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Abstract 

This thesis comprises six papers dealing with implementations and techniques for linking com

puter-aided applications for design and analysis into a concurrent engineering environment. 

Each paper deals with a part of the environment - together they constitute an integrated design 

system for concurrent engineering. 

Concurrent engineering requires applications across all functions within the company to share 

and communicate information. The applications used in the product development process need 

to be linked together. This thesis examines the linking of applications using databases. In 

Papers A, B, C, D and F this linking is studied using a relational database. In Paper E an 

object-oriented database is investigated. Using database technology proved to be an efficient 

way of linking applications together. 

In Papers A, C, D and E databases for geometric data, measurement instructions, mechanical 

systems, computational fluid dynamic and finite element data have been developed as part of a 

general concurrent engineering environment. 

In Papers B, E and F the general concurrent engineering environment has successfully been 

used for performing simulations of manufacturing processes and product performance as well 

as the verification of the shape of products manufactured by hot isostatic pressing. 

Solid models have been used throughout all the work as the foundation for the product defini

tion. The solid models can be used by many downstream functions and provide an efficient 

base for the geometric definition and associated information such as analysis models and probe 

paths for coordinate measurement inspections. 
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1 Introduction 

The competition within manufacturing industries has become increasingly intense and global 

over the last two decades. In order to stay competitive in this accelerating trend the manufac

turing firms must continuously identify customer needs and rapidly meet the needs with new 

products. The main objectives are customer satisfaction and faster time to market - the chal

lenge is to produce customer focused, high quality products with increasing functionality at a 

lower cost and in less time, [1], [2], [3]. Also, new requirements such as environmentally safe 

production and recyclable products adds to the complexity of product design. 

The product has to undergo a multi-disciplinary optimization during its design phase: all 

aspects of the product have to be analysed before it is released on the market. The process of 

developing products must be significantly improved within the manufacturing firms; just com

pressing the time-scale of the product development process wil l not be sufficient - it will lead to 

a slight improvement in development time, but not to the 'quantum leaps' in speed and quality 

needed. Therefore the product development process need to be re-engineered. Recently, con

current engineering (CE) has been recognized as an essential technique for design with respect 

to the entire life cycle of the product. Concurrent engineering, or integrated product develop

ment, 'is a management strategy that uses customer inquiry, cross-functional teaming and tech

nology integration to improve the performance of product development lifecycles', [4]. 

Essential to the implementation of concurrent engineering is different levels of integration: 

integration of people, processes and information systems, across the whole product develop

ment process. From an engineers point of view, four levels of integration can be recognized, 

see Figure 1: 

• The enterprise level deals with the integration of the organisations participating in the prod

uct development process and constitutes the concurrent engineering environment. 

• In the product level all the information associated to an assembled product is being coordi

nated and monitored, typically by a product data management (PDM) system. 

• It is in the application level that all components and sub-assemblies are being geometrically 

denned and analysed. In the field of mechanical engineering this is performed by a variety 

of applications for product definition and analysis such as solid modelling, finite element 

analysis programs and other computer aided engineering (CAE) systems. 

• The information system level deals with the storage of the information and the linking 

between all the applications supporting the product development process. Database man

agement systems are used for the persistent storage of the data associated with product 

development and linking methods are used to enable the exchange and sharing of the infor

mation between the applications. 
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Enterprise level 

Product level 

Application level 

Information system level 

Figure 1: Different levels of integration in a concurrent engineering environment. 

Discussing concurrent engineering and integration issues would be inappropriate without men

tion the efforts of ISO within this area: ISO 10303, commonly referred to as the STEP standard 

or, the Standard for the exchange of product model data . The ideas behind STEP reflects well 

those of concurrent engineering, particulary concerning the integration aspects, [5]: 

"ISO 10303 is an International Standard for the computer-interpretable rep

resentation and exchange of product data. The objective is to provide a 

mechanism that is capable of describing product data throughout the life 

cycle of a product, independent from any particular system. The nature of 

this description makes it suitable not only for neutral file exchange, but also 

as a basis for implementing and sharing product databases and archiving." 

STEP is vital for the vertical as well as the horizontal aspects of communication within product 

development. 

This thesis examines various techniques and implementations for linking computer-aided 

applications for design and analysis into a concurrent engineering environment. My work 

emphasizes the design of products and related analyses of product performance and manufac

turing processes, but the discussion on the different topics is made in a broader perspective -

still limited to the field of mechanical engineering though. 

Analysing market needs, management issues, human resources, production planning, customer 

sales and services are beyond the scope of this thesis. 
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2 Concurrent engineering 

On the globalised market with ever increasing competition, having a good product is not 

enough for economic success of manufacturing firms. The product must have a high quality 

and be produced at a low cost, but must also be continuously developed, or replaced by new 

products, as the market need changes/evolves. Thus, it is not only a marketing, design or man

ufacturing task, but an issue of product development involving all these functions. Conse

quently it is also a matter of management - planning and coordinating the functions. Doing 

product development well is a requirement to stay competitive, and continuous development of 

the design process becomes a competitive advantage. 

Concurrent engineering is a management strategy aiming at improving the product develop

ment process - it requires all the life cycle aspects to be considered at the design phase of the 

development process. Key factors are customisation, cross-functional teams and technology 

integration. 

Although concurrent engineering carries the word "concurrent" and "engineering" it is not 

only concerned with just engineering activities, nor do all the activities have to be performed 

concurrently at all times. However, a lot of the aspects that arise in the development of prod

ucts are related to engineering issues, and critical activities must have support to be performed 

simultaneously. Over the last few years concurrent engineering has also been referred to as 

integrated product development (IPD) - a name which might better reflect the participation of 

all the functions in the product development process. Simultaneous engineering (SE) is just 

another term for the same thing and computer integrated manufacturing (CIM) reflects basi

cally the same ideas as those of concurrent engineering. Some authors claim they recognize 

differences between these "terms" but notably there is a significant variation between the defi

nitions suggested by different authors. 

2.1 The design process 

The design of products is often implemented as a sequential process, see Figure la, where each 

team of specialists finish their part of the work and then passes the result on to the next team. 

Apparently significant reductions in development time can be made i f the work can be per

formed in a more parallel way, or concurrently, see Figure lb. 

However, often the different tasks to be performed are mutually dependent, i.e. each task 

requires the result of other tasks in order to be completed - the tasks are coupled, see Figure 1c. 

Coupled tasks must be completed simultaneously or in an iterative fashion exchanging infor

mation for each step. I f coupled tasks can be performed simultaneously, besides shorter devel

opment time, this leads potentially to better products with higher quality as several 

interdependent aspects can be considered in only one iteration. Finding the optimal design typ

ically requires both sequential, parallel and coupled tasks. 
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a) 

b) 

c) 

Figure 2: The basic types of task dependencies: a) sequential, b) parallel and c) coupled. 

The product matures as the development process evolves - more knowledge is gained - and the 

requirement on engineering analysis changes. The requirements on the analysis in the different 

stages of the design process is treated in Paper E. In the conceptual stages of the product 

development process there is a need to rapidly generate analysis models and perform compara

tive analysis. Later in the process qualitative estimates and in-depth analysis are important 

issues, see Figure 3. The requirements on the communication between the different applica

tions changes as the development process evolves. Tools for simulation of manufacturing and 

performance of products are studied in Papers B, C, D and F. 

A 

Development time 

Figure 3: The requirements on the analysis changes through the development process. 
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2.2 Cross-functional teams 

In a traditional functional organisation the product development is typically performed as a 

sequential process. People are grouped together by discipline, e.g. design, manufacturing and 

marketing with their related sub-groups, into so called functional teams. Each team is special

ised in some of the aspects of the product development and tries to achieve the product specifi

cations from their point of view whilst satisfying given constraints. The specifications are 

agreed to by all participating teams in the project start and on occasional meetings throughout 

the project. In a development project, by definition not all parameters are known from the start 

and because of the sequential process the various teams have a very limited possibility to give 

a complete and accurate feedback early in the development process. As the project evolves the 

responsibility for the development seems to move from one team to another: the responsibility 

is "thrown over the wall". Thus feedback provided by the teams may result in such changes to 

the product that it has to start all over again in the process. Those late changes are expensive 

and prolong the development time significantly. 

With concurrent engineering the product development process, or design process, is performed 

by cross-functional teams, see Figure 4. Each team is set up to represents the knowledge and 

tools that is likely to be needed to complete a task successfully; cross-functional teams facili

tate the integration of knowledge and tools across functional specialisation. Hence, each team 

provides feedback on the product design early in the product development process, and thereby 

minimizes the number and cost of late changes. 

Figure 4: Cross-functional teams represents all the organisational functions within the com

pany. They share and communicate information throught the project. 
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Another aspect is that late changes, due to e.g. changed specifications, actually are possible 

because of the short turn-around for a project with cross-functional teams. 

2.3 Requirements for C E 

Concurrent engineering can be seen as a management strategy aiming to break down the barri

ers between the key activities, such as engineering and manufacturing, in the product develop

ment process, and support simultaneous activities rather than the step-by-step process of 

sequential engineering. 

A requirement for concurrent engineering is the ability to control the sequential, parallel and 

coupled tasks that occurs during the development process, in the small as well as in the large. 

In the small we want the different computer tools that operate on the product data to be able to 

exchange and share information in a consistent manner. This will be discussed more in the fol

lowing sections. In the large the cross-functional tasks and information flow must be coordi

nated. 

In order to accomplish cross-functional integration it is important to redefine the roles and 

responsibilities of the functions within the company. E.g. the manufacturing function must par

ticipate in the early stages of the development and actively suggest improvements and new 

concepts to the product design. The 'downstream functions' must be involved early in the 

design process, and equally: 'upstream functions' must continue their involvement throughout 

the whole process. 

2.4 Benefits of C E 

In a product development project there is always a number of parameters that are unknown at 

the start of the project. 

In a sequential development process one aspect at a time is considered and the knowledge 

about the product is increasing slowly. Unfortunately a large part of the production cost is 

determined early when there is still many unknown parameters, see Figure 5a. This may result 

in high production costs and less optimized products. 

With concurrent engineering a large part of the development cost is spent early in the project. 

The cross-functional teams represent all the organisational functions and through early 

involvement they can provide a good knowledge of the product before important decisions that 

greatly influence the production cost are made, see Figure 5b. 



7 

Figure 5: Example of the relationship between incurred cost, determined cost and knowledge 

of the design during the development cycle: a) A sequential approach with functional teams 

with less knowledge in early stages of the development cycle, b) A concurrent engineering 

approach with cross-functional teams providing feedback early in the development cycle. 

Shortening the time from initial to final design of the product means improved productivity and 

cost efficiency, and if the product can be released to the market faster it means that important 

market shares can be gained. 
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3 PDM in concurrent engineering 

During its life time a product generates a large volume of information in different fields: prod

uct specifications, drawings, solid models, analysis results, measurement results from testing, 

technical documentation, process plans, etc. Managing all the product information throughout 

the whole life cycle is a challenge to any information system - for larger companies and com

plex products the greater the challenge. Managing the product information becomes a crucial 

issue when applying a concurrent engineering approach to the development process - a lot of 

people from different functions will operate on the product data simultaneously. Efficiently 

coordinating the different processes and the managing the information is a requirement for a 

successful implementation of concurrent engineering, [6]. 

Product data management (PDM) systems has the ability to create, manage and control product 

information as it evolves throughout the whole life cycle. PDM systems provides mechanisms 

for revision, approval and release management. PDM systems facilitate information sharing 

and teamwork across all functions and at every level within the company, also when the com

pany is geographically distributed. 

3.1 Information sharing 

The information associated to a product during its life cycle is generated by a lot of people 

working in different functions within the company. During the development process a lot of 

ideas are evaluated and many changes are made to the product which may results in many dif

ferent concepts and numerous versions. Obviously there is a need to carefully control all the 

information associated to the product configurations. I f not, people may e.g. work on the 

wrong product configuration producing useless results, or even worse, producing incorrect and 

misleading information leading to a product that does not meet the specifications. 

Working with cross-functional teams in a process with mixed sequential, parallel and coupled 

tasks emphasizes the need of control of the information - a lot of people are more or less simul

taneously working on the product information analysing different aspects and continuously 

producing new versions. It is important that the team members easily can locate and access the 

information needed at any state of the project. Team members with different roles have differ

ent needs of information. PDM systems provide multiple views of the information to satisfy 

these needs. 

The management has a need to oversee all the data associated to a product at any time of the 

project. By continuously monitoring the project they have instant access to the information on 

how the design evolves. 

Properly implemented a PDM systems can ensure that everyone, team members and managers, 

have the appropriate information available at the right time. 
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3.2 Orchestrating the events 

Version management along with the possibility to define different states for the project and dif

ferent roles for the team members, the PDM system provides management with the control of 

access and change permission to the product information. The team members always get the 

right version of the product information with the proper permission set, and only the informa

tion they are entitled to. 

During the development each part in the product goes through a number of states such as 

review, approval and release, and it is important that only permissible changes are made to the 

information at any state - the PDM system is 'orchestrating' these events in the development 

process. 

3.3 Distributed engineering 

Improving the performance of the product life cycle to many industries means that they have to 

consider where different tasks are to be performed. They must consider their own available 

resources as well as others - world-wide. For different projects this may lead to that different 

resources world-wide are grouped together to a virtual unit. The need of effectively managing 

the product information becomes even more significant. 

PDM systems can provide mechanisms for "virtual co-location" of the resources, the teams 

and the data, regardless of their physical location, [7]. 

