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Abstract

The manufacturing industry of today is experiencing an increased competitive 
environment due to the effects of market globalisation. To be able to stay competitive 
and provide excellent goods, Swedish industry and academia have foreseen the need for 
new business scenarios, models and methods. A concept called functional products has 
arisen, called functional sales or total offer on a business level. Taking an increased 
responsibility to provide the offered function during the product life cycle increases 
business possibilities, since the actual ownership of the physical artefact remains with the 
producer, even though the business risk taken also increases due to uncertainty in the 
product development process. Why is this uncertainty a risk? By moving from selling 
traditional hardware to providing a function (the use of hardware, software and service), 
the entire product after market and the function, including hardware, software and 
service, are now the responsibility of the supplier. If something fails, it is the supplier’s 
responsibility. 

The risk can be lowered if the product and process uncertainty are decreased, i.e. if 
you have control in the conceptual phase of the product development process the risk 
can decrease because design decisions are made in this phase. Modelling and simulation 
of the product in the conceptual design phase gives a better understanding of how early 
decisions affect the product during its life cycle. Here, the use of Knowledge Based 
Engineering (KBE) methods has proven useful to provide a formalized and automated 
approach to product development. However, a single company cannot be an expert in 
all areas of product development, meaning that external supplemental knowledge is 
needed where internal knowledge is lacking. This collaborative and knowledge sharing 
development process leads to questions regarding, what to share and what not to share, 
how to share it and with whom. These questions affect the product development process 
by leading to a need to find new methods and enabling technologies to support them. 
The purpose for this research is to examine how the design of Knowledge Enabled 
Engineering Systems is affected by the concept of Functional Product Development.

Studies were performed at affiliated partners in the aerospace and machining/tooling 
industries to gain a more encompassing understanding of how functional product 
development processes may be supported with knowledge enabled engineering tools. 
Software demonstrators were used as both proactive teasers to visualise the possibilities 
and problems and virtual test beds to try out new thoughts, methods and approaches. 
This has given insights into the understanding of how functional product development 
in close business-to-business relationships may be supported by knowledge engineering 
tools and how it affects the internal and external product development processes. 

Keywords 
Product development, Functional Product Development, Knowledge Based 

Engineering, Knowledge Enabled Engineering. 
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Thesis

This thesis comprises an introductory part and the following appended papers: 

Paper A:
A Multidisciplinary Design Tool with Downstream Processes Embedded For Conceptual Design 
and Evaluation. Patrik Boart, Henrik Nergård, Marcus Sandberg and Tobias Larsson. In
proceedings of the 15th International Conference on Engineering Design, ICED05, August 15-
18 2005 Melbourne,  Australia. 

In paper A, the author contributed with information and knowledge about milling and 
drilling manufacturing processes and to the iterative task of formalizing information and 
knowledge into formal rules. Patrik Boart contributed with knowledge about the 
design, performance and economical aspects of the design process, as well as the 
knowledge of how to programme in UGS NX.  Marcus Sandberg contributed with 
overall knowledge about design for manufacturing and to the iterative task of 
formalizing information and knowledge into formal rules 

Paper B:
Knowledge Sharing Challenges within the Extended Enterprise. Åsa Ericson, Henrik Nergård
and Tobias Larsson. In proceedings of the 15th International Conference on Engineering Design, 
ICED05, August 15-18 2005 Melbourne,  Australia. 

The idea for Paper B evolved from discussions with Åsa Ericson. Interviews and analysis 
of the material were performed in collaboration with Åsa Ericson who wrote the paper 
with valuable input and discussions from Tobias Larsson and the author of this thesis. 

Paper C:
Functional Product Development – Discussing Knowledge Enabling Technologies, Henrik 
Nergård, Åsa Ericson, Mattias Bergström, Stefan Sandberg, Peter Törlind and Tobias 
Larsson. In proceedings of the 9th International Design Conference, Design2006, May 15-18 in 
Dubrovnik, Croatia. 

The basis of the discussions in Paper C comprises studies performed by Mattias 
Bergström, Stefan Sandberg Åsa Ericson and this author, respectively. The ideas 
presented in figures and discussions in the paper are based on the collaborative analysis 
of our material. Peter Törlind and Tobias Larsson have contributed to the discussions. 
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1 Introduction 
The first chapter of the Licentiate thesis presents the background, motivation, and vision for this 
work

1.1 Background 
The manufacturing industries in Sweden and around the world are experiencing an 

increased competitiveness due to the effects of market globalisation. To compete on only 
quality and price becomes harder because companies worldwide are increasing the 
quality of their product but with lower costs due to, for example, lower employee 
salaries. To meet the competition and create new business opportunities, ideas regarding 
selling/providing functions instead of just selling hardware have arisen [1][2][3]. This 
new business scenario is called Functional Products and can be defined as hardware, 
services, or software or a combination thereof [1][4][5][6].  The functional product 
concept involves providing additional value besides the traditional hardware. The 
product or offer have to fulfil the customers’ known and expressed needs as well as those 
unaware to the customer, or at least which cannot be easily expressed. It has been said 
that functional product development suits the development of high value products 
developed during long periods of time and are expensive to produce and buy [7]. 
However, it seems plausible that companies producing low cost physical artefacts can 
also be major players globally in their field of expertise as well as provide functions.

Developing and selling functions places new demands on the function provider and 
the product development process because the product, or physical artefact, is still the 
provider’s responsibility during its lifecycle [7]. This means that business possibilities 
increase, though also with an increased risk.  

Taking the risk to produce a functional product and the responsibility to guarantee its 
function during its entire life cycle places new demands on the product development 
process [3]. A single company’s product development process has its strengths and 
weaknesses. Where the development process is documented and known, and where 
available support and prediction tools can assist the designer (e.g. engineer, analyst, etc.) 
in taking decisions in the early phases of the development process are not a problem [8]. 
The problem lies in taking responsibility for areas of uncertainty during the early and 
later stages of the development process. Uncertainty means an increased risk when 
providing functions, since the provider of the artefact owns the physical artefact during 
its complete life cycle. 
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To work around this uncertainty, expertise from external companies is invoked in the 
design process to provide their skill and know-how to the design process. This 
collaborative environment creates an extended enterprise [9]. The focus of external 
suppliers is not to create design solutions for a specification of demands created by the 
provider of the function, but instead provide knowledge, information, etc. as a function 
within the provider’s company to design solutions that enable all partners to design a 
product/offer that suits the known and unknown needs of the end user (e.g. the final 
customer or a partner in the value chain partner ship). To remove uncertainty in the 
early design phases of the offer, fast, verified and reliable information is needed. Utilizing 
computer modelling and simulation support decreases the uncertainty. Modelling and 
simulation of product characteristics have increased with the availability and capability 
of computer and software support. The increased computer support has been used to 
verify or optimize isolated parts of the product during the latter stages of the design 
phase. However, creating computerized product models to simulate different aspects of 
the artefact’s life cycle [3][10] have become more common. Barber, et.al. [10] state that 
engineers experience difficulties in intuitively resolving large numbers of simultaneous 
interactions between different design requirements as well as that ‘the use of design tools is 
one of the most effective approaches to making decisions’(p.149) 

Knowledge Based Engineering [11] has been used in industry to automate routine 
tasks to free time for more creative work [8]. KBE tools that have been created in 
industry are used as internal company specific design support tools that never reach 
outside company walls. FPD insists on collaboration between companies to encompass 
additional knowledge which completes partners design processes [12]. The increased use 
of modelling and simulation software in the early design phases of product development 
also affects the FPD-process. There is a need to share knowledge both internally and 
externally. Internally there are no legal or contractual limitations on information 
sharing, though it can be time consuming to make it available and visible throughout 
the company. The KBE design support tools which are designed for contemporary use 
are mostly used as internal support tools. One problem is that external customers may 
not have the skill and understanding to manage and use the tools. The information is 
there but not understandable for a person outside company borders unless being an 
expert in the same area. Another aspect is that the visibility of the design process which 
may be a competitive advantage for the company that have designed it. Thus if not 
designing the support tool in the correct way competitive advantage may be lost or 
transferred to partners [8].   

The notion of functional products indicates the performance of Functional Product 
Development (FPD) in close business-to-business relationships. The amount of 
information sharing between cross company borders is likely to increase. But how 
should a life-cycle simulation tool that supports cross-company knowledge sharing be 
designed?

The collaboration may occur on different planes, i.e. traditional, outsourcing, etc. 
However, this thesis is delimited to examine how the design of Knowledge Enabled 
Engineering Systems is affected by the concept of Functional Product Development. 
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1.2 Motivation and Purpose 
The aim of with this work is to examine how the shift in view from producing and 

selling hardware to developing functional products and selling the functions may affect 
the design of computer support design tools that are to be used in the functional 
product development process. Computer support tools that have been developed with a 
knowledge based Engineering approach have been becoming more common in 
industry, However these tools are considered and used as internal company engineering 
specific tools, a main challenge for the future when designing computer support is to 
consider both internal and external collaboration aspects. A knowledge Enabled 
Engieering approach has arisen and this seems suitable to support FPD in a distributed 
virtual environment. 

The purpose for this research is to examine how the design of Knowledge Enabled 
Engineering Systems is affected by the concept of Functional Product Development.

1.3 Limitations 
This work has been conducted at the Division of Computer Aided Design in 

collaboration with industrial partners affiliated with the division. The focus at the 
Division of Computer Aided Design is to support the early phases in the design process 
and, therefore, focus the work described in this thesis to support this area of the 
Functional Product Development process. Although my background is mechanical 
engineering, many different areas of the development process (business, economical, 
strategically, manufacturing, service, software, etc.) are affecting this ongoing work to 
give me a better view of how Functional Product Development may be conducted. 
Even though all these areas are of interest, the main focus is the early design phases of 
the product development process. To bring knowledge and information from the later 
(upstream) stages into the earlier (downstream) stages of the development process, there 
is a need for better and faster modelling and simulations support incorporating, e.g. 
Computer Aided Design (CAD), Computer Aided Manufacturing (CAM), Knowledge 
Based Engineering (KBE), Finite Element Analysis (FEA), Dynamics, and Economics. It 
should also be noted that a virtual distributed environment was always considered when 
thinking of new ways to design support tools. 

1.4 Nomenclature 
The following are explanations of terms and words that have been used throughout 

this thesis. They give the reader an understanding of how the author interprets these 
terms. 

Knowledge Based Systems (KBS) = Computerised software where knowledge and 
information has been implemented in some way to support decision/design problems. 
Knowledge Based Engineering (KBE) = same as KBS, but with specific knowledge 
for solving engineering specific problems. KBE is also closely bound to geometry 
modelling.   
Knowledge Enabled Engineering (KEE) = focuses on solving engineering specific 
tasks using Engineering Design methods and methodologies and other knowledge rich 
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strategies incorporated in software support systems.  May or may not be closely bound 
to geometry modelling.  

1.5 Disposition of the thesis 
The thesis is written with this cover paper and three appended papers. The cover first 

describes the research approach and continues with the theoretical frame of reference 
giving an introduction to product development, Modelling and simulation, Life-cycle 
Simulation Knowledge Based Engineering and Knowledge Enabled Engineering 
finishing with a short description regarding information sharing. The presented topics 
are presented because they are of relevance in context to the research purpose. Chapter 
4 presents material gathered and found interesting from the studies and demonstrators 
that have been created. In chapter 5 the appended papers are summarized and their 
relation to the thesis and a short description of the results are given. In chapter 6 the 
results are discussed and conclusions are drawn.  
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2 Research approach 
This section explains the chosen research approach. The overall research question 

implies that EE collaboration when targeting FPD between partners is distributed cross 
company borders. The collaboration is supported with different tools and methods that 
use computer technology, software or both to create an environment where the product 
development may occur. To gain an understanding of the concept of Functional Product 
Development, interviews, meetings and observations were conducted with affiliated 
partners and also discussions in academic research groups working in the same research 
context. At the same time, scientific literature and papers were examined to gain ideas of 
what is the state-of-the-art in the research areas of interest.  

Because of the distributed collaborative nature of the studied engineering cases, 
computer tools used as supportive engineering design decision tools are of interest. 
Another important aspect in the collaborative engineering cases is the knowledge 
sharing aspects. In this context the methodology behind KBE [8][11] was found to be 
interesting and promising as a way of creating the kind of support tools that may 
support FPD. To be able to design and create KBE tools there exist a methodology that 
has been created with the purpose of supporting this; MOKA or Methodology for 
Knowledge Based Engineering Applications [8]. Stokes [8] (p.42) mention a KBE life 
cycle, Figure 1, describing the different steps required for the development of a KBE to 
go through in order to support the knowledge activities it is built for. 

Figure 1. MOKA, KBE life cycle 

MOKA [8] explains these steps but focuses on the structure part of the CAPTURE 
and FORMALIZE step. That is, to capture information and knowledge and to formalize 
it into rules, code and formulas that may be programmed into computer software. The 
MOKA life cycle has inspired my research and the IDENTIFY and JUSTIFY steps 

Formalize 

Identify

Capture 

Justify

Package

Activate 
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were conducted during interviews and meetings with the affiliated partners. The 
information gathered was FORMALIZED and PACKAGED into software 
demonstrators working as proactive test beds to try out theories and thoughts and to 
gain an overall understanding of how to develop and design a KBE tool. The 
demonstrators have been shown for the affiliated industry partners as well as the 
academia to show results but also to gain further information, comments and thoughts 
so that the research may go further. The demonstrators have also been evaluated in 
collaboration with industry in an iterative way during the design of the demonstrators. 
The last step, ACTIVATE, in the KBE lifecycle has never been in the view of being 
conducted due to the fact that since it incorporates launching software for “live” use, 
which never has been the scope of this research although some of the demonstrators are 
actually used at partner companies.  
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3 Theoretical Frame of Reference 

This chapter presents the theoretical framework for this thesis. The chapter is outlined to give an 
overall view of product development, concurrent engineering, modelling and simulation, and life 
cycle evaluation, as well as provide a more detailed view of KBE and Knowledge Enabled 
Engineering. 

