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Abstract
Globalization, public environmental concern and government legislation are challenging 

the Swedish industry to be more efficient and increase its efforts in research and in the 
development of methods and tools for product development and production. The 
intellectual property of a company is a key asset when competing on the global 
market; hence, the ability to capitalize on experiences from a company’s development 
processes and products in use becomes increasingly important. An expensive 
manufacturing solution is recognized to have a negative effect on a products total life 
cycle cost and its ability to earn profit. Hence, manufacturing processes are constantly 
being target for improvement efforts and experience gained during manufacturing has 
a potentially high impact on design decisions in new projects. The aim of the research 
presented here is to improve manufacturability and avoid the reoccurrence of design 
flaws in ongoing or new projects. The research has provided a better understanding of 
the mechanisms for experience reuse and developed methods and tools for experience 
feedback from the manufacturing phase back to the earlier phases in the products life 
cycle.  

This thesis presents an initial descriptive case study from two manufacturing companies 
that provided a better understanding of the current practices for experience reuse and 
identified factors that influenced the feedback of manufacturing experience in product 
development. Based on initial assumptions and the results from the first case study, 
the requirements on a manufacturing system for experience reuse were formulated in a 
prescriptive study. A second descriptive study utilized a web based application to 
visualize manufacturing process capability data in a way that was logic for the user. 
The research has been an iterative process, while results from the descriptive studies 
have influenced new prescriptive studies, delivering methods and tools that in turn 
have influenced the ongoing work at the company where the research was conducted. 
The main contribution from the research is a framework to support re-use of 
manufacturing experience. The framework decomposes the multifaceted task of 
experience re-use by identifying typical activities involved in the feedback process 
and categorizing the “elements of experience” in terms of knowledge, information and 
data. The applicability of the result was validated in descriptive studies and through 
improvement efforts within the company. The research supports a frontloading 
approach in product development by enabling manufacturing experience to have an 
impact on the design definition during the early phases of product development. As a 
consequence, the risk for costly re-design later in a project is expected to be reduced. 

Keywords: Experience reuse, product development, KBE
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1 Introduction 
The view on experience in a company varies, as a manager may ask a question like: “Do 

we have any experience of this? And the answer might be: - Yes, we have made that 
type of welding before so we have the people, routines and machines to manage the 
task”. Or, with a strategic focus, “Our product specialization is the structural 
components of an aircraft engine”, meaning that we know what we are doing because 
we don’t try to do everything.

There are ambiguous meanings of the noun “experience”. The Longman online 
dictionary of contemporary English [1] defines experience as “Knowledge or skill that 
you gain from doing a job or activity, or the process of doing this” , or “something 
that happens to you or something you do, especially when this has an effect on what 
you feel or think”. In this thesis, the term re-use of manufacturing experience is in the 
context of learning from activities or events in the manufacturing part of product 
development. Such learning can be achieved through the capture of knowledge from 
workers or other persons involved in the manufacturing phase. However, learning can 
also be achieved from data that is captured and stored in databases; hence this process 
is also considered to be re-using of manufacturing experience. 

1.1 Background
In public, there is an increased general awareness of environmental issues and the 

authorities are placing stringent environmental requirements through new legislations 
to reduce industrial emissions to ease the environmental impact [2]. As a response, 
programs for development of new technologies are initiated such as the European 
initiative CleanSky [3]. In the Manufuture 2020 [4] report, the European 
manufacturing industry and the European commission describes the European 
industry as a leader in research and product development aimed at re-usable goods. 
However, the report also identifies weaknesses such as low productivity and an 
inability for innovative ideas. According to the report, EU must invest in these areas to 
offer attractive products but also remember to protect the intellectual knowledge base.

Swedish Technology Foresight, represents a national initiative to address this by 
bringing together a large number of stakeholders from the knowledge community to 
find the best way of promoting long term interplay between technical, economic and 
social processes [5]. A report from the project concludes that knowledge is the most 
important competitive factor as globalization and technological development will lead 
to an increased demand for knowledge and expertise. Simple tasks are being sent to 
companies in countries with emerging economies and there is competition for 
investments and skilled labour between nations and regions. It is necessary to develop 
and use knowledge in various ways in order to add new value to the product and 
achieve a competitive advantage. 

A competitive strategy for manufacturers is to combine services with products to add 
more value, the combined solution is called Product-Service Systems (PSS) [6, 7] or 
Functional Product (FP) [8]. Development of functional products implies finding 
solutions to needs rather than developing products based on requirements. The 
solution, a PSS, than satisfies the needs and expectations of users since the "use" or 
"consume" occasion is included into the concept. This is not the case for "traditional 



2

products" where the manufacturer "simply" delivers a product to the customer and 
have no, or limited, relation to its use.  

Since the Life Cycle Responsibility has increased, and has been inherently present in 
aero engine contracts for the last roughly 20 years, business is increasingly concluded 
where the manufacturer is involved after manufacturing. By integrating the service 
content in product development, competences, roles and responsibilities of 
manufacturing companies are challenged [9]. Consequently, the need for information 
and knowledge from the product’s life cycle has increased, especially information 
from the manufacturing phase is of interest in earlier phases were design decisions are 
made due to the great impact of manufacturability on the products total life cycle cost.  

Traditionally, experience feedback within manufacturing processes has generally 
focused on supporting the internal production process to comply with the product 
definition. More rarely are there formal processes for feeding back experience from 
manufacturing processes to adapt the product definition in order to achieve a more 
robust manufacturing process. The branch of engineering research committed to 
improve the manufacturability in design is Design for Manufacturing (DFM) although 
this has usually been limited to general rules of thumb and qualitative methods for 
designers. Recently however, statistical methods such as DfSS (Design for Six Sigma) 
[10], and other methods for Robust Design [11] are introduced to affect earlier phases 
of PD to achieve improved manufacturability. Automatic feedback of measurement 
data is also used for developing applications for planning and diagnostics [12]. 

Several of the attempts to support companies “lessons learned” processes have been 
focusing on IT support and are often failing to provide the context needed to interpret 
the captured experience from previous projects. Experience that is gained in e.g. the 
manufacturing environment is not naturally understood by a designer as the 
terminology and surrounding environment is different. And although IT system 
support is often applied as a solution there are also issues related to accessibility. For 
example, data stored in IT systems with the purpose to provide useful information to 
others is only accessible to a limited group of authorized people. When the project has 
ended, this group of people is reduced even further. 

From an engineering design perspective, the techniques for capturing and re-use product 
and process knowledge into a design system is called Knowledge Based Engineering 
(KBE) [13]. While traditional CAD systems have a focus on providing interactive 
functionality, giving the designer as much flexibility as possibility to alter the 
geometric definition, KBE systems integrate engineering processes such as FE-
analysis and detailed design procedures into the design system. In a KBE system, 
engineering design knowledge is used when writing the program for a KBE 
application and there is less interaction from a design engineer when the system is 
executed. However, although captured engineering knowledge is used when the 
application is executed, this is sometimes regarded as a black box by the engineer, 
especially if the engineer that uses the application hasn’t been part of the 
development. As a response, there have been initiatives for system independent 
representation of the design knowledge with a focus towards knowledge management 
to provide transparency as well as to link informal models for user interpretation to 
formal representation enabling system implementation [14]. 
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1.2 Motivation
In new engine programs there is no longer time to iterate alternatives using physical 

prototypes and the lead time pressure in product development enforces companies to 
perform product development routinely with tight control of risk. The capability to 
define the entire product realization process virtually is practically already here [15-
17] and there is a need to make this process robust, especially within the aerospace 
manufacturing industry were production processes are certified together with the 
product definition. 

Additionally, a company’s experience is considered a key enabler to stay competitive 
and knowledge from the company’s product development and manufacturing 
processes is unique and takes years to acquire. However, managing experience is a 
multifaceted task in a design organisation and the feedback processes is often 
insufficient and cumbersome [18]. 

In the Manufuture 2020 [4] report, the European manufacturing industry and the 
European commission conclude that the industry have to move from being "Resource-
based" to "Knowledge based", avoiding competing with lower wages and cheaper raw 
materials, but instead streamlining their processes and add value to their products. 

By adopting a functional product perspective onto product development, knowledge that 
is based on a specific company experience can be offered as a function to provide 
expert assessment in complex virtual enterprises. Unlike a traditional transaction-
focused model where the suppliers provide tools for manufacturing and enough 
information about machines’ capability to the customer, the supplier takes 
responsibility for the manufacturability through, for example, risk and revenue 
agreement and provides expert advice about manufacturability to the designer. 

The final product cost is set in early phases of product development and changes of the 
design definition becomes costly the latter they are introduced [19]. Hence, by 
allowing experience from manufacturing to have an impact on the design definition in 
early phases of product development, the risk for costly re-design later on in a project 
is reduced.

Apart from capturing and re-use product and process knowledge, KBE assist engineers 
in a variety of tedious, routine tasks and automates engineering processes, achieving 
reduced lead-times as well as increased quality [20]. KBE is well suited for 
multidisciplinary tasks [21, 22], in depth analysis [23] as well as cost modelling [24] 
providing means for efficient implementations in an engineering design environment. 

Consequently, there are several concurring issues that motivate research in the area of 
experience feedback from manufacturing to design.  

1.3 Aim and Scope
The aim of the research is to improve manufacturability and avoid reoccurrence of 

design flaws generated in ongoing or new product development project. The industrial 
implication of enhanced methods for re-using manufacturing experience is reduced 
product development lead times and quality assured methods, implemented in design 
systems with the ability to interact with other company specific design systems. This 
is expected to lead to improved robustness in manufacturing processes. 
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The research has been conducted within two projects founded by the Swedish 
governmental agency for innovation Systems [25] and the industry. The first project 
was DLP-E, Digitally Linked Processes with a focus on experience. The key challenge 
addressed in this project was that the information flow in industrial applications is a 
growing part of the data that must be consider and analyze in order to deliver the 
products that customers demand while at the same time maintaining margins in terms 
of cost, safety and quality. It was recognized that much of the manufacturing systems 
continuously record data from both manufacturing processes as well as around the 
product characteristics and that there are heterogeneous solutions to take care of these 
data but the availability for the engineers and processing of the data needs to improve. 
The second project, Robust Machining, supports the research on managing 
manufacturing experience by continuing on previous work in DLP-E and raises the 
maturity of methods and tools to generate an industrial impact. Both projects have 
aimed to improve competitiveness in industry and contribute to the scientific 
community.

1.4 Research question
The approach has been to provide a better understanding for manufacturing issues in the 

earlier phases rather then limiting the experience feedback to remain locally within 
manufacturing. Based on the background together with motivation and aim, a research 
question was formulated: 

RQ: “How can experience from manufacturing processes be 
tied and reused to impact the governing product and process 

definition?” 
The research question was formulated in the beginning of the work and has guided the 

research to deliver methods and tools contributing to a more efficient reuse of 
manufacturing experience. 
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1.5 Thesis structure
This thesis is the result of research conducted between 2007 and 2011 and is comprised 

of papers that have been published during the course of the work. 