3.4 Implementing a PDM system 

Today many companies implement product data management systems to organise, access and 

control data related to products through their whole life cycle. It is not the PDM system itself 

that leads to 'concurrent engineering' though, but i f well designed, and implemented with 

respect to the organisation as a whole it is one of the enabling mechanisms for a successful 

implementation of concurrent engineering. The product data is available to all the key func

tions within the organisation which leads to a product model that can be analysed at an early 

stage of the product development process with respect to not only the traditional engineering 

concepts, but all processes and activities that affect a product from the time it is created until it 

is obsolete. 

Much effort must be put into studying the current processes within the company and how they 

can be improved, in order to achieve a successful implementation of the PDM system. The 

implementation also requires a lot of customizing to be able to communicate with the other 

applications used in the development process. It is important that the PDM system is flexible 

and supports the (improved) process of the company and can manage all types of data during 

the whole life cycle - a company should not be forced to change their development process 
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because of the PDM system. It is also important that the implementation of the PDM system 

gains acceptance within the whole organisation - else the result may be a less productive proc-

cess. 

It is important to keep in mind that the PDM system should bring the cross-functional teams, 

and the data they generate, together. 
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4 Solid modelling 

The role of PDM in a concurrent engineering environment is to manage the product informa

tion. However, the PDM system cannot control that the information used by one application is 

relevant to another, or that the representation is compatible between applications. In other 

words, the applications may use incompatible database format, e.g. two different CAD sys

tems; or represent different domains, e.g. a CAD system and a FEA program. Nor does the 

PDM system automatically provide any means of translating the information from one repre

sentation to another. In many cases the product information has to be re-entered during the 

development process, often several times. This is time consuming and increases the risk of 

introducing errors. A solution to a part of this problem is to use a complete and unambigous 

geometric description of the product that is able to represent many aspects of the product life 

cycle - a description that can evolve through the development process - a solid model. 

Solid models provide a high level geometric description which makes them suitable for the 

geometrical representation of product data. Solid models define the volumetric properties 

which makes it specially valuable for engineering applications such as visualisation, assembly 

modelling, generating analysis models and generating machine tool paths. In many systems 

this information is made associative to the solid so that a change to the solid is reflected, and 

updates the information, in the other applications. Information that is not explicitly available in 

the solid model, or its associative applications, can often be added to the solid as a user 

attribute: surface finish, the cost of the product, etc. 

Some information on a product is still best handled as references through the PDM system 

though; the important thing is that information describing a certain property of a product 

should only be stored in one place. As for the geometric description of a product and closely 

associated data, solid models are best suited. 

If PDM is an enabling technology for concurrent engineering, solid modelling can be seen as 

the key technology, the backbone, of PDM. The solid modelling system provides the concur

rent engineering environment with an infrastructure. 

4.1 Downstream benefits of solid modelling 

Solid modelling fits well into concurrent engineering as the solid model can be used by many 

downstream activities: virtual prototypes, engineering analyses, machine tool paths, marketing 

images, etc. In Paper E it is shown how a solid model of a jet engine component was used at 

Volvo Aero Corporation as the core of the product model, see Figure 6 - other applications used 

the solid model as the base for their activities and the result was added to the product informa

tion. The exact and complete electronic models of the product constitutes the "original" and 

paper drawings are provided as documentation - the information does not have to be re-entered. 
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Paper A describes how a solid model can used for automatic preparation of coordinate meas

urement instructions by using the tolerance information available in the solid. This has been 

further investigated in [8]. 

Most important is solid modelling for the engineering activities. It is also a very useful tool for 

communicating design with non-engineers. 

Water tunnel 
models 

Fluid flow 
analysis (CFD) 

Illustrations 
f Structural | 
I analysis (FEM) J 

Figure 6: A solid model provides a high level geometric representation which can be used by 

many applications. 

4.2 Parameterized models 

Most modem solid modelling systems are history based and provide means of parameterizing 

the geometry models. These features allow engineers to quickly modify the geometry and cre

ate a number of designs for evaluation. Feedback on the design provided by the cross-func

tional teams can result in immidiately updated geometry models. 

Parameterized models can be useful in many ways, e.g. if a company recieves many orders on 

customized versions of the product: the geometry model of the standard product that best 

resembles the custom version is retrieved and modified according to the order, and the manu

facturing information can relatively quickly be updated, [9]. 

4.3 Local PDM systems 

As described above solid modelling systems can be quite capable and handles a lot of the prod

uct information. Solid modelling systems with integrated modules for analysis, drawing pro-
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duction, etc. are often referred to as mechanical computer aided engineering (MCAE) systems. 

Some of the MCAE systems offer an extensive set of modules that covers most activities in 

product development process. Together with the team coordination functions available in some 

of the advanced systems, the MCAE systems can be seen as a local PDM system, often referred 

to as a workgroup PDM system. An example of one such system is I-DEAS Master Series, 

[10], with its Team Data Manager that supports team work throughout most parts of the devel

opment process. 

An advantage with local PDM systems is the significantly reduced effort for implementing the 

system. The local PDM system can be integrated into the global, giving the global system 

direct access to the latest information. Instead of static references by e.g. partnumber or file 

pointers - the information in the global PDM system will be dynamic references to the solid 

models and assemblies with all their related data. Combining local and global PDM systems 

allows for more flexible and streamlined solutions. 
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5 Information technology for C E 

As a product generates a lot of information that spans over a wide range of organizational func

tions during its life cycle, there is a significant need of communication and data sharing 

between different computer application - the applications needs to be linked together. The 

PDM system controls and manages the product information, the solid model in the MCAE sys

tem holds the geometrical description that constitutes the geometric foundation for the product 

information, but neither the PDM system nor the MCAE system ensures that the information 

can be communicated between different applications. 

An information system that supports all applications, technical and office as well as manage

ment applications, within the enterprise is also a key component for a successful implementa

tion of concurrent engineering. The applications used in the product development process must 

be able to communicate and to share data; within functions - vertical communication, as well 

as across functions - horisontal communication. 

5.1 Linking the C E applications 

Information technology is considered as one of the enabling mechanism of teams working 

together in the product development process. As the requirements on the product development 

is raised, CE requires more and more product information to be available electronically. When 

applying a concurrent engineering approach to product development, cross-functional teams 

representing the knowledge and tools to perform a certain task, are formed. Within each team 

as well as between the teams a lot information needs to be exchanged in order to analyse the 

life cycle. 

Linking the applications together arises however a number of problems. The applications 

within a certain domain, e.g. mechanical CAD, may use different underlying data structures, 

different representations, for the information. Then there is no way to automatically map the 

information from one database to another. Another possible problem is that the applications to 

exchange information are representing different domains, the applications handles only a small 

set of information in common or supports different ways of representing the entities. Thirdly, 

there are many closed systems; applications/systems that only supports the exchange of a sub

set of the information handled by the application/system. This is typically seen when exchang

ing information using standards like IGES or VDA-FS, [11], [12]. Even the applications that 

provide an API to access the information "hides" their data structures by an intermediate level, 

and do not support all information in the application database. 

It is important that as much "intelligence" as needed is kept when exchanging information 

between the applications. E.g. when exporting the geometry definition of a part from a solid 

modelling system to a finite element pre-processor for mesh generation, often only the bound-
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ary representation is transferred - the history and the parameters are lost. In many cases the 

analyst needs to modify the geometry to make an efficient analysis model: remove small radi

uses that have a only small impact on the result but a large impact on execution time; extract 

the midsurface on thin-walled structures in order to generate shell elements; etc. 

5.2 Interfacing 

The most common way of linking applications together is by interfacing. Interfacing provides 

a direct connection between two applications by translating the information from the local 

database of one application to the other. One of the problems with the exchange of information 

by interfacing is that changes are only made to the local databases - the information produced 

is transient relative the product development life cycle. Interfacing can be accomplished either 

by application specific interfaces, see Figure 6a, or by using a neutral interchange format, see 

Figure 6b, [13], [14]. Various aspects of linking applications together by using neutral inter

change formats have been thoroughly investigated in Papers A, B, C, D, E and F. 

Application specific interfaces requires a large number of interfaces to be written. This takes a 

lot of programming effort and requires the programmer to have in depth knowledge of each 

application and its data structures. One application can not easily be exchanged by another 

with the same functionality - the interfaces has to be changed. 

By using a neutral interchange format as the base for exchange the number of interfaces to be 

written is significantly reduced. And i f there is a need to exchcange one application only one 

interface has to be updated. 
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Figure 7: Interfacing the applications with: a) direct translators, b) a neutral interchange for

mat. 
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5.3 Integration 

To achieve a "truly" integrated system the information must be shared by the applications. In a 

system based on interfacing it is virtually impossible to track all the local databases and check 

that the product information always is in a consistent state. An integrated system must provide 

the users with complete and unique views of the information. Integrated systems may be 

accomplished at different levels - at an entity level, or at a metadata-level. 

In the case of integration at the entity level all the information on the product is stored in a 

shared, persistent database, see Figure 7a, and all the applications must access the database in 

order to retrive or store any information. The data structures of the database must support all 

the information on the product and it takes a substantial amount of work to define those data 

structures. Such implementations are investigated in Papers A, C and D. 

Product data management systems typically operate on a metadata-level - managing data about 

data. The integration is achieved by controlling the information at a file-level. The files of the 

CAD drawings, analysis results, word processing documents, etc. relate to entries in the prod

uct configuration structure in the PDM system. Each file is a database itself for an application. 

The metadata is stored in a shared database. 

Application 
A 

Application 
B 

Shared 
db 

Application 
C 

Application 
D 

a) 

Figure 8: Different levels of integration: a) entity level, b) metadata-level. 

A note on the word integration: integration is commonly used for everything that means bring

ing virtually anything together - information, people, processes. In the case of information 

exchange it is important to make the distinction between integration and interfacing. When it 

comes to people and processes it may be better to talk about involvment, [15]. 
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5.4 Impiementation issues 

As previously mentioned, the requirements on the communication between the different appli

cations change throughout the development process. In early stages the focus is quantitative 

estimates, in later stages it is quantitative. It is important to map out which applications that 

need to be linked together and what type of information that must be supported. There is no 

need to link applications together that do not exchange information, or to support entities that 

will not be used. 

A number of standards have been developed to support the different levels of communication 

that take place in a company, e.g.: 

• CALS aims at moving the whole product life cycle support from a paper based environment 

to an electronically based, this corresponds somewhat to the enterprise level, [16]. 

• STEP focuses on product information - the product level. STEP is part of the CALS stand

ard and represents one of its comer-stones. 

• Application protocols of the STEP standard, provides information in a specific application 

domain - the application level. 

• Part 21 files, SDAI, CORBA deals with information exchange at different levels, [17] 

Linking the applications can be done either by integration or interfacing. Both forms have its 

advantages and disadvantages and can preferrebly be combined to form an effective informa

tion environment. 
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6 The role of STEP in C E 

As a way of effectively exchanging product information, and for archieving purposes, the 

development of the STEP standard was initiated. STEP began to be developed in 1984 and was 

a result of an international initiative trying to produce a single international standard on the 

exchange of product data. During the development, in 1989, it was recognized that the standard 

was going to be very large and that there was a need of subsets. Hence the standard documents 

are referenced ISO 10303-xx where xx is the number of a particular subset, or part, e.g. 1, 11 

or 203. STEP is an acronym for Standard for the exchange of product model data., and it is by 

this acronym the standard has come to be known and by which it commonly is referred to. 

From initially being proposed as a standard for the exchange of mechanical product data, 

STEP has grown and now covers many enabling technologies for concurrent engineering. 

6.1 Enabling technologies 

One problem with the existing standards has been that there is no formal way to express the 

data models, and they do not separate the information structures (data model) and the imple

mentation [18]. E.g. the IGES standard - the format of the information and the implementation 

in a so called IGES file, are tightly coupled: an entity is described by its attributes and their 

positions in the IGES file. In the case of IGES, data exchange using ascii files is the only 

implementation method suggested by the standard. The current standards are technology and 

implementation dependent and do not provide efficient means of data sharing. 

Another limitation has been the lack of mechanisms to define a scope for a certain translator -

the implementor could chose to implement a small subset of the standard and still claim the 

translator was complaint to the standard. 

And, suffering from the lack of information modelling technique for the data models the stand

ards may allow for different interpretations, based on personal judgement and common praxis, 

on how entities can be used. E.g. in the IGES standard the point entity is defined by the single 

statement "A point is defined by its coordinates in definition space" along with a list of its 

attributes. The absence of well defined rules and definitions of an entity and how it may be 

used in a certain case will lead to problems as two engineers may interpret the definition of an 

entity differently or use different sets of entities to represent a certain object. Consequently, 

two programs with translators claiming to conform to the standard may actually not be able to 

communicate with each other. 

STEP addressed these problems by adopting a three-layer architecture, based on the ANSI/ 

SPARC committee report on DBMS architecture, [19], [20]. In the report the three levels are as 

defined as: external, conceptual and internal. 
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The corresponding layers in STEP are shown in Table 1. 

Level STEP construct Description 

External Application protocols Provides information in a specific application domain 
such as explicit draughting and configuration control
led design. 

Conceptual Integrated resources Provides information in a generic domain such as 
geometric and topological representations and prod
uct structure configuration. 

Internal Implementation methods Provides information on implementation methods 
such as clear text encoding of the exchange structure 
and standard data access interface. 

Table 1: The three-layer architecture of STEP. 

Further, the EXPRESS language, specified in ISO 10303-11, has been developed as part of the 

STEP standard in order to enable the writing of formal information models. EXPRESS, which 

arranges under description methods, is used for defining the normative information models of 

the external and conceptual models. Finally, conformance testing is part of the STEP standard 

to enable processor testing. Figure 9 gives an overview of the structure of STEP - how the dif

ferent parts of the STEP standard are related. 