3.1 Product development 
A product development process “… is the set of activities beginning with the 

perception of a market opportunity and ending in the production, sale and delivery of a 
product” [13.], (p. 2). Product development thus considers many different aspects to 
consider until a final product is designed and delivered to the market. Traditionally, 
product development was seen as an over-the-wall process where information was 
gradually built up without involving other disciplines and then thrown ‘over the wall’ 
[14] to the next discipline in the development chain.  The perceived market need was 
initially passed on from marketing to design engineers. Design engineers interpreted the 
information and transformed it into a manufacturing specification that was then passed 
on to production units, who interpreted the information and built what they thought 
the design engineers wanted. If a design flaw was found or the design was not even 
manufacturable, the design was sent back for redesign. Because redesign loops could be 
of considerable length, design errors were costly. Information flows describe a phase-
based process where information is transferred from one activity to the next [15]. The 
issue is to provide complete information; hence, the following activity cannot start until 
the first has been completed [15].

Today’s industry focuses on using, more or less, a concurrent engineering approach, 
which will be described in the section below. 

3.1.1 Concurrent Engineering 
The product development of today incorporates many different approaches, one 

being Concurrent Engineering. Instead of utilising a serial or “over the wall” approach 
between different functions in the company, this approach may be described as 
multidisciplinary design teams with a diversity of knowledge utilizing an integrated 
design approach in a concurrent way. [16][17][18].  
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Requirements 
Definition Product Definition Process Definition Delivery and Support

Requirements 
Definition

Product Definition

Process Definition

Delivery and Support

Sequential Engineering

Concurrent Engineering

Time SavedConcurrent Life-cycle Time

CE Life-cycle Time

Figure 2. Sequential versus Concurrent engineering, Prasad [16] (p. 92) 

Figure 2 shows the difference between traditional and concurrent engineering. 
Activities in the design process are performed concurrently. Information flows back and 
forth between the different activities, gradually building up a complete body of 
knowledge about the product, how it will be manufactured etc. Because the 
information is incomplete in the different interrelated activities, good communication is 
required between disciplines to find out how well the design meets the needs of the 
customer [15]. The increased availability of computers and intuitive software makes the 
use of models and simulation more common and decreases the physical verification of 
design parameters. 

3.1.2 Modeling and simulation 
Prasad [16], describes a model as “a model is a representation of some important 

characteristic of a subject system. The subject system could be a physical (such as a part), conceptual 
(such as a view, or an abstract sketch), or an analytical (such as an equation).” (p. 320).  Prasad 
[16] also mentions the original definition of a model stated by Murphy[19]: “A model is 



Nergård, Knowledge Enabled Engineering Systems in Industrial Product Development 

21

a device which is so related to a physical system that observations of the model may be used to 
predict accurately the performance of the physical system in the desired respect”(p.57). In this 
thesis, the model follows Prasad’s definition. The analytical model and the conceptual 
view of the model are interesting for this research. The conceptual model is in this 
context thought of as CAD solid models [20], whereas the analytical model describes 
the physical properties of the actual artefact designed. These two are closely related 
because the geometry of the design often determines how the analytical model behaves. 
Connecting every step of information, knowledge, process, etc. that is needed in the 
product’s entire life cycle creates a complete product model.  

These analytical models are then simulated in computer software. The software used 
often specializes towards a specific modelling approach (e.g. Finite Element Analysis 
[21], Multi Body Dynamics [22] etc.) the analytical model is often created (pre-
processing) within these software applications. To create an analytical model, knowledge 
of the model itself (how the intended design is supposed to perform), how the 
environment affects the model and knowledge in working the modelling software is 
needed.

With an increasing amount of information connected to the model and with 
increasing detail of the model itself, simulations can take a considerable amount of time, 
from a few hours to even days and weeks. The time needed decreases with the 
availability of fast computers and “…future CAD development needs to be driven from the 
“D” and not from the “C”…” [23](p.55). Still, there is a need to break the simulations 
into smaller parts, which when assembled give a detailed product model. Analytical 
Target Cascading [24] is one approach for this. 

3.1.3 Life-cycle Simulation 
Barber [10] defines life cycle analysis (LCA) as: “The aim of LCA is to provide the best 

possible life cycle for a product. This takes into account the environmental impact of the 
manufacture, usage and disposal of a product through the associated costs, i.e. the costs of 
manufacture including emissions all the way to the predicted disposal costs. The aim of this analysis 
is to produce a product with the best possible life cycle cost.”. Life cycle analysis and life cycle 
simulation differ slightly. LCA tends to encompass both computer support and manual 
analysis, whereas life cycle simulation means that a complete product life cycle model is 
simulated entirely with computer support. Boart [3] states that “To receive knowledge about 
how the life cycle of a product will be affected by early decisions; more disciplines needs to involve 
their knowledge”. Thus, it is important to include and consider all disciplines that affect 
the design and not only the traditional engineering activities. The model may be 
simulated in small parts that are assembled or as a whole depending on how large the 
product model is. When incorporating different disciplines the life cycle can be designed 
to suit the business from case-to-case. Thus, one might say that the product life cycle is 
customizable. Simulating the life cycle of a product also permits seeing what type of 
business scenario (e.g. Total offer, hardware sale, etc.) best suits the company best at that 
time. 

This is a step towards support tools for the extended enterprise. Boart [3] states that a 
KEE-approach should be chosen to support life cycle simulation. This is because 
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different areas of the company are involved and information from them is needed to 
make the correct design decision at any given stage of the process.  

3.2 Knowledge Based Engineering 
There are many definitions of Knowledge Based Systems [25][26] and Knowledge 
Based Engineering [8][11]. Briefly, Knowledge-Based Systems aim to capture product 
and process information into a computerized application and make it available for 
others to use. This is important because product and process knowledge and experience 
are often person dependent [27] thus experience can be lost due to, for example, staff 
turnover.  Integrating knowledge and information in computers is important but it is 
also important to know who knows, that is to be able to locate the person that can give 
useful information to i.e. the product development process [28] Knowledge-Based 
Engineering is similar to KBS, but with the additional feature of being connected to 
geometry modelling (CAD/CAM etc.), and focusing on engineering design activities. 
The purpose of KBE is to automate time consuming but standardized routine tasks [8]. 
That is, a product that does not change much for a long time, but varies in size, shape, 
etc. depending on its designed purpose is suitable for integration in a KBE system. 
Knowledge and information of how a product is designed are captured and formalized 
into computer readable code. The code is then implemented in software systems that in 
combination with CAD create the KBE-application. The information that has been 
integrated in the computerized software can incorporate activities not closely related to 
the user’s speciality, giving the user a better overview of the design process and speeding 
up the design process so that an increased number of design iterations can be conducted. 
However, KBE-approaches are not always suitable.  MOKA [8] (p.11) states that KBE 
should not be used when: 

The design process cannot be clearly defined 
The technology in the design process is constantly changing 
The design process could just as well be modelled in a simple program 
The knowledge for the desired application is not available, or; 
The organization does not have the will, the money, and the resources to introduce a KBE 
system

The above statements are more or less valid for this work but 1, 2 & 4 are interesting 
arguments to consider in the research. KBE-applications have been used mostly as 
internal specific design tools. Company specific knowledge is always accessible and no 
legal or contractual consequences of information exchange exist, though the 
information may be difficult to find, capture and formalize. The methodology itself does 
not limit the methods to be used in only an engineering specific context. Any 
information, knowledge or both that can be captured and formalized can be used in 
knowledge based support tools. 

The use of and distribution of KBE-applications may be multi-site or spread over 
several organizations [8] considered important if knowledge and information about the 
design process comes from suppliers. The information may then be confidential or 
supplied within a black box simulation module [29]. Bylund [30] also recognizes this as 
one of the crucial points to consider when incorporating company specific knowledge 
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into a software application.  

3.3 Knowledge Enabled Engineering 
Knowledge Enabled engineering (KEE) is a similar approach to KBE. “KEE includes 

KBE and similar knowledge rich strategies” [31](p.1). However, KEE incorporates 
Engineering Design knowledge and methodologies. One can think of KEE as several 
KBE-models that are connected to each other by means of engineering knowledge and 
methodologies to create a more encompassing model of the entire product 
development system. Information and models from other disciplines are also used to 
increase the amount of information about the design and its life cycle. Hence, KEE 
does not limit itself to use a certain methodology. In Figure 3, a drawn schematic is 
shown where KEE fits in a hierarchical level illustrating the different kinds of 
knowledge that are needed in order to perform and design models of various kinds. 

Geometry model Analytic Knowledge

Analytic model Process Knowledge

Knowledge Based Engineering Engineering Design 
Knowledge

Knowledge Enabled Engineering

Figure 3. Hierarchy showing different kinds of knowledge needed for different levels of detail 

Of note, is that KEE can be integrated into computer software but it is not a necessity. 
However in this research KEE is thought of as computer systems that are used as 
decision support.  

3.4 Sharing 
The sharing of information can be formal, structured or informal [32]. In the context 

of this thesis, formal and structured information are of interest. In this research, the 
following distinction between symbols, data, information and knowledge is used; 
symbols that are syntaxed give data. Data in context give information and information 
when networked can be used in a particular field of activity and may then be called 
knowledge. [33 ] 

Information travel in various forms e.g. text, figures, mouth-to-mouth, models, 
geometry, etc. Information that travels within CAD/CAM can be regarded as data. In 
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this context, information exchange can bee seen as data exchange. The most common 
methods for data exchange between dissimilar CAD/CAM systems are direct translation 
and neutral file exchange [20]. However, data sharing, called Standard for the Exchange 
of Product Model Data (STEP)[34], is a third method that has become more common 
and is currently a growing international standard (ISO 10303). 

Regarding the sharing of information, and in this context, sharing by incorporating 
knowledge and information by means of computer tools, it is important to recognise 
that to create a competitive advantage the information used has to draw upon the 
supplier’s strengths [15]. Probst et.al. [33] also states; ’What knowledge is vitally important to 
us from a strategic point of view? What knowledge is relevant and valuable, and thus likely to affect 
our business results? In relation to which intellectual assets could we take measures to improve the 
acquisition, sharing, preservation or utilization of knowledge?’(p. 294). It is also important that 
information and knowledge is correctly used. 
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4 Knowledge Enabled Engineering Systems 
This chapter presents the main research findings. The result starts with a presentation of the 

affiliated partners and their relationships to each other, both presently and in the scenario used in 
the research. The chapter then describes the findings.  

4.1 Scenario 
The scenario discussed in this research involves two partners with a long-term 

relationship, with one company acting as a customer (Company B) and provider of the 
final function (total offer/total sale) and the other company acting as a supplier 
(Company A) providing expertise in the machining area. They are partners in an 
extended enterprise as seen in Figure 4. 

Company C

Company B

Company A

Figure 4. Partners in the Extended Enterprise 

There are only two partners in the studied case, though the tentative view that has 
surfaced during interviews and talks with the industrial partners is that the functional 
product will be developed with completing expertise from multiple companies in a 
virtual environment.  

4.1.1 Partners 
This section presents a brief introduction of the affiliated partners and their 

relationship to each other, with the purpose to give an understanding of what kind of 
product development they are conducting today. 

The affiliated partners involved design, produce and sell high-tech products used 
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worldwide. The partners have worked together and have a long term Business-to-
business relationship (B2B-relationship). Today, the first company acts as a supplier to the 
other company providing expertise and being their productivity partner. In recent times, 
both companies would have had a “preferred supplier” contractual agreement.  

During the interviews and meetings with the affiliated partners, both mentioned 
their intention to provide Total care, Total offers or functional products in the future. 

4.1.2 Supplier
The first partner produces products used in the manufacturing industry, specialising 

in machining (turning, milling, drilling, etc.), the mining industry and components in 
home appliances. The company produces and sells hardware, and provides software and 
engineering support tools and services used to enhance the customers’ productivity. The 
company also has an educational service to help customers gain an increased 
understanding of how to use their products and process improvements. The internal 
product development process focuses on developing software and support tools that 
support the development of tools, inserts and machining data, thus creating new product 
designs that increase the productivity of partners or customers. The organisation consists 
of different levels that support different kinds of customers. The part of the partner 
organisation that the author has collaborated with specialises in delivering customized 
product or process solutions to their customers.  

Hardware is divided into two groups: soft and hard components. Soft components 
consist of high strength steel tools and tool holders; hard components consist of different 
alloy inserts. CAD/CAM, FEA and vibration (among others) simulation support are 
used in their product development process. These tools are used to enhance and improve 
the hardware provided by the company, and to verify that certain design decisions 
function correctly. 

4.1.3 Customer 
The other partner manufactures multi-million dollar goods for the civil and military 

aerospace businesses that provide load bearing components and selling their competence 
and knowledge as product development to other businesses and partners. The flange 
design tool (presented in this article and the appended paper A) was developed in 
collaboration with this company. The supplier also uses computer support throughout 
the product development process because the produced components are too expensive 
to destroy with manual testing. Computer support is used in the development of 
hardware and manufacturing methods. 

4.2 Design Support Tool 
The presented work in paper A describes a flange design tool used to design and 

evaluate different aspects that affect the component during its entire life. The flange 
design tool incorporates different activities, shown in Figure 5,  from the areas of design, 
manufacturing, maintenance and economics,  and a knowledge enabled engineering 
approach was used in its development. The design tool was developed and viewed as an 
internal design support tool offering increased decision support for the product life 
cycle. The different activities are evaluated concurrently and in real time. The flange 



Nergård, Knowledge Enabled Engineering Systems in Industrial Product Development 

27

design tool also represents a single isolated design process.  

Geometry and bolt 
definition

Performance evaluation 
and bolt definition 

Manufacturing 
evaluation and definition

Maintenance evaluation
OK!

NO!

Detailed
design

Start!

DBScript

Cost report

Figure 5. Schematics of Disciplines and activities involved in flange design tool 

Combining this design process shown in Figure 5 with the picture commonly used 
when explaining the extended enterprise, Figure 4, the design process is only used 
internally and is not visible outside the company, Figure 6.   

Geometry and bolt 
definition

Performance evaluation 
and bolt definition 

Manufacturing 
evaluation and definition

Maintenance evaluation
OK!

NO!

Detailed
design

Start!

DBScript

Cost report

Company C

Company B

Company A

Figure 6. Schematics of the extended enterprise and a design process at one of the affiliated 
partners.

4.2.1 Formalized Activities 
Figure 7 shows a schematic regarding the different activities involved in the design 

process at the customer in the scenario. The schematic has been derived according to 
interviews with the customer and corresponding material.  
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Turning
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Cost
Report

Operation
List

Figure 7. Schematics over the activities integrated in flange design tool 

To create the hierarchy an object oriented programming approach [35] was used to 
implement the knowledge/information about the design process. The purpose of using 
an object oriented programming approach is that when a process or a formula has been 
implemented in a class (“block” with a defined input and output that process the input 
in certain ways), other processes can reuse the process by simply calling the class name 
and certain operational methods (part of the programmed process inside each class).  