Chapter 1, Introduction 
Chapter 1 includes a background description to provide the context, the motivation 
for the research, the aim and scope and the research question.

Chapter 2, Research environment 
Chapter 2 describes the research environment where the research was conducted as 
an industrial Ph.d. candidate; the research environment has been both academic and 
industrial.

Chapter 3, Research Approach 
Chapter 3 explains the research methodology that has guided the work.

Chapter 4, Theoretical frame of reference 
Chapter 4 includes relevant knowledge domains where existing research is 
reviewed. 

Chapter 5, Summary of appended papers 
Chapter 5 summarizes the appended papers and explains how the results from each 
paper have contributed to the research. 

Chapter 6, Support for re-use of manufacturing experience in early phases of 
product development 

Chapter 6 provides a summary of the research results. 

Chapter 7, Discussion and analysis of the results 
Chapter 7 discusses and analyses the results in relation to the initial objectives and 
research question.

Chapter 8, Conclusion 
Chapter 8 concludes the contribution of this work. 

Chapter 9, Future work 
Chapter 9 suggests future work. 



6

2  Research environment 
The research studies were undertaken at Volvo Aero in Trollhättan[26], Sweden. At the 

same time, research activities and course work were performed at Luleå University of 
technology at the division of Functional Product Development [27]. Daily presence in 
the industrial environment has enabled an in-depth understanding of the industrial 
processes studied. The host department at the company have an overall responsibility 
to manage and improve the product development process within the company.  

The research was funded by Vinnova [28] through two projects in the MERA 
programme, the DLP-E project  and the ongoing project Robust Machining. The 
research was integrated with other projects at Volvo Aero, including SAGE, a 
technology demonstrator in a joint European research project, Clean Sky [3]. As a 
member of the PD process management department at Volvo Aero, I have been 
working with initiatives to improve experience re-use within the company.   

2.1 Volvo Aero
Volvo Aero is part of the global company Volvo Group. In 2009, the Volvo Group had 

a turnover of 218 billion SEK and approximately 90,200 employees. Volvo Aero itself 
had a turnover of 7.64 billion SEK and approx. 3,200 employees in Trollhättan and 
Linköping in Sweden, Kongsberg in Norway, and Newington and Kent in the USA.

Initially, NOHAB Aero was founded in1930 and Volvo became the majority 
shareholder in 1941. For the commercial engines market, the company specializes in 
developing and producing large structural components of commercial jet engines. 

The company also develops other products at a smaller scale for the European space 
program Ariane, such as large rocket exhaust nozzles, and has military product 
development programs mainly for the Swedish DoD. Volvo Aero has 5 associate 
professors, 60 employees with Ph.D. degrees, 300 with M.SC. degrees, and hosts 
approximately 10 industrial Ph.D. students. The company offers around 30 students 
the opportunity to do their thesis assignments locally at Trollhättan or at distance. 

2.2 Luleå University of Technology
Located in northern Sweden, Luleå University of Technology has research with close 

ties to industry and a holistic perspective. This work has been carried out within the 
Division of Functional Product Development (FPD). Until 2010, the division was 1 of 
12 divisions at the department of Applied Physics and Mechanical Engineering. After 
organisational changes in 2010 the division is now 1 of 20 divisions at the department 
for economy, technology and society. 
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3 Research approach  
The participatory action research methodology and the design research methodology 

were combined to guide the research. Case study research was used for the descriptive 
study to explore phenomena in the manufacturing experience feedback processes. In 
the following section, the most important principles from the included research 
methodologies are explained. 

3.1 Participatory action research
Because the research was conducted in an aerospace industrial environment, 

participatory action research was considered applicable to many situations during the 
research. Participatory action research (PAR) has been defined as having a double 
objective [29]:

“One aim is to produce knowledge and action directly useful to a group of people 
through research, adult education or sociopolitical action. The second aim is to 

empower people at a second and deeper level through the process of constructing and 
using their own knowledge” 

Both objectives support the use of an action research approach. In participating action 
research, change and action are embedded. 

A fundamental process feature of PAR is its cyclical nature [30], with iterations  of 
planning, acting, observing and reflecting, see Figure 1. 

Maggie Walter [31] describes the steps involved as: 

A problem, issue, or desire for change is identified by the community of 
research interest. 

Initial collaboration takes place between the community of research interest and 
the researcher and planning how to tackle the problem then begins. 

The developed plan is then put into action.

The action and its outcomes are then observed again by the community of 
research interest and the researcher. 

The final stage in the first cycle is to reflect on the action and its outcomes. 

If this reflection leads to an assessment that the first action step was effective, 
then the process of planning, action, observing and reflecting starts again, 
building on this initial success. 

If the reflection deems the first action unsuccessful or not as successful as 
anticipated, then these outcomes are taken into consideration in the planning of 
new or different action in the next cycle of planning action, observation and 
reflection.

The cycle continues in as many iterations as needed to resolve the problem or 
reach the objective. As with all aspects of PAR, the deeming of a problem as 
solved or an objective as reached is a collaborative one. 
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The cyclic process guides the work and is representative for the research 
conducted.

The cyclic process guides the work and is representative for the research conducted. 

Problem
statement

Action

Observation

Reflection
Informed planning

Action Action Action

Observation
Observation

Action
Cycle

continues
until

issue is
resolved

Reflection
Informed planning

Figure 1, the cyclic nature of PAR. Source: adopted from Walter 2009 

The model is well suited to explain the research in an industrial context where solutions 
are proposed and put in realization [32]. 

PAR was used in this work, since the industrial environment was the principle daily 
working environment. This gives the strong position to combine observation with 
attempting hypotheses and validating demonstrators.  
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3.2 Design Research Methodology
Design research aims to formulate and validate models and theories about design 

phenomena as well as develop and validate knowledge, methods and tools - founded 
on these models and theories. In addition, design research also aims to improve the 
design process (i.e. support industry producing successful products). In this context, 
the focus has been on improving the process to reuse manufacturing experience by 
understanding what current practices and tools exist and how they are used. Figure 2 
illustrates the aims of engineering design research as described by Blessing et. al. [33]. 

Organization

Product

Macro
economy

Micro
economyProcess

Tools &
methods

People

Improving design
(product and process)

Understanding

Support

Figure 2, aims of design research, adopted from Blessing 2002. 

The Design Research Methodology [34] was defined with the objective to provide a 
common reference base for how to do research within the engineering design domain. 
The DRM approach is briefly introduced, and its principles will be used to describe 
the research work. 

The research has been an iterative process between the descriptive and prescriptive 
studies which have contributed to methods and tools Figure 3 illustrates the main steps 
for the research process following the basic principles of the Design Research 
Methodology from Blessing et al. [34]. The research question and the key aspects 
derived from the motivation of this work have guided the research. 
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RQ: How can experience from 
manufacturing processes be 
tied and reused to impact the 

definition of governing product 
and process definition?

Descriptive
study

Prescriptive
study

Descriptive
study

Research deliverables

Applications

Application
1 Application

2 Application
n

Figure 3, illustrating the main steps for the applied research approach. 

The initial descriptive study was conducted at two manufacturing companies to provide 
a better understanding of current practices for experience reuse and identified factors 
that influence the feedback of manufacturing experience in product development. 
Based on the initial assumptions and the results of the first descriptive study a theory 
on the mechanism for experience feedback and requirements on a manufacturing 
system was formulated in a prescriptive study. A second descriptive study utilized a 
web based application to identify if the theory was applicable in the industrial 
environment and if it addressed the factors it was supposed to address. The 
applicability of the results has been validated in the descriptive studies and through 
improvement efforts within the industry. Applications with the results from the 
research, methods and tools have been adopted within a company environment to 
support ongoing implementation of improvement efforts. 

The prescriptive and descriptive studies are part of an iterative process, whereas results 
from the descriptive studies have influenced the requirements on the following 
prescriptive study. The iterative process delivered methods and tools that have 
influenced the ongoing work at the company where the research was conducted. By 
involving groups within the company in development and implementation activities, 
the research has “empowered people at a second and deeper level through the process 
of constructing and using their own knowledge”, the second aim of participatory 
action research. 
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3.3 Case study research
According to Yin [35], Case studies have a distinct advantage when the “How” and 

“Why” questions are being asked about a contemporary set of events, over which the 
investigator has little or no control. Additionally, the case study method allows 
investigators to retain the holistic and meaningful characteristics of real-life events, 
such as individual life cycles, organizational relations, and the maturation of 
industries.

Three study questions were used to form the questionnaire survey and lead the 
interviews.  

How is the current situation regarding reuse of manufacturing experience?  

How can reuse of manufacturing experience improve product development?  

How can improvements be measured? 

3.3.1 Units of analysis
Identifying the unit of analysis is important, since it is closely related to the study 

question and proposition [35]. The unit of analysis in the first case study in this work 
was the information exchange between the different participants in product 
development.  

3.3.2 Case study data collection
The case study’s unique strength is its ability to deal with a full variety of evidence–

documents, artefacts, interviews, and observations, and that case studies can comprise 
both quantitative and qualitative evidence. The study conducted at the beginning of 
this research used both interviews and questionnaire surveys. It is suggested to 
complete an iteration of test surveys and interviews prior to the actual data collection.

Questionnaire surveys 
The questionnaire surveys outnumbered the interviews and were equally distributed at 

the two companies to two departments from each organisational function, Design 
Engineering, Manufacturing Engineering and Serial production. The questionnaire 
forms were distributed to the respondents and answered at a department meeting to 
ensure that the respondents were available and that enough time was allocated for the 
enquiry.

Questions about the respondents name and position in the company were also included. 
The name was used for direct feedback during a possible interview and the position 
enabled the collected data to be put into the relation of the respondent’s position 
during the analysis work. The questionnaire survey was performed prior to the 
interview and both the questions and the preliminary results from the survey were 
used as a basis for discussions in the interviews.  
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Interviews 
The interview respondents were selected on the basis of their experience in their 

profession and position in the company. Name and individual results were not stored 
after the study was completed and were only used to enable clarification of the 
answers and to serve as basis for discussions with the individual. No one outside of 
the research team gained access to the filled in forms.  

3.3.3 Analysis
Data from the interviews, questionnaire survey and associated comments were analyzed 

using techniques described in Miles & Huberman [36] where a six steps are described:

• Arrange the collected information in different areas

• Create a matrix of categories  

• Place the different types of evidence that are included under the appropriate 
category.  

• Create Flowchart diagrams and other types of graphical presentations.

• Tabulate repeatedly data occurrences and analyze this regarding to relations.