Application Protocols 

201 Explicit draughting 
203 Configuration controlled design 

Integrated Resources 

42 Geometric and topological representations 
44 Product structure configuration 

Description Methods 

I Overview and fundamental principles 
I I The Express language reference manual 

Implementation Methods 

21 Clear text encoding of the exchange 
structure 

22 Standard data access interface. 

Conformance Testing 
Methodology and framework 

32 Requirements on testing laboratories and 
clients 

33 Abstract test suites 

Figure 9: The structure of STEP. 
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6.2 The EXPRESS language 

EXPRESS is an object-flavoured information model specification language and constitutes the 

foundation of the STEP standard. EXPRESS is computer-processible and there are now several 

toolkits available, e.g. ST-Developer by STEP Tools Inc., with tools such as parsers, semantic 

analysers and compilers. These tools provide significant benefits when implementing 'STEP', 

i.e. EXPRESS information models. The toolkits may for example automatically provide means 

of persistent storage as the information models are defined in EXPRESS. Each implementation 

method defines how EXPRESS constructs may be instantiated and the mapping from an infor

mation model to e.g. a physical file is therefore defined. 

In Paper E the linking of thermal boundary conditions, calculated using computational fluid 

dynamics simulations, into a finite element code for thermal structural analysis, was imple

mented based on EXPRESS information models, see also [21]. 

As part of the STEP standard two extensions to EXPRESS are specified: EXPRESS-G and 

EXPRESS-I. EXPRESS-G is a graphical notation for the display of information models 

defined in EXPRESS. The EXPRESS-I language is an instantiation language mainly used for 

testing the information models by populating them. 
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7 Concluding remarks 

This thesis comprises six papers dealing with implementations and techniques for linking com

puter-aided applications for design and analysis into a concurrent engineering environment. 

Solid models have proven to provide an excellent foundation for the product definition. Many 

downstream functions can use the solid model as the base for their activities. It has been dem

onstrated how solid models can be used in the product development process for engineering 

analyses: finite element, computational fluid dynamic and rigid body dynamic simulations; as 

well as for the automatic generation of probe paths for coordinate measurement inspections. 

Some solid modelling systems provide the fundamental capabilities of a PDM system and can 

efficiently be used as a workgroup PDM system. Such systems require less effort for imple

mentation and may provide more cost-effective solutions than enterprise-wide PDM systems. 

For large projects, or more complex products, an enterprise-wide PDM system is needed. The 

PDM systems orchestrate events such as review, approval and releases, and manage all the 

information on a product across all functions and throughout the whole life cycle. 

In order to fully utilize the power of the PDM system it must be able to communicate with 

other applications needing and generating information. The applications need to be linked 

together. The STEP standard is a promising standard for the exchange and sharing of product 

data, and wil l most likely provide the infrastructure of PDM systems in the future. 

Some research areas that can be identified for future work include: 

• Methods for querying data from heterogeneous data sources in order to enable the PDM 

systems with capabilities to make queries on the product information stored in application 

specific, local databases. 

• Investigate security issues - both at a protocol level and at an organisational level. 

• Development of the STEP standard in international collaboration, e.g. there is currently no 

application protocol for general engineering analysis puposes. 

• Investigate the requirements on communication systems, applications and user interfaces in 

order to form intuitive tools and methods for distributed engineering. 
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A N E U T R A L DATABASE F O R PREPARATION OF COMPUTER C O N T R O L L E D 
COORDINATE MEASUREMENTS 
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S-971 87 Luleå, Sweden 

ABSTRACT 

A database for geometric data and measurement instructions is developed. 
The presented work is a part of a more general computer-based environment 
for product development suited for concurrent engineering. In this general 
environment, the development of similar databases for finite element models 
and properties of rigid/flexible dynamic systems is in progress. In this devel
opment, the database is a link in the integration process. The present paper 
describes a neutral database which is a part of a prototype system developed 
for integrating a geometric modelling system with a robot simulation system 
and a coordinate measuring machine (CMM). 

1. Introduction 

One vision for the present developments of systems for Computer Integrated Manufac
turing (CLM) is to create a complete integration of the different computer based tools used in 
product development. This goal has been achieved to some extent in commercial products. 
However, there is in general no single commercial system that provides solutions to all aspects 
of a specific CLM environment. Today there are many powerful computer based tools suited for 
different tasks in the product development process, e.g. 

Geometric modelling systems incorporating solid and surface modelling 

Structural analysis systems 

Rigid / flexible body dynamics systems 

Drawing production systems 

Tools for visualisation and animation 

Systems for preparation of computer controlled manufacturing 

A large part of the profit arising from the use of such systems comes from integration1, giving 
the possibility to efficiently transfer data from one tool to another. Since there is in general no 
single system that can perform all tasks in the process, the CLM environment need to consist of 
products from different suppliers. An aspect that has to be considered is to protect the invest
ments made in the CIM environment. Therefore, all different programs in the system need to be 
looked upon as tools for specific tasks. It should be possible to change a program to one from a 
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different supplier i f this need arises without affecting the entire CTM environment. In order to 
meet this requirement, the integration need to be built on a neutral database, independent from 
suppliers of commercial CEvI systems. By using a database manager based on present stan
dards, e.g. the structured query language (SQL), the database manager can be obtained from 
several suppliers as well. Another advantage of SQL-based databases for technical environ
ments is that is can be integrated wi th present systems for economy and production 
administration. 

2. A relational data model for measurement specifications 

The database serves two main purposes. The first is to provide a link for integration of 
the computer based tools in the CLM environment. The second is to facilitate the logic and the 
searching processes that are neccesary in order to interpret the information provided by the 
CAD system. In this case the dimensional and tolerance specifications defined in the CAD 
system need to be processed in order to specify a mesurement sequence for the off-line pro
gramming system or directly for the CMM. The defined tolerances are associated with 
dimensions that in turn are associated with geometric entities. The DMIS 2 standard that pro
vides a communication protocol and a definition of measurement instruction sequences uses 
features for definition of geometric entities. These features are not in general describing the 
geometry in a complete and unambigous way. For example, only the geometric entities that are 
involved in the measurement sequence need to be defined and they are in general not bounded 
according to the exact geometry. However, in the presented data model the features can be 
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Figure 1. The relational data model for geometry and measurement instructions. 
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associated with the exact geometric entities. 
The geometric representation is based on a boundary representation. The object is de

scribed by a topology which relates the faces, edges and vertices with each other. The faces, 
edges and vertices are also associated with the exact geometric description of surfaces, curves 
and points, respectively. The relational data model3 of the boundary representation facilitates 
searching procedures in all directions in the model. For example, SQL statements can be used 
to find i f there is a common edge to two faces or to find the two faces connected with an edge. 
As a complement to the exact geometry, there is a facet representation for visualization 
purposes. A set of facets is associated with each face in the model. 

The measurement job data model is based on a sequence of measurement instructions. 
Each instruction in the sequence is associated with a tolerance and a set of features that need to 
be inspected in order to establish the actual value. The data model is designed in order to in
corporate the functionality of constructed features that can be defined in DMIS. The defined 
features are related to surfaces, curves and points in the geometric representation. The relational 
data model of geomety and measurement instructions is shown in Figure 1. 

3. System integration 

A prototype system is developed where the CIM system I-DEAS 4 is used as the tool for 
geometric modelling and INFOPJvfLX-OnLine5'6 is the database manager. The robot simulation 
package GRASP is used for simulation of the measuring process. Programs has been devel
oped for the transfer of the geometric model and the measurement specifications from I-DEAS 
to the database, see Figure 2. In I-DEAS, it is possible to use the three-dimensional model to 
specify tolerances on geometric entities. This makes it possible to avoid the ambiguities that can 
arise from the interpretation of tolerances from a two-dimensional drawing8' 9. A program is 
developed for the preparation of the measurement sequence based on the data stored in the 
relational model. The measurement instruction sequence together with the facet representation 
of the geometry is then transferred to the robot simulation system. I f a measurement probe path 
is proposed it can be visualized and modified in the simulation program 1 0. As an alternative the 
measurement probe path can be generated in the simulation program based on the measurement 
instruction sequence. 

Peat! 

I-DEAS 
Universal File 

I-DEAS 
Open Architecture 

Program File 

DMIS File 

CMM 
Raw Data 

CMM Geometry to measure 

Measured geometry 

Facets 

GRASP IGES File GRASP IGES File GRASP 
DMIS File 

GRASP 

Figure 2. The relational database and the involved systems with their exchange formats. 

In general there are many computer based tools involved in a CIM environment for 
product develpment. Therefore, it is important that the tools for integrating the different pro
grams are well organized and easy to use. In the presented system this is achieved by use of a 
graphic user interface that is common for the different programs in the system. For example, 
I-DEAS Open Architecture together with XView 1 1 are used to make the tolerance specification 
appear like one of the I-DEAS modules. By selecting a command in the XView window a 



173 

sequence of instructions is sent to I-DEAS via I-DEAS Open Architecture. 
As a hub in the CIM system there is program that provides control over the information 

flow to and from the database, a central executive program12. This program also uses XView as 
the user interface. 

A l l communication with the database is performed with SQL commands in C and For
tran programs. 

4. Example of a measurement job definition 

The tolerances are defined as tolerance values on dimensions of the solid model defined 
in I-DEAS. The dimensions are attached to profiles or solids, see Figure 3. Since I-DEAS does 
not support the tolerance type for a dimension, only the upper and lower value of the tolerance, 
a shortname for the type is appended to the dimension in the solid model. For example xpos is 
appended to the dimension that describes the position of the hole along the x-axis, see the test 
object described in Figure 3. This flexible approach to solve the tolerance definition ensures 
that any attribute can be prescribed to a dimension. 

A program based on I-DEAS Open Architecture and XView is developed for tolerance 
specification. When a measurement definition icon is selected, an XView program opens a 
window that appears like an I-DEAS menu. This window provides the user with commands for 
specifying standard tolerances between entities in the solid model. The commands could for 
example be "Location, Position, Plane-Circle" which lets the user select a plane and a center-
point and then prompts the user for the tolerance value of the distance. The information about 
the measurement is finally extracted via an Universal file and put into the Informix database. 

SDRC I - D E A S V I : S o l i d _ M o d e l i n g 

Figure 3. A test object shown in a hidden line view and in a view with tolerance values 
and types added to the dimensions. 
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The facet representation of the object and the tolerance specification are extracted from the 
database and sent to GRASP. The tolerances and features are transferred in a file with DMIS 
format. The measurement sequence is completed in GRASP, i.e. by specifying aproach points 
etc. This can partly be calculated outside GRASP but should always be verified with simulation 
to avoid expensive mistakes when measuring the product. 

The measurement specification of the test object is described in Figure 4 where data for 
the test object are inserted into the tables of the data model described in Figure 2. In the column 
tol_label the tolerances from Figur 3 are found. The features to be inspected, see Figure 5, are 
stored in the column feat label. 
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Figure 4. The relational data model of measurement instructions with values for the test 
object. 

Figure 5. Feamres to be measured in the test object. 
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5. Discussion and conclusions 

A lot of manual work is eliminated by using object geometry and tolerance definitions 
from the CAD-program in order to automatically define a measurement sequence. However, it 
is important to have the possibility to verify the sequence by simulation and to change the pre
pared measurement sequence in a robot simulation program. 

The presented work shows the benefits of a relational data model for storage of geo
metrical and measurement specification data. The relational database is used as a link in the 
integration process as well as a data structure suitable for the logic and the searching processes 
needed for preparation of the measurement sequence. 
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This paper presents a computer-integrated system for design, manufacturing simulation, and inspection using a coordinate measurement 
machine (CMM). The work is concerned with the problem of predicting the shape of the container for hot isostatic pressing (HIP) and it 
focuses on the verification of a finite element (FE) simulation model for HIP. The verification is performed by comparing the simulated 
geometry of a real component produced by HIP. The geometry of the HIP component is measured by a CMM. The whole process from 
design and manufacturing simulation to inspection and geometry verification is performed within a computer-aided concurrent engineering 
(CACE) system. The system is built on both commercial and non-commercial software. The communication between a CMM, a geometric 
modelling system, and the finite element simulation codes is developed. The manufacturing of a turbine component to net shape geometry 
using HIP is chosen as a demonstrator example. The benefits of the presented CACE system are time and cost savings as well as higher 
product quality. 

Keywords: computer-aided design, computer-aided concurrent engineering, coordinate measurement machine, hot isostatic pressing, 
finite element modelling. 

1. Introduction 
In the development of new products a short time to market 
increases the competitiveness of the product. A short time to 
market requires modem CACE technology. A special-purpose 
CACE system for the development of products produced by HIP 
is developed and demonstrated in this paper. The development 
of such products requires assured mastery of high-performance 
computational techniques. The ideas of CACE reflects methods 
for product development and manufacturing based on computer-
supported activities. The CACE philosophy is not concerned only 
with a single piece of software or hardware, but the integration of 
all computer-based activities from idea to final product. CACE 
allows engineers to work simultaneously on the latest set of 
information. Hereby the risk of producing redundant data and 
having people working with the wrong version of the product data 
is minimized. Also, remarks on the design can be made from 
several points of view in an early stage of the development 
phase. Shortening the time from initial design to final design of 
the product means appreciably improved productivity and cost 
efficiency. 

The CACE system presented is built on commercial and non
commercial software which is integrated using a relational 
database management system (RDBMS). The use of open 
architecture for engineering software allows the integration of 
different codes. In this way the most appropriate software for any 
individual task may be used. The resulting over-all system is 
modular; each module deals with one particular activity in which 
it is an expert and passes its results on to other modules for 
further processing. 