In Figure 7, note that all processes are only internal specific, formalized and 
integrated into the hierarchical schematics. The design tool is created solely for the 
purpose as an internal support tool and acts as one evaluation/design block in a larger 
product model context. Because all disciplines in the flange’s life cycle have been 
implemented (in this case), the flange is always consistent with design policies and 
working methods. The designers can then concentrate on producing different design 
solutions and evaluate them in terms of how well the design fits the wanted life cycle 
parameters.  

4.3 Knowledge sharing challenges  
The above description of an internal design support tool fits if one company uses the 

design tool to customize a design for a certain business. However, in the examined 
scenario, Functional Product Development insists on collaboration between one or 
several partners in the extended enterprise to design and sell the added value within the 
total offer. Paper B presents the results from several interviews and studies with industry. 
Industry perceives company specific information and knowledge as strategic resources, 
and knowledge is seen as a part of products that is sold or bought. This leads to what is 
of utmost concern for all partners involved, specifically issues of intellectual property 
rights, how to communicate and what to communicate. Today, these questions are solved 
by contracts that regulate the relationship. The contract is signed before collaboration, 
but possibly when a development project is finished. However, the collaboration in the 
context of functional product development is recognized as a long-term business 
relationship involving the whole company, all parties and all stakeholders. Establishing 
contracts that consider all aspects during this time span has been recognized as 
problematic. When designing a function together in close collaboration, companies 
cannot act as a traditional supplier and customer, and must collaborate much earlier in 
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the development process. This is because all involved partners will influence the concept 
development with their expertise along with the decisions of other partners, so that the 
function/product or offer meets the needs of the ultimate customer. Few support tools 
exist in the early design phases of product development [27] and even fewer are 
designed especially to support the early design phases in functional product 
development.  

4.4 Computer Tools for Collaboration 
To support functional product development, a new enabling technology has to be 

found. When suppliers become more integrated with customers’ early design phases, the 
product development process is likely to be affected. Industry has recognized that 
computer tools may be an enabler for an extended enterprise and for knowledge 
sharing as they speed up the responses between companies. Thus, the information flow 
moves from person-person to computer-computer or between computer-person, 
depending on the level of integration. Using computer tools during collaboration 
enables several partners to occur simultaneously and concurrently; hence, there is the 
risk of sharing too much knowledge. The risk is that collaboration between several 
partners may involve competitors. When this issue surfaced, it was uncertain if this kind 
of information could be used with other firms. Therefore, trust seems to be a necessity 
for collaboration. 

To support the product development processes of companies with computer support, 
KEE is a promising start due to its close connection to geometry and engineering focus 
and support for knowledge and information from a diversity of disciplines. In Figure 8, 
the new scenario may be seen where KEE tools are used as product development 
support tools between collaborating partners. Using KEE-applications, which only use 
formalized knowledge and information that are consistent and verified, crosses the 
circles representing company borders. 

Figure 8. Cross Company collaboration in the Extended Enterprise using KEE-tools 
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In Figure 9, parts of the two companies’ (in this example) processes are used together 
to enable a certain function that solves the customer’s needs. Because the end user is 
involved in the product development process, their needs become visible for all involved 
parties. This is important for all parties to make the correct decisions. An important 
aspect to consider is where and how the interaction will occur.  The collaboration 
between the two companies is supposed to enrich their development processes. 
However, one partner often acts as a supplier to the other.  As Figure 9 indicates the two 
companies still produce and sell their traditional hardware (Process 1-4 and Process A-
D) FPD is an alternative way to do product development for a new business (total offer, 
total sales), without excluding other forms of product development or businesses. 

Process 1 Process 2 Process 3 Process 4

Process A Process B Process C Process D

Process 1

Process B

Virtual Environment Enabling Function

KEE
TOOL

CAD ANALYTIC FEA ECONOMY

? !

MBDS

ANALYTIC

THERMAL ECONOMY

Figure 9. Knowledge Enabled tools in the Extended Enterprise 

Below additional issues are listed that have arise when discussing functional products 
with industry. The first two are seen as key points for functional products, and the rest 
are risks that have to be considered when conducting functional product development: 

Win-win situation 
Shared information and knowledge 
Shared responsibilities 
Roles
Confidentiality
Payment 
Profit 
Trust 
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Roles, confidentiality and the sharing of information and knowledge can be 
regulated or integrated in the design of the support tool. However, exactly how this is 
supposed to be done have to be decided from case-to-case. 

4.5 User interaction – an integration issue 
The level of user integration to the support tool depends heavily on the level of 

integration between the company support systems. From fully integrated and automated 
processes to graphical user interfaces operated manually by the software user. Larsson 
et.al. [29] also states  that it is important to design tools so that the user don’t have to 
work-the-tool but instead work-the-work and also integrate the user in the design 
process of the tool. 
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5 Summary of Appended Papers 
In the following sections the appended papers are presented. Each paper is summarized and the 

relation to the thesis is explained. A short presentation of the results in each paper is also given. 

5.1 Paper A:

A Multidisciplinary Design Tool with Downstream Processes Embedded For Conceptual Design 
and Evaluation. Patrik Boart, Henrik Nergård, Marcus Sandberg and Tobias Larsson. In 
proceedings of the 15th International Conference on Engineering Design, ICED05, 
August 15-18 2005 Melbourne, Australia. 

Summary
The aim of this paper is to study how a multidisciplinary design tool can be used to 

embed downstream processes for conceptual design and evaluation, thus allowing 
simulation of life cycle properties. A knowledge enabled engineering approach was used 
to capture the engineering activities for design and evaluation of jet engine component 
flanges. For every design change, the cost of manufacturing operations, maintenance and 
performance aspects can be directly assessed. The design tool assures better control over 
the process quality and creates a better understanding, thereby enabling the engineers to 
optimize the concept in real time from an overall product life cycle view. 

Relation in thesis 
The design tool illustrates how a flange design tool may be designed and used by 

incorporating information and knowledge from the areas of design, manufacturing, 
economy and maintenance. The flange design tool may be seen as an internal design and 
decision support tool incorporating aspects from its complete life cycle. The information 
and design of the software contributed to an increased understanding of how internal 
company specific knowledge about a design process and the hardware life cycle may be 
used in the early design phases.  

Results
The design of the flange design tool shows that even though knowledge and 

information about the different activities in the hardware life cycle are available and not 
bound by any legal or contractual information limitations, capturing and formalizing 
the information for it to be implemented is still difficult. Redundancy in the rules 
created is a fact that increases with the number of rules used. This has to be managed 
internally and becomes more difficult when incorporating knowledge and information 
from external partners.  
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5.2 Paper B:

Knowledge Sharing Challenges within the Extended Enterprise. Åsa Ericson, Henrik Nergård 
and Tobias Larsson. In proceedings of the 15th International Conference on 
Engineering Design, ICED05, August 15-18 2005 Melbourne, Australia. 

Summary 
The integration of hardware, software and services in functional products calls for 

close collaboration with companies having complementary skills. From an engineering 
design perspective, knowledge sharing supported by software systems is useful, though 
functional product development seems to insist on integrating multifunctional skills, 
which is likely to affect the design of software systems. The objective in this paper is to 
explore knowledge-sharing challenges between manufacturing companies striving to 
create close functional product collaboration, and hence understand aspects in the 
design of software systems. 

Relation in thesis 
To design support tools for use in functional product development, it is important to 

understand how industry is likely to act when collaborating in cross company 
partnerships. How they act or what they regard important raises issues that have to be 
considered or overcome to design support tools to be used between partners. 

Results
Paper B has increased the understanding how the concept of Functional Product 

development affects the design and use of KBE tools in the product development 
process. KBE systems are traditionally seen as internal design tools, though it seems that 
KBE may be used in the extended enterprise to speed up the knowledge sharing 
process.  This paper recognises the challenges of who to trust, what knowledge to share 
and how to share it. These challenges put new demands on the design of KBE tools and 
affect how tightly coupled KBE systems can be. 

5.3 Paper C:
Functional Product Development – Discussing Knowledge Enabling Techonolgies, Henrik 
Nergård, Åsa Ericson, Mattias Bergström, Stefan Sandberg, Peter Törlind and Tobias 
Larsson. In proceedings of the 9th International Design Conference, Design2006, May 
15-18 in Dubrovnik, Croatia. 

Summary 
The purpose in this paper is to discuss new demands on computer tools to support 

decisions in functional product development. To do this, a tentative picture of the 
changes in product development motivated by the concept of functional products has to 
be outlined to serve as a basis for discussions. The offer as a whole comprises services 
related to hardware, designed into the hardware or both. Accordingly, the product 
development level will be affected. Global collaboration in product development places 
new demands on knowledge enabling technologies. 
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Relation in thesis 
The paper presents a new view of product development using an FPD-approach. This 

approach insists on close collaboration between partners in the extended enterprise. The 
collaboration occurs at different levels, but there is a need for increased support using 
different and complementing collaborative enabling technologies. When utilizing KBE, 
it is important to find the core knowledge that can be integrated into the design 
support tool. 

Results
Paper C has increased the understanding of how functional product development 

affects the design and use of knowledge based engineering programs.  It has also given a 
more encompassing view of how different enabling technologies, such as first person 
video conferencing, design rationale connected to the early design phases and how 
knowledge based engineering can support, complement and thus enhance the design 
process.  
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6 Discussion and Conclusion 
In this chapter the presented results from chapter 4 are discussed. The discussion is related to the 

context of designing computer support that is to be used to support FPD. Finally conclusions are 
presented and also a short presentation of ongoing and future work. 

6.1 Summary of important results 
The main results in this thesis can be concluded as: 

Decision making of life cycle properties can be supported by support tools 
utilizing a KEE-approach. 
The Extended Enterprise-scenario indicates that cross company collaboration 
with several partners is needed to reduce risk taken. 

o Challenges that are likely to affect the product development process are: 
knowledge is seen as a strategic resource 
it is critical to know what to communicate and, 
how to communicate with partners 

Computer tools may be an enabler for extended enterprise 
o Multiple customer can be supported simultaneously 
o Responses between partners can be enhanced 

Challenges have to be taken into concern when developing tools for the EE 

6.2 Discussion 
The notion of total offer, total sales or selling functional products indicates the need 

for cross company collaboration, thus forming an extended enterprise. The extended 
enterprise represents long-term relationships between partners, while desiring flexible 
and dynamic relationships depending on what product/function that is necessary to 
meet the needs of the end user. To have this kind of flexibility between companies, a 
relationship has to exist before sharing information. The belief is that complementing 
knowledge and skills are going to reduce the risk taken when providing a total offer due 
to decreased uncertainty in the product development process. In this thesis, the use of 
computer tools and especially KBE/KEE support tools have been explained and 
examined. It seems at this point that knowledge enabled engineering approaches can 
perhaps support product development in its early phases to evaluate and predict 
parameters that affect the offer throughout its life cycle. However, several issues have to 
be discussed before conclusions are drawn. 

There is a shift from developing and selling hardware to providing functions that 
meet the needs of the end user. This alters the view in product development from only 
an internal view, i.e. to develop tools and methods that enhance the internal product 



Nergård, Knowledge Enabled Engineering Systems in Industrial Product Development 

38

development process, to an external view that adapts the internal product development 
process for external use and enhances customers or partners’ product development 
processes. This puts increased pressure on what information should be included in the 
support tools. The purpose of the tool is to enhance the customers’ processes by 
decreasing uncertainty; hence, the information and knowledge captured, formalized and 
integrated in the support tool has to be verified and tested. Thus, it is important for a 
company to find the company “core knowledge” within their product development 
process that other companies might find useful, and that the process is safe, secure, 
verified and tested. This becomes even more relevant if “full responsibility” contracts for 
providing certain functions have been signed between the partners. Although this 
subject is interesting, it is not in the scope of this thesis and hence not investigated. 

The support tools used today has, as stated above, an internal perspective. Information 
and models are readily available and known. But when facing the external perspective it 
is not known on what external models and information the support tools is going to be 
used. Thus, the support tool cannot be adapted to external sources, but external sources 
have to adapt to the support tool. This makes the development of the support tool easier 
because the internal processes only have to be captured, formalized and integrated into a 
support tool that acts like a black box simulation. The customer will never see the 
different areas that enable the support if this is not the purpose. The information within 
a black box simulation is known, maintained and updated by the supplier of the support 
tool.  

The interface that the user uses have to be designed in a way that is understandable, 
intuitive and instructions of how to use the tool, what it does, and what output it 
delivers have to be available. This is important because an external user may not be 
accustomed with how the integrated model, simulation or process works. Working-the-
work instead of working-the-tool comes into focus. The exact internal processes do not 
have to be mentioned, but rather a framework in which the simulation is valid.  The 
customer of the simulation has to adapt their information to suit the correct input 
format. Naturally, there has to be support personnel that can help the user if problems 
occur.   

There is also a degree of how integrated the collaboration can be. Ultimately, all 
connected processes can run fully automatically with minimal user intervention, though 
a more realistic collaboration is for engineers to utilise simulations that are available for 
use over the internet (due to the dispersed environment in the extended enterprise). 
The use of black box simulations also gives the supplier control over the intellectual 
properties integrated in the software. The simulations become more flexible and can be 
offered to several customers simultaneously, as well as saving time because the model 
and simulations do not have to be constantly adapted to customers’ processes.   

The use of internet-based support tools also leads to two other possibilities. Because 
the support tools are behind the supplier’s company walls, they only use their internal 
computer processes to perform the simulation analysis, etc. This way, the supplier can 
reach customers that do not have the time, money or interest to invest in computer-
clusters; hence, the use of the suppliers’ product development processes can reach 
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further. This is also a win-win situation because it adds value to the customer through 
knowledge and expertise that complement their own design process, along with the use 
of computer power without owning expensive computers-clusters. 

Information about how the user uses the support tool and the input can be 
monitored for statistical purposes. The statistics can then be used as input in the future 
development of technology and methods that further enhance the customers’ processes. 
The statistics can be perceived as added-value by the partners in the extended enterprise 
and possibly create a win-win situation. 

