53

Specify flange width:.5

Specify flange thickness:1

The designer goes on to consider the interaction of the functional and mouldability con-
straints on the form feature Ronan_Fflang(. The remainder of the experiment can be seen
in Appendix 8. Figure 10.8 shows the results of the above experiment in the Product model.
The Figure shows four product function instantiations, ie three from the initial product de-
finition and the individual hold in lid function. Also shown are the instantiations of four
form features to achieve the product functions and the equivalent primary and secondary

mouldability instantiations.
The above experiment has shown:

1. That an injection moulding strategist of the structure described in Chapter 9 can support

the designer in the concurrent design of an injection moulded product.
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2. A functional interface application facilitates the build up of a product definition by sup-

porting the designer in the association of function and form.

3. A translation process allows the interaction of the functional and mouldability view-

points.

4. The functional interface application invokes functional data form the Product Range

Model and relates this to individual feature instantiations in the Product model.

5. The mouldability strategist application invokes mouldability data from the Manufactur-

ing model and relates this to individual feature instantiations in the Product model.

6. The Product Range Model provides feedback advice to the designer about product func-
tionality for 3D geometry.

7. The Manufacturing model provides feedback advice to the designer about product

mouldability for 3D geometry.

8. The injection moulding strategist can deal with gaps in wall geometry and with one—to—

many relationships between form and mouldability.

9. The injection moulding strategist can support the designer in considering the effect of

mouldability taper applications on the functional viewpoint.

10. The designer can progress from an initial product definition to address remaining prod-

uct functions individually.
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10.2.5. Supporting concurrent design for function and mouldability on a

Flower pot.

The experiment described in this section has been performed to demonstrate how an injec-
tion moulding strategist supports the designer in considering the interaction of functional
and mouldability constraints on a Flower pot. The objectives are identical to those shared
by the yoghurt pot and PTPlus experiments. However in addition to further emphasising
that a variety of product types may be considered, this experiment shows support for devel-
oping a product that already exists in the product model, as opposed to creating a new prod-
uct. Additional objectives are to show consideration of a more complex relationship be-

tween function and form than existed in previous experiments, and can be listed below:

i. To show how the designer is supported in the association of function and form where a

choice of form features exists.

il. To show how the designer is supported in the association of function and form where

a form can be used to achieve more than one product function on a product range.

In this experiment the designer modifies an existing flower pot design. Therefore the func-
tional interface strategy for supporting the instantiation of individual product functions is
invoked (Figure 9.3). The plastic part that is built up in this experiment is shown in Figure
10.9. The designer enters the system and chooses a product function to address. In this ex-
periment the drainage clearance function is chosen which provides space under the holes
to allow water to flow out. For the flower pot product range the same form feature instantia-
tion can be used to achieve the insert destack function. Therefore the functional interface
application asks the designer for a specification for the chosen product function and in-
forms him/her that the insert destack function can also be achieved, warning that this is
conditional on instantiating the form feature below the base of the product and not on the
inside. In this expcrimerit the designer indicates to continue. Therefore the functional inter-

face application asks the designer for a specification for the second product function. Note
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that within the insert destack specification the designer is informed that fulfilment of this
product function negates the requirement for two others; section destack horizontal and
section destack vertical, ie these product functions are a different way of achieving the same
objective.

1.Crcate a new product { Initial product definition},

2 Modify existing product (Interactive product modification).
3.Delete a product and its mould

Enter choice.

2

Enter name of existing product.
Ronan

Functional requirements:

1. insert_destack

2. section_destack_horizontal

3. section_destack_vertical

4. drainage

5. drainage_clearance

Select a product function.S
FUNCTION - Drainage_clearance
What is the drainage clearance height (mm)1.5

SAME FORM:'Drainage_clecarance’ and "Insert_destack” functions can be performed using the same form
on flower pot type products:

Do you wish to use same form for *Insert_destack’ function?y/ny

NOTE: For "Drainage_clearance’ the feature MUST be below the base wall
Do you still wish to use the same form for ’Insert_destack’? y/ny

FUNCTION - Insert_destack
NOTE: Using *insert_destack’ function:
1. 'Section_destack_horizontal® function — no longer required.

2, *Section_destack_vertical’ function — no longer required,

What is the required protruding height of each (stacked) product? (mm)3

After providing the specification the designer is supported in associating the product func-
tions with a form feature using the form/function data in the Product Range Model. First
the designeris provided with a choice of forms to fulfil the product function. In this experi-
ment two form features are identified as usable to achieve the product functions. The choice
is either spaced bosses or spaced ribs. The designer chooses spaced bosses and is supported

in providing the dimensions of the spaced bosses form feature instantiation.

FUNCTION:drainage_clcarance
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Forms available for use:
L.spaced_bosses
2.spaced_ribs

Select form.1

FORM FEATURE- SPACED_BOSSES: Ronan_Fsp_bs0
Do you wish to see feature dimensioning instructions?y/nn
Specify feature position (base of group central axis):00 3

Specify feature orientation 1 O 0 major axis is X direction
0 1 0 major axis is Y direction, 00 1 major axis is Z direction:00 1

Specify number of bosses:3

Specify boss diameters:2

Specify diameter between boss axes:70

Specify bosses height:4

After instantiation of the form featﬁre in the Product model, the association with the func-
tional viewpoint (Figure 7.3) is used by the functional interface application to identify the
functional constraints in the Product Range Model. Using data from the Flower pot - drain-
age clearance and Flower pot — insert destack classes in the Product Range Model, func-
tional feedback is provided to the designer with respect to the functionality of the functional
feature instantiation. In this experiment feedback advice to reduce the spaced bosses height
for the drainage clearance function is ignored but is subsequently taken for the insert des-
tack function.

FORM FEATURE Ronan_Fsp_bs0
FUNCTIONALITY ASSESSMENT- drainage_clearance function:

Pasition of boss grouping satisfactory for "drainage_clearance’ function
Boss height is higher than specified to achieve *drainage_clearance’ function

Consequences:
1. Drainage clearance is greater than specified -~ unecessary material in product

Remedial options:
1. Reposition feature to z position 5.5
Change position? y/nn

Present height recorded

FORM FEATURE Ronan_Fsp_bs0
FUNCTIONALITY ASSESSMENT- insert_destack function:

Position of boss grouping satisfactory for insert destack function

Boss height is higher than specificd to achieve "insert_destack’ function
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Consequences:
1. Destack height is greater than specified - unecessary material in product

Remedial options:
1. Reposition feature to z position 4
Change position? y/ny

New position: 004

After functionality has been evaluated the mouldability strategist is invoked and a transla-
tion is made from the form viewpoint to mouldability. The designer is provided with
mouldability feedback advice using the solid boss class in the Manufacturing model. This
application strategy is shown in Figure 9.5, The dimensions of the three solid boss instantia-
tions which are the equivalent of the spaced bosses instantiation are acceptable for mould-
ability. However a taper is required on each to facilitate removal of the product from a
mould and a blend is required on each to avoid stress concentrations in the component or
surface defects. Only one of the mouldability instantiation evaluations is shown here and
the remainder of the experiment can be seen in Appendix 9.

MOULDABILITY SOLID BOSS FEATURE: Ronan_Msbos0

Solid boss orientation ok

Solid boss features require a taper

Consequences of non-inclusion of a taper can be difficulty in
removal of the component from the mould

Do you wish to create a taper?y/ny

Creating taper on solid boss Ronan_Msbos0
Enter taper angle:
Recommended minimum draft angle = 5.0 degrees5.0

Taper angle ok

Solid boss height ok

Solid boss width ok

Solid boss features require a blend

Posstble consequences of non inclusion:
1. Stress concentrations in the component
2. Turbulent flow around the corner can cause surface defects

Do you wish to create a blend?y/ny

Creating blend on solid boss Ronan_Msbos0
Enter blend radius:
Recommended minimum radius = 0.5 mm.5
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Blend radius ok

Figure 10.10 shows the results of the above experiment in the Product model. The figure
shows four product function instantiations, two from the initial product definition and the
individual drainage and drainage clearance functions. Note that a separate insert destack
specification is not instantiated but this data is contained in the drainage clearance instan-
tiation. This must be so in order that if functional feedback shows that the two specification
objectives cannot be reconciled, the designer has the option of ignoring one of the product
functions and making a subsequent second form feature instantiation to achieve theignored

product function,
The above experiment has shown:

1. That an injection moulding strategist of the structure described in Chapter 9 can support

the designer in the concurrent design of an injection moulded product.

2. A functional interface application facilitates the build up of a product definition by sup-

porting the designer in the association of function and form.