1063-293X/93/040213 + 05 $08.00/0 

2. Demonstrator application of the CACE 
system 

The presented CACE system is part of a general computer-
integrated manufacturing [1] (CIM) system underdevelopment at 
the division of Computer Aided Design and the CIM Institute at 
Luleå University of Technology. In this system some important 
tools, such as programs for computer-aided design, finite 
element method analysis, computer-aided manufacturing, con
trolling coordinate measurement machine, and special-purpose 
simulation, are integrated. The area of activities presented in this 
paper is illustrated in Figure 1. 

Hot isostatic pressed powder materials have been used for 
more than 15 years, mostly in the gas and steam turbine industry 
[2] and in high-speed steel production. One of the benefits of 
using these materials is the possibility to design parts with 
complicated geometry. It is important to produce HIP products as 
close to their final desired shape as possible in order to reduce 
production cost, especially for less-machinable superalloy mate
rials. In reality, however, the shape of the product is changed 
significantly by the HIP process. During the densification the 
volume decreases and due to the effects of container rigidity and 
non-uniform temperature distribution in the powder, the final 
shape is not geometrically similar to the initial one. Therefore, it 
has been difficult for designers to predict the initial shape of the 
container in order to reach the required final shape. Recent 
advances in CACE technology facilitate the development of 
special-purpose CACE systems where it is easy to integrate FE 
codes for the modelling and simulation of manufacturing pro
cesses. The special-purpose CACE system makes it easier for 

© 1993 The Institute of Concurrent Engineering 
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Figure 1. Information flow in a CIM system. 

the designer to choose the initial shape of the container in the 
HIP process. The simulation of HIP manufacturing using the 
finite element method (FEM) provides much more information 
about the final shape as weil as the intermediate state during the 
HIP process. 

3. Modelling and simulation of HIP 

The manufacturing of a turbine component in this demonstrator 
example is simulated [3] using non-linear implicit finite element 
codes. The TOPAZ [4] code is used for the temperature 
calculations. A constitutive model for simulation of HIP was 
implemented in NIKE [5] code and used for the deformation 
calculations. An important stage of manufacturing simulation is 
the verification of the FE model with the final geometry of the 
product after the HIP process. Results of the inspection of the 
final geometry by means of CMM are important feed-back for 
updating the FE model. The updated FE model is then used for 
the following simulations. 

The steps in the iterative work, illustrated in Figure 2, are: 

1. Design of the required shape of the product. 
2. Make a first approximation of the shape of the container 

based on the required shape of the product. 
3. Generate the simulation model—mesh, loads, and restraints. 
4. Simulation. 
5. Does the simulated final shape correspond to the required 

shape of the product within acceptable tolerance? If not, 
update initial shape of the container and proceed with 3. 

6. Manufacturing of HIP product. The shape of the container is 
provided by the iterative process 2 -5 . 

7. Measure the form of the product produced by HIP. 
8. Does the shape of the manufactured product correspond to 

Shape of the 
product - A 

E 
Container shape - B Container shape - B 

FE-simulation 

Update B 
Final shape after 

simulation - C 

Manufacturing of 
H IP-product 

i 

Update 
simulation model 

Measured shape of 
HIP-produot - D 

Figure 2. The steps in the verification of the simulation model. 

the required shape of the product within acceptable toler
ance? If not: update simulation model and proceed with 4. 

3.1. Generation of the simulation model 

The design of the component is performed in the solid modelling 
module in the MCAE system I-DEAS, (see Figure 3). This 
system supports activities like solid modelling and automatic 
generation of finite elements in the solid, or on its surfaces. All 
information about the topology of the finite elements, boundary 
conditions, and load sets are generated in I-DEAS. Here also 
the tolerance specification for the component is added to the 
geometric model. The set of information is then transferred to the 
relational database. The interface between the I-DEAS system 
and the FE codes was developed at the department [6] and used 
for preparation of input data for the subsequent FE analysis. 

The input file to TOPAZ is generated from the restraints and 
the temperature loads stored in the database. The calculated 
temperature distribution from TOPAZ together with additional 
loads and restraints from the database forms the NIKE input file. 
The result of the analysis in the form of nodal displacements 
provided in NIKE is then transferred to the database. It is 
possible to choose and store requested time steps. 

3.2. Verification of the FE simulation 

The verification of the final shape, as illustrated in Figure 4, is 
performed within the I-DEAS system by comparison between 
required geometry of the design, resulting geometry from FEM 
simulation, and the results from the inspection on the trial 
product produced by the HIP process. The measurement of the 
final geometry of the product is performed using a coordinate 
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Figure 3. Design of the final geometry of the product. 
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Figure 4. Comparison between geometry of the design, resulting geometry from the simulation and from the inspection. The result from the 
simulation shown by FE-mesh. Bold line—initial form of the container. Dashed line—the result from the inspection. 

measurement machine. The result from the inspection, a set of 
coordinates of measured points on the final shape of the product, 
is stored in the database. For further processing of the result, 
routines for curve approximation of the measured points have 
been implemented. Since the solid modeller in the I-DEAS 
system is based on rational B-spline representation [7], these 
type of functions were used for the approximation. The Cox-de-
Boor [8], [9] algorithm was adopted for the definition of B-spline 
basic functions. 

3.3. Updating the FE model 

The approximating curve from the inspection is transferred to the 
solid modeller in I-DEAS and compared with the result of the FE 
simulation. Following the DMIS vocabulary, actual features and 
nominal features can also be compared. If the approximating 

curve does not correspond to the designed final geometry of the 
product within acceptable tolerance the simulation model is 
updated. Here computational methods for optimum design could 
be used. 

4. Integrating the over-all system using a 
product database 

To realize CACE in practice there must exist one, and only one, 
valid set of information at a certain time for a product model. This 
set of information can of course include different versions of the 
product model. The data must be system-independent and 
application-independent. Hereby all users can always get the 
current and appropriate information for their activities independ-
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ent of the hardware and the software they use. The importance 
of a neutral format in the database is emphasized in Figure 5 
where the different exchange formats used in the described 
system are shown. For example, it should be possible to replace 
one code with another without changing the interfaces between 
the product database and all other applications. 

All the data management within the database is performed by 
the database management system. It is important that the 
database management system allows changes and extensions 
to the datastructure. If the need for a new type of application 
arises this feature will make it possible for the users and the 
programmers to start with a simple datastructure [10] and as 
they understand the problem better and their skills in the new 
area are improved they can then easily extend the datastructure 
to hold more complex information. 

4.1. Characteristics of chosen system 

The implemented system is based on the database manage
ment system Informix-OnLine. All communication with the 
database is performed using embedded SQL, i.e. SQL com
mands in a host language, e.g. C or FORTRAN. 

The hardware used for the application programs and the 
database are Sun and IBM workstations. The coordinate 
measurement machine is a Johansson 12 controlled by a HP-
PC. All computers are running under Unix and are connected in 
a network using the TCP/IP protocol. This set-up lets the 
different applications communicate easily. 

4.2. Coupling between the product database and the 
applications 

As I-DEAS is a large MCAE system it supports several data 
exchange formats. It was stated earlier that the data structure in 
the database should be system-independent and therefore the 
user is free to choose format for exchanging data with the 
database. We chose I-DEAS universal file format to exchange 
FE data since this format supports all entities within the I-DEAS 
program. The FE data sent to the database includes the topology 
of the finite elements, loads, restraints, etc. The simulated final 
form of the product is transferred from the database to I-DEAS. 

The geometry and topology of the product were extracted via 
the relational database Pearl, which comes with I-DEAS. 
Routines for accessing Pearl are provided in the Pearl Data 
Interface Subroutine Library and Pearl Geometry Interface 
Subroutine Library. 

The measurement job was defined in I-DEAS by defining 
coordinate system for the product and the nominal profile of the 
axisymmetric geometry. Here, I-DEAS Open Architecture was 
used to make the measurement definition look like just any other 
module in I-DEAS. Thus, the user does not have to learn so 
many new graphical user interfaces. Using the modules OAD-

DIR and OADRxx makes it possible for the application to direct 
I-DEAS actions and check the status of the execution. 

Using Off-Line Programming Tool [11] a DMIS code for the 
measurement is produced based on the measurement job in the 
product database. The job is specified by using the DMIS feature 
GCURVE. The result from the measurement is returned as a 
"feature actual" of the specified feature. If the option PROCOMP 
is "on" the "feature actual" corresponds to points on the profile. 

Since the current version of I-DEAS does not support 
approximating spline curves and an interpolating function gives 
undesired perturbations and inflections an external approxima
tion routine was adopted, as mentioned earlier. The resulting 
coordinates from the measurement and the approximating 
NURBS curve in form of knot vector and array of control points 
were read into the Pearl database using subroutines in the Pearl 
Geometry Interface Subroutine Library. The module PPXSWR is 
used to store NURBS curves in the context-free region of the 
Pearl database and the module PPXSCP is used to store 
context-free point. 

5. Discussion and conclusions 

The whole process from design to geometry verification is 
performed within the system for integrated design and manu
facturing. The direct flow of information between the simulation 
programs, the CMM, the relational database, and the solid 
modeller makes preparation of input data for FE simulation, 
updating, and verification of the simulation model very efficient. 
The relational database applied here proved to be a very useful 
tool for the integration of the FE programs and the CMM with the 
I-DEAS program. 

The system for verification leads to a better understanding of 
the properties of the simulation model. The simulation model 
should then be applicable for subsequent simulations of the HIP 
process for different products. The benefits of the CACE 
application are not only improved material properties of the final 
product, but in many cases cost-effective ways to fabricate parts 
with complicated geometry. 

Further, it is expected that the CACE system will be extended 
using methods of optimum design to make the simulation 
process more automatic. 
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A RELATIONAL DATABASE FOR GENERAL MECHANICAL SYSTEMS 
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A B S T R A C T . This paper provides a specification of a relational database structure for mechanical systems. 
Through the example provided, a robot gripping device, it is demonstrated how the initial development of the 
database structure has successfully led to an implementation in a practical software environment. The database 
is accessible to multiple engineering application programs and supports a flexible environment for the contin
uing development of new applications. 

1. Introduction 

The engineering process when designing and manufacturing mechanical systems is now going 
through substantial changes. The changes are intended to shorten development time, to improve qual
ity and to reduce cost of products. Specialized disciplines are integrated in a simultaneous engineer
ing process where all the relevant activities such as design, analysis, testing and manufacturing are 
involved in the early stages of the development of the product. The benefit of this technique is the 
ability to make correct decisions in the early stages of the design of a product. This of course reduces 
re-work, improves quality and saves money compared with the traditional way of design where for 
example simulations of product performance were carried out in a late stage of the product develop
ment time when changes are expensive. 

To ease engineering, several computer aids have been developed. Important tools are programs 
for Computer Aided Design (CAD), Finite Element Analysis (FEA), Computer Aided Manufacturing 
(CAM), Multibody System Analysis (MSA) and special purpose simulations. These tools can be used 
successfully one by one but the large benefits are gained first after an integration where data created 
or changed in one application immediately can be used in the other steps of the development process. 
For example it should be possible to use the geometry of a solid model, already defined in a CAD 
program, when creating a FE model or generating NC-code in a CAM program. The administration 
of data is preferably carried out with the product data stored in a central database which is possible 
to access from all applications, see Figure 1. 

In this paper modem database techniques are demonstrated in the analysis and design of mecha
nisms. In particular the generality and the easy access and alteration of the data in the database system 
are considered. The paper focuses on the product database and especially the parts which are impor
tant for multibody system analysis. See Figure 2 where "Simulation of Performance" from Figure 1 
has been divided into "Strength of Material" and "Multibody System Analysis". 
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2. Databases for Mechanical Systems 

When designing mechanical systems as for example vehicles, robots and NC-machines an important 
aspect of the function of the product is its dynamic behaviour. It is therefore important that simulation 
and analysis software for the dynamic behaviour of a product is integrated in a design system. A huge 
number of methods and software have been developed which allow the automatic formulation and 
solving of the equations of motion by the computer for many types of mechanical systems. Summa
ries of computer codes for simulating multibody dynamics are given in [1] and [2]. The multibody 
systems are built of rigid and/or flexible bodies with inertia and springs, dampers and force actuators, 
interconnected by joints, rigid bearings and supports. Friction forces, contact forces and constraints 
may also be included. Information about these components can be included in the database. 

If mechanical systems are to be stored in a general form in a database the appropriate and sufficient 
information about the mechanism has to be defined. The data of the mechanical system is preferably 
defined independently of the formalism applied for the generation of equations of motion and are ex
tracted from the geometrical description of the system. Since newer and better tools are developed 
rapidly it is important that the design engineers are able to change computer tools whenever neces
sary. To make the design system robust and independent of the specific application programs, the 
product database should be independent of the applications which are accessing it. 

Using a common database for all application programs (codes) also reduces the number of required 
interfaces between programs. The effort when adding a new application is then substantially reduced 
since the application only needs to communicate with the database. 

Using the geometry data and the resulting time histories of the dynamic behaviour of the mechan
ical system, the motion can be animated. This is a favourable approach for debugging of the mathe
matical model, to obtain an overall idea of the motion and for pinpointing specific problems such as 
improper connectivity, misapplied motions or forces, unwanted oscillatory behaviour and clearance 
problems. Therefore the geometry (curves, surfaces etc.) should also be easily accessible from the 
database. 

2.1 M E C H A N I S M D A T A B A S E S T R U C T U R E AND T A B L E S - A N E X A M P L E 

The demands above can lead to the database structure of Figure 3. In this database structure, a mech
anism is defined as a collection of rigid bodies that can move relative to each other, with joints that 
limit relative motion of pairs of bodies. A reference triad is a local coordinate system that consists of 
an origin and three axes, x, y and z. Each reference triad is attached to a rigid body at a selected lo
cation. The location and orientation of a joint are defined by a pair of reference triads associated with 
two rigid bodies. The location of a force is defined by a reference triad. Stiffnesses and dampings 
between rigid bodies are defined between pairs of reference triads. 