The section above indicates that much information will be shared between 
companies, necessitating trust. However, there are always shades of grey in the level of 
trust. For example, one company can fully trust the completing knowledge another 
company offers, though they are not willing to send complete geometry models because 
the supplier of the support tool also supports a competitor. In this case, interfaces have 
to be found where collaboration can occur without sending complete information. 
Methods that break down the model and simulation problem into smaller steps seem 
plausible to use. 

When developing a function in the extended enterprise, the product/offer may look 
the same as a traditionally developed product/offer. However, the difference lays in the 
way the product or offer is designed and adapted for its life cycle, i.e. the product 
development processes change between different business strategies. Traditional hardware 
and total offer can also be completely different things. It is also important to understand 
that a support tool developed with the purpose to enhance customers’ development 
processes can be seen as a functional product itself. 

The information should flow in several ways, giving an increased understanding of 
how different disciplines affect each other and what goes on in different departments. 
Although the information might be the same, the different disciplines have to present 
the information to fit their “view”. 

The functional product has a longer life cycle than ordinary consumer products. 
Hence, there have to be differences in the amount of support offered in the 
collaboration. If the time line is short, quicker and fully verified simulations, predictions 
or both have to be performed. If the time line is longer, even technology development 
processes may begin to support the needs of the customer in the future. 

6.3 Conclusions
The purpose of the research presented in this thesis was to examine how the design 

of Knowledge Enabled Engineering Systems is affected by the concept of Functional 
Product Development. The presented material and the papers presented in this thesis 
have so far given an increased understanding of how industry interprets the concept of 
FPD and what issues are important. Below, conclusions are drawn from the presented 
research. The work in this thesis has contributed to the ongoing discussions of FPD in a 
virtual environment and also highlighted some issues to consider for the design of 
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support tools for FPD.  Further research within the area is recommended, in particular 
to gain a deeper understanding of the topic in relation to a distributed virtual 
environment.  

Knowledge engineering techniques have been argued as one enabling technology for 
FPD. Different issues have surfaced when talking to industry. Knowing what to share, 
how to share it and to trust affiliated partners in the FPD scenario seems to be critical if 
FPD is to be successful. As well, the shift in view also means that companies also have to 
shift their views from focusing on their own operations to those of the affiliated 
partners. This means that measuring the success of the collaboration in monetary terms 
is perhaps not the only way to go, there is a perceived value in, e.g. measuring statistics 
to foresee new trends, etc.  Although long-term relationships are sought, customers and 
suppliers in the extended enterprise change over time. Therefore, flexibility and 
versatility are key aspects to consider when developing support tools. 

Today, models and simulations are specific and often designed for specific customers. 
Because of the flexibility and versatility of future collaborative product development 
projects, it is important that models, simulations and support tools used be built up of 
smaller, general and limited activities that can be assembled to ultimately create a 
complete product model. Kim et.al [24] presents methods that seem feasible. 

To support several customers’ product development processes and still be flexible, the 
customer has to probably adapt its design process to the support tool offered. This way, 
the tool can be maintained, controlled and updated by its supplier. However, for the 
customer to understand models and simulations and the support tools offered, additional 
information about input, output, format and what the tool performs (Design Rationale) 
have to accompany the design tool. It is also important for the support tool to provide 
information that enables traceability in the design process, e.g. time-stamps, software 
version, input, output, error messages, warning messages, etc., due to legal issues. 

6.4 Future work 
The research presented in this thesis has so far increased the understanding of 

different issues and challenges that have been seen in the notion of functional product 
development. The increased need for close B2B collaboration calls for tools that are 
designed and adapted solely for use in functional product development.  In this context, 
a demonstrator is under development, whose purpose is to examine how different 
company specific knowledge and processes have to be adapted for use in an FPD 
relationship. Issues regarding how to collaborate without sending complete geometry 
models between companies and how to support the development processes of several 
partners with only a single programme are considered when developing the 
demonstrator. Because two companies are involved in the development process, the use 
of distributed engineering approaches over the Internet will be used. In relation to this, 
work regarding fuzzy logic [36] seems interesting and might provide valuable input. The 
demonstrator will be shown to industry for it to react, and lead to further research 
questions.  
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Abstract

The actual product ownership often remains with the manufacturer as functional (total care) 
products emerge in aerospace business agreements. The business risk is then transferred to the 
manufacturer why downstream knowledge needs to be available in the concept phase to 
consider all product life cycle aspects. The aim of this work is to study how a 
multidisciplinary design tool can be used to embed downstream processes for conceptual 
design and evaluation allowing simulation of life cycle properties. A knowledge enabled 
engineering approach was used to capture the engineering activities for design and evaluation 
of jet engine component flanges. For every design change, cost of manufacturing operations, 
maintenance and performance aspects can be directly assessed. The design tool assures that 
the engineering activities are performed accordingly to company design specification which 
creates a better control over the process quality. It also creates a better understanding enabling 
the engineers to optimize the concept in real time from an overall product life cycle view. The 
new tool will be the base for optimize the total product system and will be used not only 
between companies but also between product development departments in large global 
companies.

Keywords: Knowledge enabled engineering, product life cycle, design support, cost 
estimation

1 Introduction

The actual product ownership often remains with the manufacturer as functional (total care) 
product emerges in aerospace business agreements, [1]. As the ownership of jet engines 
remains with the manufacturer the risk of the business agreement taken increases on the 
expense of the manufacturer. A jet engine life cycle stretches over a time span of 30 to 40 
years and the cost of producing the engine is low compared to the cost of ownership. Early 
design decisions are often done on scarce information basis as knowledge of activities 
performed later in the process (downstream knowledge) often is missing in the early 
engineering design stage. Jet engines owned by the manufacturer will need to be competitive
during the entire product life cycle why downstream knowledge needs to be available early. 

Design for X (DFX) [2] research includes Design for Life Cycle (DFLC) which emphasizes
that all design goals and related constraints should be considered in the early design stage. In 
the early engineering design stage requirements and constraints are usually imprecise and 
incomplete and few support tools exist [3].
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A number of support tool modeling techniques exists. One technique, knowledge based 
engineering (KBE) defined by Stokes [4] as “The use of advanced software techniques to 
capture and re-use product and process knowledge in an integrated way” has been applied a 
number of times to model routine engineering tasks. As this technique captures activities 
normally performed by engineers into a computerized system and allows these activities to be 
performed fast and precise, an ability to extract knowledge not normally available in early 
phases is created. Still this technique has mostly been used to capture knowledge from design 
and manufacturing disciplines. Knowledge from all relevant disciplines is needed to make a 
valid simulation of the product life-cycle. 

The aim of this work is to study how a multidisciplinary design tool can be used to embed
downstream processes for conceptual design and evaluation allowing simulation of life cycle 
properties.

The multidisciplinary design tool presented in this paper shows how downstream activities 
can be modeled using a Knowledge Enabled Engineering (KEE) approach. As the engineer 
can change the design and directly assess the life-cycle cost, more knowledge of design 
decision impact is available than without the design tool. 

2 Literature review 

The literature review is focused on recent product life cycle modeling work. Concurrent 
engineering (CE) addresses that all DFX issues need to be considered simultaneously during 
the design stage [5]. Design conflicts between different DFX issues leads inevitable to trade 
offs.  In the early engineering design stage, requirements and constraints are usually imprecise
and incomplete and few support tools exist to support this stage [6]. This is also formulated
by Prasad [5] as: 

“Design decisions differ with each new piece of added information, new person, or new issue 
discovered. Design issues continually change and evolve during every step of the design. This 
is because design is an open ended problem.”

Recent engineering design support approaches have applied knowledge modeling techniques 
such as expert systems (ES) [6], design rationale (DR) [7 -8], KBE [9 -11] and case based 
reasoning (CBR) [12-13]. In the attempts made mostly design and manufacturing is included 
which is too few disciplines for a life cycle view. These knowledge modeling techniques still 
hold a potential to incorporate knowledge from more disciplines. Dixon [14] defined 
knowledge based systems as “...a special class of computer programs that purport to 
perform, or assist humans in performing, specified intellectual tasks.” which does not in any 
way limit the use of these system to a specific discipline. All the knowledge modeling
techniques presented above have different advantages depending on what knowledge is of 
interest to capture. DR, for example, captures how, why and what about design decisions. 
Why not use the method most suitable for the activity to support? That is the main purpose of 
the Knowledge Enabled Engineering approach. 
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3 The Flange Design Process 

This section constitutes a short description of the flange design process that was subject to be 
supported by the tool. A rotational symmetric flange joint (figure 1) have an important
function as an interface between jet engine components.

Load Load

Geometric
Dimensions

Sealing requirements
- Surface roughness

Torque
Requirement

Figure 1. Section of a circular flange where the right picture displays the requirements and loads.

The flange has several functions: 

transferring loads between components

preventing engine leakage 

allow dismantle and assemble of jet engine components

The flange design process includes performance, manufacturing and maintenance issues that 
are briefly described below. 

3.1 Performance

The first step of the flange design process is finding geometry and bolts that fulfill the load 
and leakage requirements. The dimensioning process starts by choosing initial values, usually 
previously used on a similar flange with similar requirements. When the geometry is initially 
defined it is possible to calculate if the bolt joint will withstand the applied load and prevent 
leakage.

3.2 Manufacturing

A team of manufacturing engineers, weld technicians and other experts need a geometrical
representation to define a manufacturing plan. The team creates an operation list describing 
each manufacturing operation, including the manufacturing time. A common issue between 
design and manufacturing engineers are the tolerance requirements. When the tolerances are 
satisfactory from both a design and a manufacturing point of view the team defines the 
operation list that later is used in the production process. 
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3.3 Maintenance

The flange acts as the interface between jet engine components and the design affects the time
each maintenance operation will take. In the early phases, the maintenance cost to dismantle
and assemble the components has to be estimated. Tolerance requirements and the time to 
assemble/dismantle each bolt around the flange will contribute to the total maintenance cost. 

4 The Knowledge Enabled Engineering Approach

This section described the Knowledge Enabled Engineering (KEE) approach and how it was 
used to develop a multidisciplinary tool for flange design. KEE include KBE and other 
knowledge rich strategies, [15] and aim to solve the need with techniques or methods that 
fulfills the need. The purpose of KEE is to allow automation of engineering work as this 
creates an opportunity to extract knowledge normally found in later phases and make this 
knowledge available already in the conceptual phase. KEE is here described with three 
components: capturing of engineering knowledge, automation of engineering activities and 
quality control of engineering activities. KEE and KBE are similar in the way they are used 
for automating engineering activities. The difference is that KBE is often used in commercial
KBE systems providing demand driven, object oriented programming languages.

4.1 Capturing of Engineering Knowledge 

Engineering design comprises knowledge from many disciplines such as design, 
manufacturing and maintenance. As seen in section 2, approaches like ES, DR, KBE and 
CBR has been used to support engineering activities. The KEE approach aims to use the best-
suited technique for each knowledge asset as it is believed that one technique cannot capture 
all engineering aspects. 

The multidisciplinary flange design process contains knowledge from performance,
manufacturing and maintenance activities. Knowledge was acquired through company reports 
and semi-structured interviews [16] with people involved in the flange design process holding 
design, manufacturing and maintenance positions. Below are examples of acquired 
knowledge from the design, manufacturing and maintenance disciplines.

One step in the design discipline is to evaluate the performance of the flange. Equation 1 is 
used to calculate the maximum force before bolt separation. This is done with the following 
equations:

Composing todueForceingPresstressResidualCompRes_Pre_F_
ForcengPrestressiResidualMinimume_FMin_Res_Pr

LowerForcengPrestressiPre_F_L
separationbeforeforceboltMaximumMax_F_Sep

StiffnessFlangeStiffnessBolt
StiffnessBolt-1

CompRes_Pre_F_-e_FMin_Res_Pr-Pre_F_LMax_F_Sep (1)
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In the manufacturing discipline the interest is to calculate the total time of the manufacturing
process. Equation 2 calculates the cutting time for the turning operation and equation 3 
calculates the drilling time.

speedCuttingrevolutionperFedd
Area timeCutting (2)

 time)drillingholenext to(time*holesofnumber timeDrilling (3)

One important function of the flange is to allow assemble and dismantle of jet engine 
components. The time to assemble the bolted flange joint is calculated in equation 4. 

TimeAssembleBoltSingleBoltsofNumberTimeAssembleBoltTotal (4)

4.2 Automation of Engineering Activities 

This part is usually iterated with the capturing of engineering knowledge. Automation is a 
vital part of the KEE approach as automation allows fast iteration of engineering activities. 
Ideas can then be tested allowing engineers to simulate and design the product life cycle 
properties.

A company specific standard is used in the formalization process where the acquired 
knowledge is transformed into a reusable format understandable by a computer. The standard 
was structured in table form with columns named:

Service description – describes the name of the class

Parent – addresses the parent class 

Property – names of the rules in the class 

Source – specifies if the rule gets direct user input 

Rules – all the rules is outlined and their interactions between each other can be followed 

The structure has been outlined to help the user to understand how the design tool is built up. 
All captured activities of the flange design process are captured into separate classes. More 
complex activities can have sub classes of sub activities. Property “Max_F_Sep” described in 
equation 1 is now represented by the parameter ‘Max_F_Sep’ defined inside the ‘Bolt 
Analysis CLASS’. The value of the parameter ‘Max_F_Sep’ will be automatically calculated 
if asked for in the ‘Bolt Analysis CLASS’. 
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Figure 2. The structure of the multidisciplinary design tool.

4.3 Quality control of Engineering Activities 

If a process is captured in a computerized system, it can be exactly repeated each time. Using 
the same procedure concepts can then be generated and evaluated. This quality assurance 
gives the engineers a reliable basis to compare concepts from. A captured process is now an 
asset of the company and can be reused whenever needed. 

5 The multidisciplinary design tool 

This section presents the multidisciplinary design tool. First, an overview is given of the main
characteristics and the software components of the tool. Then, the connections between the 
disciplines are presented. Finally, it is presented how the tool can be used to work with 
parallel activities in product development teams.

5.1 Overview

A design tool suitable for multidisciplinary concept definition and evaluation is presented. 
The tool embeds processes from design, manufacturing and maintenance enabling the 
engineering designer to simulate parts of the product life cycle in the concept phase.