3. A translation process allows the interaction of the functional and mouldability view-

points.

4. The functional interface application invokes functional data form the Product Range

Model and relates this to individual feature instantiations in the Product model.

5. The mouldability strategist application invokes mouldability data from the Manufactur-

ing model and relates this to individual feature instantiations in the Product model.

6. The Product Range Model provides feedback advice to the designer about product func-

tionality.
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7. The Manufacturing model provides feedback advice to the designer about product

mouldability.

8. The designer can be supported in the association of function and form where a choice

of form features exists.

9. The designer can be supported in the association of function and form where a form can

be used to achieve more than one product function on a product range.

10.2.6. Supporting concurrent product and mould design for a flower pot.

The experiment described in this section has been performed to demonstrate how an injec-
tion moulding strategist supports the designer in considering the interaction of constraints
for the design viewpoints of the product and mould when building up a flower pot design.

The objectives can be listed below:

i. To show how the designer is supported in considering the interaction of product and

mould process constraints.

ii. To demonstrate the link between the geometry of a product and that of a mould using

a set of translations between design viewpoints.

iii. To show that the designer can be supported in considering the options for the configur-

ation of a mould design.

In this experiment the designer considers the options for design of the mould during build
up of a flower pot product design. Therefore the cavity and core design strategists are in-
voked as well as the feeding system design strategist and the cooling system design strat-

egist. The starting point for the product is shown in Figure 10.11. This experiment shows
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how the designer is supported in considering the options for mould design with respect to
the flower potdesign in Figure 10.11, when the designer has opted for a sprue gate. Subse-
quently the designer changes the dimensions of the flower pot to make it deeper and smaller
in diameter, as shown in Figure 10.12, The designer then analyses the options for mould
design with respect to an edge gated component. The entire experiment can be seen in Ap-

pendix 10.

Having built up the product geometry to be as in Figure 10.11, the designer selects the menu
option for mould design, is warned thatchanges to mould geometry also change the product
geometry, and opts to continue with the mould design.

1. Go on 1o Interactive product Modification design phase
2. Modification/rc—analysis of existing forms

3. Display options

4, Go on to mould design

5. End sessiond

WARNING: Dimensional changes to cavity/core elements and application of tapers during mould design
will result in dimensional changes and creation of tapers on corresponding product features

As a consequence of the above, functional relationships within the product may be invalidated
Re-analysis of all functional features in the product must be undertaken in original order of creation

Are you sure you want (o go on 1o mould design?y/ny

The first strategist triggered in the mould design cycle is the cavity design strategist, as
shown in Figure 9.8. This strategist identifies the parting line and translates from the
mouldability viewpoint to the cavity, starting with the walls. The walls are translated to the
cavity design viewpoint as described in section 7.5. The strategist identifies tapers and
blends on walls and generates the equivalent cavity tapers and blends, providing feedback
to the designer with respect to their parameters. The strategist identifies whether it is the
smalleror larger radius of a corner blend that should be instantiated in a cavity blend. Over-
hangs are also checked for in the cavity. This application strategy is shown in Figure 9.9.

INTEGER CAVITY VOLUME FEATURE: Ronan_CAVitcv_vIi0
taper has angle 0.8

Volume diameter ok

Blend has inner 0.8 and outer 2.8

Radius for blend= 2.8
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INTEGER CAVITY VOLUME FEATURE: Ronan_CAVitcv_vll
taper has angle 0.8
Volume diameter ok, evaluation completed by analysis of previous feature

Blend ok, evaluation completed by analysis of previous feature

Having instantiated the parting line and the cavity equivalent of the mouldability wall ge-
ometry, the core design strategist is invoked to do the same in the core. The walls are trans-
lated to the core design viewpoint as described in section 7.6. As per the cavity, the core
design strategist identifies tapers and blends on walls and generates the equivalent core
tapers and blends, providing feedback to the designer with respect to their parameters. The
strategist identifies whether it is the smaller or larger radius of a corner blend that should
beinstantiated in a core blend and overhangs are also checked for in the core. This applica-
tion strategy is shown in Figure 9.13.

INTEGER CORE VOLUME FEATURE: Ronan_CORitcr_vI0
taper has angle 0.8
Volume diameter ok

Blend has mner 0.8 and outer 2.8

Radius for blend= 0.8
INTEGER CORE VOLUME FEATURE; Ronan_CORitcr_vIl

taper has angle 0.8
Volume diameter ok, evaluation completed by analysis of previous feature

Blend ok, evaluation completed by analysis of previous feature

As shown in Figure 9.11, having instantiated the main geometry of the cavity/core impres-
sion the cavity design strategist looks for local inserts in the cavity, ie mouldability solid
and hollow bosses, ribs and holes. Three integer cavity hole features are instantiated as the
cavity impression equivalent of the solid bo'sscs on the base of the flower pot. When the
cavity strategist identifies that a local insert is actually in the core, the core design strategist
is invoked to instantiate the local insert in the core. Thus three integer core boss features
are instantiated as the equivalent of the mouldability holes. However, as they are through
holes, integer cavity hole features are also instantiated to provide a location hole in the cav-
ity for an extended core pin. No feedback is provided for the cavity holes as their dimen-
sions are governed by those of the integer core bosses. The strategy of the core design strat-

egist is shown in Figure 9.15.
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INTEGER CAVITY HOLE FEATURE: Ronan_CAVitcv_hl0
Blend has radius 0.5
taper has angle 5

INTEGER CAVITY HOLE FEATURE: Ronan_CAVitcv_hl0
1
[}
]
]
Creating core boss and cavity hole
INTEGER CORE BOSS FEATURE: Ronan_CORitcr_bs0

Blend has radius 0.5

taper has angle 5

Creating core boss and cavity hole

INTEGER CORE BOSS FEATURE: Ronan_CORitcr_bsl

The geometry of the cavity and core impression is now complete. The feeding system strat-

egist is now invoked which gives the designer a chance to change the gated wall and type

of gating system. Subsequently the cooling system design strategist is invoked to support

the designer in considering an aspect of the cooling system that is a prerequisite to building

a feeding system design. The cooling system design strategist supports the designer in

identifying the number of cooling tubes alongside the cavity as described in section 7.8,

using the strategy in Figure 9.18.

Do you wish to change the gated wall? y/an

CREATING FEEDING SYSTEM:

In order to design the feeding system it is necessary (o first identify some parameters of the cooling system:

CAVITY COOLING SYSTEM: Ronan_CS
Number of cooling layers using 7 mm flow ways: 1
Number of cooling layers using 8 mm flow ways: 1
Number of cooling layers using @ mm flow ways: 1
Number of cooling layers using 10 mm flow ways: 1

Choice of cooling tube diameter for cavity cooling system:
1. Tmm

2. 8mm

3. 9mm

4. 10mm
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Lower than 7 mm - insufficient cooling effect — difficulty drilling deep holes
Higher than 10mm - high volume of water to be pumped around the mould for cooling
Maximum cooeling effect for Ronan_CS cavity dimensions: 10 mm diameter

Enter choice (1-4):4

The feeding system design strategist now supports the designer in consideration of the pro-
cess constraints of the feeding system. In this experiment the designer has chosen to use
a sprue gate and therefore no runner system or main feeding sprue is required. Thus the
designer is supported only in consideration of the gate dimensions, The feeding system ap-
plication strategy is shown in Figure 9.17. !