• Sort information in chronological order.  

The data were arranged in categories of two dimensions, the organizational functions 
(departments) and the product development process. The functions were; “Design 
Engineering”, “Manufacturing Engineering” and “Serial Production”. The product 
development processes were; Concept, detailed design, manufacturing engineering 
and serial production. Different types of graphical presentations were used to analyse 
the relation between the data together with comments to help explaining different 
phenomena’s revealed. 

3.4 Research context
Much of the research was conducted in the two projects funded by Vinnova [25], DLP-

E and Robust Machining. In addition, the industrial environment at Volvo Aero 
provided several related projects for the collection of empirical data and platforms for 
testing and evaluation. 

Figure 4 illustrates the stakeholders and the information flow, described as an initial 
view of the problem. What methods and tools can be provided to facilitate the 
feedback of manufacturing data to engineers during the earlier phases of the product 
life cycle process? How can a learning process be ensured to prevent mistakes from 
earlier projects from recurring in ongoing or future projects? 
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Figure 4. feedback of manufacturing experience. 

In more detail, the short feedback loop goes from the manufacturing operations back to 
the production system and can be a fully automated process where NC programs are 
adjusted based on sensor signals integrated in the machine by an adaptive control 
system. Experiences here are quite similar to data patterns, and local in character. The 
context is far from the designer’s context. The feedback of information from 
manufacturing operations back to manufacturing engineering affects decisions 
regarding production flow, tools and machines. The manufacturing engineer has a role 
in managing experiences in this phase. Knowledge about the impact of design 
decisions made by the design engineer on manufacturing has a great influence on the 
PD life cycle and therefore potentially a greater impact on product cost.

The second project, Robust Machining is one of several projects within FFI - Strategic 
Vehicle Research and Innovation [37]. FFI (Swedish “Fordonsstrategisk Forskning 
och Innovation”) is a partnership between the Swedish government and automotive 
industry for joint funding of research, innovation and development concentrating on 
Climate & Environment and Safety.  The project started 2009 with the aim to further 
develop and test concepts and technologies from previous projects of the MERA 
program. There are 4 Work Packages within Robust Machining and the this research 
has been a part of WP3, Machine system modeling and re-use of manufacturing 
experience. Here, the work continues where DLP-E ends, with the aim to raise the 
TRL level [38] for methods and tools developed in DLP-E, see Figure 5. The focus is 
to support ongoing projects within the industry and to validate methods and tools for 
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experience re-use. This is an iterative process with adjustment and further 
development following the methodology of participatory action research. 
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Figure 5, describes how the second project robust machining aim to bring methods 
and tools from DLP-E closer to industrial implementation. 

The project supports the FFI ambitions for sustainable manufacturing, where 
economical sustainability is one factor. E.g. the ability to manufacture advanced 
components more profitable than the global competitors. The Swedish National 
Research Agenda for production [39] by the Association of Swedish Engineering 
Industries [40], the Swedish Production Academy [41] and Swerea IVF [42] point out 
‘robust and reliable manufacturing systems’ as a prioritized research area. 
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4 Theoretical frame of reference 
A significant amount of research has addressed the topic of experience re-use – a broad 

area even within the engineering design research field.  Hence, a selection of research 
relevant to experience re-use within product development, in particular from 
manufacturing, is reviewed. Figure 6 illustrates a selection of research relevant to 
experience re-use. 

In a functional product scenario the customer is provided a function, unlike traditional 
products that are tangible. The customer then uses the function in an activity. From an 
experience feedback perspective, experience is gained during these activities and 
possibly re-used if there is a learning process. The same reasoning can be applied to 
internal product development processes, where the manufacturing unit provides 
functions to drill, mill, cut, turn, weld, etc. Experiences gained during these operations 
are of interest for other stakeholders in the earlier phases of product development to 
evaluate cost, quality or manufacturability of design concepts. 

Efforts for robust manufacturing within product definition include Design For 
Manufacturing (DFM), Concurrent Engineering (CE), Design for Six Sigma (DfSS), 
and Integrated Product Development (IPD). A key element within these areas is the 
feedback of results from the manufactured product, i.e. how well did the final product 
correlate to the product definition? How well did manufacturing processes correlate to 
those defined in the manufacturing preparation phase? Feedback of the outcome is 
vital for all efforts towards a more robust design process. 

An important role for a company’s organisational management system is to describe the 
business through processes and activities that reference instructions, procedures, 
methods, etc. As the product development process is modelled, it is possible to 
simulate and apply process improvement approaches. This can be done on high level 
processes or on a more detailed level. 

Methods and tools to manage knowledge in engineering design continue to evolve. 
Modelling the feedback process and describing how experience is generated or 
identified, captured, stored and eventually searched for, and used provides the means 
to identify bottlenecks or other problems and suggest improvement efforts. Industry is 
increasingly adopting lightweight web collaboration tools, both as social networking 
tools and to support engineering work. Knowledge based engineering is used to 
capture the engineering intent and integrate rules into a design system. 
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Figure 6, context map of relevant areas. 

4.1 Functional Product and PSS
When a physical product is combined with services and software to add more value, the 

combined solution is called Product-Service Systems (PSS) [6, 7] or Functional 
Product (FP) [8]. The development of functional products implies finding solutions to 
needs rather than developing products based on requirements. The solution, a PSS, 
then satisfies the needs and expectations of users, since the "use" or "consume" 
occasion is included into the concept. This is not the case for "traditional products" 
where the manufacturer "simply" delivers a product to the customer and has no, or 
limited, relationship to its use. Mont [43] clarifies the concept of product-service 
system through a framework that describes the element and characteristics of product-
service systems together with benefits and drivers. 



18

Tukker [44] provides definitions for three terms commonly used in PSS literature;  

Product service (PS): A value proposition consisting of a mix of tangible 
products and an intangible service designed and combined so that they are 
jointly capable of fulfilling integrated, final customer needs. 

System: The (value) network, (technological) infrastructure and governance 
structure (or revenue model) that ‘produces’ a product-service. 

Product-service system (PSS): The product-service including the network and 
infrastructure needed to ‘produce’ a product-service. 

Figure 7 describes the main categories and subcategories of a PSS, where the main part 
of a PSS offer can be product (tangible) oriented or result (intangible) oriented.

Value
mainly in
product
content

Value
mainly in
service
content

Pure
Product

Product service system

Product
Content (tangible)

Pure
Service

C: Result
oriented

B: Use
oriented

A: Product
oriented

1. Product
related
2. Advice and
consultancy

3. Product
lease
4. Product
renting/
sharing
5. Product
pooling

6. Activity
management
7. Pay per
service unit
8. Functional
result

Service content
(Intangible)

Figure 7, main and subcategories of product –services. Adopted from Tukker 2004 

Research within functional product development tends to be dedicated to concept 
development, where the development of hardware components and services meet in a 
global, distributed business-oriented process. The focus seems to be set on 
knowledge-based, information-driven and simulation support in a life cycle 
perspective to enable the design of a total offer [45-47]. If the traditional focus has 
been to define a product based mainly on a functional requirements perspective - a 
Functional Product perspective highlights the need to account for knowledge from all 
life cycle phases. Figure 8 illustrates the increased number of actors in PSS 
development vs. traditional product development. 
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Figure 8, knowledge sharing in PSS development vs traditional product development. 
Adopted from a workshop on PSS at Luleå University of Technology 2010. 

If multidisciplinary design is a challenge in traditional product development, a PSS adds 
to this by including even more optimization tasks, e.g. car washing, disassembly of the 
car, maintenance, etc. To some extent, these activities were included in traditional 
product development, but mainly as requirements and not as part of the design 
activities. Hence, tools to support the engineer in the design of the PSS are lacking. 
Engineering 2.0 [48] is an attempt to partly meet these needs by using lightweight 
knowledge tools and web 2.0. These tools also provide the means to capture and share 
experience, and thus support the experience re-use. As more actors are defined in the 
system, the knowledge base of experience that can be used to improve future offers in 
PSS is increased. Work by Jagtap et. al [49] is an example of research motivated by 
the shift from tangible products to providing services. The presented study aims to 
identify what parts of in-service information are required when components or 
systems of existing engines need to be redesigned because they have not performed as 
expected in service.  
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Baxter et. al [7] address the challenge of multiple stake holders in the design of PSS by 
proposing a knowledge management framework. The framework consists of three 
principal components.

The first is a process-based design model that defines design according to 
specific tasks and associates previous knowledge with those tasks.

The second is manufacturing capability knowledge to support feature-based 
design and manufacturing by representing machining features, best practices in 
machining and inspection, and machining capability.  

The third component is service knowledge, which ensures that design considers 
the service requirement.  

Activities in the process are associated with knowledge resources. Following the same 
approach, Doultsinoua et. al [50] describe the role of service knowledge in design and 
how to apply service knowledge in the conceptual design stage based on an existing 
requirement management framework. 

From an experience re-use perspective, experience is gained during activities and 
possibly re-used if there is a learning process. Multiple stakeholders in the product 
development processes represent a challenge but are also an opportunity to increase 
the knowledge base where design decisions are based on. 
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4.2 Robust Manufacturing
There are several approaches towards a robust manufacturing process, such as DFM, 

DfSS, Lean production.  

Since the 1990s, Six Sigma has been the dominant approach in achieving lean 
processes, mainly within the supply chain, though the method is gaining increased 
attention in the early phases of product development. Six Sigma describes 
quantitatively how a process is performing. To achieve Six Sigma, a process must not 
produce more than 3.4 defects per million opportunities. A Six Sigma defect is 
defined as anything outside of customer specifications; a Six Sigma opportunity is 
then the total quantity of chances for a defect (Magnusson, 2003). Design for Six 
Sigma (Watson, 2005) emphasises a top down commitment in the organization and is 
based on a hierarchal management model that reflects the roles from top to bottom, 
such as Champion, Master black belt, Black belt, Green Belt and White belt.  

Two methodologies practised in Six Sigma are DMAIC, an improvement methodology 
used for process improvements (mainly manufacturing processes), and DMADV, an 
improvement methodology used for design improvements. The basic methodology of 
DMAIC consists of the five stages – Define, Measure, Analyze, Improve and Control.
DMADV is similar but consists of the five stages - Define, Measure, Analyze, Design
and Verify. According to Watson (2005), the DMADV methodology should be used 
instead of the DMAIC methodology when:

A product or process does not exist at your company and one needs to be 
developed.

The product or process exists and has been optimized (possibly using DMAIC) 
and still does not meet the level of customer specification or Six Sigma level. 

Allen C. Ward [51] describes a approach to achieve lean products and processes. He 
defines a learning cycle for lean development, LAMDA (Look, Ask, Model, Discuss 
and Act).  The cycle is derived from PDCA (Plan, Do, Check, Act), a cycle for 
continuous improvement at Toyota. LAMDA expands upon PDCA, as there are two 
LAMDA cycles in one PDCA; see Table 1.  