Figure 2 shows an overview of the design tool. The downstream process is performed and 
controlled through a GUI. First the user automatically generates a candidate product 
definition in a CAD program then the product definition is subject to evaluation in terms of 
performance, maintenance and manufacturing. One criterion in aero engine flange design is to 
prevent leakage that is evaluated in the performance step. The cost of component disassembly
and re-assembly in the maintenance step and manufacturability in terms of drilling and facing
can be evaluated. When an evaluation step is unsatisfactory a new product definition can be 
generated and this iteration continues until an appropriate product definition is generated. At 
this point all costs can be summarized in a cost report, which is governed, by a script and a 
database together with a spreadsheet. It should be noticed that all the decisions are still being 
made by humans with the support by the design tool ensuring a non redundant design. 
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Figure 3. Design tool overview.

As all knowledge is implemented as rules connections between the activities are handled. 
This implies that one design variable change such as geometry (mantle width) affects many
other variables in other activities such as flange mantle stress analysis. Figure 4 shows which 
activities that are affected when the geometry (red colored arrows) and bolts (purple colored 
arrows) are changed. 

1. Geometry

2. Choice
of bolts

4. Pre-
stressing

force analysis

3. Bolt stress
analysis

11. Cost
report

10. Assembly
evaluation

9. Choice of
drilling

tolerance

8. Choice of
facing method

7. Choice of
surface

roughness

6. Choice of
planar

tolerances

5. Flange
mantle stress

analysis

MANUFACTURING

MAINTENANCE

DESIGN

PERFORMANCE

Figure 4. Activities affected when geometry (red colored arrows) and bolts (purple colored arrows) are 
changed.

The main interface (Figure 5) is used to specify initial dimensions, materials and 
manufacturing method. In the lower right corner there are three buttons that open “Analysis 
Properties”, “Manufacturing Properties” and Maintenance Properties” interfaces. From these 
interfaces the user is introduced to more parameters where the value either is typed in or 
chosen from a list. 
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Figure 5. Main interface from where the user can specify dimensions, open analysis, manufacturing and 
maintenance interfaces and also toggle on report generation. 

Design, manufacturing and maintenance engineers can with the help of the multidisciplinary
design tool simulate how different decisions will affect each other. In figure 5 a comparison
between how the cutting time is affected for constant surface roughness and change of 
material between steel, titanium and aluminum is shown. Another example where the choice 
of bolts affects both the drilling operation and the assemble time of the flange is shown in 
Figure 6.The immediate response given to the engineers creates an understanding between the 
engineers preventing design conflicts, especially in the early stage of product development
where the requirements and constraints is usually imprecise and incomplete.
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Figure 6. When choosing different material and surface roughness the user can directly see the effect on the 
total cutting time for the turning operation.

Figure 7. Choice of bolt affects the size of the hole and the number of holes which in turn affect the drilling and
assemble time.
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Figure 8. In this picture the result from equation 1 is found in lower left interface parameter. The figure also 
shows a warning message due to too high effective stress.

5.2 Supporting parallel engineering design activities 

Using the tool it is possible to prevent design conflicts that can arise due to parallel processes. 
One possible conflict scenario could be: One engineer chooses facing method (activity 8) and 
wants to choose a rougher surface in order to make facing possible, because no facing method
exists for the current chosen surface roughness. Another engineer chooses drilling tolerance 
(activity 9) and wants to make the surface less rough in order to allow precision drilling. The 
current solution is to choose the finest surface roughness which facing method exists for. 

Regarding the conflict scenario described above the engineers can together use the tool and 
vary surface roughness and find the finest surface roughness for which a facing method exists 
for as this is implemented as rules. The drilling operation has to be planned according to this 
surface roughness. Pop-up error messages are generated when the chosen surface roughness 
conflicts a manufacturing method, see Figure 9 for drilling and facing GUI:s. 
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Figure 9. Preventing design conflict between drilling and facing functions.

6 Discussion

As conceptual and downstream product development knowledge is embedded in the 
multidisciplinary design tool it is possible to synthesis and directly analyze jet engine 
component flanges in terms of performance, manufacturability and maintainability providing 
the engineer a direct response of how much the chosen method, tolerance, etc., will affect the 
manufacturing and maintainability costs.

Using the tool, one design variable change triggers the change of many other variables which 
can be seen as an automation of some parts of the design process. This saves time and makes
it possible to define and evaluate more concepts than without the tool. The design tool assures 
that the engineering activities are performed accordingly to company design specifications 
which create a better control over the process quality. The activities captured can now be 
performed whenever needed with a process that is validated. The tool can be used in design 
teams and can thereby prevent design conflicts that can arise due to otherwise parallel 
activities. Design, manufacturing and maintenance engineers can jointly use the tool and with 
their different expertise contribute to the flange design. 

Design tools like the one presented in this paper creates new opportunities for exchange of 
knowledge between company disciplines. As engineers from different disciplines can discuss 
design requirements during meetings and simultaneously simulate life cycle properties a 
better knowledge base for design decisions is created. The increased understanding gives an 
overview enabling the engineers to better optimize the product life cycle properties and 
prevent sub optimization.

New opportunities are created with the described design tool giving the engineers a new way 
to simulate their concepts in real time. The new tool should be used on a global system level 
to optimize the total product system. This will be the next step in global product development
not only between companies but also within large global companies to support their “cross-
brand development”.
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7 Conclusion

The design tool enables automatic generation of flange design concepts and it is possible to 
assess downstream aspects of performance, manufacturing and maintenance directly. 
Manufacturability in terms of operation cost for facing and drilling operations and 
maintenance cost can be assessed. As downstream activities are simulated in the design phase 
it is possible to see the impact in other disciplines and thereby correct design flaws that would 
cause downstream problems. The design tool assures that the engineering activities are 
performed accordingly to company design specification which creates a better control over 
the process quality. The tool creates a better understanding enabling the engineers to optimize
the concept in real time from an overall product life cycle aspect. The new tool will be the 
base for optimization of the total product system and will be used not only between 
companies but also between product development departments in large global companies.
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Abstract
The notion of functional products changes the existing relationship between manufacturing 
companies. The integration of hardware, software and services in functional products calls for 
close collaboration with companies having complementary skills. When employees from 
different companies are involved, strategic resources such as knowledge are shared. From an 
engineering design perspective, knowledge sharing supported by software systems are useful, 
though it seems like functional product development insists on integrating multifunctional 
skills and this is likely to affect the design of software systems. The objective in this paper is 
to explore knowledge sharing challenges between manufacturing companies, striving to create 
close functional product collaboration, and hence understand aspects in the design of software 
systems.  In this paper the focus is on Knowledge Based Engineering (KBE) systems, these 
are considered to be internal engineering specific tools, while collaboration and need for 
knowledge sharing calls for coupled KBE systems between partners. In this context, 
knowledge sharing challenges within the extended enterprise are recognised to issues about 
who to trust and what and how to share. This affects how tightly coupled KBE systems can 
be.
In general, this paper contributes to the ongoing discussion concerning collaboration issues in 
concurrent engineering design, but especially to the overall understanding of what new 
demands on KBE systems that are motivated by functional product collaboration.

Keywords: Knowledge Sharing, Collaboration, Knowledge Based Engineering, Functional 
Products

1 Introduction 
“Companies today strive to unify things that we have learnt to be 
contradictions. They try to be both local and global, both small and big, both 
centralized and decentralized both stable and dynamic. They want to become 
bigger without growing. They want to offer standardized mass manufacturing, 
customized mass manufacturing, and individually designed goods and 
services simultaneously” [1], ( p. 265).  

This situation is familiar to contemporary industrial product development organisations. 
Different efforts to manage the contradictions in the situation exist. One aspect recognised as 
a prerequisite in handling this type of situation is business relationships in form of 
partnerships, alliances, or joint ventures, or a combination thereof, to develop new products or 
enter new markets [2]. In business-to-business relationships all parties involved are best off as 
partners [3], not as competitors. Interaction in business-to-business relationships is not only 
about being influenced, but influencing [4]. Business relationships that all partners consider 
successful involve collaboration, i.e. to create new value together, rather than mere exchange, 
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which is to get something back for what you put in [5]. Value-chain partnerships are 
considered to be the strongest and closest collaboration where companies “… in different 
industries with different but complementary skills link their capabilities to create value for 
ultimate users” [5] (p. 98). A relationship is about what companies can do for customers with 
an enhanced offering, rather than providing customers with existing products [3].
Relationships and enhanced offerings increase the dependency on intangible assets, such as 
know-how and collaborative problem solving. Suppliers and customers become partners who 
develop physical artefacts and provide enhanced offerings for the ultimate customer who is 
also a partner.

To establish, develop and maintain successful collaborative relationships between parties, 
trust is a key ingredient. Without trust the parties will not be committed to the mutual cause 
[6]. Mistrust starts a vicious cycle and makes success harder to attain: when success fails, 
someone has to be blamed. Who is different? The outsider, of course! [5]. Tomkins [7] argues 
that trust, defined as - “…areas of life which one can take as given…” (p.185), enables people 
to act as if the uncertainty they face is reduced, though it does not reduce the actual 
uncertainty. An assumption of equality, i.e. all parties bringing something valuable to the 
relationship, is the beginning for respect that in turn builds trust [5]. The formation of 
alliances and partnerships “… rest largely on hopes and dreams – what might be possible if 
certain opportunities are pursued” [5] (p. 99).  In interactions between firms, there is an 
implicit impression of sharing knowledge, decision-making and mutual rewards [7].

In the context of business-to-business relationships, the notion of functional products and 
specifically product development knowledge has gained interest among researchers and 
industry. Functional products have been defined as a combination or integration of hardware, 
software and services [8], [9], [10]. Alonso-Rasgado et. al [10] conclude that functional 
products, if the contracted functional performance is achieved, create close business-to-
business relationships and give stability and a constant revenue stream. Furthermore, the “… 
stable relationship should remove much uncertainty and provide an attractive competitive 
business scenario.” (p. 537).

Negotiation to determine the terms of collaboration is necessary when moving towards 
collaboration across organisations [7]. Information needed for partnerships is not given on a 
take it or leave it basis. Relevant information is part of the interactive process [7]. Tomkins 
[7] distinguishes two types of information, one that is needed to create trust, the other relates 
to expectations about a collaborative future. On a daily basis, engineers need yet another type 
of information, which relates to product development processes. Since close collaboration and 
product development are vital for functional products, it is necessary to mutually consider 
what relevant information is needed and what information could be shared for an interactive 
development process of such a product.  

Today, engineer designers are used to computer support in the form of for example 
Computer-Aided Design tools and simulation tools. These tools focus on the technical 
development process, while functional products, being a total commitment involve service 
aspects beside hardware aspects. 

Thus, the objective in this paper is to explore knowledge sharing challenges between 
manufacturing companies, striving to create close collaborative functional product 
partnerships, and hence understand aspects to the design of software systems.  

The study presented in this paper is conducted from an engineering design perspective and is 
limited to KBE software systems deployed in Engineering Design activities. Information 
about, for example, materials and machining process can be relevant to other parts of the 
manufacturing firm. To be able to lower costs for development work, the purchasing 
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department is interested in information about new materials as early as possible, though, 
based on the same information, the user interfaces diverge between computer support aimed 
for technical development use and business development use. An underpinning thought for 
the study is that computerised systems will have a positive impact on the possibilities for the 
knowledge sharing process. 

Studying knowledge or information sharing challenges are in itself a challenge. What is 
knowledge? What is information? Some equalise information and knowledge.  Langefors [11]
does so in his infological equation, while others do not, for example, Nonaka, Toyama and 
Konno [12] in the Ba concept. Erickson and Kellogg [13] argue that knowledge management 
is not just an information problem, but also a social problem. Accordingly, knowledge is 
contextually dependent. In this paper the focus is on sharing and collaboration supported by 
computer software, not on defining what is shared. We agree to each other that the sharing 
process can be computer supported, though each one of us holds a different position as to 
what is represented in the computer software.  

2 Disposition of the paper 
The following section starts with a brief presentation of MOKA, a methodology developed for 
design of knowledge based engineering systems. Although not used in this study MOKA has 
inspired and given valuable input to the structure of this study. An overall view of the steps in 
MOKA will be presented. After this, product development is outlined in general terms 
followed by a presentation of concept design activities based on engineering design literature. 
Business strategy literature is the basis for the described extended enterprise section. A 
presentation of KBE systems, and a description of the studied case follow this. The discussion 
section begins from the theoretical framework applied on issues found in the studied case. 
Finally, the paper ends with conclusions and suggestions for further research.

3 Methodology
Methodology and software tools Oriented to Knowledge based engineering Applications, or 
MOKA [14], have evolved from a project to a two level framework to represent and store 
knowledge with the aim to reduce cost and time of building KBE applications [14]. The study 
presented in this paper does not consider the designing or evaluating of any KBE application, 
though one of us will do this as further work. Reading about MOKA has given us an overall 
understanding about the iterative nature of knowledge and, accordingly, the iterative nature of 
understanding knowledge processes. In Figure 1, below, the lifecycle steps in MOKA are 
shown, i.e. Identify, Justify, Capture, Formalize, Package and Activate. According to MOKA 
[14], the activities of Identify and Justify “…are not in focus of MOKA and are not supported 
by the MOKA tool” (p. 47), though identified as “…crucial for the success of a KBE project”
(p. 44). The identify step has some similarities to our approach in this study, and involves six 
sub-steps, i.e. (1) identification of stakeholders, (2) define role and scope, (3) identify possible 
knowledge sources, (4) identify means of knowledge capture, (5) identify target KBE 
platforms and (6) assess technical feasibility. The sub-steps 1 and 2 in the identify step have 
been partly performed in this study.  

To generate and gather data, people holding expertise in industrial product development were 
identified, the data to be focused upon were defined and how to get access to these people and 
their experiences was detailed.  This has been done in an iterative way.
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Identify

Activate Justify

Package Capture

Formalize

Figure 1. The MOKA lifecycle steps  

3.1 Generated data 
The generated and gathered data composed of both primary and secondary sources. Primary 
sources were interviews conducted with employees of Swedish manufacturing companies and 
meetings with a project group consisting of both academia and industry. Secondary sources 
were literature, such as books, articles and dissertations.

The choice of theoretical framework for this study not only emerged from previous studies 
identifying functional products insisting on close collaboration, but also from empirical 
results highlighting computer technology and thoughts about a virtual space for knowledge 
sharing. The empirical base consisted of two Swedish manufacturing companies engaged in 
industrial product development. Both have a long-term relationship based on traditional 
customer-provider roles, but a contractual preferred supplier relationship has recently been 
established. The studied case is the evolving collaboration for functional products between 
these companies. Both companies are involved in a research project with the aim to realise 
functional product development in a distributed environment. 