The motion of a mechanism is driven by loads. The loading may be gravity, applied forces, applied 
motion and initial conditions. The variations of applied forces and applied motions can be described 
by input functions. The geometry of each rigid body is defined in the object table and its subtables. 
Observe that this database structure is flexible and can be changed according to the user's desire. 

Tables corresponding to the database structure in Figure 3 are shown in Figure 4. At the top of the 
tables the table name are located, followed by the column names. The coupling between the tables 
are made by key records which are marked with lines. The different tables contain records of the dif
ferent datatypes, integer, character, real and double precision. 
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mechanism 

rigicLbody joint appLforce 

ref_triad appLmotion 

object 

input_function 

i 
-j spring_damper 

geometry 
data 

Figure 3. The mechanism database structure. A single line illustrates a one to one relationship, for example 
the geometry of one rigid body is described by one object definition. A fork illustrates a one to several relation
ships, for example a mechanism consists of more than one rigid body. 

As an example the table joint is described below. The descriptive information in the table joint con
sists of six records. joint_no is an integer value identifying the specific joint. joint_nam is a character 
string containing the name of the specific joint. ref_triad_l and ref_triad_2 are integer values point
ing at the two reference triads in the refjriad table associated with the joint, jointjype is an integer 
value describing which type of joint it is, examples are revolute joints (1), slider joints (2), ball joints 
(3), cylindrical joints (4) and planar joints (5). The last record jt_user_flag, is an integer flag that is 
reserved for user specific information. 
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mechanism 

mech_no 
mech_descr 
create_date 
solve_rJate 
modeLrnech_no 
solverjd 
ld_seLno 
md_user_fiag 
workng_units 
units_factrs_1 
unils_factrs_2 
units_(actrs_3 
units_tactrs_4 
grav_const 
grav_vec_1 
grav_vec_2 
grav_vec_3 

ref_triad 

ref_triad_no 
ref_tri_nam 
owner_body 
rt_flag_1 
rt_userjlag 
location_1 
Iocation_2 
location J3 
rtcs_xpoint_l 
rtcs_xpoint_2 
rtcs_xpoint_3 
rtcs_zpoint_l 
rtcs_zpoint_2 
rtcs_zpoint_3 

tigid_body 

mech_no 
rgd_body_no 
rgd_body_nam 
objectjd 
cg_ref_triad 
ground Jlag 
rbjlag_1 
rb_flag_2 
rb_user_flag 
bcs_origin_1 
bcs_origin_2 
bcs_origin_3 
bcs_xpoint_1 
bcs_xpoinL2 
bcs_xpoinL3 
bcs_zpoinL1 
bcs_zpoint_2 
bcs_zpoint_3 
mass 
inertias_1 
inertias_2 

|Oint 

joinLno 
joinLnam 
ref_triad_1 
reLtrtad_2 
joint_type 
jt_user_flag 

spring_damper 

spr_dmp_no 
spr_dmp_nam 
s_d_class 
ref_triad_1 
ref_triad_2 
tr_rotJiag 
sd_user_fiag 
in_fun__no 
stiffness_1 
stiffness_2 

damping_1 
damping_2 

pre!oad_1 
pretoad_2 

appLmotion 

moüon_no 
motion_nam 
joint_no 
ref_triad_1 
ref_triad_2 
tr_roUtag 
am_user_flag 
pos_fun_no 
vel_fun_no 
acc_fun_no 

appLforce 

force_no 
force_nam 
joint_no 
ref_triad_1 
ref_triad_2 
tr_rol_flag 
af„user_(lag 
i n j u n j i o 

object 

objecUd 
objecLnam 

inputjunction 

in_fun_no 
in_fun_descr 
in junjype 
niv 
itv 
rnd_var_ids 
fun_vaLdims 
fun_vals 
eqn_strg 
intrscjlags 
iLuserJlag 

free_length_1 
free_length_2 

Figure 4. Tables defining a mechanical system. 
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2.2 E S S E N T I A L C H A R A C T E R I S T I C S O F E N G I N E E R I N G D A T A B A S E M A N A G E M E N T S Y S T E M S 

When engineering database management systems are to be chosen, some essential characteristics 
have to be considered [3-7]. 

An engineering database must be accessible to multiple engineering application programs and it 
must also support an environment for the continuing development of new applications. Application 
programs use different representations of the same objects to achieve the most efficient solution to 
the particular problem they are designed to solve. This implies that the database schemes must be 
flexible enough to support multiple views of the data in the database as well as modification and ex
tension of the schemes. The manipulation of data must include the operations insert, delete and query. 
Data models for design of database schemes should preferably support engineering data types (vec
tors, matrices etc.) and the complex object types found in engineering applications. 

An engineering database system should provide a facility for managing integrity constraints on the 
database and should automatically maintain a consistent database state. The control of consistency of 
the data should be included in the applications or in the executive of the system. The executive is a 
command processor that assembles information, launches application programs, accumulates per
formance predictions, and provides control over the process by the user [3-5]. 

In order to support access of the database by engineering application codes, the database system 
must have a host language interface. Because of the amount of engineering computing that is done in 
Fortran, the interface should include access for at least this language. The system executive should 
use query languages embedded in the host language to access the information in the database. Stand
ard query languages facilitate the extraction of information even for a none expert. All types of data 
(administrative, mechanical etc.) should be available with the same query language. 

A product development system requires a system executive that controls the execution of applica
tion programs a database management system, user interfaces, support utilities, networking capabil
ities and distributed computing. The executive system must support multiple and concurrent users, 
who may operate either in batch mode or interactively. 

The database system should not impose constraints on a preferred sequence of activities in the de
sign process. Concurrent users must have access to the system simultaneously independently of their 
activities. This is one of the foundations of simultaneous engineering [8]. 

2.3 T H E C H O S E N S Y S T E M SOLUTION 

Our solution to the demands above is to develop the database using the relational database manage
ment system called INFORMIX [9,10]. The flexibility of the relational data model is the important 
property making it adaptable to the needs of engineering database management [4]. INFORMIX con
sists of useful programs or modules that perform data management tasks. The manipulation of the 
data is performed using the standard high level languages SQL and 4GL [10]. INFORMIX supports 
distributed processing which allows users across the network to easily access the same database. 

The database structure described in Figure 3 and 4 has been implemented in the chosen relational 
database management system as part of a software development project, carried out at the Division 
of Computer Aided Design at Luleå University of Technology, Sweden. 

The handling of consistency maintenance can be divided into two parts. First there is consistency 
check when inserting data into the database. Records that must have a value are not allowed to be 
null. For example a joint must have a joint number, two reference triads and a joint type. If a non-
consistency should occur it is eliminated through an administrative function that deletes all informa
tion with non-valid relations. 

The communication between the database, the applications and the user interface are taken care of 
and controlled by a central executive. 
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3. Example - a Robot Gripping Device 

The following example illustrates how the proposed system operates when processing a typical me

chanical system. Consider the development of a gripping device for a robot. The function of the de

vice is to grip and lift a cylinder with a diameter of 50 mm and a mass of 5 kg, see Figure 5. The first 

stage is to identify the geometry of the individual parts in the mechanism. This can be done in any 

suitable C A E system. We have chosen to define the gripping device using the program I - D E A S by 

S D R C [11]. 

Figure 5. A robot with a gripping device. 
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Figure 6. The robot gripping device. 

The gripping device shown in Figure 6 consists of six objects. The objects are modeled and their 
corresponding physical characteristics are defined. Then the device is assembled and its joints, ap
plied motion and applied forces are added to the system. The bodies are connected by seven joints. 
Joint number one is a slider joint between PISTON and HOUSING and the six other joints are revo
lute joints connecting GRIPPINGJLEVER1 with COUPLER1, GRIPPINGJLEVER1 with HOUS
ING, COUPLER1 with PISTON, COUPLER2 with PISTON, GRIPPING_LEVER2 with 
HOUSING and finally COUPLER2 with GRIPPING_LEVER2. Here, the piston is forced by an ap
plied motion which is proportional to time. When the mechanism is defined the analysis can be made 
using different computer codes, depending on the specific tasks. In this example the task may be to 
make sure that no parts are interfering, that the main function is fulfilled i.e., gripping a 50 mm cyl
inder and that the design will have enough strength. 

To be able to make the analysis in any suitable software the necessary information of the mecha
nism is transferred to the neutral format described in Figure 3 and Figure 4. This is done by reading 
from the relational database PEARL within the I-DEAS system to the mechanism database developed 
in INFORMIX as described above. Examples on data in the tables in the product database for this 
mechanism are shown in Figure 7. The application programs may extract the suitable information 
from the database using the query language. The interfaces can now be written in embedded Fortran 
or 4GL [10] for automatic transfer of the data to a suitable format for the application program. 
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mechanism 

mech_no 1 
mech_descr A gripping device on a robot 
create_date 05-FEB-1993 16:04:35 
solve_date 
model _mech_no 0 
solver jd 0 
ld_set_no 1 
md_userj lag 
workng_units 1 
unitsjactrs_1 1.0000000000000 
units_factrs_2 1.0000000000000 
unitsjactrs_3 1.0000000000000 
units_factrs_4 273.15000000000 
grav_const 1.0000000000000 
grav_vec_1 0. 
grav_vec_2 -9.8066501617432 
grav_vec„3 0. 

rigid_body 

mech_no 1 1 
rgd_body_no 1 2 
rgd_body_nam RB1 HOUSING RB2 COUPLER1 
objectjd 1 2 
cg_ref_tnad 1001 1002 
groundjlag 1 0 
rb flag 1 
rb_flag_2 
rb_userj lag 
bcs_origin_1 0. 0.89470279216766 
bcs_origin_2 0. -0.27881546691060 
bcs_origin_3 0. -1.2115228697658 
bcs_xpoint_1 1.0000000000000 0.89470279216766 
bcs_xpoint_2 0. -0.27881546691060 
bcs_xpoint_3 0. -2.2115228697658 

bcs_zpoint_1 0. 0.89470279216766 
bcs_zpoint_2 0. 0.72118452191353 
bcs_zpoint_3 1.0000000000000 -1.2115228697658 
mass 0.14087425172329 3.0249687843025D-03 
inertiasjl 7.2418348281644D-05 3.7394507046429D-08 
inertias_2 5.0331487727817D-05 1.9012044560895D-07 

inertias_3 7.0856316597201 D-05 1.9605020895597D-07 
lnertias_4 0. 0. 

inertias_5 0. 0. 
inertias_6 0. 0. 

joint 

joint_no 1 2 etc. 
joint_nam HOUSING_PISTON PISTON_COUPLER1 
ref_triad_1 1 3 
ref_triad_2 2 4 

joint_type 2 1 
jt_userj lag 

appl_motion 

motion_no 1 
motion_nam PlSTON_MOTION 
joint_no 1 

ref_triad_1 
ref_triad_2 
tr_rot_flag 1 
am_user_flag 
posJun_no 5 
velJun_no 
accJun_no 

Figure 7. Examples on the tables in the product database. 
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4. Discussion and Conclusions 

Simultaneous engineering demands a full integration of engineering computer tools. The integration 
is preferably carried out with the product data stored in a central database, a system executive that 
controls the execution of application programs, a database management system, user interfaces, sup
port utilities, networking capabilities and distributed computing. 

The product data of a mechanical system is preferably defined independently of the formalism ap
plied for the generation of equations of motion and are extracted from the geometrical description of 
the system. Since newer and better tools are developed rapidly it is important that the design engi
neers are able to change computer tools when necessary. To make the design system robust and in
dependent of the specific programs, the product database should be independent of the applications 
accessing it. Using a common database for all application programs also reduces the number of re
quired interfaces between programs. The effort when adding a new application is then substantially 
reduced since the new application only needs to communicate with the database. 

This paper provides a specification of a relational database structure for mechanical systems. 
Through the example provided, it demonstrates how the initial development of the database structure 
has successfully led to an implementation in a practical software environment. The database is acces
sible to multiple engineering application programs and support a flexible environment for the contin
uing development of new applications. 
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A B S T R A C T 

A database for finite element models and related data is developed and incorporated into a prototype 
system for integration of non-linear finite element codes with a product design system. In the prototype 
system, the database is used as a link for integrating commercial, public domain as well as in-house codes. 
In the present system, the public domain finite element codes N I K E 2 D , N I K E 3 D , D Y N A 2 D , D Y N A 3 D 
and T O P A Z 2 D are integrated with the CIM-system I - D E A S . The prototype system is primarily intended 
as a platform in research projects for development of integrated environments tuned for simulations of 
specific manufacturing processes such as quenching, welding, hot rolling, metal powder compaction and 
hot isostatic pressing. 

K E Y W O R D S Integration Relational database Product design system Finite element analyses 

I N T R O D U C T I O N 

The product development process consists of many tasks dependent on computer based tools 
which operate on, more or less, the same set of data. The different activities involved in the 
product development of a mechanical component may be geometry definition, simulation of 
functionality or simulation of manufacturing. One goal for the future in the present developments 
of CIM-systems is to create a complete integration of the different computer based tools used 
in product development. This goal has been achieved to some extent in commercial products. 
However, there is in general no single commercial CIM-system that provides solutions to all 
aspects of the development process of a specific industrial product. 

There are many powerful computer based tools suited for specific tasks, e.g., 

• Geometric modelling 
• Structural analysis, linear and nonlinear 
• Rigid/flexible body dynamics 
• Drawing production 
• Visualisation and animation 
• Preparation of computer controlled manufacturing 

A large part of the profit arising from the use of such systems comes from integration, 
giving the possibility to efficiently transfer data from one tool to another. In general, the CIM 
environment need to consist of products from different suppliers. It is important that the 
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integration is achieved by use of protocols and tools which conform to present standards 
where it is possible. The data structures used in communication and storage must be as 
general as possible. In such an environment, one program can be replaced with another with 
the same functionality without affecting the complete environment. 