Table 1, Comparison of LAMDA and PDCA  

PDCA LAMDA PDCA cont. LAMDA again

Plan Look Check Look

Ask Ask

Model Model

Discuss Discuss

Do Act Act Act

In lean development, the focus is on eliminating non-value activities and a vital part is 
to measure the performance of value streams.  
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The efficiency of lean processes is highly dependent on robust processes for experience 
feedback. Continuous improvement requires tools and methods to capture and store 
knowledge and data from ongoing and previous projects.

4.3 Engineering process improvement
To identify bottlenecks, the approach to model a process is commonly used within many 

areas or disciplines. Here, process improvement approaches related to design 
engineering are briefly reviewed.

Davenport et al. [52] defines business processes as “a set of logically-related tasks 
performed to achieve a defined business outcome”. Taking the advantage of the 
capabilities of Information Technologies in the 1990s, a generic five step 
improvement approach to redesigning processes with IT is suggested;

1. Develop business vision and process objectives - prioritize objectives and set 
stretch targets. 

2. Identify process to Be Redesigned – identify critical or bottleneck processes 

3. Understand and measure existing processes – identify current problems and set 
baseline

4. Identify IT Levers – Brainstorm new process approaches 

5. Design and prototype process – Implement organisational and technical aspects 

 The authors also suggest a broad strategic vision and instead of task rationalization, the 
redesign of entire processes should be undertaken with a specific business vision and 
related process redesign objectives in mind. The most likely objectives for process 
redesign are listed as; Cost reduction, Time reduction, Output quality and quality of 
work life (QWL/Learning/empowerment).   

According to Vajna [53], targets for process optimization are requirement fulfilment, 
process quality & time and budgetary requirements. Vajna describes the simulation 
and testing of modelled processes and their structures as the first step towards 
improvements. In doing so, it is possible to identify; 

Resource bottlenecks. 

Problems with dates and milestones. 

Sequence of activities that might not work well in practice.

Furthermore, Vajna describes four subsequent steps to maximize the potential of the 
optimization process; see Figure 9. 
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Figure 9, summery of process optimization steps. Source: Vajna 2005   

The steps seem to address the objectives for process redesign as stated by Davenport. 
Vajna acknowledges the difficulty in evaluating the performance of engineering 
processes, since they (among other differences) are dynamic, creative and chaotic, and 
include many loops and go-tos. This is in contrast to business processes in 
manufacturing, which are fixed, rigid and have to be reproducible and checkable.

Clarkson and Eckert [54] recognise the difficulties in measuring improvements in 
engineering processes, especially when dealing with processes where identified 
problems are likely to have multiple causes, such as “Design planning and modelling” 
or “Communication”.

In design engineering, Eder and Hosnedl [55] describe a transformation system where 
“someone (HuS) and something (TS), in an environment (AEnv), with information 
(IS), and management (Mgts), does something (TrfP and TP) to something (Od1) to 
produce a different state (Od2) to satisfy someone and something.” See Figure 10. 



24

Figure 10, general model of the transformation system by Eder and Stanislav, fig I.6 
p21. 

(HuS) denotes the Human System where the engineering designer is the most important 
operator of engineering design processes. (TS) denotes the Technical Systems that are 
a man-made, tangible material objects performing a useful task. “TS is an object 
system with a substantial engineering content, which is capable of solving or 
eliminating a given or recognized problem, that is, providing effects (at a particular 
time) to operate a process”. (TP) denotes the Technical Process, where a process is 
defined as a “change, procedure, or course of events taking place over a period of 
time, in which an object transforms, or is transformed, from one state to a preferably 
more desirable different state, generally called a TrfP. The smallest convenient steps 
in a process are called operations. Preferably, the technical system utilized by the 
information system should be designed and manufactured to be optimal for its 
technical process in the given circumstances.  

The described transformation system is decomposed into several sub-systems (Human, 
Technical, Information and Management system) where each component and its 
relation are accounted for. The complexity enables rich and detailed models of the 
engineering process and surrounding system. However, the level of detail may also 
make it difficult to comprehend and communicate to people who are not familiar with 
the terminology. For improvement efforts with a focus on experience re-use, simpler 
process models are most likely preferred. 
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4.4 Manage knowledge in engineering design
Knowledge management is a broad topic. Thus, this chapter covers merely a selection 

of research within engineering design that is related to experience feedback.  

4.4.1 Re use of experience
There are alternative meanings of the noun “experience”. The Longman online 

dictionary of contemporary English [1] defines experience as: 

- Knowledge/Skill: “Knowledge or skill that you gain from doing a job or activity, or 
the process of doing this”

- Knowledge of life: “Knowledge that you gain about life and the world by being in 
different situations and meeting different people, or the process of gaining this” 

- Something that happens: “something that happens to you or something you do, 
especially when this has an effect on what you feel or think” 

- The black/female/Russian etc experience: “events or knowledge shared by the 
members of a particular society or group of people” 

- Work experience: “a system in which a student can work for a company in order to 
learn about a job, or the period during which a student does this”

As stated in the introduction of this thesis, the term re-use of manufacturing 
experience is in the context of learning from activities or events in the manufacturing 
part of product development. Such learning can be achieved by capture knowledge 
from workers or other persons involved in the manufacturing phase. However, 
learning can also be achieved from data that is captured and stored in databases; hence 
this process is also considered to be re-using of manufacturing experience. 

The categorisation of experience in terms of data, information and knowledge is 
explained further in chapter 4.4.5. 

Jarke [56] identified organisational learning and organisational memory as emerging 
competitive strategies and presented a three-faceted framework of cooperative 
information systems that offers a more balanced view of what is essentially needed for 
successful knowledge creation, management, usage and evolution. The three facets 
focus on people, models, and systems: human cooperative work practice corresponds 
to the social reality or organizational culture; organizational models correspond to 
external representations of the organizational structures, processes, and goals; and 
(information) technology in which a system integration layer provides flexible glue 
between software components. This framework was then used to evaluate three 
different approaches for experience-based knowledge management.  

Chan and Yu [57] present a framework of ontology-enabled product knowledge 
management to improve the product development environment. The authors point out 
that product data may become abandoned and its value diminished when development 
is completed. A framework that integrates a PDM system with an ontology-
development tool to accomplish the reuse of best practices, project knowledge and 
experiences among staff members is proposed.  

Baxter et. al [58] describe an approach to reuse engineering design knowledge by 
proposing a methodology that provides an integrated design knowledge re-use 
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framework. In this contribution, Baxter et al. consider knowledge as “actionable 
information” that can be stored in a computer-based system in a variety of forms: 
documents (text), images, diagrams, embedded algorithms, formulae and rules. In 
addition, Baxter et al. state, “The important factor is that the ‘knowledge object’ infers 
knowledge to the user and that the object is in a format that enables appropriate 
application. Since it has previously been applied and stored, this application is reuse, 
and thus, knowledge reuse”. Here, the design process is used as a basis for knowledge 
structuring and retrieval, and as such it “serves the dual purpose of design process 
capture and knowledge re-use”. The approach is based on an interaction between the 
design process model and a product data model through a set of parameters. IDEF0 
[59] was evaluated to capture the design process, but was rejected due to a limitation 
in the IDEF0 formalism to only show six activities per page, considered to prevent a 
full understanding of the context. The complex array of link types shown in an IDEF0 
diagram was also a disadvantage. Instead the authors have chosen to use the Design 
Roadmap described by Park and Cutkosky [60], which is based on an explicit bipartite 
relationship between tasks and entities and can generate multiple custom views of the 
process.

It is clear that experience re-use is a multifaceted challenge and that no single solution 
solves every problem. All three frameworks described above contribute in different 
ways to organisation or analysis of experience feedback.

Giess et al. [61] discuss the process of capturing experience from design and 
manufacturing phases and identifying two types of working modes, synchronous and 
asynchronous, and the types of information associated with each mode. A 
synchronous work mode is where a number of engineers works on the same activity at 
the same time, as opposed to an asynchronous work mode where they distinguish two 
separate forms of activity, the learning and transactional.  “A transactional activity is 
one where manipulation of information takes place according to an established 
process and further information is created.” 

4.4.2 Knowledge Based Engineering
Knowledge Based Engineering, KBE, is an engineering methodology used to capture 

engineering knowledge and aid the engineer in the design process [62]. By utilizing 
manufacturing experience in the capturing process, manufacturing aspects are 
included in the KBE tool or model [63]. 

Stokes [13] defines KBE as, “The use of advanced software techniques to capture and 
re-use product and process knowledge in an integrated way”. Rosenfeld [64] describes 
KBE software as a tool that provides an engineer the ability to achieve wide-scale 
integration and automation of the engineering processes. A common theme for all 
KBE applications is the creation and manipulation of geometric data. 

KBE’s ability to capture and reuse engineering knowledge has been used in several 
cases within the CAE area [20, 24, 65-69], where its ability to constrain geometry to 
abstract objects, (e.g. cost objects, manufacturing objects and process objects) with 
rules and databases has been found useful.

Computer programs in general have a tendency to grow and parametric dependencies to 
tangle across class structures. This is also a challenge with KBE systems that tends to 
expand and become wide ranging and difficult to survey. Consequently, methods and 
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tools to manage the knowledge base and the ability to maintain the KBE system have 
gained increased attention in recent decades.  

KADS, or its successor CommonKADS [70], is a methodology to support structured 
knowledge engineering when developing KBE systems. It has been developed and 
evaluated by many companies and universities in the context of the European ESPRIT 
IT Programme. It is the European de facto standard for knowledge analysis and 
knowledge-intensive system development [71]. MOKA [13] is another initiative 
towards managing KBE systems, including a methodology for capturing and 
formalizing engineering knowledge through ICARE forms (Illustration, Constraint, 
Activity, Rule, Entity) and MML (MOKA Modeling Language) [14], the latter of 
which is closely related to UML (Unified Modeling Language) [72] and used by 
CommonKADS.

KBE systems ability to dynamically instantiate class structure with support for object-
oriented features such as inheritance, provide a flexible and efficient way to handle a 
variety of concepts, which is especially appreciated in the early phases of a product 
development project. Furthermore, automation and codification of knowledge need to 
be preceded by a thorough understanding of the targeted situation or process.  

4.4.3 Light weight web collaboration tools
Lightweight web collaboration tools are based on web server technology where the user 

can add, edit, remove and sometimes configure the content. The use of this type of 
knowledge sharing is increasing, as web publishing tools become more accessible for 
non-advanced programmers. Different tools are suitable for different purposes and the 
adoption of IT-tools common to internet communities by companies as a modern 
means to capture and share knowledge between employees and partners or customers 
is increasing. 