Due to the study’s explorative nature, qualitative data were in focus. Qualitative data is well 
suited for locating the meanings people place on events, processes and structures and for 
connecting these meanings to the social world around them [15]. Qualitative data is based on 
interpretations, understandings or experiences [16], and usually appears in the form of words 
rather than numbers [15]. Accordingly, talking with people makes sense.  

3.2 Interviews
The interviews conducted in this research study were a mix of group and individual 
interviews. Three group interviews and two individual interviews were performed. A total of 
12 persons were interviewed and the interviews lasted from one to two and a half hours; the 
longer time for two of the group interviews. The interviews were semi-structured [16], where 
the informants could freely formulate their answers, but not freely choose the issues to talk 
about. Instead of following a predefined interview guide, a set of themes were focused on. 
These themes were ideas about functional products, product development, conceptual 
development, collaboration, information and knowledge issues. The approach in the 
interviews was to start a dialogue accordingly; the interviewees were encouraged to expound 
their views. The interviews were tape-recorded. The description of the empirical base was 
returned to industry for comments.  

In addition to the interviews, meetings with a project group consisting of both academia and 
industry have contributed to the study. Participants in the project group are involved in the 
research project aiming for realisation of functional products and the interview themes are of 
utmost concern. During these meetings notes were taken and follow-up questions were asked.
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3.3 Data processing 
When focusing on qualitative data in fairly open-ended interviews, interpretation occurs along 
the way. Data are summarised and reflected upon during the conversations with respondents, 
and the choice of relevant data and interpretation are integrated. The gathered and generated 
data has been read in a non-cross-sectional way, a practice guided by a search for both the 
particular and the holistic [16]. The non-cross-sectional indexing starts by simply reading the 
material and looking for particular ideas, similarities and differences. This method is also 
regarded as a cyclic process, where the material is read several times. The first step of 
analysis yields an overall description of the empirical base, as is presented in this paper. 

4 Theoretical framework 
Product development and engineering design are presented in the following section. The 
extended enterprise based on literature studies will be outlined. The theoretical section ends 
with a description of KBE systems.  

4.1 Product development – concurrent engineering design 
Time is perceived as a main challenge in product development [17]. Shifting markets and 
increased competition force companies to develop products fast enough to keep pace. Two 
issues have to be addressed when getting new products to the market quickly, i.e. the amount 
of work to develop a product has to be minimized and a way to do this effectively has to be 
found [17].

A product development process “… is the set of activities beginning with the perception of a 
market opportunity and ending in the production, sale and delivery of a product” [18], (p. 2). 
Ulrich and Eppinger [18] describe a generic development process that is divided into a 
sequence of five steps or activities, i.e. (1) concept development, (2) system-level design, (3) 
detail design, (4) testing and refinement and (5) production ramp-up. Some organisations 
might define and follow an exact and detailed development process, while others might not 
even be able to describe their process [18]. No distinct divisions between the sequences can 
be drawn, since they are carried out iteratively and thus achieve a step-by-step optimisation 
[19]. In each phase alternative solutions can be thought up; the design team is therefore urged 
to diverge and converge in each phase [19]. Understanding that a phase model does not show 
the problem-solving process is useful [19].

From an information point of view, the product development process can also be described as 
“… a process of gradually building up a body of information until it eventually provides a 
complete formula for manufacturing a new product” [17] (p. 158). Traditionally, the design 
of physical artefacts was known as the ‘over-the-wall’ process [20], where information about 
the artefact was ‘thrown over the wall’, meaning that activities where disconnected. The 
perceived market need was initially passed on from marketing to design engineers. Design 
engineers interpreted the information and transformed it into a manufacturing specification 
that was then passed on to production units, who interpreted the information and built what 
they thought the design engineers wanted [20]. Information flows describe a phase-based 
process where information is transferred from one activity to the next [17]. The issue is to 
provide complete information; hence, the following activity cannot start until the first has 
been completed [17]. To go from phases to a continuous flow of information requires working 
in overlapping activities, i.e. the information is incomplete and requires good communication 
to find out how well the product meets current needs [17]. An integrated product development 
process integrates the working tasks within the organisational functions marketing, design and 
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production into a concurrent parallel interactive process [19], [21], [22], [23]. An integrated 
approach to product development is “…essentially a pro-active one in which the design is 
redefined and developed on the basis of ‘real-time’ interaction so that it is constantly evolving 
and improving” [24] (p.252). A design team or development team is required in integrated 
product development and therefore introduces problems of organisation and communication 
[21]. In an integrated product development process, these design teams are recommended to 
be multifunctional [22] and have a sufficient diversity of knowledge [18].

Even though the whole integrated development process insists on continuous communication 
due to incomplete information, an engineering design perspective focuses on concept 
development activities in particular. The concept development activities within the 
organisational function design involve the investigation of feasibility of product concepts, the 
development of industrial design concepts and the building and testing of experimental 
prototypes [18]. Concept development is described as early design stages; a dilemma here is 
that knowledge of the product and the processes involved is low or vague, while decisions 
made at this stage can determine almost 80% of the product costs [25].

4.2 Extended enterprise
Product development organisations can be considered as having two main development areas, 
for example interpreted as a technical development process and a commercial development 
process [19]. In a globally connected world, characteristics like collaboration, knowledge 
sharing, change and learning become important [26]. Thus, development skills in addition to 
the technical and commercial development must to be considered and might be regarded as 
intangible information-centred skills. Computer technologies are useful for information issues 
and allow information to be known simultaneously anywhere in the world. Furthermore, they 
are inherently border-crossing and enable companies to create alliances and networks with 
numerous companies around the world [26]. The ability to play with virtually limitless 
possibilities, interchangeability of product parts and the capacity to continually try out new 
combinations of resources are enabled by a shapeless organisation that allows for the 
recombining of resources [27]. Within this interconnectivity an extended enterprise can 
evolve. The company will create relationships inside and outside its boundaries, and 
accordingly “…the extended enterprise blurs the boundary between external and internal 
collaboration…” [26] (p. 16) “… and encourage people to reach further, faster to gain or 
spread knowledge” [26] (p.17). This promising and unclear situation calls for an 
understanding of what are the favours and what might be the pitfalls in an extended 
enterprise. Kanter [26] has pointed out some aspirations and some challenges of the entire 
extended enterprise. 

Aspirations are to: 
create value for end users 
collaborate, neither commanding from the centre nor letting each partner act on their 
own
learn from local customisation and innovation 
use of collaborative methods, for example cross-boundary teams  
derive strength from diversity and shape a share culture of unity

And, challenges are the: 
“out of sight, out of mind”-problem, immediate work is driving out collaboration with 
distant people 
few incentives for working across boundaries 
communication overload on small matters and too little communication on big matters 
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lack of collaborations skills 
too few tools that truly work everywhere 

How the extended enterprise is seen and interpreted varies depending on the viewer’s 
perspective.  From a knowledge perspective, the extended enterprise can be interpreted as a 
shared context for knowledge creation [12] and knowledge sharing. These are considered as 
interdependent activities. The shared context does not necessarily mean a physical place, it 
can, for example, be a virtual space such as e-mails, a mental space such as shared ideals or it 
can unify physical, virtual and mental spaces [12].

Knowledge management area focuses on how organisations effectively can manage, store, 
retrieve and augment their intellectual properties [28]. Ackerman et. al. [28] recognised two 
views of supporting knowledge management through software. One view focuses on 
gathering, providing and filtering available knowledge into shared repositories or information 
databases to easily reuse the information. Expertise sharing involving human components is 
considered as the other view, and the second wave of knowledge management. The aim is to 
bolster communication, learning and organisational knowledge.

4.3 KBE systems 
Knowledge based engineering or knowledge based engineering systems both occur under the 
acronym KBE; its understanding is not straightforward. Chapman and Pinfold [25] suggest 
that KBE vendors should not concentrate on their particular KBE software, but also treat KBE 
as a methodology to provide an understanding of the philosophy of object oriented 
techniques. In the same article, KBE is described as an engineering method representing a 
merging of object-oriented programming, artificial intelligence techniques and computer-
aided design technologies. KBE is thus a software tool, a method and a methodology. A 
difference between method and methodology is partly seen in the above description, hence it 
is possible to interpret method simply as how to do something and methodology as not only 
encompassing several methods, but also the underlying philosophy to understand to what and 
why these methods are used. The emphasis in KBE is on providing informational complete 
product representations captured in a product model [29]. “The product model represents the 
engineering intent behind the product design, storing the how, why and what of a design”
[29] (p. 906, underline added). KBE can be defined as “…The use of advanced software 
techniques to capture and re-use product and process knowledge in an integrated way” [14]
(p. 11, underline added). 

Based on these definitions KBE can be regarded in two ways. KBE can be considered as the 
use of a methodology to capture and re-use product and process knowledge. As well, KBE 
can be considered as a software system consisting of several advanced software techniques 
used in product design. Contributing to the difficulties in capturing the core of KBE can be 
that the KBE approach is described as taking a holistic view on design [25]. Nevertheless, the 
KBE approach aim to capture both “…product and process information in such a way as to 
allow businesses to model engineering design processes, and then use the model to automate 
all or part of the process” [25] (p.259).

Computer systems that apply reasoning methodologies to knowledge in a specific domain to 
provide advice or recommendations belong under the umbrella term expert systems [30]. A 
variety of systems are related to expert systems, knowledge based systems (KBS) being one 
of them. KBS is described as a typical rule-based system providing expertise or specified 
intellectual tasks [30]. Hence, a variant of KBS is KBE systems. These systems are often like 
narrowly focused expert systems [31]. “But knowledge-based systems need not be so narrow 
as expert systems, and certainly need not be limited to diagnostic and selection tasks. 
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Knowledge-based systems can also deal with at least some of the more complex kinds of 
intellectual tasks involved in engineering design (e.g., evaluation and decision making). The 
knowledge required to perform such higher level design tasks is not readily coded into small 
unitized rules, but still may be represented in various other ways” [31] (p. 11).  The shape of 
something, i.e. geometry, is a vital aspect from a manufacturing viewpoint. Thus, the 
appearance of geometrical features is characteristic for KBE systems, as well as what 
distinguishes it from KBS [14].

Computerised engineering design tools can be roughly described in three clusters. A first 
group is used to visualise and provide possibilities for making design changes quickly, e.g. 
Computer-Aided Design (CAD). Compared to CAD, KBE systems can integrate a variety of 
geometric and non-geometric knowledge [14]. As routine tasks are captured in the KBE 
systems, time is released, thereby allowing engineers to concentrate on the creative aspects of 
design [14] and instead work with the synthesis and analysis of result generated from captured 
tasks. KBE systems are especially useful when dealing with routine design processes for 
which the knowledge is well understood [14]. A second group of computerised engineering 
design tools are used to reduce technical risk and uncertainty along with the number of 
prototyping cycles needed, e.g. modelling and simulation tools. A third group of tools 
enhances communication and facilitates the flow of partial information, e.g. tools based on 
shared databases [17]. “The ultimate goal of the KBE system should be to capture the best 
design practices and engineering expertise into a corporate knowledge base” [25] (p. 260). 
The corporate knowledge base is built on available computer software, regulations, design 
guides, handbooks, existing design, analysis results and human expertise [25]. KBE systems 
can thus be seen as a fourth group of computerised engineering design tools bringing all the 
other groups together [32].

5 Empirical findings – the studied case 
To differentiate the roles, the words provider and customer are used, while in a future 
collaboration all parties will be partners. Functional products are recognised as encouraging 
new ways of collaboration for the traditional provider-customer business-to-business relation 
between the companies. The structure for functional product collaboration is regarded as an 
extended enterprise enabled by computerised technology. Collaboration, close partnership, 
win-win situation and shared information and knowledge are key words when discussing 
functional products and product development, while responsibilities, roles, confidentiality, 
payment and profit have been predicted as risks to deal with. Seeing computerised technology 
as a driver for change gives a plethora of possibilities to share information and knowledge, 
though the issue of what can be shared is not evident. Companies regard information and 
knowledge as strategic resources and some information is considered as not shareable, e.g. the 
revenue for a product developed in cooperation with another company. Knowledge is seen as 
a part of products that are sold or bought. Intellectual property rights, how to communicate 
and what to communicate are all of interest for the functional product scenario. Furthermore, 
juridical issues like contracts are vital. Today, business partners usually have a contractual 
relationship, with the contract being set before the cooperation, though one dilemma 
mentioned is that contracts may prevent cooperation. Cooperation actually occurs daily 
without contracts, when an agreement is sometimes signed after a finished business deal. 
Functional product collaboration is recognised as a long-term business relationship involving 
the whole company, all parties and all stakeholders. Establishing contracts that consider all 
aspects during that time span has been recognised as problematic. 

8



Functional products have been recognised as selling added value of some kind to an ultimate 
customer. To do this, collaboration is seen as a prerequisite for functional product 
development. The interest in being involved in product development processes of all parties at 
an early stage become important. The ideal stage to be engaged in is before concept 
development, but being involved in concept development seems realistic. To be involved as 
early as possible means having the possibility to influence the final solution, and to interact 
with the party when decisions are made. A dilemma mentioned is that knowledge of how to 
communicate and how to collaborate to realise this is lacking. Today, providers are operating 
in later phases, but what type of information is needed if the collaboration moves to the 
conceptual stage or even before that stage? How will this new scenario affect the product 
development process? 

For information and knowledge sharing, an identification of personal contacts and social 
bonds has been recognised. It is important to have a competent contact person at the other 
organisation, with a social network within his or her own organisation. This is said to ensure 
that the right person with the proper competence will handle the matter, who can also gather 
competence or knowledge from within the entire company, e.g. the customer has to trust the 
provider to get in contact with persons who have the relevant competences. Today, the flow 
of information about technical issues is described as depending on people, while a perceived 
future supported by computerised technology is thought of as occurring between companies. 
The possibilities for information and knowledge sharing in close collaboration have been 
recognised, as well as the risk for loosing competences in certain areas, but the advantages to 
gain complementary competences is perceived as valuable. But, how can this value be 
understood and evaluated? 