CREATING FEEDING SYSTEM:

FEEDING SYSTEM — SPRUE GATE:Ronan_FSsprue_g0

Gate position ok

Moulding machine nozzle inner diameter is 3mm

Gate diameter should be slightly larger then nozzle to allow for misalignment

Lower gate diameter has been calculated as 3.1 mm
Do you wish to change the diameter?y/nn

Sprue length has been calculated as 29 mm

This allows the minimum cavity block depth (below cavity) to avoid mould distorsion, and allows space for
the cavity cooling systcm
Do you wish to change the sprue length? y/nn

Enter gate taper angle:
Recommended minimum angle = 4.0 degrees (minimum recommended)4

Taper angle ok

Having instantiated the feeding system the cooling system design strategist supports the
designer in considering the appropriate configuration of cavity cooling system, as de-
scribed in section 7.8. Having identified the appropriate cooling system configuration the
standard flow ways are instantiated to build up the required cooling system geometry in
the cavity In this experiment a paired tube configuration is chosen requiring two parallel
standard flow ways. This cooling system application strategy ts shown in Figure 9.19.
CAVITY COOLING SYSTEM:Ronan_CS

Choice of cooling system configurations for mould cavity;
1. paired wbe configuration
2. U tube configuration
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U tube configuration is not recommended when using sprue gate:
— Cooling flow ways on three sides can cause uneven cooling of the moulding

Possible consequences:
1. Differential section thickness over the moulding
2. Differential shrinkage causing component warping

Remedial options:
1. Used paired tube configuration

-No further options

Enter choice:1

STANDARD FLOW WAY:Ronan_CSstd_{l_w0
Diameter; 10 mm |

Orientation: 0

Cavity/core_name: Ronan_CAV

Configuration: pair

Vertical coordinate: 11 mm

E
Not all the dimensions of the cavity cooling system can be identified and the integer cavity
plate features must be instantiated to enable completion of the cavity cooling system ge-
ometry. The designer is therefore supported in instantiating the cavity plate features by the
cavity design strategist using the strategy in Figure 9.12. In this experiment the impression
is undergated using a sprue gating system. Therefore as described in section 7.5 the mould
plate includes an integer cavity mould block, a narrow (circular) inner land and four periph-
eral lands to increase the land surface area. It can be seen that although the guide system
is not instantiated in the present work the size of the guide system is identified to determine
the dimensions of the integer cavity block. As described in section 7.5 the recommended
size of the guide system pins is based on the area of the cavity.
CREATING CAVITY BLOCK FOR: Ronan_CAV
INTEGER CAVITY RECTANGULAR MOULD BLOCK :Ronan_CAVitcv_rbl0
Cavity block position: 0 0 -19
Depth of cavity block: 48.6 mm

Choice of standard guide pin diameters:
1. 10 mm
2. 13 mm
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3. 16 mm
4, 19 mm
5.22 mm
6.25mm
7.32mm
8. 38 mm

Recommendation: Use smallest suitable guide pin diameter to minimise size and weight of mould assembly
Recommended size for current mould parameters: 3, 16 mm

Enter choice:(1-8):3

Guide pin diameter is 16 mm

Cavity block length: 178.659 mm

Cavity block width: 222 mm

INTEGER CAVITY CIRCULAR LAND:Ronan_CAVitcv_crl0
Circular land position: 0 0 29.6
Circular land depth:2.4 mm

Circular land diameter:84.5584 mm

INTEGER CAVITY PERIPHERAL LAND:Ronan_CAVitcv_pf0
Peripheral land position; 57.3296 57.3296 29.6
Peripheral land depth:2.4 mm

Peripheral land diameter: 15,3297 mm

INTEGER CAVITY PERIPHERAL LAND:Ronan_CAVitcv_pfl

The remaining dimensions of the cavity cooling system are then identified using the strat-
egy shown in Figure 9.20. The cooling system design strategist then looks at the cooling
systein in the core using the strategy in Figure 9.21. The core is identified as shallow and
therefore the designer is supported in considering the appropriate configuration of a shal-
low core cooling system. The number of cooling tubes across the core is established using
the maximum cooling capability calculation (section 7.8). Subsequently, the possible con-
figurations of shallow core cooling system are identifed from the number of tubes that can
fit across the core. In this experiment three tubes can fit across the core and the choice is

either a Z tube or single tube configuration. Having identified the appropriate cooling sys-
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tem configuration the standard flow ways are instantiated to build up the required cooling
system geometry in the core. In this experiment a single tube configuration is chosen re-
quiring three parallel standard flow ways.

CORE COOLING SYSTEM:Ronan_CS

Number of standard flow ways using 7 mm flow ways: 3
Number of standard flow ways using 8 mm flow ways: 3
Number of standard flow ways using 9 mm flow ways: 3
Number of standard flow ways using 10 mm flow ways: 3

Choice of cooling tube diameter for shallow core cooling system:
1. 7mm

2. 8mm

3.9mm

4, 10mm

Maximum cooling effect for Ronan_CS core dimensions: 10 mm diameter

Enter choice (1-4):4

Choice of cooling system configurations for shallow mould core at diameter 10 mm:
1. Z_tube configuration

2. single tube configuration

Using Z tube configuration "Cooler’ water cntering the mould at the gated end provides uneven cooling of
the moulding

Possible consequences;
1. Differential section thickness over the moulding
2. Differential shrinkage causing component warping

Recommendation — Use single tube configuration
Enter choice:2

STANDARD FLOW WAY:Ronan_CSstd_f1_w2
Position: -89.3296 -26 53

Length: 178.659 mm

Diameter; 10 mm

Orientation: 0

Cavity/core_name: Ronan_COR

Configuration: single

STANDARD FLOW WAY:Ronan_CSstd_fl_w3

Finally the core design strategist is invoked in order to instantiate the core plate (Not
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shown) using the strategy in Figure 9.16. The mould cavity and core design that is gener-
ated is shown in Figures 10.13 and 10.14. After the first mould design cycle the designer
opts to change the dimensions of the flower pot design to those in Figure 10.12, re—analys-
ing functional and mouldability constraints before looking at the mould design again. This
part of the experiment can be seen in Appendix 10. Design support for the instantiation of
the cavity and core impression geometry in the second mould design cycle is exactly the
same as above, except obviously for the changed dimcnsiohs of the impression. Design
support is provided using the cavity design strategies in Figures 9.9 and 9.11, and the core
design strategies in Figures 9.13 and 9.15. Having instantiated the geometry of the cavity
and core impression the feeding system strategist is now invoked which gives the designer
achance tochange the gated wall and type of gating system. In this experiment the designer
opts to change from a sprue gate to arectangular edge gate on a different wall.

Do you wish to change the gated wall? y/ny

Please indicate which wall you wish to gate:
0. Ronan_Mwalll
1. Ronan_Mwall0

Enter choice:1

Enter gate position X Y Z30 043

Feeding distance ok

This product is thin walled (thickness < 4mm) and rotational:

Possible choices of gate type:
1. Rectangular edge gate

2. Pin gate

3. Sprue gate

Enter choice:1

Gate type is rectangular edge gate

After@mds as in the previous mould design cycle, the cooling system design strategist is
invoked to support the designer in considering an aspect of the cooling system that is a pre-
requisite to building a feeding system design. The cooling system design strategist supports

the designer in identifying the number of cooling tubes alongside the cavity as described
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in section 7.8, using the strategy in Figure 9.18. The feeding system design strategist then
supports the designer in consideration of the process constraints of the feeding system. In
this experiment the designer has chosen a rectangular edge gate and therefore a circular
runner system and a main feeding sprue is required. Note how the designer is supported
in adjusting the gate position to be on the edge of the cavity. The feeding system application
strategy is shown in Figure 9.17.

CREATING FEEDING SYSTEM:

In order to design the feeding system it is necessary to first identify some parameters of the cooling system;
CAVITY COOLING SYSTEM: Ronan_CS

Number of cooling layers using 7 mm flow ways: 1

Maximum cooling effect for Ronan_CS cavity dimensions: 10 mm diameter
Enter choice (1-4):4

CREATING FEEDING SYSTEM:

FEEDING SYSTEM — RECTANGULAR EDGE GATE:Ronan_FSrcted_g0

WARNING: Application of tapers on Ronan_Mwall0 for manufacturing reasons has increased the width of
the cavity opening at the parting linc by 0.865742 mm

Consequences:
1. Edge gate position no longer on edge of cavity:
— Reduced land length— weakness in mould construction can lead to wear or failure

Remedial options:
1. Adjust gate position

~ No further options
Do you wish to adjust the gate position? y/ny

New gate postion: 30,4329 043
Gate position ok
Gate land length:

Land length should be as small as possible and in any case between 0.5 and 0.75 mm
Enter land length.5

Land length ok
Gate depth:

Gate depth has been calculated as 1.4 mm
Do you wish to change the depth?y/nn
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Gatc width:

Gate width has been calculated as 2.21946 mm
Do you wish to change the width?y/nn

FEEDING SYSTEM - CIRCULAR RUNNER:Ronan_FScirc_r0
Runner length:
Runner length has been calculated as 20.0671 mm

This calculation is based on minimum distance between cavity and main sprue
Do you wish to change the length?y/nn :

Runner diameter:
Runner diameter has been calcuolated as 2 mm

This calculation is based on minimum diameter to ensure cavity is filled before plastic in runner solidifies
Do you wish to change the diameter?y/nn

FEEDING SYSTEM - MAIN FEEDING SPRUE:Ronan_FSmain_s0

Main sprue position: 50.9999 0 48
Enter main sprue taper angle:
Recommended minimum angle = 4.0 degrees (minimum recommended)d

Taper angle ok

Lower diameter of sprue = 3.1 mm to match machine nozzle diameter of 3 mm
No nozzle recess required

Sprue length has been calculated as 60 mm

This allows the minimum cavity block depth (below cavity) to avoid mould distorsion, and allows space for
the cavity cooling system,

Note: 5 mm of the sprue length is to create a sprue puller in the core block

Do you wish to change the sprue length?y/nn

Having instantiated the feeding system, the cooling system design strategist supports the
designer in considering the appropriate configuration of cavity cooling system, as de-
scribed in section 7.8. Having identified the appropriate cooling system configuration the
standard flow ways are instantiated to build up the required cooling system geometry in
the cévity. In the second mould design cycle a U tube configuration is chosen requiring two
parallel standard flow ways and a third perpendicular. The cooling system application strat-
egy is shown in Figure 9.19.