Paroutis et al. [73] point out four key determinants of knowledge sharing that use Web 
2.0 technologies: history, outcome expectations, perceived organizational or 
management support, and trust. Here, web 2.0 refers to the “social web” and 
participation is a key feature that allows any user to freely create, assembly, organize 
(tag), locate and share content [74]. Wikipedia is put forward as “the best” example 
for this. Personal blogs are another example of technology that is in “in sharp contrast 
to the access-control in applications commonly used in organizations”. Grace [75] 
presents a study with lessons learnt from the implementation of wikis by organizations 
ranging from SMEs with less than 10 users to those with a vast network of 193 million 
members. She found that features like “ease of use, ability to track and edit” smooth 
the progress of adoption in the organisation. Another finding in her review was that 
“Issues to be addressed include security, control as well as technical issues such as 
data migration”.

Wiki’s
"Wiki" (/wi:ki:/) is originally a Hawaiian word for "fast" and is generally used to 

explain different subjects, beginning with a subject title and then organized as an 
encyclopedia. One of the key functions in a wiki is the built-in version control system. 
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This enables users to roll back to previous versions of the article, ensuring that 
nothing is lost and helping moderators to restore an article from vandalism.

The most widely used wiki is Wikipedia[76], with a large number of articles in English 
and other languages. The encyclopedia is constantly growing because anyone can log 
in and add or edit the pages. The fact that anyone can edit or add false information has 
not stopped people from using it and it is often used as a source to find links to 
reliable information and sometimes referenced to as a source of information. The 
“vandalism” of this encyclopedia seems to be minor and is usually caught by another 
editor.  

Forums
Forum or newsgroups are web tools frequently used in Internet communities as a means 

to raise a question or start a discussion. Questions and answers are viewed and 
discussed by several users, supporting the sharing of both the problem and answer in a 
topic. Another effect of sharing a discussion among several community members is in 
the similarity to real life project meetings, where the members approach a common 
view or consensus of a subject. A widely used web forum tool is phpBB [77]. 

Blogs
Blogs are generally used to communicate a story and are frequently used in social 

networks, public media and politics. Blogs are also increasingly used within 
companies.  The basic functionality is to write a post in a chronological order, 
sometimes enriched with the ability to comment on a post or provide graded feedback 
on both the comments made and the post. A well known blog tool is Wordpress [78]. 

Sharing knowledge could presumably be done in any tool for documentation available 
in the product development project area. However, when examining the informal and 
formal types of information, statements and new thoughts tend to start in the informal 
environment. Perhaps answering a question in a discussion with colleagues, answering 
an e-mail or formulating a statement on a whiteboard. Hence, the appropriate tools to 
aid this process would be to ask the same question on a project forum or blog, 
enabling everyone in the project to share the problem and the answer.  

4.4.4 Life Cycle view on knowledge
A common way to organize knowledge is to model the process as a life cycle. Hence 

this chapter embraces different views on the knowledge life cycle. 

Salisbury [79] presents a knowledge management cycle; see Figure 11. In this process 
the first phase is “the creation of new knowledge”, exemplified as “when members in 
the organisation solve a new unique problem, or when they solve smaller parts of a 
larger problem such as the ones generated by an ongoing project”. The second phase 
is the preservation of the newly created knowledge. “This includes recording the 
description of the problem as well as its new solution”. The second phase feeds the 
dissemination phase with the new knowledge. In the dissemination phase the new 
knowledge is shared with other members in the organisation as well as the 
stakeholders affected by the problem to be solved. 
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Figure 11, the life cycle of knowledge in an organisation. Source: Salisbury 2003. 

Salisbury describes the problem of identifying the right knowledge for the right people 
at the right time and introduces how the use of performance objectives addresses this 
problem.  

Sunassee and Sewry [80] propose a knowledge life cycle to manage organisational 
learning, including the following activities; 

1. Create New Knowledge 
   1.1 Identify new knowledge 
   1.2 Identify old & existing knowledge 
2. Identify Knowledge relevant to organisation 
3. Verify selected Knowledge 
4. Capture & Organise Knowledge 
5. Disseminate & Use Knowledge 
6. Combine new knowledge and re-evaluate assumptions to Create Knowledge. 

In the first step, Sunassee and Sewry explain that knowledge needs to be created for the 
organisation, based on a selection of the internal and external knowledge needed by 
the organisation. Furthermore, the organisation needs to identify old and existing 
knowledge and any new knowledge that it might need during the course of the 
knowledge management effort, and for the business in general. Here, Sunassee and 
Sewrey indicate the importance of identifying what knowledge is explicit and what 
knowledge is tacit in nature. The second step identifies knowledge considered relevant 
to the organisation in terms of its knowledge management strategy and its business 
strategy.  In the third step, the knowledge is verified in terms of its relevancy and 
importance to the organisation. Step number four is to capture the identified 
knowledge and organise it into relevant sections. Here, the author warns of classifying 
knowledge only according to traditional ways, such as content.  Step number 5 is to 
disseminate and use the knowledge following the previous step, which combines new 
knowledge, and re-evaluate the assumptions to create knowledge. The last step of the 
cycle is a double-loop learning feedback. This life cycle is part of a proposed 
framework that includes three main interlinked components: Knowledge Management 
of the Organization (people), Knowledge Management of the Infrastructure and 
Knowledge Management of the Processes. The knowledge life cycle proposed by 
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Sunassee and Sewry deals with knowledge primarily from an organisational 
perspective versus tacit-explicit or maturity perspective.  

 MCMahon et al. [81] recognize the distinction between personalization approaches and 
codification approaches within knowledge management. Personalization approaches 
emphasis the human/organizational aspects, whereas codification approaches are 
technologically centric. MCMahon et al. illustrate two different feedback processes, 
where documents are pushed to the user as opposed to where documents are pulled to 
the user; see Figure 12.

Figure 12. A comparison between pull and push strategies in information provision. 
Source: McMahon et.al 2004. 

MOKA [13] describes the process of creating Knowledge Based Engineering 
applications as a life cycle with the activities Identify, Justify, Capture, Formalize, 
Package and Activate; see Figure 13. These steps follow the KBE application from 
concept to use. The cycle continues as the application is maintained and developed. 
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Figure 13, KBE Life cycle by MOKA Source: Stokes, Managing engineering 
knowledge. 

Here, Identify aims to investigate the business needs and determine the type of KBE 
system that might satisfy these needs, Justify aims to seek management approval to 
continue, Capture aims to collect the domain knowledge, Formalize creates a Product 
Model and a Design Process Model, Package creates a working KBE system using the 
formal models, Activate the KBE application by distributing, installing and using the 
KBE system. 

Another life cycle in KBE literature is the product knowledge life cycle by Sainter et.al 
[82], which shows the knowledge management view; see Figure 14. Here, the authors 
state that, “the first step in the development of a KBE system is the assessment of the 
processes used within the company and the identification of the processes that would 
benefit most from being supported by a KBE application”. This is in contrast to 
MOKA where the initial activities are recognized as to identify and justify the need 
for an application. 
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Figure 14, Product Knowledge Lifecycle Source: Sainter et.al - Product knowledge 
management within knowledge-based engineering systems 

Nonaka et al. [83] state that the life cycle of knowledge can be described as a 
“spiraling” process of interactions between explicit and tacit knowledge. This differs 
from the other life cycle models in that it describes the process as an interaction 
between the explicit and tacit knowledge, which leads to the creation of new 
knowledge. The combination of the two categories makes it possible to conceptualize 
four conversion patterns – Socialization, Externalization followed by Combination
and then to Internalization forming a spiral (The SECI model); see Figure 15.  

Figure 15, the SECI model Source: Nonaka et al. [84]. 

In the SECI model tacit knowledge is crystallized into explicit knowledge. Nonaka et al. 
[84] have formed their theories on the statement “Knowledge is justified true belief”, 
where the focus is on “justified” rather than “true”. Here, information becomes 
knowledge when it is interpreted by individuals and given a context and anchored in 
the beliefs and commitments of individuals.   

4.4.5 Categorisation of data information knowledge
Yet, there is no consensus concerning the definition of knowledge, a subject that has 

been argued long before it was ever used in Engineering Design. In the time of the 
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ancient Greeks, Plato discusses knowledge in terms of judgements, truths and beliefs” 
[85].

Both the source and the definition have been questioned, perhaps most known as the 
Gettier Problem [86]. Another, more recent author referenced in discussions about 
knowledge is T.S. Eliot and his pageant play The Rock from 1934. 

Where is the Life we have lost in living? 
Where is the wisdom we have lost in knowledge? 
Where is the knowledge we have lost in information? 

Although these are of a more philosophical nature, they have nevertheless played a role 
in science as well. 

“You can know more than you can tell” is a well known phrase from Polanyi’s The 
Tacit Dimension [87], often used to explain tacit knowledge as inexpressible and 
difficult to articulate or explain, such as intuition or athletic skills. According to 
Polanyi, a key component for knowledge is to comprehend or understand, 
“..Comprehension can never be absent from any process of knowing, as it is indeed 
the ultimate sanction of act. What is not understood cannot be said to be known…”
Furthermore, Polanyi distinguishes between two forms of knowledge in his paper 
“The scientific revolution”[88], knowing by attending and knowing by relying on our 
awareness of certain things.  

The meaning of the word “knowledge” is described differently depending on the 
context. In Oxfords Advanced Learner’s dictionary [89], the term Knowledge is in the 
form of understanding, “A baby has no knowledge of good and evil” or “I have only 
limited knowledge of computers”. In the supporting package for guidance on the 
Terminology used in ISO 9001 standard, data as a noun is defined as “facts and/or 
statistics, used for reference or analysis” and “information based on facts” [90]. In an 
engineering context, MOKA [13] describes the term knowledge as information in 
context [13] and Davenport [91] avoids presenting a definitive account for the 
meaning of knowledge and puts forward a working definition of knowledge; 

“Knowledge is a fluid mix of framed experience, values, contextual information, 
expert insight and grounded intuition that provides an environment and 
framework for evaluating and incorporating new experiences and information. 
It originates and is applied in the minds of knowers. In organizations it often 
becomes embedded not only in documents and repositories but also in 
organizational routines, processes, practices and norms.”

In the field of Knowledge Management, knowledge is often put into a hierarchical form 
of a pyramid; see Figure 16. According to Rowley [92],  the interpretation of the Data-
Information-Knowledge-Wisdom (DIKW) hierarchy varies and there is no general 
understanding for the definitions of the categories included in the pyramid.  