GENERAL 

The development of the presented system is based on the need to efficiently perform non-linear 
analyses of manufacturing processes. The present C I M systems typically include integration 
with linear FE-solvers, and some systems provide interfaces to commercial nonlinear FE-codes. 
These interfaces vary in quality and often lack functionality for e.g. material specifications or 
contact definitions. With interfaces connecting specific codes, a large number of interfaces 
need to be installed in the CIM-environment, see Figure 1. In the present work, the integration 
is based on the functionality needed for the modelling and the nonlinear analysis. Each 
commercial program in the integrated system is considered as a tool for providing a function 
to the integrated environment. Thus, one program can be changed for another program with 
the same functionality. The basic functions needed in a computer-based environment for 
manufacturing simulations are model generation based on a geometric model, material and 
process definitions, nonlinear structural analysis and result presentation. 

In order to meet the requirements stated above, the integration need to be built on a neutral 
database, independent from suppliers of commercial C I M systems, see Figure 2. By using a 
database manager based on present standards, e.g. the structured query language (SQL), the 
database manager can be obtained from several suppliers as well. Another advantage of 
SQL-based databases for technical environments is that it can be integrated with present 
systems for economy and production administration. A database for structural analyses serves 
two main purposes. The administration of analysis models and results within a project can 
be centralised. Within this environment, the different versions and models of the product can 
be validated by the project management in an efficient manner. The second purpose is to 
simplify the integration process. The neutral data structure makes it easy to produce interfaces 
to the programs included in the integrated environment. If a new program is added, only one 
interface program need to be produced. The process of searching and collecting data for the 
interfaces is facilitated by the use of the relational data model 1. 

Figure 1 CIM-environment with program specific 
interfaces 

Figure 2 CIM-environment with interfaces linked to a 
neutral database 
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THE PROTOTYPE SYSTEM 

System configuration 

The present integrated environment consists of a geometric modeller with finite element 
modelling included, a relational database manager, structural analysis codes for nonlinear 
analysis, integration interfaces and database administration programs, see Figure 3. In the 
prototype system, the following codes are included: 

• I-DEAS CIM-system2. 
• Informix-OnLine database manager3. 
• N I K E 2 D two-dimensional implicit finite element code4. 
• D Y N A 2 D two-dimensional explicit finite element code5. 
• N I K E 3 D three-dimensional implicit finite element code6. 
• DYNA3D three-dimensional explicit finite element code7. 
• TOPAZ2D two-dimensional heat transfer code8. 
• In-house codes for the user interface, program interfaces, material data and model 

administration. 

The I-DEAS system is a general C I M system with modules for geometric modelling including 
solid and surface modelling, a general purpose finite element model generator, static and dynamic 
finite element solver, tools for kinematic and dynamic simulations of assembled rigid bodies and 
modules for simulation and preparation of manufacturing. Transfer of data to and from the 
system can be preformed with use of the complete and well documented universal files or via 
the local relational database Pearl. Geometric data can also be transferred to some extent with 
use of IGES files. The functions used in the integrated system are geometric modelling and finite 
element model generation. The data is transferred using universal files. 

The DYNA2D and DYNA3D codes are nonlinear, explicit finite element codes for two- and 
three-dimensional analysis, respectively. They have been used extensively for fast transient 
problems such as high velocity impact analyses and crashworthiness analyses where the effects 
from wave propagation are significant. DYNA3D has good capabilities concerning analyses of 
general contacting systems. Explicit codes are also used in highly nonlinear large deformation 
analyses of manufacturing processes such as metal powder pressing and hot rolling. NIKE2D 
and NIKE3D are nonlinear, implicit finite element codes for two- and three-dimensional analysis, 

Figure 3 Configuration of the prototype system 
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respectively. These programs are used for nonlinear, quasi-static and dynamic solid and structural 
analysis. TOPAZ2D is an implicit finite element code for heat transfer and mathematically 
equivalent problems. The resulting temperature histories can be used as temperature loading in 
the structural analyses performed by DYNA2D or NIKE2D. In this case, the model generated 
in I-DEAS and stored in the database can be used both for the heat transfer analysis and the 
structural analysis. 

The Informix-Online system is a relational database management system. The communication 
with the database manager is based on the structured query language (SQL). The database can 
be accessed in a client-server computer configuration and one database can be distributed to, 
and accessed from, many servers. The database can be created and accessed from an interactive 
SQL-interpreter or from C or Fortran programs with embedded SQL commands. Another 
option is to create programs with a fourth generation language tool (4GL). 

User interface and communication programs 

The user interface is event-driven and uses the XView window system9 based on the X-window 
protocol. There is a main window where the user can choose between different activities within 
the CIM-environment. Dependent on the choice done in the main window, the selected 
communication program is executed. An example of the window appearances is shown in Figure 4. 
The execution of communication programs could be included in user defined menus in the 
CAD-system as well. Al l user interface and communication programs in the system are written 
in the C-language and the programs that communicate with the database manager have embedded 
SQL commands. 
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Figure 4 Example of the user interface window layout 
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The interface between the CIM-system and the selected finite element code is divided into 
two steps. The model is read from a universal file created by I-DEAS and then stored into the 
database. When a finite element code is selected, one program searches in the database for the 
relevant data and creates an input file for the selected FE-code. 

THE FINITE ELEMENT DATA MODEL 

The finite element data model used in the database is defined as general as possible. The intent 
is to be able to use the data model in environments with other CIM-systems, finite element 
solvers and result presentation programs. In the present system, it is possible to define a 
three-dimensional model with boundary conditions, loads, material definitions and contact 
surface definitions and use the model directly for both DYNA3D and NIKE3D. For a large 
class of problems, the complete input file can be generated from the information stored in the 
model database. 

Supported finite element entities 

The data items that can be defined in the I-DEAS system and transferred to the database are: 

• Elements. 
The supported elements are plane, axisymmetric, shell and solid isoparametric elements. 

• Nodes. 
• Local coordinate systems. 
• Material properties. 

The material name and the static coefficient of friction are the only items in the material 
property list that are transferred to the database. The material name refers to a combination 
of a material type and a material model defined in the material database. 

• Physical properties. 
Thickness of plane and shell elements. 

• Boundary and initial conditions. 
Restraints, initial velocities, prescribed velocities and prescribed displacements as well as initial 
and prescribed temperatures are transferable to the database. Each set of prescribed velocities, 
displacements and temperatures are associated to load curves that can be defined in the 
database. 

• Loads. 
Nodal structural loads as well as edge and face pressures can be transferred to the database. 
Edge heat radiation and convection can also be defined. All loads are associated with load 
curves. 

• Contact surface definitions. 
Contact surfaces in three-dimensional models can be defined in I-DEAS as membrane elements 
covering the contact surface on the solid elements. These membrane elements are defined as 
contact surfaces in the database. The type of algorithm used for contact detection and contact 
force evaluation is determined by the material name associated with the membrane elements. 
Contact edges are defined for the two-dimensional models in the same manner in the database 
but must be defined in a different way in the I-DEAS system. In this case nodes associated 
with slide-lines are collected into groups with names defining the algorithm type. 

A detailed description of each data type stored in the finite element model database is found 
in Bergman et al.10. 
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The relational data model 

In the relational data model, data is stored in tables and the information in different tables 
are related by the content in the table columns. With the relational data model defined in the 
presented database, an hierarchical model can be stored in a relational database. Many databases 
can be defined in the system and each database can store several models. A similar strategy has 
been used by Jeppsson and Oldenburg 1 1 for the storage of geometry by a boundary representation 
in a relational data model. A relational data model for finite element data has previously been 
proposed by Yang 1 2 and a finite element system with model storage in a relational database 
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Figure J Tables and columns of the finite element entity data model 
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Figure 6 Tables and columns of the material data model 

have been presented by Kröplin et al}3. The data model in the present system is defined in a 
general manner. For example, there are no assumptions or restrictions made on the number of 
nodes of each individual element in the model. Furthermore, a search for the elements connected 
to a specific node is as straightforward as a search for the nodes of an element. The tables of 
the data model are shown in Figure 5. The material database is stored separate from the finite 
element models and the material definitions can be defined, updated and deleted from a special 
program in the system. The material data model is shown in Figure 6. 

EXAMPLES 

The examples are shown in order to present the capabilities of the integrated system and the 
manner in which the models are defined in the I-DEAS system. Up to this date, the integrated 
environment has been used in different development and research projects as well as in education 
situations. Experience from these projects tells us that the integrated environment significantly 
improves the productivity. In the research projects, it is most common that special versions of 
the finite element programs are used. In some of the presented examples, new material models 
and contact algorithms are tested. 

Metal powder pressing 

The pressing of a hard metal powder component 1 4 is analysed with a special version of 
DYNA2D. The component is analysed for the density distribution which influences the quality 
of the sintered product. A special cap-plasticity material model is implemented into DYNA2D 
in order to simulate the behaviour of the powder during the compaction process. However, the 
definition of this material model is not included in the present version of the material database. 
In this example a single surface contact algorithm is used, see Oldenburg and Häggblad 1 5 . 
The definition of contact segments for this algorithm is included in the database. The model 
definition includes mapped and free mesh generation, two material definitions, prescribed 
velocities, restraints and contact surfaces, see Figure 7. 
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Hot isostatic pressing of a turbine hub 

A steel container filled with metal powder is subjected to hot isostatic pressing (HIP) in 
order to obtain a fully densified turbine hub with the desired final shape, see Jeppsson and 
Svoboda 1 6. In this case TOPAZ2D and a special version of NIKE2D is used. The powder 
behaviour is described by a material model depending on the applied pressure, the temperature 
and the time. Free mesh generation is used and temperature loading as well as pressure loading 
are generated and transferred to the database, see Figure 8. The same FE-model is used for the 
thermal and the mechanical analyses. 

Assembly of an electrical connection device 

In this analysis a small cylinder is pressed and deformed by a pressing tool onto an electrical 
wire in an electronic assembly. The established pressure between the wire and the cylinder is 
analysed with respect to dimensional tolerances using DYNA3D. An elastoplastic material model 
is used for the wire and for the cylinder. The pressing tool is modelled as a rigid shell structure 
with a prescribed velocity. The symmetry conditions give rise to a skew symmetry plane and 
on this plane the boundary conditions are defined in a local coordinate system. The master-slave 
contact algorithm is defined on two contact surfaces, between the tool and the cylinder and 
between the cylinder and the wire, see Figure 9. 

Impact between a rod and a wall 

A rod with initial velocity impacing a wall is analysed. The definition of this problem follows 
a demonstration example in the NIKE3D users manual 6. The model is generated with boundary 
conditions, initial velocities, elasto-plastic material model of the rod and specification of a contact 
interface using the master-slave algorithm, see Figure 10. A complete input file is transferred and 
the problem is solved with implicit integration of the equations of motion in NIKE3D. 
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ReslraintOl 

Tempload01-02 

Figure 8 Axisymmetric model for hot isostatic pressing of a turbine hub 

Membrane elements, master2/slav< 

Figure 9 Analysed part of electric connection device 

CONCLUSIONS 

An example of an integrated environment for product design and non-linear finite element 
simulations is presented. The integrated environment consist of commercial and public domain 
codes linked together with use of a relational database, a data model for finite element models, 
a data model for material descriptions and communication programs. The program system is 
operated with use of a window based user interface. 
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The use of integration in the product development process has a substantial significance for 
the productivity. In the case of numerical simulations, the analysis models can be defined in one 
single system independent of which finite element program is going to be used. Traditionally, 
the geometry of a product need to be redefined for each analysis in different programs. In the 
integrated environment, the geometry is taken from the product definition created by a solid 
modeller. In addition to the increased productivity and ease of use, it is easy to expand the 
system with new programs. The concept of a neutral database decreases the number of interfaces 
in the system. The exchange of programs is facilitated, e.g. if a new CIM-system is selected, only 
one interface need to be altered. Furthermore, the relational database facilitates the search for 
relevant data for the selected finite element program. The use of the structured query language 
for technical database applications makes it straightforward to integrate the product development 
system with systems for economy and administration. 

The future development will include standard protocols such as PDES/STEP 1 7 both for data 
transfer and data storage. There will also be a development of a more refined material database 
with separate definitions of material behaviour and parameters for material models. Interfaces 
for alternative CIM-systems, finite element codes and result presentation programs will be 
developed. Most of the future development will take place in research projects where the system 
and the analysis programs are tuned for use in simulations of specific manufacturing processes 
such as metal powder pressing, hot isostatic pressing, quenching or welding. 
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Abstract 

Trends of more team working and cross functional activities in Inte
grated Product Development increases the requirements on the computer 
aided engineering technology used. 

Experience of using solid models in a product development project at 
Volvo Aero is presented. Further, it is described how thermal boundary 
conditions, calculated using Computational Fluid Dynamics simulations, 
can be integrated with thermal structural analysis in a commercial Finite 
Element code. 

It is argued that incremental technology development using technology 
based on international standards, e.g. the STEP standard, is a low risk-
highly efficient strategy for improving multi functional analysis systems. 

Keywords 

Integrated Product Development, integration, thermal analysis, struc
tural analysis, STEP, information modelling. 

1 Background and introduction 
To be able to effectively compete in an intense and rapidly changing 

environment, development capability has become a key term in engineer-
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ing management [1]. The question of how to develop new or improved 
products has been placed in focus, and is often described as a process, the 
product development process [2]. 

In this article, we discuss experience from Volvo Aero Corporation of 
working with a solid model based product description during product de
velopment. It is also discussed how thermal boundary conditions, calculat
ed in Computational Fluid Dynamics (CFD) are used to describe the heat 
load in thermal and structural Finite Element (FE) simulations, by the in
tegration of these tools. 