CAVITY COOLING SYSTEM:Ronan_CS

Choice of cooling system configurations for mould cavity:
1. paired tube configuration
2. U tube configuration

U tube configuration recommended when using single rectangular edge gate:
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Bottorn of the U cooling the gated side provides more even cooling of the moulding, can reduce ¢ycle time.
Enter choice:2

STANDARD FLOW WAY:Ronan_CSstd_f1_w0

Diameter: 10 mm

Orientation: 0

Cavity/core_name: Ronan_CAV

Configuration; U_tube

Vertical coordinate: 22 mm
Making standard flow way

STANDARD FLOW WAY:Ronan_CSstd_fl_w1

As in the first mould design cycle, not all the dimensions of the cavity cooling system can
be identified and the integer cavity plate features must be instantiated to enable completion
of the cavity cooling system geometry. The designer is therefore supported in instantiating
the cavity plate features by the cavity design strategist using the strategy in Figure 9.12.
In the second cycle of mould design the impression is side gated using a rectangular edge
gate. Therefore as described in section 7.5 the mould plate includes an integer cavity mould
block, and a wide (rectangular) inner land. As before, although the guide system is not in-
stantiated in the present work the size of the guide system is identified to determine the di-
mensions of the integer cavity block.

CREATING CAVITY BLOCK FOR: Ronan_CAV

INTEGER CAVITY RECTANGULAR MOULD BLOCK :Renan_CAVitcv_rbl0

Cavity block position: 0 0 -12

Depth of cavity block: 52,6 mm

Choice of standard guide pin diameters:
1. 10 mm
2,13 mm
3. 16 mm
4,19 mm
5.22mm
6.25 mm
7.32 mm
8. 38 mm

Single rectangular edge gate causes unbalanced forces in the mould, tending to open the mould on one side
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Possible consequences;
1. Larger wall section thickness one one side of the mould than on the other

Remedial options
Use guide pin size one larger than that recommended to ensure alignment of mould halves

—No further options

Recommended size for current mould parameters: 3. 16 mm

This product has a single rectangular edge gate — USE NEXT SIZE UP
Enter choice:(1-8):3

Guide pin diameter is 16 mm

Cavity block length: 186 mm

Cavity block width: 208 mm

INTEGER CAVITY RECTANGULAR LAND: Ronan_CAVitcv_rcl0
Rectangular land position: 00 40.6

Rectangular land depth:2.4 mm

Rectangular land length: 122.866 mm

Rectangular land width; 70.8656 mm

The remaining dimensions of the cavity cooling system are then identified as shown in Fig-
ure 9.20. Subsequently the cooling system design strategist looks at the cooling system in
the core using the strategy in Figure 9.21. This time the core is identified as deep and there-
fore the designer is supported in considering the appropriate deep core cooling system. In
the present work only a baffle tube configuration of deep core cooling system s considered.
The number of cooling tubes inside the core is established using the maximum cooling ca-
pability calculation (section 7.8). Having identified the appropriate cooling system con-
figuration and the maximum cooling capacity the standard flow ways, baffle flow ways and
baffle blades are instantiated to build up the required cooling system geometry in the core.
CORE COOLING SYSTEM:Ronan_CS

Choice of cooling system configurations for deep mould core:

1. Baffled straight hole system —
Large cooling capacity, casy to manufacture.

2. Angled hole system —
Does not work for the deepest cores, hard to manufacture due to
angled holes, small cooling capacity compared to bafTle system.
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3. Stepped circuit system —
Holes drilled through core into cavity, requiring plugging and
finishing, small cooling capacity compared to baffle system.

Use baffle system for deep core:

Number of baffle flow ways using 12 mm flow ways: 1
Number of baffle flow ways using 13 mm flow ways: 1
Number of baffle flow ways using 14 mm flow ways: 1
Number of baffle flow ways using 15 mm flow ways: 1
Number of baffle flow ways using 16 mm flow ways: 1

Choice of cooling tube diameter for deep core cooling system;
1. 12mm
2. 13mm
3. 14mm
4, 15mm
5. 16mm

Maximum cooling effect for Ronan_CS core dimensions: 16 mm diameter
Enter choice (1-5):5

Number of baffle flow ways through the centre of the core : 1

Diameter of standard flow way to connect baffle flow ways has been caleulated as 10 mm
STANDARD FLOW WAY:Ronan_CSstd_fl_w3

Position: -92.9999 0 69

Length: 186 mm

Diameter: 10 mm

Orientation: 0

Cavity/core_name: Ronan_COR

Configuration: deep

BAFFLE FLOW WAY:Ronan_CSbff_fl_w0

Baffle flow way position: =2.49993 0 92.4

Baffle flow way diameter: 16 mm

Baffle flow way length: 64.4 mm

Configuration: deep

Cavity/core name: Ronan_COR

BAFFLE BLADE:Ronan_CSbff_bl0

Bafile blade: ~2.49993 0 92.4

Baffle blade length: 48.4 mm
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Baffle blade width: 15.5 mm
Baffle blade thickness: 2 mm
Configuration: deep

Cavity/core name: Ronan_COR

Finally the core design strategist is invoked in order to instantiate the core plate (Not
shown) using the strategy in Figure 9.16. The mould cavity and core design that is gener-
ated from the second mould design cycle is significantly different than that from the first,
as shown in Figures 10.15 and 10.16. The results of the above experiment in the Product
model are shown in Figures 10.17 and 10.18. Figure 10.17 shows the two integer cavity
volumes and the two integer core volumes that are the cavity and core equivalent of the
mouldability walls in the flower pot. Figure 10.18 shows the elements of thefeeding system
and the cooling system after the second design cycle, showing a rectangular edge gate, a
circular runner and a main feeding sprue in the feeding system, three standard flow ways
for a U tube in the cavity cooling system, and a fourth standard flow way, a baffle flow way
and a baffle blade for a deep cooling system in the core. The above experiment can be seen

in its entirety in Appendix 10.

The above experiment has shown:

1. That an injection moulding strategist of the structure described in Chapter 9 can support

the designer in the concurrent design of an injection moulded product and its mould.

2. That a link is established via a set of translation processes between the geometry of the
product and that of the mould, such that changes in product geometry result in changes in

the geometry of the mould.

3. A translation process allows the interaction of design viewpoints within the product and

the mould.

4. The cavity design strategist, the core design strategist, the feeding system design stra—
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tegist and the cooling system design strategist invoke data from the Manufacturing model

and relate this to individual feature instantiations in the Product model.

5. The Manufacturing model provides feedback advice to the designer about mould design

constraints for 3D geometry.

10.2.7. Supporting concurrent product and mould design for a PTPlus.

The experiment described in this section has been performed to demonstrate how an injec-
tion moulding strategist supports the designer in considering the interaction of constraints
for the design viewpoints of the product and mould when building up a PTPlus design. The
objectives are identical to those listed for the previous experiment, in order to show that
avariety of different products and their moulds can be considered. An additional objective
isto show how aninjection moulding strategist deals with gaps in the geometry of the cavity

and core.