Still, telephones, faxes and e-mail are used for information sharing between companies. Each 
company uses computerised support systems for information storage, retrieval and reuse, e.g. 
software support for project information and product knowledge. Expert systems are used for 
the actual product development process to generate concepts for design and construction. The 
challenge of understanding the different types of knowledge has been talked about. For 
example, knowledge based on rules is possible to express, but knowledge based on 
experiences requires a different approach. Judging whether the information found in 
computerised technology is relevant or not is said to be a human process of interpretation. To 
interpret and judge the relevance of information, humans have to be trained and have some 
kind of experience. Formal meetings, courses and on the job training are parts in the 
companies’ human resource management strategies. To know where the expertise is situated 
within the company informal sharing of information has been mentioned as important, along 
with an understanding of the organisation’s formal structure. The formal and informal way to 
find expertise are said to be interacting. 

KBE systems are recognised as a possibility to speed up the responses between companies. 
Access to information from joint projects makes it possible to respond to queries faster. The 
possibility to use this information in collaboration with other firms was mentioned as an 
uncertainty. Trust is seen as a key to how knowledge could be used in a joint project with 
other organisations. The conversation shifts towards functional products when discussing 
KBE, since some sort of connection between ideas about KBE and ideas about functional 
products seems to be recognised. Further, when talking about functional products, the 
difficulties in understanding each other within the company were mentioned: They are on a 
strategic level and we are on a tactic. We have another language and another time horizon. 
We are implementing the ideas of today and they are somewhere in 2010 or so.
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In a business-to-business situation experienced personnel having a widespread social network, 
willingness to collaborate, genuine knowledge about existing solutions and a future 
perspective focusing on innovations are perceived as value-adding characteristics. In our 
interviews one respondent recognised the future of close collaboration as particularly 
challenging: The technical part, that’s no problem, we can solve that, but all the people who 
should work together – how shall we do that?

6 Discussion
It is concluded that close business-to-business relationships are created by functional product 
collaboration [10], though an existing relationship has to be developed before functional 
product relationships. Close functional product collaboration is about investments in adapting 
to other companies in the form of, for example, organisation, methods and technology. From 
our point of view, it is critical to understand knowledge sharing activities in the existing 
relationship to adapt. Those chosen to be functional product partners are supposed to be long 
time partners, with some kind of value to add to each other as well as to an ultimate customer. 
The companies in our study have today a contractual relationship. Thus, an important aspect 
identified during meetings and interviews was the emphasis on the contractual agreement. 
The issues of a contractual agreement for a functional product are neither fully understood 
yet, nor are the notion of functional products.

The intangibility increases due to the involvement of services in a functional product 
development process, requiring a continuous communication process with all partners to 
understand the needs of the ultimate customers.  As the functional product commitment is 
recognised as a long-term relationship involving ultimate customers, their needs are likely 
going to change over time. Ultimate customers’ need can vary over time from needing 
transactions of standardised goods to needing total commitment as functional products are. 
The forms of collaboration between the providers are affected of the customers changed 
needs. A consequence of this is that the terms of collaboration between partners are also under 
continuous change and urge to be renegotiated and updated on a frequent basis. Hence, 
negotiations to determine the terms of collaboration are necessary [7] in such a flexible 
environment. 

The vision for functional product collaboration involves the idea of an extended enterprise, 
perceived as a virtual common ground for collaboration. The interaction of the companies in 
the extended enterprise blurs the boundary between external and internal processes, and a new 
versatile organisation is perceived to exist. The extended enterprise appears when an 
interaction in a joint project takes place. From our point of view, an extended enterprise can 
be described as consisting of relationships serving as channels for information and knowledge 
sharing. Today, KBE systems are used as an internal tool, while close collaboration to 
develop functional product call for these systems to be connected or coupled between 
partners, i.e. actual sharing of resources. The coupled KBE systems can thus be seen as a one 
of many relationships serving as channels for knowledge sharing, and thus a part of the 
extended enterprise. 

Introducing KBE systems where entire processes are captured thereby introduces new issues 
of how to design the systems to adapt to a shared development process with partners. 
Technically, the opportunity exists, but a vast challenge is to understand how the systems can 
be connected between the partners. We have identified trust between the partners as a key to, 
for example, the amount of integration between the coupled KBE systems. Trust is considered 
to be vital to the relationship. Without trust knowledge sharing is not possible. A paradox here 
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is that a joint project where knowledge is shared thereby nurtures trust, and when trust 
emerges knowledge sharing is made possible. It seem like companies have to deal with the 
risk of loosing some knowledge to gain some. The knowledge sharing process between 
companies has to be managed and monitored. What documents, blueprints and so forth are 
distributed between the companies? Supporting this by computer technology enables the 
sharing process to be traceable and the level of knowledge sharing in the collaboration to be 
flexible.   

The KBE approach is described as taking a holistic view on design [25], while having a 
background in domain specific knowledge. In an integrated development process the 
organisational functions marketing, design and production are involved concurrently [19],
[21], [22], [23]. The design of functional products integrates hardware, software and services; 
hence, competences for designing functional products are not limited to engineering skills. 
However, a perceived integrated situation can also occur in a specific domain such as 
engineering, since the area involves a vast range of engineering competences that also need to 
be shared. In the context of functional product development the integrated process crosses 
organisational borders. 

Seeing KBE systems as support systems for engineering design in product development 
processes implies the benefit of the systems being the ability to capture specific activities in a 
process and convey the captured information to where and when it is needed. An issue to 
consider is what activities in the entire collaboration process software systems could or should 
support. Two main development areas, the technical development process and the commercial 
development process, have been identified [19], and additional skills like collaboration, 
knowledge sharing and learning have been recognised as important [26]. What are the 
possibilities for KBE systems to support all these aspects in a development process? What 
capability do KBE systems have to support functional product development collaboration? 
For functional product development, divergent competencies from hardware, software and 
services are needed for cross-border collaboration in multifunctional integrated design teams. 
From an engineering design perspective an issue for functional products can be interpreted as 
integrating service aspects into the hardware design, thus how to solve the problem and also 
what hardware that is actually developed will be affected. Therefore, knowledge needs to be 
shared in the conceptual development phase.  

In a value-chain partnership, companies have different but complementary expertise [5]. This 
expertise is linked into a shared capability to create value for end users. One incitement for 
developing a functional product relationship is the interest in selling added value of some kind 
to ultimate customers. The identification of added value can be interpreted as the recognition 
of complementary skills which has to be to be linked together into a functional product 
development process. For a functional product development process, the parties have 
recognised the need to interact earlier in each other’s development processes. Providers are 
not involved in the concept phase, but are contacted when important decisions are already 
made. At this point providers initiate their product development process on the basis of 
requirements achieved from the customer. Being involved early on means that instead of 
interacting at different stages in the process, all parties initiate their processes concurrently. 
Furthermore, information and knowledge about what is going to be performed requires being 
communicated to all parties. Interacting with partners makes ultimate customers and their 
needs visible to all parties, and make collaboration possible, i.e. to create new value together 
[5]. This value-chain partnership or the closest and strongest relationship [5] calls for ultimate 
customers to also be involved in the functional product collaboration. Interacting early on 
gives all partners the possibility to understand the requirements of the customer, and then the 
product lifecycle can be customised.  Linking complementary skills gives the picture of an 
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integrated development process, where some parts or activities in the process are “lifted” out 
and performed and owned by a partner. In such a concurrent and border crossing process the 
need for knowledge about each other’s processes is a prerequisite to collaborate. For 
functional products, an increased openness and greater trust is recognised as contributing to 
the overall efficiency in the product development process. The question for software systems, 
is how tightly coupled the systems need to be to support a functional development process? 
And, how tightly coupled will the companies allow them to be?  

7 Conclusions
In this paper the aim has been to explore knowledge sharing challenges between 
manufacturing companies to understand aspects vital to the design of software systems, in 
particular KBE systems. Previous studies have concluded functional products as generating 
close business-to-business relationships, giving stability and a constant revenue stream [10].
Interviews with engineers and meetings with people involved in a functional product research 
project have provided a view of functional product collaboration in an extended enterprise 
supported by computerised technology. Computerised technology has been recognised as an 
enabler for an extended enterprise and for knowledge sharing. Our study has focused on KBE 
systems, which differ from other knowledge-based systems by their geometrical 
characteristics, and are particularly useful for engineering design activities. Knowledge 
sharing challenges between companies can be concluded as to what extent knowledge could 
be shared and who to trust is identified as a key to this. This gives implications about how
tightly coupled KBE systems between companies could be. Functional products integrate 
hardware, software and services, and as a result, the view on the product changes to 
encompass a total commitment towards customers. The prerequisite of collaboration in 
functional product development insists on software systems to be coupled between partners. 
Furthermore, the integration of hardware, software and services in functional products calls 
for knowledge sharing issues to encompass more aspects than technical. For coupled KBE 
systems, more aspects than technical, e.g. business aspects, service aspects, need to be 
considered to support an integrated development process crossing organisational borders.   

8 Further research 
Our study contributes to the understanding of what new demands on KBE systems are 
motivated by the notion of functional products. The vision of functional product development 
as collaboration in value-chain partnerships between companies with complementary skills 
also gives a view of a distributed situation. We have not considered what changes are 
motivated by functional product collaboration on computerised technology specially designed 
to support distributed work, but this is a part of the already initiated research project. 

Coupled KBE systems are likely to be a driver for new thoughts about the core of the KBE 
concept. Research about this is ongoing and some ideas are presented, e.g. [32] [33].

Functional products are recognised as a total commitment towards ultimate customers. This 
means that functional products, as an evolving area, can be viewed from several different 
perspectives. Juridical issues have in our study been recognised as important and needs to be 
further investigated. 
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1. Introduction 
The purpose in this paper is to discuss new demands on computer tools to support decisions in 
functional product development. To do that, a tentative picture of changes in product development 
motivated by the concept of functional products has to be outlined to serve as a basis for the 
discussions. The concept of functional products affects the business as a whole. The hardware will be 
offered to customers as one part incorporated in a total offer. The offer as a whole compromise 
services related to and/or designed into that hardware. Accordingly, the product development level 
will be affected. But, to meet the high expectations the concept of functional products has to affect the 
design phase of the hardware in particular. Global collaboration in product development puts new 
demands on knowledge enabling technologies. Computer tools to support decisions in engineering 
design are commonly used by design teams. These tools are considered to be internal and support 
engineering specific knowledge. However, the concept of functional products in global design teams 
insists on collaboration between companies to achieve additional knowledge. Engineering design 
activities in functional product development insist on collaboration on a day-to-day basis despite 
distance.

1.1 The Concept of Functional Products 
A shift in view, captured in the concept of functional products, can be found within the manufacturing 
industry in Sweden. Traditionally, manufacturing industry focus on provide excellent goods, i.e. 
hardware, compromising services as add-ons. Services occur on an aftermarket and a major part of the 
profits is made on activities such as maintenance and spare parts. Over time the competition has 
increased in the aftermarket activities for manufacturing industries. One trigger for the concept of 
functional products can be found in the interest to control the aftermarket activities for the hardware. 
One characteristic for the concept of functional products is that the ownership of the hardware is not 
transferred to customers, even though the hardware as such is. The responsibility and availability of 
the functions provided by hardware remains with the service provider as well as the responsibility for 
maintenance and spare parts. The aftermarket is in that way owned by the provider and competition is 
decreased. The efforts of companies to cope with the demanding climate include a necessity to 
collaborate business-to-business to gain economies of scale partnerships in the extended enterprise and 
to be able to develop competitive products. Hence, the shift in view is a move towards providing 
services taking a lifecycle commitment for the hardware as well as optimising the availability of its 
function in the customers’ system.  
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The hardware providers will offer a guaranteed level of availability to the functions provided by the 
hardware. The reliability and maintainability of the hardware in relation to the customers use of it has 
to be taken into account in the design process. Thus, a thorough understanding of the customers’ 
processes, the performance and the use of the hardware in that processes as well as the customers’ 
needs has to be understood in early phases of product development.  

Besides, not transferring ownership to customers, some other main characteristic for functional 
products from manufacturing industry are; a) the integration of service and hardware knowledge into 
the development process, b) design of hardware with respect to technological advances, c) 
remanufacture of hardware of high total capital expenditure.  

The expectations from industry on the concept of functional products are high. The concept of 
functional products is expected to contribute to [Alonso-Rasgado et al, 2004]: 

the ecological sustainable environment through remanufacture of hardware, 
to sharing of for example business risks and  responsibilities through a flexible organisation 
structure
to customers in form of added value through providing continuously competitive hardware at 
the forefront of technology  
increased knowledge through the collaborative efforts to develop functional products.

2. Methodology 
The background for this paper has emerged from the interaction with industry people engaged in a 
functional product research project. The overall project is called Functional product development in a 
distributed virtual environment. Four sub-projects focus on communication, computer tools and 
knowledge needed for the development of functional products. In this paper material generated in all 
subprojects were brought together to provide a more encompassing view on the concept of functional 
products and particular on the new demands on computer tools used in collaborative settings. 
Computer tools are here broadly defined and range from information and communication tools (ICT) 
to engineering design specific tools. Material has been generated in meetings, workshops and in 
interviews.

3. Knowledge Integration in Functional Product Development 
The integration of service and hardware knowledge into functional product development is 
challenging. Skills, interactivity and connectivity in relationships are in focus within the knowledge 
area of services [Vargo and Lusch, 2004]. Knowledge related to services is expressed in terms of 
advices and know-how, i.e. tacit knowledge [Shostack, 1982]. Due to the tangibility of hardware the 
knowledge area focus on for example geometric and material characteristics and conversion of energy. 
Such knowledge is complex, but can be measured and transformed into rules and procedures, i.e. 
explicit knowledge. From a technical view reliable, relevant, in time, controllable and verified 
information can be provided in some cases. One dilemma in the design of computer tools is that they 
support different sets of problem areas. These areas are treated as separate issues and the computer 
tools are seen as internal specific tools.

Accordingly, one challenge for computer tools to support functional product development is to 
integrate different knowledge areas. The functional product development design teams have to act on 
good-enough information. Hence, another challenge for computer tools to support functional product 
development is to minimize the tacit elements and to provide support for taking in a readiness level in 
good-enough information [Alonso-Rasgado, Thompson et al, 2004 in Nytomt, 2004].  

Decisions for the total offer insist on knowledge about the customer, the customers’ processes and 
customers’ use of the hardware, for example will the hardware be exposed to conditions in the 
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environment which affects the functions? Will the hardware be exposed to conditions for how it is 
operated or manoeuvred? Decisions for the total offer insist on knowledge about issues that will affect 
the long term commitment, for example ecological constraints in form of government regulations. 
Furthermore, decisions for the total offer insist on knowledge about hardware as well as service related 
issues, for example predicting future technological advances and their relation to customer perceived 
value and internal cost for development. 