1.1 Requirements in Integrated Product Development 
Terms like Concurrent Engineering (CE) or Integrated Product Devel

opment (IPD) are concepts for product development. These emphasises a 
number of issues, typically participation in early activities of downstream 
functions, parallel work etc. Conaway [3] describes IPD as a management 
strategy that uses customer inquiry, cross-functional teaming and technol
ogy integration to improve the performance of product development. 

Effective communication, in various forms, is an important issue for re
alising these ideas. Information technology is seen as an enabling technol
ogy, providing communication in product development. 

In the same spirit, Finger & Dixon [4] outlines a number of "outstand
ing research issues" in mechanical engineering design. One issue is anal
ysis methods in early and intermediate stages of design. Methods are 
lacking for the evaluation of alternative concepts, and configurations. An
other issue of importance mentioned is the design of a design environment 
that integrates available tools. Several different disciplines of traditional 
analysis is now often integrated in single design activities. 

1.2 Integration of Computer Aided Engineering Tools 
Integrated analysis requires well established communication between 

the computer aided engineering (CAE) tools involved. The integration of 
these tools can be worked out using direct interfaces or via common data
bases, preferably on a neutral format [5]. 

According to Park and Felippa [6], computational analysis of coupled 
field problems, such as fluid - structure interaction can be approached by 
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either integrating the interaction effects in an existing code, or by parti
tioning the analysis and providing communication capabilities to the dif

ferent codes. Advantages using the latter are twofold; the most appropriate 
single field analysers can be used and the modular way of implementation 
maintains flexibility. The requirements of an efficient and controllable in
terface between the codes increases though. This is especially true when 
using commercial software, where the access to the source code and the 
database format is limited. 

1.3 Product Information Modelling using STEP 
In order to exchange information between systems via a database using 

a neutral format, the format of the information in the database has to be 
agreed on. 

One way is to find a standard that covers all the entities of interest and 
implement that standard. Two difficulties encountered in this approach are 
to find a standard that actually covers all the information that is, and will 
be needed, and also to interpret that standard. Many standards only define 
the data model for the information, and the interpretation rules for the 
model are typically implicit [7]. Since human interpretation is required in 
order to implement the standard, different persons may interpret the stand
ard differently. 

Another way is to define a format specific to that problem. For every
thing but a small project this is an extremely cumbersome process. 

A third, and better, method is to use the most appropriate application 
protocol of the STEP (Standard for the Exchange of Product Model Data) 
standard, formally known as ISO 10303, for the problem. Application pro
tocols, AP's, are information models developed for a particular application 
context, e.g. AP209 - Composite and metallic structural analysis and re

lated design [8]. An information model provides not only the description 
of the data, but also an explicit set of interpretation rules for the data [7]. 
Implementation then becomes less dependent on human interpretation. 

In the presented project we have chosen the latter approach, i.e. extend
ing an existing application protocol of the STEP standard. 
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1.4 Implementation of new technology 
Improving an engineering system step by step is called incremental re

search [9], since the development is based on established technologies. 
This does not imply as high technical risk as more fundamental research 
projects and time to benefit is shorter. 

A structured method for analysing the requirements on life prediction 
technology for high temperature components was carried out at VAC [10]. 
It was suggested that improving communication between CFD and FEM 
would be a low cost and low risk development area with potential benefits 
in terms of reduced analysis lead time and improved accuracy of the anal
ysis. 

2 Solid modelling in product development at VAC 
Volvo Aero Corporation (VAC) develops and produces gas turbines for 

civil and military industry as well as for the space industry, in collabora
tion with major aerospace companies. Due to the long operating life cycle 
of jet engines in aeroplanes, typically 30-40 years, these engines are con
tinuously improved. Component development and introduction of new 
materials are motivated by customer requirements such as lowered life cy
cle cost and increased performance. 

Solid models of jet engine components are being used in development 
projects at VAC. The time spent in creating and modifying these models 
can be gained as the completeness of the information in a solid model is 
superior to drawings. However, a requirement for efficient use is that the 
solid model can be used for other activities than just drawing production. 

2.1 Product development process 
At VAC, a process oriented view is used in planning and managing 

product development. 'Tollgates', are the activities where major decisions 
which separates the different stages in product development are made. 
Most activities in-between these tollgates aims at providing the informa
tion necessary for efficient decision making. Engineering analysis is often 
a vital part in achieving this information. 

The requirements on engineering analysis used changes as the product 
development project matures. In early stages of the product development 
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process, rapid modelling and comparative analysis are important issues for 
evaluation of concepts, whereas in later stages quantitative assessments 
and deeper investigations have different requirements on the engineering 
analysis tools. This is illustrated in figure 1. 

Development Time 

Figure 1: Shifting needs of qualitative verses quantitative analysis during 

the product development process 

Development of the communication system shortens lead time and al
low better tools, with higher accuracy, to be used in the product develop
ment process. Hence, developing an integrated system is beneficial for 
both early and late stages in product development. 

2.2 Development of a jet engine component 
In figure 2 it is illustrated how a solid model is being used as a common 

data source for several different activities in a product development 
project of an jet engine component at VAC. Although this approach re
quires both time and CAD resources, it has several advantages: 

• Reduced total modelling time for engineering analysis tools 

• Only one current version of information 

• 3D pictures were helpful in presentations and discussions 
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Accurate measurements were continuously used for design, instru
mentation (placement of gauges etc.) and assembly purposes. 

Manufacturing techniques (CAM) simplified production 

Water tunnel 
models 

Fluid flow 
analysis (CFD) 

Instrumentation 
planning 

Manufacturing 

\ 
Illustrations Structural 

analysis (FEM) 

Figure 2: Different use of a solid model in the development of an jet engine 
component at Volvo Aero Corporation 

Using a solid model was especially helpful since there was a significant 
amount of people involved along in the project, and only a few working 
full time (or nearly full time) on the project. There was never any doubt 
where the latest and most accurate product information was found. 

3 Integrated thermal and structural analysis 
In another example, life assessment of a gas turbine guide vane [11] 

was needed. The difficulties in describing the loads and the material deg
radation phenomena occurring during the operative cycle are two major 
obstacles in predicting life by numerical analysis. The assumption made 
here is that calculating heat transfer parameters in CFD results in a better 
load description, and thereby reduces uncertainties in the following struc
tural analysis. 
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Although a problematic analysis situation, there are several motives for 
numerical analysis: 

• Digital design iterations are cost effective compared to testing. 

• Commonly, only a few test opportunities are given. Numerical anal
ysis can reduce the number of design alternatives. 

• Identification, planning and evaluation of interesting test parame
ters. 

• Analysis is often the only way to continuously predict life for life cy
cle cost decisions. 

3.1 Fluid analysis 
The fluid flow pattern in a gas turbine is extremely complex, and not 

until lately the numerical CFD tools has been used in design phases. This 
is mainly due to long modelling and analysis execution times for sufficient 
accuracy of design problems. However, the perhaps best numerical way to 
predict heat transfer parameters at the component boundary appears here. 

3.2 Thermal analysis 
Within the component structure, the heat equation is solved using finite 

element methods, FEM. Conduction can be relatively well simulated, 
while the accuracy to a large extent depends on the boundary value de
scription. This requires heat transfer parameters at the boundary. The re
sult of the thermal analysis is the balanced temperature field (static 
analysis) or the evolution of the temperature field (transient analysis). 

3.3 Structural analysis and life prediction 
The temperature field history resulting from the thermal analysis caus

es the strains and stresses due to thermal expansion. Errors in thermal cal
culation can very well be accentuated here since the structural material 
model seldom is linearly dependent of the temperature under jet engine 
operating conditions. Together with the temperature and environment pa
rameters, the resulting strains are used as a basis for life prediction analy
sis. 
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3.4 Integration 
VOLSOL [12] is a general 3D CFD code at VAC, which is used for flu

id flow analysis whereas ANSYS 5.2 [13] is commonly used for thermal 
and structural analyses of structures. Convective boundary conditions are 
used for the thermal analysis in ANSYS. 

Heat transfer parameters on the boundary can be calculated in VOL
SOL. Physically, the heat exchange between structure and fluid makes the 
problem coupled but at this stage only the mapping of results from CFD to 
FEM is of interest. 

In this pilot system, heat transfer parameters calculated in VOLSOL is 
interpolated between the CFD boundary mesh and the ANSYS boundary 
mesh. The principle is illustrated in figure 3. The parameters are mapped 
onto the CFD boundary mesh and written on ANSYS format. 

Geometry 
transfer using 

IGES 

Fluid Flow 
Analysis 
VOLSOL 

Boundary value 
mapping 

Geometry 
transfer using 
STEP/AP203 

FE Mesh 
Generation 

Aries 

Thermal 
Analysis 
ANSYS 

Structural 
Analysis 
ANSYS 

Figure 3: Principle of boundary value integration system 

The solid model of the guide vane was defined in CADDS5 [14] and 
then transferred to Aries7.0 [15] using their STEP/AP203 interface. The 
FE mesh was defined in Aries and later used in ANSYS simulations. The 
CFD geometry was transferred from CADDS5 using IGES. In this way, 
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the same geometric model was used for both the CFD and FE model. 

The loads mapped from VOLSOL to ANSYS were discrete surface 
loads, associated to the boundary nodes. 

4 Results 
Experience from using a solid model as a common data source in prod

uct development of a jet engine component was positive. The same source 
of information was used in most activities, which was one key success fac
tor in the project. 

As the same solid model was used for both the CFD and FEM models, 
the common boundary was well described. Node based results from CFD 
calculations were mapped onto an ANSYS mesh to describe the heat trans
fer boundary conditions. The CFD model of the gas volume is shown to
gether with an ANSYS boundary mesh (shell elements) of the guide vane 
structure in figure 4. 

Figure 4: The CFD (gas volume) 3D model where heat transfer parame
ters are calculated is shown to the left and the corresponding FE model 

(structure) including the boundary heat transfer parameters from CFD is 
shown to the right. 
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5 Conclusions and further work 
Experience from using solid models in product development showed 

mutual benefits. As a common data source used in many activities the in
formation exchange in the project was focused which was beneficial for 
project coordination. Using a common solid model as the source for geom
etry in CFD and FE applications simplified the integration of these tools. 

Heat transfer conditions predicted in CFD were used as input in FEM 
analysis. This effort in trying to improve the load description can be moti
vated if improved accuracy in stress calculation (and eventually predicted 
life) can be achieved. 

STEP technology seems promising in providing a common information 
environment, even though the application protocols may need to be ex
tended to be able to handle the relevant information. Information models 
defined in EXPRESS [16], which is the language used to specify the nor
mative part of all the information models in STEP, provides a technology 
neutral and implementation independent way of defining neutral formats. 

Finally, introducing research results step by step, is a way to implement 
research results in an industrial process. In this example, the demonstrator 
system will be followed by more stable solutions using new technology 
and standards. 
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Introduction and background 

Manufacturers in a wide range of market segments are facing an increasingly competitive glo

bal marketplace. This has forced the manufacturers to shorten the time to market and to 

increase the performance and the quality of their products, [1], [2], [3]. New demands are 

raised on the product development process. Manufacturing aspects must be considered during 

the early stages of designing a part to provide the designer with feedback on the manufactura-

bility, assemblability, etc. Recently, concurrent engineering (CE) has been recognized as an 

essential technique for design with respect to the entire life cycle of the product. The process of 

product design is heavily dependent on the manufacturing methods available, and as new man

ufacturing methods, e.g. hot isostatic pressing (HIP), are adopted, new considerations has to be 

made early in the design phase. 

In this paper a system for the development of products produced by HD? and its integration into 

a concurrent engineering environment is demonstrated. The presented system consists of four 

modules integrated using a relational database management system (RDBMS). Each of the 

modules represents different functions in the system: 

• a mechanical computer aided engineering (MCAE)-system for geometry definition, 

pre-processing and shape verification 

• a finite element (FE) program for the HIP simulation 

• a coordinate measuring machine (CMM) 

• a program for optimization of material parameters 

The architecture of the system makes it modular - a module can be added or replaced without 

affecting the overall system. 

Consequences of Concurrent Engineering 

Concurrent engineering does not by its definition imply that the work has to be done on com

puters - just concurrently. However, in reality most work in the design process is computer 

related. Therefore, in order to enable concurrent engineering a substantial effort has to be put 

into the integration of computer-aided applications for design, manufacturing, etc. and thereby 

letting people engaged in the development process to work on the same information concur

rently. 

Properly implemented the integrated applications can exchange and share information between 
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one another - the CE philosophy is not concerned only with a single piece of software or hard

ware, but the integration of all computer-based activities from idea to final product. The risk of 

producing redundant data and having people working with the wrong version of the product 

data can be minimized. 

Also remarks on the design can be made from several points of view in an early stage of the 

development phase. In the case of hot isostatic pressing this is specially important as the man

ufacturing process changes the size and shape of the product dramatically. 

Concurrent Engineering 

Concurrent engineering is a management strategy, [4], [5] aiming to break down the barriers 

between the key activities, such as engineering and manufacturing, in the product development 

process and support simultaneous activities rather than the step-by-step process of serial engi

neering, [4], [5], [6]. Traditionally, the design of products has been seen as a serial process, 

e.g.: market needs, product specification, product design, production system design, produc

tion, customer sales and services. The process of design itself is not typically a serial process, 

but a mixed serial, parallel and coupled process. With concurrent engineering the product 

development process, or design process, is performed by cross-functional teams, [1], [2], [3] -

each of the teams providing feedback on the product design early in the product development 

process and reducing the number and expenses of late changes. 