In this experiment the designer considers the options for design of the mould during build
up of a PTPlus product design. Therefore the cavity and core design strategists are invoked
as well as the feeding system design strategist and the cooling system design strategist. The
starting point for the product is shown in Figure 10.19. The experiment shows how the de-
signer is supported in considering the options for mould design with respect to the PTPlus
design in Figure 10.19, when the designer has opted for a rectangular edge gate. Subse-
quently the designer addresses another product function on the PTPlus, creating the prod-
uct dési gn shown in Figure 10.20. The designer then analyses the options for mould design

with respect to a pin gated component. The entire experiment can be seen in Appendix 11.
Having built up the product geometry tobe as in Figure 10.19, the designer selects the menu

option for mould design, is warned that changes to mould geometry also change the product

geometry, and opts to continue with the mould design.
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1. Go on to Interactive product Modification design phase
2. Modification/re~analysis of existing forms

3. Display options

4. Go on to mould design

5. End sessiond

WARNING: Dimensional changes (o cavity/core elements and application of tapers during mould design
will result in dimensional changes and creation of tapers on corresponding product features

As a consequence of the above, functional relationships within the product may be invalidated
Re-analysis of all functional features in the product must be undertaken in original order of creation

Are you sure you want to go on to mould design?y/ny

The first strategist triggered in the mould design cycle is the cavity design strategist, as
shown in Figure 9.8, As in the previous experiment, this strategist identifies the parting line
and translates from the mouldability viewpoint to the cavity, starting with the walls. The
walls are translated to the cavity design viewpoint as described in section 7.5. This applica-
tion strategy is shown in Figure 9.9, Having instantiated the parting line and cavity equival-
ent of the mouldability wall geometry, the core design strategist is invoked to do the same
in the core. The walls are translated to the core design viewpoint as described in section
7.6. This application strategy is shown in Figure 9.13. The above part of the experiment

can be seen in Appendix 11.

Having instantiated the main cavity and core impression geometry, itcan be seen from Fig-
ure 10.19 that a gap exists between the product walls that is bridged by protrusions. In order
to deal with this geometry the cavity and core design strategists instantiate an integer cavity
group volume and an integer core group volume respectively, using the strategiesin Figures
9.10 and 9.14. Tt is identified that the diameter of the group of protrusions causes an over-
hang in the cavity, and the designer is asked to increase the diameter of the grouping to
avoid a split mould or non—mouldable component. However, when looking at the core the
designer is asked for a reduction in the diameter in the core to avoid a requirement for com-
ponent stripping or a collapsible core. Thus a conflict exists between the process constraints
of the cavity and of the core. The designer opts for satisfying the constraints in the cavity
since the consequences in the core are less severe than those in the cavity, This decision is
assisted by the core feedback advice because it can be identified that the current dimensions

of the product mean the component is capable of being stripped from the core.
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INTEGER CAVITY GROUP VOLUME FEATURE: Ronan_CAVitcr_grv(0
Cavity volume diameter is too small, an overhang exists

Possible conscquences:

1. Split mould required

2. If there is a rim the component cannot be removed from the mould even
if it is split — COMPONENT NON MOULDABLE

Remedial options;
1. Increase volume diameter to a minimuom of 52,2776 mm

-No further options
Change volume diameter? y/ny
Enter new volume diameter (mm):52.28

New diameter ok

INTEGER CORE GROUP VOLUME FEATURE: Ronan_CORitcr_grv0
Core volume diameter is too large, an overhang exists

Possible consequences:
1. For an overhang of up to 1.5 mm, stripping of the component
from the core is required for removal
2. If the overhang is larger than 1.5mm the component cannot be removed
from the mould unless a collapsible core can be designed

Remedial options:
1. Reduce volume diameter to a minimum of 50.4399 mm

-No further options

WARNING: changing the core group volume diameter also changes the CAVITY
group volume diameter, which can result in the need for a split cavity

Maximum diameter on core Lo prevent split cavity requirement :52.4399
Minimum diameter on core to prevent split cavity requirement :52.2776

Change volume diameter? y/nn

Present diameter recorded — Component stripping required

INTEGER CAVITY GROUP VOLUME FEATURE: Ronan_CAVitcr_grv0

Volume diameter ok

The geometry of the cavity and core impression is now complete. The feeding system strat-
egist is now invoked which gives the designer a chance to change the gated wall and type
of gating system. Subsequently the cooling system design strategist is invoked to support
the designer in considering an aspect of the cooling system that is a prerequisite to building

a feeding system design. The cooling system design strategist supports the designer in
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identifying the number of cooling tubes alongside the cavity as described in section 7.8.,
using the strategy in Figure 9.18,

Do you wish to change the gated wall? y/nn

CREATING FEEDING SYSTEM;

In order to design the feeding system it is necessary to first identify some parameters of the cooling system:
CAVITY COOLING SYSTEM: Ronan_CS

Number of cooling layers using 7 mm flow ways: 1

Number of cooling layers using 8 mm flow ways: 1

Number of cooling layers using 9 mm flow ways; 1

Number of cooling layers using 10 mm flow ways: 1

Choice of cooling tube diameter for cavity cooling system:
1. 7mm

2, 8mm

3.9mm

4, 10mm

Lower than 7 mm - insufficient cooling effect — difficulty drilling deep holes
Higher than 10mm - high volume of water to be pumped around the mould for cooling
Maximum cooling effect for Ronan_CS cavity dimensions: 10 mm diameter

Enter choice (1-4):4

The feeding system design strategist now supports the designer in consideration of the pro-
cess constraints of the feeding system. In this experiment the designer has chosen to use
a rectangular edge gate and therefore a circular runner and a main feeding sprue are re-

quired. The feeding system application strategy is shown in Figure 9.17.

CREATING FEEDING SYSTEM:
FEEDING SYSTEM - RECTANGULAR EDGE GATE:Ronan_FSrcted_g0

WARNING: Application of tapers on Ronan_MwallQ for manufacturing reasons has increased the width of
the cavity opening at the parting line by 0.0837814 mm

Consequences:
1. Edge gate position no longer on edge of cavity:
- Reduced land length— weakness in mould construction can lead to wear or failure

Remedial options:
1. Adjust gate position

— No further options
Do you wish to adjust the gate position? y/ny

New gate postion: 26,2619 0 12
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Gate position 26.2619 0 12 is not on the parting line

Consequences: _
1, Component and feed system cannot be ejected— COMPONENT NON MOULDABLE
2. Gate and runner system cannot be machined into cavity block—- MOULD NON MANUFACTURABLE

Remedial options:
1. Move gate to parting line

-No further options

Gate position has been recalculated to 26,2619 0 13
Do you wish to change the new position?y/ny

Enter new gate position (X Y Z):26.26190 13
New position recorded
Gate land length:

Land length should be as small as possible and in any case between 0.5 and 0.75 mm
Enter land length.5

Land length ok
Gate depth:

Gate depth has been calculated as 0.7 mm
Do you wish to change the depth?y/nn

Gate width:

Gate width has been calculated as 1.33192 mm
Do you wish to change the width?y/nn

FEEDING SYSTEM - CIRCULAR RUNNER:Ronan_FScirc_r0
Runner length:
Runner length has been calculated as 20,458 mm

This calculation is based on minimum distance between cavity and main sprue
Do you wish to change the length?y/nn

Runner diameter;
Runner diameter has been calculated as 2 mm

This calculation is based on minimum diameter to ensure cavity is filled before plastic in runner solidifies
Do you wish to change the diameter?y/nn

FEEDING SYSTEM — MAIN FEEDING SPRUE:Ronan_FSmain_s0

Main sprue position: 47.2199 0 18
Enter main sprue taper angle:
Recommended minimum angle = 4.0 degrees (minimum recommended)4.0

Taper angle ok

Lower diameter of sprue = 3.1 mm to match machine nozzle diameter of 3 mm
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No nozzle recess required
Sprue length has been calculated as 47 mm

This allows the minimum cavity block depth (below cavity) to avoid mould distorsion, and allows space for
the cavity cooling system,

Note: 5 mm of the sproe length is to create a sprue puller in the core block

Do you wish to change the sprue length?y/nn

Having instantiated the feeding system the cooling system design strategist supports the
designer in considering the appropriate configuration of cavity cooling system, as de-
scribed in section 7.8. Having identified the appropriate Acooling system configuration the
standard flow ways are instantiated to build up the required cooling system geometry in
the cavity, in this experiment a U tube configuration is chosen requiring two parallel stan-
dard flow ways and a third perpendicular. This cooling system application strategy is
shown in Figure 9.19,

CREATING CAVITY COOLING SYSTEM:

CAVITY COOLING SYSTEM:Ronan_CS

Choice of cooling system configurations for mould cavity:
1. paired tube configuration
2. U tube configuration

U tube configuration recommended when using single rectangular edge gate:

Bottom of the U cooling the gated side provides more even cooling of the moulding, can reduce cycle time,
Enter choice:2

STANDARD FLOW WAY:Ronan_CSstd_{1_w0

Diameter: 10 mm

Orientation: 0

Cavity/core_name: Ronan_CAV

Configuration: U_tube

Vertical coordinate: -8 mm

STANDARD FLOW WAY:Ronan_CSstd_fl_w!