34

Wisdom

Knowledge

Information

Data

Read this.
Important! Experience

report:

Wisdom

Knowledge

Information

Data

Read this.
Important! Experience

report:

Wisdom

Knowledge

Information

Data

Read this.
Important! Experience

report:

Wisdom

Knowledge

Information

Data

Read this.
Important! Experience

report:

Wisdom

Knowledge

Information

Data

Read this.
Important! Experience

report:

Wisdom

Knowledge

Information

Data

Read this.
Important! Experience

report:

Wisdom

Knowledge

Information

Data

Read this.
Important! Experience

report:

Wisdom

Knowledge

Information

Data

Read this.
Important! Experience

report:

Figure 16. Pyramid model, the hierarchy of data, information, knowledge and wisdom. 

Several alternative models exists to visualize the categories and their relationships. 
Tuomi [93] explores the conceptual hierarchy of data, information, and knowledge, 
and argues that data emerge only after we have information, and that information 
emerges only after we already have knowledge. As a consequence of the reversed 
hierarchy, different approaches in developing information systems for support of 
knowledge management and organizational memory follow. In his representation of 
the classic hierarchy, Tuomi also includes intelligence as a layer between wisdom and 
knowledge. Tuomi concludes, “information can be created only after there is 
knowledge, and data emerge as a by-product of cognitive artifacts that assume the 
existence of socially shared practice of using these artifacts”. Jennex [94] presents a 
revised knowledge pyramid, an inverted pyramid that illustrates more information 
than data, more knowledge than information and more wisdom than knowledge see 
Figure 17.  The reason is mathematical; “if information is the structuring of data into 
meaningful combinations, then the number of possible combinations for a quantity x 
of data is minimally x! implying there is possibly a greater amount of information than 
the original amount of data.”.  

According to Ackoff [95], which is frequently referenced in knowledge management 
literature, each of the categories includes the categories that fall below it, e.g. wisdom 
is the sum of knowledge, information and data captured in the organization by its 
people and supporting system. Hence, when discussing re-use of elements in the 
DIKW hierarchy, they can all be addressed by using the top category, wisdom. This 
was also the reason why Rowley referred to the DIKW hierarchy as the wisdom
pyramid [92].  
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Figure 17, revised knowledge pyramid by Jennex 2009. 

Frické [96] argue that the hierarchy is unsound and methodologically undesirable and 
refers to statements about knowledge, information and data by Ackoff, Bates and 
Rowley [92, 95, 97], and describe the intellectual backdrop of the DIKW hierarchy to 
be positivism or operationalism, the cosmological and methodological viewpoint of 
the 1930s.

Eder [98] clarifies his use of terminology regarding data, information and knowledge 
and describe information as a “general” term, data as “syntactic elements of 
information” and knowledge as “codified information with semantic definition”. Eder 
sees that some knowledge can be part of information and thus recorded on, for 
example, paper documents and shared to others. Eder does not mention explicit 
knowledge, but explains “tacit knowledge” or personal ‘knowing’ as humans that 
absorb information.  
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Figure 18, map of Design Science from Hubka 1996 with three axes of information 
and one for knowledge. Source: Eder 2008 

For the purpose of this thesis, the hierarchical categorisation is used to explain the 
different aspects involved in the transition between knowledge, information and data 
throughout an experience life cycle; see Figure 19.

--------------- Push process ---------------------- ---------- Pull process  ----------

Identify Capture Analyze Store Search & 
retrieve Use Re-use

Knowledge

Information

Data

Figure 19, illustrating the transitions between knowledge, information and data (k-i-d) 
in an experience life cycle forming a pattern. 

Typically, manufacturing experiences are recorded in explicit forms (documentation, 
data-logs, statistical databases etc) and repositories. Note that knowledge can be 
“stored” in the memory of the people involved.  
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5 Summary of appended papers 
This chapter summarizes the appended papers and explains their contribution to this 

thesis. 

A: “Current industrial practices for re-use of manufacturing experience in a 
multidisciplinary design perspective”, P., Andersson, A., Wolgast, O., Isaksson,
Proceedings of the International Design Conference, Dubrovnik, Croatia, May 19-22, 
2008

Manufacturing
Operations

Manufacturing
Engineer

Design
EngineerConcept

Manufacturing
Preparation

Detail

Serial 
Production

Manufacturing
Operations

Manufacturing
Engineer

Design
EngineerConcept

Manufacturing
Preparation

Detail

Serial 
Production

Manufacturing
Operations

Manufacturing
Engineer

Design
EngineerConceptConcept

Manufacturing
Preparation

Detail

Serial 
Production

The publication presents the main findings from a study of two companies whose current 
practices for the reuse of manufacturing experience were explored. The study aimed to 
investigate current practices for reuse of manufacturing experience and the perceived 
effectiveness of capturing and feedback mechanisms from manufacturing and production to 
the design phase. 

The publication contributes to this thesis by providing a better understanding of the current 
practices for the re-use of manufacturing experience in the industry. 

Division of work between authors

Andersson and Wolgast conducted the research, Andersson wrote the main part of the paper 
with guidance, and comments from Isaksson and Wolgast. 
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B: “Manufacturing system to support design concept and reuse of manufacturing 
experience”, P., Andersson, O., Isaksson, Proceedings of the 41st CIRP Conference 
on Manufacturing Systems, Tokyo, May 26 – 28, Japan, 2008
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The publication focuses on key mechanisms to support the process of transferring experience 
from the manufacturing phase back to earlier phases in the product’s life cycle, e.g. 
Manufacturing Preparation and Design Engineering, and highlights the challenge of 
understanding data from a different field.

The publication contributes to this thesis by describing the current process for capturing process 
capability data from a design engineering perspective as well as the process or retrieving 
problem report notifications regarding specific design features of a component. Key enablers 
that have a significant impact on the experience feedback process were identified. 

Division of work between authors 
Andersson conducted the research by identifying key enablers for experience feedback 

and formulating an approach to support manufacturing experience feedback. 
Andersson wrote the main part of the paper, with guidance and comments from 
Isaksson.
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C: “Manufacturing experience in a design context enabled by a service oriented PLM 
architecture”, A., Catic, P., Andersson, Proceedings of the International Design 
Engineering Technical Conferences & Design for Manufacturing and the Lifecycle 
Conference, New York City, NY, USA, August 3-6, 2008 
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The publication addresses key enablers for efficient reuse of manufacturing experience 
identified in the previous publication. The presented solution includes a service 
oriented PLM architecture to enable an efficient way to find and access manufacturing 
data. A web based GUI is described to present the data in a user context. 

The publication contributes to this thesis by describing the implementation of a web 
based graphical user interface that integrates existing data sources using a service-
oriented PLM architecture.   

Division of work between authors 
Andersson and Catic conducted the research, Andersson and Catic wrote the paper.
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D: “A Process Improvement Approach to Capitalize on Manufacturing Experience in 
Engineering Design”, Andersson, P.,  Isaksson, O., Proceedings of the International 
conference on engineering design, Stanford University, California, USA, August 24-
27, 2009 
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The publication presents an experience lifecycle and demonstrates how this can be used 
to model an experience feedback process and apply a process improvement 
methodology similar to engineering automation.  

The publication contributes to this thesis by describing an experience life cycle that 
identifies typical activities in a feedback process. The paper also contributes with an 
example of how this experience life cycle can be optimized using a process 
improvement approach.  

Division of work between authors 
Andersson conducted the research, Andersson wrote the main part of the paper with 

guidance, and comments from Isaksson. 
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E: “A case study of how knowledge based engineering tools support experience re-
use”, Andersson, P, Larsson, T. C. and Isaksson, O., Proceedings of the International 
Conference on research into Design, Indian Institute of Science, Bangalore, January 10-
12, 2011 
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The publication presents the results from a study whose objective was to investigate the 
support for experience re-use in KBE applications in an aerospace company. A 
proposed framework was presented to analyze the capturing and usage of experience 
in a company’s processes, and to identify gaps and propose improvements. The study 
revealed weaknesses in the process steps for experience feedback, which can be used 
to improve KBE applications further. 

The publication contributes to this thesis by demonstrating how a framework for 
experience re-use is adopted on a KBE tool to analyse the experience feedback 
process.

Division of work between authors 
Andersson conducted the research, Andersson wrote the paper with guidance, and 

comments from Larsson and Isaksson. 
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F: A framework to support re-use of experience in an aerospace industrial context 
Andersson, P, (Submitted to Journal of Engineering Design march 2011). 

The publication addresses the multifaceted task of experience management by defining 
a framework that decomposes the problem into subcomponents. This helps to organize 
and provide a context where relevant methods and tools can be positioned.  

The framework identifies typical activities involved in a feedback process and describes 
how “elements of experience”, in terms of knowledge, information and data, is 
managed throughout the activities. The illustrated transfer of experience from 
knowledge to information and data throughout the feedback process is easy to relate to 
and therefore easy to communicate to others. Dividing the process into typical 
activities supports the development of methods and tools for each activity, while 
providing a holistic overview of the feedback process. 

Division of work between authors 
Andersson conducted the research and wrote the paper. 
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6 Support for re-use of manufacturing 
experience in product development 

The main contribution from the research is a framework that decomposes the 
multifaceted task of experience re-use by identifying typical activities involved in the 
feedback process and categorizing the “elements of experience” in terms of 
knowledge, information and data.  

Table 2 provides an overview of the relationship between research activity and the 
related publication. Applications 1,2 and 3 exemplifies some of the industrial cases 
where methods and tools have been applied to support the ongoing work at a 
company.  

Table 2, research activity and related publication. 

Research activity Related publication 
Descriptive study I
- Case study at two manufacturing 
companies. 

Appended publication A 

Prescriptive studies
- Formulation of requirements on a 
manufacturing system to support 
experience feedback. 
- Formulation of a process 
improvement approach to capitalize on 
manufacturing experience. 
- Formulation of a framework to 
support re-use of manufacturing 
experience. 

Appended publication B 
Appended publication D 
Appended publication F 

Descriptive studies
- Demonstrator for re-use of 
manufacturing experience in a design 
context.
- A case study of how a KBE tool 
supports re-use of experience. 

Appended publication C 
Appended publication E 

Application 1 Internal Volvo Aero 
Application 2 Internal Volvo Aero 
Application 3 Internal Volvo Aero 
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The following chapters present the research activities in the order described in Table 2, 
i.e. the initial case study followed by the three prescriptive studies and the two 
descriptive studies. However, this does not represent the chronological order of the 
research activities as the research process has been an iterative process between 
prescriptive and descriptive studies. Hence, Figure 20 presents the main research 
activities in a chronological order. 

Research
Question

2. Case study at
two companies

3. Formulation of requirements
on a manufacturing system to
support experience feedback.

4.Demonstrator for re use
of manufacturing
experience in a design
context.

5. Formulation of a
process improvement
approach to capitalize
on manufacturing
experience.

7.A company initiative to
improve the use of experience
from technical reviews in
product development projects

8. Formulation of a
framework to support re
use of manufacturing
experience.

1. Literature
study

6. Describing a high
level company process
for experience feedback

10. Improvement efforts for
managing lessons learnt from
company projects.

9.A case study of how a
knowledge based engineering
tool support experience re
use.