Having all the latest information at hand helps in solving complicated coupled problems - like 

optimization problems. The information systems must allow for concurrent work, i.e. the com

puter programs used in the design process must easily communicate with each other and be 

able to share information. A prerequisite for such an information system is that there exist a 

single complete and unambiguous model of the product that can hold all the information sub

ject to analysis in the design process. In the case of very simple products a surface model, or 

even a wireframe model, might be sufficient, but for most real world problems a solid model is 

the only representation capable of dealing with all the information associated with the product 

model. 

Making the product data available to all the key functions within the organisation, leads to a 

product model that can be analysed with respect to not only the traditional engineering con

cepts, but all processes and activities that affect a product from the time it is created until it is 

obsolete, at an early stage of the product development process. 

Concurrent Engineering in hot isostatic pressing 

As already stated the world-wide competitive economy has forced the manufacturers to 

shorten the time to market and to increase the performance and the quality of their products. 

Improving the shape of a product or creating a new product based on traditional manufacturing 
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methods are not always enough - new manufacturing methods have to be adopted to meet the 

competition. One such method is hot isostatic pressing. The benefits of using this method is the 

possibility to design parts with complex geometry and high performance materials, and also 

short lead times from computer model to manufactured part. 

Adopting new manufacturing methods raises new considerations to be made early in the design 

phase. The HIP method illustrates this very well as the shape of the product changes signifi

cantly during the densification of the manufacturing process. During the densification the vol

ume decreases and due to the effects of container rigidity and non-uniform temperamre 

distribution in the powder, the final shape is not geometrically similar to the initial one. There

fore it has been difficult for designers to predict the initial shape of the container in order to 

reach the required final shape. It is important though to produce HLP products as close to their 

final desired shape as possible in order to reduce production cost especially for less machinable 

superalloy materials. Finding an initial shape that results in the desired final shape turns out to 

be a coupled problem that has to be solved in a iterative process, see Figure 1: make a qualified 

guess of initial shape, manufacture, measure the shape, make a new guess, etc. With the latest 

advances in simulation technique and computer hardware all the steps in this process can be 

analysed in the computer. 

Finding the right initial shape is a typical optimization problem - unfortunately there are cur

rently no analysis programs available that automatically can optimize the shape with respect to 

such strongly non-linear processes as those occurring in hot isostatic pressing. The optimiza

tion has to be made manually and based on personal experience and judgement, but can be 

facilitated by tightly integrated programs for modelling and simulation of manufacturing proc

esses, see Figure 2. Integrated programs make it possible for the engineer to change the geom

etry model and instantly have the simulation model updated for a new analysis. This is faster 

Figure 1. Optimization loop for the definition of the initial geometry of the product. 
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Figure 2. Concept of an integrated system for concurrent engineering. 

and less errorprone than manually translating and editing files, which is a common way to han

dle this kind of analysis problem. The system is not obstructing the engineer and lets him con

centrate upon the important problems in the design process. 

Since the information is stored in a database management system (DBMS), it helps the engi

neer always to use the latest version of the geometry model, and it also constimtes an excellent 

source of documentation of the design and how it evolved through the product development 

process. 

Hot isostatic pressing of powder metal components to near net shape 

Theoretical background with material modelling 

Hot isostatic pressing is an established process for compacting powder metallurgical materials 

far below their melting point. In the HIP process, a steel container is filled with a metal pow

der, outgassed and then submitted in a furnace to simultaneous application of high pressure 

(about 100 MPa) and a temperature of about 1100 Cfor several hours. During the process, 

porosity is completely eliminated through powder grain coupled deformation mechanisms. It is 

important to obtain HIP products with near net shape geometry in order to reduce costs for 

extra machining, especially for less machineable materials. However, it is well known that the 

final geometry of a product differ from the desired one not only in the shape but also scale. 
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This is due to container stiffness and temperature gradients during the densification process. It 

is essential to be able to forecast the behaviour of the powder and container under the HIP 

process in order to predict the final shape of the product. Numerical simulation can provide 

much information about the final as well as intermediate stages of the HIP process. 

In order to perform numerical simulation of the HIP process an elasto-viscoplastic material 

model for metal powder densification is used. The model uses kinetic equation to predict 

deformation rates for specific deformation-mechanism (see Svoboda, Häggblad and Näsström 

[7]). The mechanical properties of the material depend upon relative density and temperature. 

The material model has been implemented in the thermo-mechanically coupled finite element 

code PALM2D [8]. The flow behaviour of the metal powder has been investigated using HIP 

tests with dilatometer and unidirectional free compression tests. The elasto-viscoplastic model 

gives the stress field distribution including residual stresses. Temperature calculations includ

ing variations of specific heat and thennal conductivity as a function of temperature and rela

tive density are performed. The code have been integrated into general CE system, [9], [10], 

[11]. Using this system, the costs for the design and manufacturing can be considerably 

reduced. 

The constitutive model describe viscoplastic deformation of the porous body taking into 

account compressibility via the equivalent stress. The equivalent stress, oeq, is defined as 

a2

eq = 3 ß / 2 + y/? (1) 

The powder continuum is assumed to yield as a function of the pressure part of the stress tensor 

represented by the first invariant of the state of stress 7j and as a function of the shear applied 

to the material represented by the second invariant of the deviatoric state of stress J2 • The sur

faces represented by these invariants form an elliptical volume in principal stress space with 

major axis coincident with the hydrostatic axis. Functions ß(p) and y(p) are functions of the 

relative density p and represent states of stress generated by changes of porosity. For full den

sity, with p = 1, the functions ß and y have to reach the values ß = 1 and y = 0. In this 

case Eq. (1) is equivalent to the Mises equivalent stress equation. We assume associated flow 

theory with normality mle between the viscoplastic strain rate tensor and the viscoplastic 

potential. 

The relationship between equivalent strain rate z f q and equivalent stress oeq can be deter

mined by the coupled deformation mechanisms operating in the porous material and leading to 

flow. Stress, as well as temperature, has a major influence on the strain rate. At high stresses 

the simple power-law creep model conectly describes experiments only i f the power is increas

ing with the temperamre, otherwise the model breaks down. Here a hyperbolic sine equation is 

used (see Svoboda, Häggblad and Näsström [7]): 
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pefq = j(smh(Bce!j))
mexp(-Q/(RT)) (2) 

In this constitutive function A, B, m, and Q are material parameters. The parameters A and Q 

are a pre-exponential temperature factor and an activation energy, respectively, m is called the 

strain rate sensitivity and B prescribes the stress level at which the power-law breaks down, R 

is the universal gas constant, T is the absolute temperature. The parameters A, B and m are 

taken to be temperature independent in the temperature and stress range of interest. 

Determination of material parameters 

The set of material parameters for a given material model in simulation of hot isostatic press

ing of metal powder is extensive. In order to model the behaviour of a powder, a fitting of the 

parameters to experimental data has to be made. A prototype material database is used where 

data describing material behaviour based on tests are separated from the material parameters of 

specific material models. The tools for fitting of material parameters operate on the material 

database. Unidirectional free compression tests and hot isostatic pressing with a dilatometer 

are performed to determine the material properties for the porous material. 

The unidirectional compression tests on dense and porous speciments have been carried out by 

the Swedish Institute for Metals Research, Stockholm and hot isostatic pressing (HIP) tests 

with dilatometer have been performed in collaboration with the Swedish Institute of Produc

tion Engineering Research, Luleå. The results from measurements of the thermal conductivity 

and the thermal diffusivity see Hallen, et. al. [12]. 

The prototype system for interactive parameter optimization with graphic support is described 

by Oldenburg and Häggblad [13]. The Material Parameter Optimization module (MPO) is 

incorporated in the integrated environment according to Figure 3a. The structure of the MPO 

module is shown in Figure 3b. For the present application, the test type is unidirectional free 

compression tests and hot isostatic pressing with a dilatometer. The stored data in the database 

tables defining the material representation are time, temperature, density, strains and stresses 

obtained from different load paths. Optimizing parameters of a complex constitutive model is 

to formulate the optimization as a nonlinear least-squares problem. This problem is defined as 

the minimization of a function F(x), 

F(x)^'L[fi(x)f=fTf (3) 

where x is the vector with the constitutive parameters to be fitted and / is the vector with the 

differences between the calculated and the experimental values of some relevant state varia

bles. F(x) is assumed to be continuous and have continuous first and second derivatives. 

Requirements of the optimization procedure are to supply with an initial guess of x, the bounds 

of each constitutive parameter and a routine calculating the function F(x) and its derivative 

g(x). The optimization algorithm generates a sequence of vectors x such that 
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Figure 3. Material parameter optimization, from Oldenburg and Häggblad [13]. 
(a) The parameter optimization module incorporated into the integrated 
environment. 
(b) The structure of the Material Parameter Optimization module (MPO). 

x(k+i)=x(k)+a(k)p(k) m d GlVpW^.gM (4) 

where a is a step length calculated by a line search procedure,/; is the direction of search, and 

G is a matrix of second derivatives of F(x). The method of calculating G is described by Nash 

[14]. 

Demonstrator application of Concurrent Engineering system for HIP 

As a demonstrator example the manufacturing of an injection molding tool to the near net 

shape geometry is chosen. The component is made of APM 2390 powder material with a 

ceramic (graphite) core in order to create the desired internal cavity. The powder is a hot-work

ing martensitic steel, produced by Powdermet Sweden AB using a gas atomization process. 

The complete process from design and simulation to geometry verification is performed within 

a computer-aided concurrent engineering system, see Figure 2 and Figure 3: 

• The component is defined as a solid model in the MCAE-system I-DEAS. To the solid 

model analysis information, mesh definition, material properties and boundary condi

tions, are added. The sliding contact between the powder material, container and the 

ceramic core is also defined in the MCAE-system [9]. 

• Al l information about the model, necessary for the finite element simulation is trans

ferred to and stored in the relational product database. 

• The simulation model is transferred to the analysis program which returns the results 

to the database. 
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• The measurement of the final geometry of the manufactured prototype is performed 

using a coordinate measurement machine (CMM) and the result is read back to the 

database. 

• The inspection of the final shape is performed within the MCAE-system. The result

ing geometry from finite element simulation and the results from measurements are 

transferred back to the MCAE-system and compared with the initial shape. Al l the 

steps from the simulation can be analysed in the MCAE-system and provides an effi

cient way of getting a better understanding of the mechanisms in the manufacturing 

process. 

Based on the relational database the direct flow of information between different activities, 

makes this part of the process of product development very efficient. Providing metadata for 

the information being transferred in the different steps, the information is always trackable and 

results in an integrated system. 

The different phases in the design and manufacturing process are visualized in Figure 4 to Fig

ure 8. The geometry model (a solid model) of the canister design is shown in Figure 4. A result 

from the material parameter optimization (MPO) module is shown in Figure 5. Example of 

result from the manufacturing simulation is shown in Figure 6. It shows the density distribution 

at a time when the final density is still not reached. In Figure 7 the results from the CMM are 

shown. It is the measured profile of the ceramic core after the hot isostatic pressing. In order to 

measure the core the test part was cut in two at the middle of the cylindrical surface. A compar

ison between the resulting measured geometry and simulated geometry is shown in Figure 8. 

This comparison is performed within the product definition system (CAD-system). 

As shown in Figure 8 the component is modelled by 500 four-node isoparametric axisymmet

ric elements. Full integration is used for stress and relative density calculations. The material, 

used for container, is steel AISI304. The behaviour of the container during HIP process is sim

ulated using thermal-elastoplastic material model described above. The thermo-mechanical 

process is simulated using a modified version of the PALM2D code [8]. The effects of temper

ature and relative density changes on specific heat and thermal conductivity are taken into 

account. The standard HIP conditions with heating rate 730° C / h; dwell temperature Ih at 

1100° C; maximum pressure 100 MPa and dwell pressure lh at 100 MPa are used for the sim

ulation of compaction of the disk component. For more information about the HIP simulation 

see Svoboda, Häggblad and Karlsson [15]. 
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s Container 

-Ceramic core 

-Powder material 

Figure 4. Design of a injection molding tool, the solid model of the container. A section of 
the test part is removed to show the powder material and the ceramic core. 
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Figure 5. Design of a injection molding tool. Example of result during optimization of the 
material parameters. The experimental data is used as input to the optimization procedure. 
The calculated values show the respons of two load cases using the optimized parameters 
for the material model. 
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minval = 7.19()E+3 

maxval - 7.353E+3 

Figure 6. Design of a injection molding tool. Example of results achieved in an intermediate 
state during the finite element simulation, density distribution. 
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Figure 8. Design of a injection molding tool. Comparison between calculated and measured 
final geometry, [15]. 

- Line - initial shape of the container and core 
- Dashed line - shape after the HTP-process measured by the CMM 
- FE-mesh - shape after the HIP-process according to the FE-analysis 

Conclusions and discussion 

The presented system for the development of products produced by FflP has been developed 

using a concurrent engineering strategy. This system includes the MCAE system I-DEAS for 

the product definition, the FE code PALM2D for HIP simulation and other specialised soft

ware. These tools have been integrated using a relational database management system. 

It is noted that a large amount of work has to be made initially in order to identify the key func

tions and activities as well as the information flow of the product development process. The 

gains are a faster and more automated product development process. Once the process is docu

mented this wil l , together with the use of standard database technique, also make it easier to 

integrate new tools to analyse the computer model of the product. 

It is also noted that the time and cost for designing a new part to be produced by hot isostatic 

pressure can be significantly reduced using an integrated system. 
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Further improvements in ease of use and speed will be seen as the applications become more 

tightly integrated. For example, a system with a tighter coupling between a MCAE system and 

a coordinate measurement machine has been investigated [16]. The coordinate measurements 

are defined as tolerances in the solid model and the measurement instructions are automatically 

generated. The result from the measurements are automatically read back and associated with 

the original model. 
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