-

As in the previous experiment, not all the dimensions of the cavity cooling system can be
identified and the integer cavity plate must be instantiated to enable completion of the cav-

ity cooling system geometry. The designer is therefore supported in instantiating the cavity
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plate features by the cavity design strategist using the strategy in Figure 9.12. In this experi-
ment the impression is sidegated using a rectangular edge gate. Therefore as described in
section 7.5 the mould plate includes an integer cavity mould block and a wide (rectangular)
inner land. It can be seen that although the guide system is not instantiated in the present
work the size of the guide system is identified to determine the dimensions of the integer
cavity block. As described in section 7.5 the recommended size of the guide system pins
1s based on the area of the cavity.

CREATING CAVITY BLOCK FOR: Ronan_CAV

INTEGER CAVITY RECTANGULAR MOULD BLOCK :Ronan_CAVitcv_rbl0

Cavity block position: 0 0 -29

Depth of cavity block: 39.6 mm

Choice of standard guide pin diameters:
1, 10 mm
2. 13 mm
3.16 mm
4.19mm
5.22 mm
6.25mm
7.32 mm
8. 38 mm

Single rectangular edge gate causes unbalanced forces in the mould, tending to open the mould on one side

Possible consequences:
1. Larger wall scction thickness one one side of the mould than on the other

Remedial options
Use guide pin size one larger than that recommended to ensure alignment of mould halves

-No further options

Recommended size for current mould parameters: 3. 16 mm

This product has a single rectangular edge gate — USE NEXT SIZE UP
Enter choice:(1-8):3

Guide pin diameter is 16 mm

Cavity block length: 178.44 mm

Cavity block width: 200.44 mm
Making rblck

INTEGER CAVITY RECTANGULAR LAND: Ronan_CAVitcv_rcl0
Rectangular land position: 0 0 10.6

Rectangular land depth:2.4 mm
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Rectangular land length: 114,524 mm

Rectangular land width; 62.5237 mm
Making rcld

The remaining dimensions of the cavity cooling system are then identified using the strat-
egy shown in Figure 9.20. The cooling system design strategist then looks at the cooling
system in the core using the strategy in Figure 9.21. The core is identified as shallow and
therefore the designer is supported in considering the appropriate configuration of shallow
core cooling system. The number of cooling tubes across the core is established using the
maximum cooling capability calculation (section 7.8). Subsequently, the possible con-
figurations of shallow core cooling system are dependant upon the number of tubes that
can fit across the core. In this experiment two tubes can fit across the core and the choice
is either a paired tube or U tube configuration. Having identified the appropriate cooling
system configuration the standard flow ways are instantiated to build up the required cool-
ing system geometry in the core. In this experiment a U tube configuration is chosen requir-
ing two parallel standard flow ways and a third perpendicular.

CREATING CORE COOLING SYSTEM:

CORE COOLING SYSTEM:Ronan_CS§

Number of standard flow ways using 7 mm flow ways: 2

Number of standard flow ways using 8 mm flow ways; 2

Number of standard flow ways using 9 mm flow ways: 2

Number of standard flow ways using 10 mm flow ways: 2

Choice of cooling tube diameter for shallow core cooling system:
1. 7mm

2, 8mm

3. 9mm

4. 10mm

Maximum cooling effect for Ronan_CS core dimensions: 1¢ mm diameter

Enter choice (1-4):4

Choice of cooling system configurations for shallow mould core at diameter 10 mm:
1. paired tube configuration

2. U_tube configuration

U tube configuration recommended when using single edge gate or single pin gate:

Bottom of the U cooling the gated side provides more even cooling of the moulding, can reduce cycle time.
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Enter choice:2

STANDARD FLOW WAY:Ronan_CSstd_f1_w3
Position: -89.2199 -13 34

Length: 141.44 mm

Diameter: 10 mm

Orientation:

Cavity/core_name: Ronan_COR

Configuration: U_tube
Making standard flow way

STANDARD FLOW WAY:Ronan_CSstd_f1_w4

Finally the core design strategist is invoked in order to instantiate the core plate (Not
shown) using the strategy in Figure 9.16. The mould cavity and core design that is gener-
ated is shown in Figures 10.21 and 10.22. After the first mould design cycle the designer
opts to change the dimensions of the PTPlus design to those in Figure 10.20 by addressing
the hold in lid product function. The support for addressing of this product function has
been shown in the experiment in section 10.3.2, and is shown as part of the current experi-
ment in Appendix 11. The designer then opts to look at the mould design again. Design
support for the instantiation of the cavity and core impression geometry in the second
mould design cycle is exactly the same as above, except obviously for the dimensions of
the impression and the extra wall on the product. Design support is provided using the cav-
ity design strategies in Figures 9.9 and 9.10, and the core design strategies in Figures 9.13
and 9.14. Having instantiated the geometry of the cavity and core impression the feeding
system strategist is now invoked which gives the designer achance to change the gated wall
and type of gating system. This time the designer opts to change from a rectangular edge
gate to a pin gate on adifferent wall. The designer is warmed that a pin gate requires a three
plate mould but still chooses this gate type.

Do you wish to change the gated wall? y/ny

Please indicate which wall you wish to gate:
0. Ronan_Mwalll
1. Ronan_Mwall0
2. Ronan_Mwall2
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Enter choice:0

Enter gate position X Y Z25.5 0 6.25
Feeding distance ok

This product is tubular:

Possible choices of gate type:
1. Rectangular edge gate

2. Pin gate

3. Diaphram gate

4. Ring pate

Enter choice:2
Gate type is pin gate

WARNING: Use of a pin gate requires a three plate mould.
Other possible gate types only require two plate moulds
Do you still want to specify a pin gate type?y/ny

Gate type is pin gate

~Three plate mould required

Afterwards as in the previous mould design cycle, the cooling system design strategist is
invoked to support the designer in considering an aspect of the cooling system that is a pre-
requisite to building a feeding systemdesign. The cooling system design strategist supports
the designer in identifying the number of cooling tubes alongside the cavity as described
in section 7.8, using the strategy in Figure 9.18. The feeding system design strategist then
supports the designer in consideration of the process constraints of the feeding system. In
this experiment the designer has chosen a pin gate and therefore a trapezoidal runner system
and a main feeding sprue is required. The feeding system application strategy is shown in
Figure 9.17.

CREATING FEEDING SYSTEM:

In order to design the feeding system it is necessary to first identify some parameters of the cooling system:
CAVITY COOLING SYSTEM: Ronan_CS§

Number of cooling layers using 7 mm flow ways: 1

Maximum cooling effect for Ronan_CS cavity dimensions: 10 mm diameter

Enter choice (1-4):4
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CREATING FEEDING SYSTEM:
FEEDING SYSTEM - PIN GATE:Ronan_FSpin_g0

WARNING: Application of tapers on Ronan_Mwalll for manufacturing reasons has decreased the base di-
ameter of the cavity by 0.0279271 mm

Consequences:
1. Pin gate position no longer same distance from edge of section;

Remedial options;
1. Adjust gate position

— No further options
Do you wish to adjust the gate position? y/ny

New gale postion: 25,486 0 6.25
Gate position ok
Gate land length:

Land length should be as small as possible and in any case between 0.5 and 0.75 mm
Enter land length.5

Land length ok
Gate diameter;

Gate diameter has been calculated as 1.22121 mm
Do you wish to change the diameter?y/nn

Enter gate taper angle:
Recommended minimum angle = 4.0 degrees (minimum recommended)4.0

Taper angle ok
Min under;18

Secondary sprue length has been calculated as 34,75 mm

This allows the minimum cavity block depth (below cavity) to avoid mould distorsion, and allows space for
the cavity cooling system
Do you wish to change the secondary sprue length?y/nn

FEEDING SYSTEM ~ TRAPESOIDAL RUNNER:Ronan_FStrap_r)
Runner length:
Runner length has been calculated as 45.486 mm

This calculation is based on minimum distance between pin gate secondary sprue and a central main sprue
Do you wish to change the length?y/nn

Secondary sprue diameter at junction with runner: 3.64821
Runner width:
Runner width has been calculated as 3.64821 mm

This calculation is based on the diameter of the secondary sprue where it joins the runner. Runner width
should be at least as large as the sprue diameter up (o a maximum of 10mm
Do you wish to change the width?y/nn
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FEEDING SYSTEM — MAIN FEEDING SPRUE:Ronan_FSmain_s0

Main sprue position: 0 0 -32.6482
Enter main sprue taper angle:
Recommended minimum angle = 4.0 degrees (minimum recommended)4.0

Taper angle ok
Lower diameter of sprue = 3.1 mm to match machinc nozzle diameter of 3 mm
Sprue length has been calculated as 18 mm

This allows the minimum backing plate depth to avoid mould distorsion
Do you wish to change the sprue length?y/nn '

Having instantiated the feeding system, the cooling system design strategist supports the
designer in considering the appropriate configuration of cavity cooling system, as de-
scribed in section 7.8. Having identified the appropriate cooling system configuration the
standard flow ways are instantiated to build up the required cooling system geometry in
the cavity. In the second mould design cycle a U tube configuration is chosen requiring two
parallel standard flow ways and a third perpendicular. The cooling system application strat-
egy is shown in Figure 9.19.