Observation

Observation

Observation

Reflection

Reflection

Figure 20, chronological order of main research activities. 
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6.1 Descriptive study A: Case study at two manufacturing
companies

To better understand the current situation involving the management of experience an 
empirical case study was conducted at two manufacturing companies. In particular, the 
study investigated the current practices for reuse of manufacturing experience with the 
objective to identify the best practice and effectiveness of re-use mechanisms. The study 
investigates in details the perceived effectiveness of capturing and feedback mechanisms from 
manufacturing and production to the design phase. 

The scope of the study and the means and resources available for the data collection 
indicated that three sources of evidence were suitable - interviews, questionnaires and 
written comments. Interviews, covering a rich and in depth data collection, enable a 
flexible way to sense what is important and focus on the issue, questionnaire survey 
with multiple choice questions, and written comments. The questionnaires were 
written in the respondents’ native language, Swedish. 

The study was organized in three organizational roles; Design Engineering,
Manufacturing Engineering and Manufacturing Operations, and four different phases 
of the products life cycle; Concept, Detailed, Manufacturing preparation and Serial
production, see Figure 21. Personnel in the different disciplines were asked to fill in a 
questionnaire. From 30 respondents in each of the disciplines at both companies, a 
total of 180 forms were collected for analysis. The questionnaires were distributed to 
the participants and filled in at a meeting in the presence of the authors. The 
questionnaires were sometimes distributed by e-mail. The questionnaire survey was 
performed prior to the interviews and both the questions and the preliminary results 
from the survey were used as a basis for discussions in the interviews. The 
questionnaire survey was uniquely designed for each organisational role, i.e. design 
engineer, manufacturing engineer and manufacturing operations, with approximately 
25 questions in each questionnaire. 
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Figure 21, reuse of manufacturing experience 
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From the study, the perceived frequency of recurring problems in manufacturing is seen 
in Figure 22. The diagram reveals that this frequency of is perceived quite differently 
among the respondents.  

Figure 22, Perceived frequency of recurring problems 

Comments in the questionnaire varied between departments. Respondents from 
manufacturing operations gave concrete examples of components that they have been 
struggling with over the years and respondents from design and manufacturing 
engineering commented on difficulties with making compromises considered 
acceptable for all. As a design engineer commented on the question about recurring 
issues, “It is usually a result of different compromises where some function had to give 
way for another.”

The study provided a better understanding of methods and tools for the reuse of 
manufacturing experience today. Results from this study showed several areas that 
could be improved to better facilitate experience reuse. Shortcomings in the process 
for experience feedback were identified as well as a frustration among the 
organizational functions relating to the information flow between different roles.  

For example, a vast amount of information is stored in databases and project areas and 
the re-use of this information is limited. Statistical data to monitor the manufacturing 
process is stored in legacy databases and related data is dispersed throughout several 
different IT systems. This data is used almost exclusively in the manufacturing 
organization, but rarely within the design organization. The process for the handling 
of deviations and problem reports is currently facilitated within the Enterprise 
Resource Planning system and addresses primarily acute problems in the current 
project.

The conclusion is that despite long term experience and existence of both formal 
processes and IT systems, the perceived effectiveness of how to re-use manufacturing 
experience in design is still immature. 
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6.2 Prescriptive studies:
The prescriptive and descriptive studies are part of an iterative process where the results 

from one study are built upon previous studies. This chapter includes the main results 
from three prescriptive studies:  

Formulation of a mechanism for experience feedback and requirements on a 
manufacturing system. 
Formulation of a process improvement approach to capitalize on manufacturing 
experience. 
Formulation of a framework to support re-use of manufacturing experience. 

6.2.1 Formulation of a mechanism for experience feedback and
requirements on a manufacturing system.

Based on initial assumptions and the results of the first descriptive study, a generic 
approach to support the use of manufacturing experiences in earlier phases of product 
development was formulated. 

Two main challenges were identified: 

Heterogeneous system environment 
Design context verses manufacturing context 

Heterogeneous system environment 
Several different repositories for manufacturing data characterise the heterogeneous 
system environment. Each repository is optimized for a specific purpose. 

Figure 23, heterogeneous system environment 

The Manufacturing Execution System (MES) is a set of integrated functions that 
provide an infrastructure and a production management system. One function is to 
collect statistical outcome from production, e.g. Cp, Cpk, etc. This data is used to 
follow up manufacturing requirements to ensure a robust manufacturing process. In 
the companies’ Enterprise Resource Planning (ERP) system, the various data and 
processes of an organization are integrated into a unified system. Examples of 
modules in an ERP system are, financials, projects, human resources, customer
relationship management, supply chain management, and specific components for 
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manufacturing, with the latter providing information about manufacturing process, 
manufacturing flow, quality reports, etc. Consequently, the ERP system can act as a 
repository for a large amount of manufacturing experience. The product data 
management (PDM) environment is usually tightly integrated with the CAD system 
for the management of product data related to the geometry definition. This system 
also provides the link between product definition and manufacturing engineering task, 
such as lists of operations sequences and NC programs. A consequence of having data 
in different systems is often the difficulty to cross search for data.   

Design context verses manufacturing context 
Obviously, finding and accessing data in various databases is not enough to ensure the 

usage of experience from earlier projects in ongoing and upcoming projects. It is 
equally important to understand the view of the receiver in the feedback loop and the 
engineering environment that surrounds him. How does the “element of experience” 
on the atomic level relate to his view? In a more detailed example, how do we make 
the design engineer understand the meaning of statistical data presented from an 
individual milling operation? The result could be highly dependent on previous 
operations and the status of that machine at that particular time. What type of 
geometry topology does the data relate to? What project? 

To answer these questions the design engineer needs to know how the “Element of 
Experience” (EoE), in this case a statistic report of manufacturing capability data 
relates in the context of engineering design. Figure 24 describes the feedback loop in a 
design to manufacturing context where the statistic report is presented in;  

a) The context of component structure 

b) The associated manufacturing process 

c) The process activity, the milling operation. 

Figure 24, how statistical data from manufacturing relates to a specific design 
component 
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To aid the engineer in finding and understanding past experience the involved systems 
need to build on the designer’s context and provide the ability to interactively search, 
find and retrieve data in a heterogeneous system environment as the related 
information is dispersed in several different sources. To be able to react in ongoing 
projects it is necessary that information provided in the support tool is up to date and 
built on data from other ongoing projects. 

Requirements on a design system that integrates manufacturing experience 
Following the reasoning above, three main criteria’s for a design system that supports 

the engineer with experience data where listed. 

The design system; 

1) Need to interactively search, find, retrieve and integrate experience related 
information from several different sources.  

2) Need to build on the designer’s context and expand functionality rather than 
building a completely new tool. 

3) Need to keep the experiences up to date close to real time. 

There are off course other aspects that can have an impact on the ability to feed back 
experience data, the three listed are identified based on the industrial context and 
scope of the research. 
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6.2.2 Formulation of a process improvement approach to capitalize on
manufacturing experience

The second prescriptive study followed after iteration with a pilot demonstrator utilizing 
a process improvement approach. It was evident that this approach should be further 
developed and formally defined.  

The approach uses process formalism as a way to represent workflow in engineering 
processes, see Figure 25. The process improvement approach was described as 
follows: 

1. Capture and represent the actual engineering process 
2. Identify bottlenecks 
3. Identify actions to correct the bottlenecks 
4. Develop alternatives to facilitate and automate “knowledge flow” 
5. Validate by applying the new process 

1 Describe the engineering process

2-4 Develop knowledge application 3 Use knowledge 
application

1 Describe the engineering process

2-4 Develop knowledge application 3 Use knowledge 
application

Figure 25, Process Improvement approach for knowledge applications 

Experience and knowledge are closely related and can be represented in an 8- step 
model called the life cycle of experience, see Figure 26.  

1. Identify

2. Capture

3. Analyze

4. Store 5. Search

6. Retrieve

7. Use

8. Re Use1. Identify

2. Capture

3. Analyze

4. Store 5. Search

6. Retrieve

7. Use

8. Re Use

Figure 26, Life cycle of experience 
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The process starts with (1) the actual occasion where the experience can occur. In 
practice, this can be a non-conformance that appears in manufacturing due to an ill-
defined product definition feature. The “experience” is made if anticipated as such, 
otherwise it is merely information and data about an instance or incident. The effect is 
observed by, for example, an NC machine technician who recognizes the problem and 
often solves any immediate problems in some way. Secondly, the “experience” can be 
captured if considered/judged as important (2). Often, only data about the symptom is 
recorded, and sometimes complemented with an incident report. This report 
documents the validity of the circumstances as the occasion governing the experience 
occurs. Often, it is initially at the post-analysis (3) when the root causes and the 
broader term experience can be clarified. The insights from the analysis may be 
recorded, stored (4) in some format and archived. The way in which the experience is 
stored is decisive for how the experience can be searched (5) for. Typically, to use (7) 
experience the design engineer needs to search, retrieve (6) and compile experience 
elements from different sources before the adopted experience can be used properly. 
Finally, the 8th step is added where the use of the experience is built into some system 
so that it can be repeatedly reused.

Of note, none of the steps mentioned above state any means or media for, e.g. storage 
and search. This means that experience can (and usually is) stored in a human mind, 
and the search method can be to ask someone who knows. Obviously, storage media 
can be a digital document archive or a process description where experiences can be 
stored in a reuseable format.  

By mapping the life cycle of experience with the feedback process, bottlenecks were 
identified as difficulties in finding and accessing the manufacturing data. Also, it was 
difficult to understand and analyse the effect of the retrieved data. Possible causes for 
the problems were (1) the contextual differences between design (the receiver) & 
manufacturing (the origin) and (2) incompatible multiple sources of information. 

The process improvement approach was applied to a prototype KBE [99] application 
that facilitates the use of manufacturing experience in design using context search 
from different business projects. The prototype tool demonstrates a new improved 
work process with respect to lead-time, quality, and number of activities. The KBE 
application contextualises manufacturing data in a design view as a way to support the 
engineer in understanding the data. 
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6.2.3 Formulation of a framework to support re use of manufacturing
experience.

The third prescriptive study addresses the challenges of managing experience by 
defining a framework where “elements of experience” are added as a second 
dimension to the experience life cycle. By categorizing “elements of experience” in 
terms of knowledge, information and data, it is possible to model a pattern that can be 
analysed; see Figure 27. The experience life cycle (ELC) from the previous study was 
reduced to seven steps, as search and retrieved are put into one activity. 