In figure 1, the tip of the pyramid symbolises the total offer (TO). The basis, on which the total offer 
depends on, composes of service and hardware knowledge. The integration of hardware and service 
specific knowledge into the functional product development (FPD) can be done by knowledge 
enabling technology. The total offer is a long term commitment to provide the customer with specific 
functions needed. The provider has to take decisions on maintenance, upgrade of hardware and 
technological advances. To develop or remanufacture the hardware or not is decisions that depends on 
questions for example about costs, profits and the commitment as such. To increase the quality and 
reliability in the decisions as well as in the commitment the provider has to be able to simulate those 
scenarios in the design process. To provide total offers and to develop functional products the 
computer tools has to convey down stream knowledge to be enabled in early design phases to facilitate 
life-cycle commitment. Knowledge is described as contemporary organisations most important 
resource and enabling technologies, e.g. virtual manufacturing and ICT are critical for the performance 
of flexibility in development processes.  

The offering of functional products includes an extended risk and responsibility taking for the 
company. The ability to simulate the hardware and service knowledge integration early in the design 
process is needed to support decisions. Simulations have to take standard component simulations 
(mechanical properties, manufacturing etc.) as well as total lifecycle simulations into account. 
Knowledge Based Engineering tools (KBE) is used in industry to decrease lead time by automating 
routine work, thus the time saved can be spent for several iterations in the synthesis-analysis phase 
[Pinfold and Chapman, 2001; Bylund et al, 2004]. The use of several iterations in conceptual design 
increases the quality of design by gaining a wider solution space.  

A key to achieve and realise functional product development is collaboration between companies. 
These efforts insist on enabling technologies to support collaboration, this is today technically 
feasible. A place and/or space for collaboration can be expressed in terms of a virtual enterprise or an 
extended enterprise. The extended enterprise is in this discussion used to exemplify a network 
facilitating global connectivity; our focus is on technologies facilitating that connectedness.

Figure 1. Knowledge base for Total Offer 
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4. Towards Functional Product Development 
Design engineers manage a broad range of knowledge and information. The engineering design 
process is knowledge intensive and incorporate relational complexity as well as complexity related to 
the hardware as such. The tentative picture, figure 2, of foreseen changes for functional product 
development is based on a discussion that simplifies engineering design activities as if the past is 
excluded. The total offer business model is one among several that the companies have to manage. It is 
important to understand that the new situation that is outlined here is building up a tentative picture of 
a new future, thus the past is not obsolete. 

Figure 2. Towards Functional Product Development 

4.1 Traditional product development 
In figure 2, at the left side, a traditional view on product development is present. The goal is to 
develop excellent goods having a focus on high quality. To achieve this goal strategies used can be 
exemplified with sequential design approach and homogeneous design teams. Information flows in 
this scenario can be compared with the ‘over-the-wall’ process. The activities were disconnected and a 
body of information was built up to encompass complete information about the hardware at each 
stage. Objectives in a sequential design approach are to break down tasks, activities and goals into 
sub-tasks, sub-activities and sub-goals. The formulation of a clear task, structured procedures, 
constraints and boundaries has to be done. The use of enabling technologies were sparse, computer 
tools were expensive and not fully adapted to every day use. However, 2D Computer Aided Design 
(CAD) tools were used. At this point the development of CAD and simulation tools was focused on 
matching the computer performance which was very slow. Computer simulations were often used to 
verify the design in a late stage in product development, not to support the design.   

4.2 Integrated Product development 
In the middle section an integrated product development approach sets the scene. Multidisciplinary 
design teams works across functional borders within the company and suppliers are contracted to 
provide additional solutions in a cooperative business-to-business context. The goal is to provide the 
market with successful goods, faster than the competitors. Excellent goods are still important, but over 
time customers take this for granted and start to search for factors which differentiate the hardware 
from those of competitors. Thus, customer orientation to understand customer needs is introduced and 
customisation of products needs to be addressed. The product development process is described in a 
parallel way, where the activities starts concurrently and encompasses several iterations between the 
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activities. Thereby, the information flows can be described as horizontal. That is knowledge and 
information is gradually built up into a complete method to manufacture the hardware. The goal is to 
establish the specification as soon as possible, by fighting changes and influences that might challenge 
it. In each phase alternative solutions can be thought up; the design team is therefore urged to diverge 
and converge in each phase. The move from vertical information flows to horizontal and continuous 
flows of information in integrated product development means that the body of information is 
incomplete and requires good computational support. 

The availability of computers and its processing possibilities are increasing rapidly. Designers are 
introduced to CAD programs utilising 3D-technology used to design components and assemblies 
constituting advanced product models where users can share the virtual prototype using PDM systems. 
The same digital representation is used as a basis for simulation of performance, manufacturing, etc. 
2D CAD is still commonly used in some areas. Simulations software and mathematical algorithms are 
improved and better supported with simulation programs, both integrated with CAD software as well 
as standalone software. Now simulations of both product characteristics and manufacturing simulation 
are commonly used in the development process. Simulations of complete product models are rare but 
becoming more common due to the increase in computer power and digitalisation of more aspects of 
the product. User interfaces are simplified and made more intuitive, still a large part of the design 
processes are repeated for each new product. 

The outsourcing of activities and the initial impacts of globalisation calls for cooperative work despite 
distance. As an additional support introduced in the 80s was video conferencing services. This adds a 
new dimension to distributed design teams which can share sketches and talk “person to person” 
without loosing body language. Industrial practice on video conference was generally limited to 
videoconferencing between two or three dedicated conferencing rooms, combined with application 
sharing and shared document repositories. The audio and video quality was generally low due to 
bandwidth restrictions and poor interoperability between conferencing systems. 

4.3 Functional Product Development
For functional product development the term product changes due to the integration of service and 
hardware to be understood as more encompassing than merely a physical artefact. Traditionally, in the 
left part of figure 2, the product term is comprehended as strictly a physical artefact. In the middle 
section the focus is not on an integrated product, rather on the process. However, the product term is 
mainly understood as a physical artefact in integrated product development. In Functional Product 
Development a physical artefact is designed and manufactured, but the customer will not own that 
artefact. The customer buys the functions provided of the artefact and accordingly comprehends the 
product than more than a physical artefact. 

At the right in figure 2, the integrated development process is expanded cross companies to compose 
functional product development, and an extended enterprise can be discernable in the 
interconnectivity. The extended enterprise can be interpreted and understood by the actors within it as 
a shared context for knowledge creation, knowledge sharing and knowledge integration [Huang and 
Newell, 2003]. The concept of functional products calls for collaboration with companies holding 
additional knowledge. This motivates the relationships to move from cooperation, i.e. the strive to 
coordinate the working tasks within a design project having different objectives for the efforts, to 
collaboration, i.e. the united efforts to achieve a mutual goal. In a cooperative approach all 
competences hold by the actors in the extended enterprise is not used for the benefit of the customer. 
However, the collaborative approach use all competences for the benefit of the customer, thereby the 
knowledge related to customers is also achieved by all actors. The new demands on enabling 
technology for FPD is discussed in the following (right bottom box in Figure 2). 

Integration of hardware and service knowledge into the product development process is challenging 
due to the nature of knowledge focused. Some service related knowledge can be considered as tacit 
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knowledge expressed in advices and know-how as well as it is related to aspects about who to trust. 
Some hardware related knowledge can be considered as explicit knowledge expressed in rules and 
procedures. Despite being difficult to identify, service knowledge insists on being formalised to be 
captured into computer support tools. Furthermore, it is not straightforward what service knowledge 
that is useful to integrate into product development. The integration and collaborative approach calls 
for adapted, communicating and/or coupled computer technologies. The potential for simulations to 
support decisions regarding integration seems high since several scenarios varying from worst case to 
best case can be performed.  

Computer collaboration tools include distributed engineering tools to support co-located design teams 
as well as engineering design specific tools such as KBE tools. KBE tools provide decision support 
internally in companies today. The move toward functional product development creates higher 
demands on collaboration between companies. KBE tools coupled into a system between companies 
increase the possibilities to provide solutions in the design process. For example, information about 
the machine park can be shared with other companies via coupled KBE tools. Companies can use KBE 
tools to automate pre-processing like meshing, run simplified Finite Element simulations or by adding 
machine cost into the KBE tool so the designer will know how much the manufacturing will cost in 
machining hours. Thus, cost in machining hours can be compared with the parties in the extended 
enterprise and decisions to collaborate or not concerning the specific task can be made [Sandberg et al, 
2005]. An alternative is to decide to manufacture in-house or to outsource the manufacturing to 
another company.  

Functional reasoning simulations in engineering design are suggested to support new structures and/or 
rules of combinations being incorporated into a knowledge base [Chakrabarti and Bligh, 2001]. By 
expanding the commitment related to the hardware, the company offering functional products must 
monitor and support the hardware during its entire life-cycle. Feedback from actual use must influence 
the service and the design of next hardware generation. 

It is important to understand that a total offer can trigger technology development processes at 
collaborating partners. The results from these processes, e.g. a new service, software, tool, material, 
can be offered as a total offer itself. If software is to be offered and used in the extended enterprise the 
functionality has to be general enough. Computer tools focusing the design processes are valuable in 
the extended enterprise.

Distributed engineering tools are used to support meetings as well as the actual design work. Members 
of a co-located design team are separated by many barriers including distance, time, organization, 
culture, language and different technical disciplines. Not only formal information such as documents, 
geometry models and other product data must be exchanged – it is also important to support the 
informal information sharing and creation of social capital (knowing who knows and knowing who to 
trust) [Larsson, 2005] considered natural in a co-located team. Distributed engineering work can be 
divided into two levels (1) integration (e.g. data management and infrastructure) and (2) interaction, 
i.e. ICT tools that create a shared workplace across locations and supports interaction between people. 

The integration level is focused on the integration of the low-level communication structure, involving 
the exchange and synchronization of data and information between different systems and partners 
within the extended enterprise. Here, one aim is to support the persistent storage of data, version 
control of design documents, and to show the current state of the design process. Information is 
closely connected to intellectual property within a company. So, information must be exchanged with 
partners within the extended enterprise, but not outside this partnership. 
On the interaction level, computer collaborative support is viewed from a people perspective.The 
diversity in cultures and competencies of the global team can be seen as a valuable asset that adds to 
the creative power of the distributed design team. One challenge for global product development is to 
support collaboration within global design teams, where diversity and competencies of the whole team 
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can be utilized and where team members can think together and share information and opinions 
instead of merely dividing work [Törlind et al, 2005]. Accordingly, all competences hold by the actors 
in the extended enterprise is used to achieve the mutual goal to provide customers with the contractual 
functions.

The trend on internet based tools has also changed collaboration. Instead of utilizing dedicated 
conferencing rooms the engineer can today collaborate from their workplace using software based 
communication tools such as IP- telephony,  video conferencing systems and application sharing. The 
use of tools supporting informal communication such as instant messaging and blogs has increased in 
industry.   

Simulation of total offers has to take all vital aspects of the offer into account in the conceptual design 
of the hardware. Simulations in the concept phase are useful to raise risk awareness and increase 
knowledge about the total offer potential. Due to the implementation of a broader use of simulations, 
simplicity in use without renouncing the security and trust in the computational support is important. 
The integration of services into product development insist on fast and flexible simulations, since 
services are partly co-produced with customers just as needed and at a time and place of the 
customer’s choosing [Edvardsson et al, 2000]. Simulation of total offers insists on an understanding of 
how decisions affect the offer, the hardware and the service and to see the effects in real time. The 
result from the simulations has to provide useful information for people holding different expertise 
ranging from engineers to market and purchase people. To take into concern the design of all these 
aspects simultaneously governs for close collaboration between divergent knowledge areas. 

Knowledge Market Place represents a virtual place for achieving additional knowledge. Core 
competences from the parties in the extended enterprise can be shared within this interconnectivity. 
Core competences or knowledge and the conventional hardware are different things. Core knowledge 
is related to the design process as such, e.g. the capability to run simulations applicable to a range of 
features, the capability to model and simulate components and relationships. The total offer and/or 
product development may include some areas that are not supported in-house or areas that are 
recognised as missing, but can not be exactly described. Additional knowledge is needed from external 
sources and the knowledge market place offers such resources. It is crucial to know who to collaborate 
with. If every total offer incorporates customised hardware, the answer to that question has to be found 
in each business case. However, one dilemma is if the additional knowledge is not explicitly 
expressed; how can it be found? Techniques for data integration and exchange can be used to create 
the information exchange within the knowledge market place, it is however impossible to store all 
information in one place, so technologies must combine and integrate relevant data from many sources 
and present it in a form that is comprehensible for the users.  

It is technically feasible to create a knowledge market place which can provide additional knowledge 
to companies. Yet, core knowledge is used to design and develop the offer, hardware and services, 
core knowledge are intellectual assets crucial to the company to be viable and competitive. As part and 
parcel of the business, questions about gains and losses need to be addressed. What knowledge sharing 
gives the best pay-back. This issue has to be considered in monetary terms, but also in knowledge 
boosting terms. The collaboration and sharing of knowledge should increase the in-house 
competences, not drain it. Core knowledge must also be protected in such a way that partners can 
utilize the specific simulation knowledge without revealing the core knowledge of the simulation 
process.
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5. Conclusions and Further research 
Companies that wants to be involved in the extended enterprise must look at their internal organisation 
and determine what their core knowledge is. Perhaps it is just a small part of the company that enables 
the company to do business the rest is just routine work. When the core knowledge has been found it 
is this knowledge that should be captured, formalized and integrated into a support tool offered to 
other partners in the extended enterprise. This tool itself may help other partners to overcome barriers 
in their product development process which may trigger new technology needs and a technology pull 
within the extended enterprise. Also, if each company could make small parts of their knowledge 
available for others to use each individual company could choose which company that are suitable 
collaboration partners in the extended enterprise. Computer tools need to capture and transfer the 
needs of the customer to the provider of the service, e.g. in the form of statistical information about 
new materials etc.  

In this paper the purpose was to discuss new demands on computer tools to support decisions in 
functional product development. It has been found that knowledge enabling technologies can support 
decisions in the early concept design phase as well as through the functional product life-cycle. 
Further research in this area would typically consider development of tools and technologies for 
Functional Product Development. 
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