CAVITY COOLING SYSTEM:Ronan_CS

Choice of cooling system configurations for mould cavity:
1. paircd tube configuration
2. U tube configuration

U tube configuration recommended when using single pin gate:

Bottom of the U cooling the gated side provides more even cooling of the moulding, can reduce cycle time.
Enter choice:2

STANDARD FLOW WAY:Ronan_CSsid_f1_w0

Diameter: 10 mm

Orientation: 0

Cavity/core_name: Ronran_CAV

Configuration: U_tube

Vertical coordinate: —8 mm
Making standard flow way

STANDARD FLOW WAY:Ronan_CSstd_f1_w1

As in the first mould design cycle, not all the dimensions of the cavity cooling system can

be identified and the integer cavity plate must be instantiated to enable completion of the
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cavity cooling system geometry. The designer is therefore supported in instantiating the
cavity plate features by the cavity design strategist using the strategy in Figure 9.12. In this
experiment the impression is under gated using a pin gating system. Therefore as described
in section 7.5 the mould plate includes an integer cavity mould block, and a narrow (circu-
lar) inner land, four peripheral lands and a backing plate to make a three plate mould. As
before, although the guide system is notinstantiated in the present work the size of the guide
system is identified to determine the dimensions of the integer cavity block.

CREATING CAVITY BLOCK FOR: Ronan_CAV

INTEGER CAVITY RECTANGULAR MOULD BLOCK :Ronan_CAVitcv_rbl0

Cavity block position: 0 0 =29

Depth of cavity block: 39.6 mm

Choice of standard guide pin diameters:
1. 10 mm
2. 13 mm
3. 16 mm
4,19 mm
5.22 mm
6.25 mm
7.32 mm
8.38 mm

Recommendation: Use smallest suitable guide pin diameter to minimise size and weight of mould assembly
Recommended size for current mould parameters: 2. 13 mm

Enter choice:(1-8):2

Guide pin diameter is 13 mm

Cavity block length: 142.54 mm

Cavity block width: 189.44 mm

INTEGER CAVITY CIRCULAR LAND:Ronan_CAVitcv_crl0
Circular 1and position: 0 0 10.6
Circular land depth:2.4 mm

Circular land diameter:63.4678 mm

INTEGER CAVITY PERIPHERAL LAND:Ronan_CAVitcv_pf0
Peripheral land position: 45,2698 45.2698 10.6
Peripheral 1and depth:2.4 mm

Peripheral 1and diameter: 13.5499 mm
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INTEGER CAVITY PERIPHERAL LAND:Ronan_CAVitev_pf3
Peripheral land position: —45.2698 -45.2698 10.6
Peripheral land depth:2.4 mm

Peripheral land diameter;13.5499 mm

INTEGER CAVITY BACKING PLATE:Ronan_CAViicv_bk0
Backing plate position: 0 0 -50.6482

Backing plate width: 189.44 mm

Backing plate length: 142.54 mm

Backing plate depth: 21.6482 mm

The remaining dimensions of the cavity cooling system are then identified as shown in Fig-
ure 9.20. The cooling system design strategist then looks at the cooling system in the core
using the strategy in Figure 9.21. The core is again identified as shallow and therefore the
designer is supported in considering the appropriate shallow core cooling system. The
number of cooling tubes across the core is established using the maximum cooling capabil-
ity calculation (section 7.8). Subsequently, the possible configurations of shallow core
cooling system are dependant upon the number of tubes that can fit across the core, In this
experiment two tubes can fit across the core and the choice is either a paired tube ora U -
tube configuration. Having identified the appropriate cooling system configuration and the
maximum cooling capacity the standard flow ways are instantiated to build up the required
cooling system geometry in the core. In this experiment a U tube configuration is chosen
requiring two parallel standard flow ways and a third perpendicular.

CREATING CORE COOLING SYSTEM:

CORE COOLING SYSTEM:Ronan_CS

Number of standard flow ways using 7 mm flow ways: 2

Number of standard flow ways using 8 mm flow ways: 2

Number of standard flow ways using 9 mm flow ways: 2

Number of standard flow ways using 10 mm flow ways: 2

Choice of cooling tube diameter for shallow core cooling system:
1. 7Tmm
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2. 8mm
3. 9mm
4, 10mm

Maximum cooling effect for Ronan_CS core dimensions: 10 mm diameter

Enter choice (1-4):4

Choice of cooling system configurations for shallow mould core at diameter 10 mm:
1. paired tube configuration

2. U_tube configuration

U tube configuration recommended when using single edge gate or single piﬁ gate:
Bottom of the U cooling the gated side provides more even cooling of the moulding, can reduce cycle time.
Enter choice:2

STANDARD FLOW WAY:Ronan_CSstd_fl_w3

Position: ~71.2698 -13 34

Length: 123.99 mm

Diameter: 10 mm

Orientation;

Cavity/core_name: Ronan_COR

Configuration: U_tube
Making standard flow way

STANDARD FLOW WAY:Ronan_CSstd_{1_w4

L}
+

Finally the core design strategist is invoked in order to instantiate the core plate (Not
shown) using the strategy in Figure 9.16. The mould cavity and core design that is gener-
ated from the second mould design cycle is significantly different than that from the first,
as shown in Figures 10.23 and 10.24. The results of the above experiment in the Product
model are shown in Figures 10.25 and 10.26. Figure 10.25 shows the three integer cavity
volumes and three integer core volumes which are the cavity and core equivalent of the
mouldability walls in the PTPlus. Also the circular land can be seen. Figure 10.26 shows
the feeding system and the cooling system after the second design cycle, showing a pin gate,
a trapezoidal runner and a main feeding sprue in the feeding system, three standard flows
ways for a U tube in the cavity cooling system, and three standard flow ways for a U tube
shallow cooling system in the core. The above experiment can be seen in its entirety in Ap-

pendix 11,
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The above experiment has shown;

1. That an injection moulding strategist of the structure described in Chapter 9 can support

the designer in the concurrent design of an injection moulded product and its mould.

2. That a link is established via a set of translation processes between the geometry of the
product and that of the mould, such that changes in product geometry result in changes in

the geometry of the mould cavity/core and mould system elements.

3. Aninjection moulding strategist can support the designer in considering the process con-

straints with respect to gaps in the geometry of the cavity/core.

4. A translation process allows the interaction of design viewpoints within the product and

the mould.

5. The cavity design strategist, the core design strategist, the feeding system design strat-
egist and the cooling system design strategist invoke data from the Manufacturing model

and relate this to individual feature instantiations in the Product model.

6. The Manufacturing model provides feedback advice to the designer about mould design

constraints for 3D geometry.

10.3. Discussion of experimental results.

The above experiments have shown that an injection moulding strategist can be structured
within an information modelling environment to provide concurrent support for the design
of injection moulded products and their moulds. The experimental software system can
support the design of a range of rotational products and their moulds. It has been shown

that a menu drives the experimental software system which provides interactive sessions
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to support the designer in the instantiation of feature types to define the product and mould

from multiple viewpoints in a Product model.

The above experiments show that an injection moulding strategist application is capable
of supporting the designer in considering the interaction of functional and manufacturing
constraints during the progression of a product design. An injection moulding strategist is
also shown to be capable of supporting the designer in the consideration and re~consider-
ation of possible options for mould design at any juncture in the development of the product
geometry. The translation processes defined in Chapter 7 between viewpoints in injection
moulding design have been shown to enable interactions between applications within the
injection moulding strategist so that functional constraints data in the Product Range Model
and injection moulding process constraints data in the Manufacturing model can be used
to provide feedback advice to the designer from multiple viewpoints in product and mould

design.

The experiments have shown that the Manufacturing model is capable of capturing the pro-
cess constraints of a set of mouldability features in a form that can be related to individual
feature instantiations in a Product model. The Manufacturing model has also been shown
to be capable of capturing the process constraints of a set of cavity and core features in a
form that can be related to individual feature instantiations in a Product model, enabling
a link between the geometry of a product and that of a mould. Finally the Manufacturing
model has been shown to be capable of capturing the process constraints of sets of features
representing the mould system elements. This data is also captured in a form that can be

related to individual feature instantiations in a Product model.

The experiments one to three showed that the Product Range Model is capable of capturing
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data to support the designer in the association of function and form in the Product model
and can capture functional constraints of product ranges in a form that can be related to indi-

vidual feature instantiations in the Product model,

The first three experiments showed that the injection moulding strategist supports the in-
stantiation of functional and manufacturing features in the Product model as the product
design progresses. In these experiments the designer is subported in the association of func-
tional specification data with a form feature in the Product model as a product range func-
tion is addressed. After each new instantiation or a modification to the product geometry,
functional feedback advice is provided to the designer using data in the Product Range
Model. A translation process to the mouldability viewpoint instantiates the equivalent
mouldability feature(s) or updates the equivalent mouldability feature(s) in response to a
geometry modification, providing mouldability feedback advice using data from the

Manufacturing model.

Experiments four and five showed that the injection moulding strategist supports the de-
signer in considering the design of a mould at any juncture in the development of the prod-
uct geometry. In experiments four and five the designer is supported in consideration of
process constraints during the build up of the cavity/core impression geometry, of the feed-
ing system and cooling system and of the .cavity and core plate. A translation process en-
ables.the designer to drive the mould design process and receive feedback advice on the
process constraints of the viewpoints within mould design using data from the Manufactur-
ing model. After mould design the designer is able to continue developing the product or
re-analyse the mould design, possibly progressing to a completely different mould con-

figuration in the Product model.
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The use of geometry analysis techniques such as mold—flow has not been explored in this
work, as the software cannot be linked to the Object DB software. The role of such analysis
techniques within the functionality of the above experimental system, for example with re-

spect to the analysis of feeding or cooling in a mould requires investigation.

The above experimentation has shown that an injection moulding strategist application can
support the designer in consideration of three dimensioﬁal product and mould geometry
from multiple viewpoints in injection moulding design. However the use of complex ge-
ometry, ie non-rotational, non—symmetrical etc requires further investigation. This can
have implications for Manufacturing model support for the consideration of injection
moulding process constraints, for Product Range Model support for the association of func-
tion and form, and for the enabling of interactions between strategist applications. However
the author believes that the general structure and functionality of an injection moulding
strategist application is still applicable to support the designer in concurrent design of an
injection moulded product and its mould using complex geometry, that the process con-
straints captured in the Manufacturing model are still applicable to the complex geometry
of a preduct and a mould, and that the Product Range Model structure is still applicable for

the support of functional data and complex forms.

Software support for the design of multi—cavity moulds has not been considered in this
work. The extensibility of the approach in this work for consideration of complex produc-
tion moulds and any additional requirements for design support needs to be investigated.

Also the potential effect of different injection machine tooling has not been considered.

The above experiments have demonstrated that an injection moulding strategist application

can be structured in an information modelling environment to provide concurrent support
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for the design of injection moulded products and their moulds, a Manufacturing model can
be built in software form to provide a common source of information for arange of interact-
ing strategist applications, supporting a link between the geometry of the product and that
of the mould, and functional data can be captured in a Product Range Model to support the
association of function and form. The software has provided an adequate platform to prove
the ideas put forward in this research. However for a practical system to be developed the

issues identified above must be explored.
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Chapter 11

Conclusions and recommendations for further work.

11.1. INTRODUCTION.

The research described in this thesis has explored the functionality and structure of an in-
jection moulding strategist to support concurrent product and mould design in an informa-
tion modelling environment. The information support reduiremcnts of such an application
have also been explored. An experimental design support system has been implemented
to test the research thesis. The experiments which have been performed to explore the ideas
developed in the thesis have led to the conclusions and recommendations for further work

which are made in this chapter.

11.2. Conclusions.

1 — The functionality of an injection moulding strategist application has been captured in
an IDEF) activity model, based on a detailed analysis of injection moulding design
methods to ascertain the scope for concurrency and the key activities and their relation-
ships. The information on design methods was obtained from discussions with people in
industry about their design methods for injection moulding and by the use of literature
about the methodology and considerations in injection moulded product and mould design

(Appendix 1 and 2).

2 -Multiple features sets have been defined within information models to provide appropri-
ate information input to multiple design for manufacture applications. An independent set
of *enhanced’ form features has been defined which captures inter—form relationships, al-

lowing form to be the central attribute through which all viewpoints interact.
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3 —It has been shown possible to achieve the necessary data translations between feature
types to provide input to the range of applications involved in design for injection moulding

support.

4 —It has been shown that the structure of a design support system for injection moulded
products, identified in thisresearch as necessary for concurrent support of design for injec-
tion moulding, can be captured in an experimental software system, termed an injection
moulding Strategist, which supports concurrent design of injection moulded products and

their moulds. The applications within the injection moulding strategist are:

a— A design for mouldability application which supports the designer in building a product

definition with sound mouldability.

b— A cavity design application which supports the designer in building a cavity definition
which is capable of producing the outside shape of a product with sound mouldability, and
allowing its ejection. The designer is supported in building a cavity definition that has suffi-
cient strength to withstand the forces of the injection process, is capable of accommodating

the mould system elements and does not have non-producable geometry.

¢ — A core design application which supports the designer in building a core definition
which is capable of producing the inside shape of a product with sound mouldability, and
allowing its ejection. The designer is supported in building a core definition that is capable
of accommodating the mould system elements and does not have non—producable .gc-

ometry.

d— A feeding system design application which supports the designer by providing the avail-
able choices of feeding system configuration at each juncture in product design and in

building a feeding system definition that provides adequate feeding to the impression and
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does not have non manufacturable geometry.

e— A cooling system design application which supports the designer by providing the avail-
able choices of cooling system configuration at each juncture in product design and in
building a cooling system definition that provides maximum cooling capability and opti-

mum cooling characteristics.

5 —The specification and structure of the injection moulding process capabilities has been
defined in Booch and EXPRESS language in a form suitable to support manipulation of

spatial relationships in design for injection moulding.

6 —1It has been shown that the capabilities of the injection moulding process can be repre-
sented in a software model in a form suitable to support manipulation of spatial relation-
ships in design for injection moulding. This Manufacturing model has captured the repre-

sentation of mouldability features and mould system elements.

7 — It has been shown that the Manufacturing model can support the injection moulding

strategist in the manipulation of spatial relationships in design for injection moulding,.

8 —The specification and structure of functional features relating to productranges has been
defined in Booch and the EXPRESS language. The representation, termed the Product
Range Model, has been shown to be suitable to support the designer in the linking of func-

tion and form.
9 It has been shown that the Product Range Model can provide the source of information

to enable a design support application to support the designer in the association of function

and form.
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10— The appropriate structures in the Product model to facilitate analysis and re—analysis
of the current state of a product and a mould for multiple design viewpoints have been de-

fined.

11 —It has been shown that the Product model can facilitate analysis and re-analysis of the
current state of a product and a mould for multiple design viewpoints by an injection

moulding strategist application.

12—-The Object DB software has been shown to be an adequate tool for the implementation
of a data driven concurrent design support system. There is a minor limitation that the soft-
ware does not support multiple inheritance, so that exact replication of Booch is not always
possible. The Object DB software is based on C++ which enabled the interfacing of the
Product model to the Unigraphics solid model package. This has provided an adequate plat-

form for modelling and displaying the contents of the Product model.

11.3. Recommendations for further work.

1 — There is a requirement to investigate software support for the consideration of more

complex geometry than investigated in this thesis, eg non-rotational, complex surfaces.

2 — Investigating the above area also requires investigation into the changes that may be

required to the translation mechanisms identified in chapter 7.

3 —Investigation is required into the extensibility of the Product Range Model concept for

products which have more complex geometry than investigated in this thesis.

4-Thereis arequirement toinvestigate software support for consideration of insert moulds

and of the machine elements.

398



5 — The production of an injection moulding of the required quality is dependant upon the
production of the injection mould. Therefore investigation of support tools for consider-
ation of mould manufacturing processes such as machining is required, and investigation

of their role in the support of concurrent product and mould design.

6~ Asin the work described in this thesis, investigation of design support tools in the above
areas also requires investigation of the information support requirements, ie the data struc-

tures in a Manufacturing model.

7 —To provide industrially useful design support tools for the future, there is a requirement
to explore the implementation of software support tools, such as the injection moulding
strategist described in this thesis, inside a commercial CAD system such as Unigraphics,

in order to provide a concurrent design support tool as an integral part of a CAD system,
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