--------------- Push process ---------------------- ---------- Pull process  ----------

Identify Capture Analyze Store Search & 
retrieve Use Re-use

Knowledge

Information

Data

Figure 27, illustrating a document centred k-i-d pattern. 

Managing experience is a multifaceted challenge. Experience can be fact-based, 
explicitly defined as data or information, or knowledge-based with tacit dimensions.  
The proposed framework decomposes the versatile task of experience management by 
identifying typical activities involved in the feedback process, modelling the process, 
and recognising barriers within the activities and in the transition between the 
activities. Entities of the “experience” and the relationship between these entities are 
explained. The framework can be used for improvement efforts to analyse gaps and 
search for corrective actions. Another application of the framework is for educational 
purposes, providing a common view of the feedback process and indicating important 
aspects in the transition of knowledge through the process.

The illustrated life cycle in the framework suggests two main streams in the process, a 
capturing part followed by a deployment phase. The capturing part can also be viewed 
as a push process comprised of four steps, where experience is identified, captured, 
analysed and stored. Similarly, the deployment phase can be viewed as a pull process 
where the experience is first searched for, then retrieved and used. The experience can 
also be built into a system so that it is repeatedly reused. The analysis activity is 
generally committed after the experience is captured and insights from the analysis 
have suggested a suitable storage method and format. Still, the order of the activities 
outlined is not rigid and parts of the analysis are generally committed to some degree 
during other phases as well.  
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Categorizing the experience 
Categorization is used to explain the different aspects involved in the transition between 

knowledge, information and data in the feedback process. Hence, the following 
definitions are used: 

• Data - Symbols and figures without meaning 

• Information - Data in a context that provides a meaning 

• Knowledge - The understanding or awareness that resides within the human mind 

Experience is managed differently depending on the category. A number of aspects are 
associated to each category level where information inherits the aspects of data and 
knowledge inherits the aspects of information. Through a series of workshops within 
the case company, experience issues were found to relate to a mix of categories. 
Organising the experiences into the categories of Knowledge, Information and Data 
was considered useful; see Table 3. 

Table 3. Different aspects of experience addressed within workshops positioned into knowledge, 
information and data. 

“Category of 
experience”

Typical aspects and properties of each category 

Knowledge Tacit vs. Explicit - The difficulty of representing experience. 
Learning – How to generate effect of insights gained 
Time Aspects - Long term vs. Short term memory  
Individual, Project, Organization – Experience must be treated 
differently
Common ground - The importance of culture and background

Information  Context/Classification/Indexing – The governing context differ 
from its use 
Relevance - What experience is useful 
Validity - Differ opinion from true learning’s 
Formal vs. Informal - To what degree the learning’s should be 
formalized 
Clarity – The importance of interpretation 

Data Format – How to ensure ease of storing, sharing and retrieving 
Accessible – Despite the existence, accessibility is crucial 
Traceable – Important to link to governing situations 
Quantity – Occasionally, amount of data may lead to overflow 
and storage issues 
IPR – What should, and should not, be stored and protected 
Quality – Does the experience satisfy the need? 

The list of aspects can be expanded further depending on the intended usage of the 
analysis. However, covering too many aspects in a process analysis may have a 
negative effect as the analysis expands and the result becomes difficult to overview.  
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Knowledge 
Knowledge belongs to people and can be generally tacit in nature. Tacit knowledge 

cannot be stored in documents or any other codified formats. Therefore, this type of 
knowledge is more difficult to share. Typical examples of tacit knowledge are 
handcraft skills and intuition. Another aspect is the long-term, short-term memory of 
individuals and groups. How long can we expect individuals to remember insights 
from a project? How reliable is the memory of teams as the workforce in a company 
shifts? Sharing the same language and culture, i.e. having a common ground, helps to 
interpret knowledge correctly.  The experiences gained by a group of people are 
viewed and communicated differently by each member of the group. Consequently, as 
members of a group shift, the experiences that the group represents are also shifting. 
Of course, such shifts also provide new experience from other companies and 
businesses areas, often of benefit from a knowledge perspective.

Information 
The user can perceive data as information. Information provides some meaning to the 

receiver with a degree of relevance and clarity. The information may only be valid in a 
certain context. The information can also be formal or informal, where company 
standards, reviewed and approved instructions are of a formal nature and blogs, wikis 
or forums often represent the informal opinions of people.

Data
Data are the symbols, fragmented bits and peaces of information stored in databases, 

fileservers, etc. Data are of some format type and can be more or less accessible in 
different ways. In the aerospace industry, traceability is a legal requirement to ensure 
that specific data related to the product from product development phases can be 
traced for usage and disposal. The quantity of data is an enabler and a barrier; a large 
amount of data can serve as a better ground for decisions, while creating a sense of 
“data/information overflow”, making it impossible to choose the right data. The 
intellectual property of data needs to be treated with care to protect customer 
relationships and company patents.  Data quality is the extent to which data satisfy 
stated and implied needs when used under specified conditions. An ISO definition of 
data quality is being developed under the ISO standardisation organisation [100].  

Figure 28 provides illustrates an example of the relationship between a person, an 
analysis report and different types of data comprised in the report. Normally, you can 
see who wrote the report and if you find it (hopefully, but not necessarily), you can 
find the engineer who wrote it. Sometimes, it is also necessary to find the result files 
from the analysis, models, etc. to re-evaluate the report.  
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Elements of Experience

Knowledge

Person 1

Person 2

Person …

Information

Document 1
Document 1
Analysis report

Analysis
description

Pictures

Data

Analysis results

Figure 28, illustrates a relation between a person, an analysis report and different 
types of data. 

Figure 29 illustrates the knowledge-information-data (k-i-d) pattern in four cases for 
comparison and discussion.  

--------------- Push process ---------------------- ---------- Pull process  ----------

Identify Capture Analyze Store Search & 
retrieve Use Re-use

Case A, re-using 
manufacturing capability 
data in earlier phases of 
product development

K

I

D

Case B, experience 
feedback from technical 
reviews.

K

I

D

Case C, how a specific 
KBE application support 
experience re-use.

K

I

D

Case D, automated design 
tool based on 
manufacturing capability 
data.

K

I

D

Figure 29, illustrating the knowledge-information-data pattern for case A, B, C and D. 

Case A describes the feedback process in a company initiative to reuse manufacturing 
capability data. A study at two industrial companies revealed, among other findings, 
that much data from the manufacturing processes are captured and stored in a 
heterogeneous system environment. And even though there is a request for more 
knowledge of the manufacturing process capability, this data is rarely used in new 
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product development projects. This motivated an initiative to improve the use of 
manufacturing capability data within the company’s product development processes.  

In this feedback process, the initial motivation is to justify a design solution as robust 
from a manufacturing perspective. Hence, there is a need to retrieve process capability 
data from earlier projects related to a specific design features, e.g. a flange, boss, 
blade, etc. This sets off activities typical in a ‘pull’ process; Search & Retrieve, Use
and Reuse. The outcome of these activities is dependent on how the data were 
previously identified, captured and stored, i.e. activities at the beginning of the 
experience life cycle. Multiple searches in different repositories are needed to retrieve 
and understand the manufacturing capability data.   

The capturing part of the process primarily manages data that is automatically captured 
and stored in multiple repositories. The data are then searched for and retrieved by the 
user who needs additional data to provide a logical context. The pattern for Case A in 
Figure 29 indicates a transition from data to information and knowledge in the search
& retrieve activity. Several sources of data are needed to provide the context 
necessary for the engineer to understand the process capability data. 

A number of barriers are identified in the feedback process, such as the lack of context 
for the presented data and a tedious and cumbersome procedure to locate the 
necessary data. Other barriers were the terminology and lack of understanding for the 
manufacturing environment, making it difficult for the design engineer to understand 
data retrieved from the manufacturing systems. Although it is considered of interest 
for product development, process capability data were primarily been identified as a 
means to increase manufacturing process efficiency and are used to monitor and 
evaluate ongoing manufacturing executions. This is probably the reason for the lack of 
meta-information needed from a design concept evaluation point of view.

Of note, the need from engineering designers in the concept evaluation phase is not the 
main rationale for capturing and storing manufacturing process capability data. In the 
presented case, the two main barriers were addressed by automating the search 
process and presenting the data in a context that was logic to the design engineer 
addressed two main barriers. The approach to solve the problem was to adopt a 
Service Oriented Architecture (SOA), which integrates multiple repositories of data 
sources. Data from repositories were presented in a logical view, linking process 
capability data to the design feature of interest. When data from the different 
repositories are put into the appropriate context, it forms information for the user and 
enables him to gain knowledge.  

Case B represents a company initiative to improve the use of experience from technical 
reviews in product development projects at an aerospace company. The initiative is a 
response to when upcoming problems are solved within the project, but not 
necessarily communicated to other ongoing or future projects. Consequently, similar 
problems have occurred in parallel projects resulting in different solutions.

The k-i-d pattern indicates a transition between knowledge to information in the first 
phase, where insights and learning from technical reviews are captured, analysed and 
stored in a project area. Because the main purpose of the root cause analysis is to 
manage immediate problems related to the project, the documentation was kept within 
the project area and its access was restricted. The case follows a document-centred 
approach where insights from members in the technical review are captured in a report 
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and stored in a repository. There were no explicit routines for the searching and usage 
of the documented information from technical reviews, though generic processes are 
described for continues improvements that could be applicable. 

In case B, initiating a new activity in the Operational Management System (OMS) 
addressed the identified barriers. In the aerospace industry, and for most of the larger 
manufacturing companies today, the backbone for operational management is built 
into a system, an OMS. In this system, the relationships between processes, activities 
and instructions are modelled. A core criterion for any OMS is that the experiences 
from projects and daily work through lessons learnt activities, change requests, 
problem reports, etc. are used to continuously improve the content. In this activity,
chief engineers from each project gathered regularly to discuss the content of the 
technical review reports. This is a lessons learned activity within the PD process, not a 
project activity. The aim is to collect lessons learnt from a process perspective and 
store theses lessons in the organisation by initiating appropriate actions, e.g. change 
request to update processes, best practices or other instructions. This could also 
include updating educational material to be used in company courses where new 
methods are introduced to personnel. 

Case C describes how a specific KBE application supports the reuse of experience. 
Knowledge Based Engineering (KBE) is an engineering methodology to capture 
engineering knowledge systematically into the design system. Consequently, KBE 
tools have the potential to support experience reuse and improve engineering 
activities. In this study, the analysis revealed weaknesses relating to the activities 
“Store” and “Search & Retrieve”. In the study, the aero-blade application was not 
fully implemented (stored) in the CAD environment, leading to limitations in 
accessing (Search & Retrieve) the application. The aero-blade application is not 
available in the CAD design engineering environment and the designer has to request 
for access to install the application. Although there are no explicit routines for 
continuous improvements, a number of enhancement requests from different 
stakeholders in the design process have resulted in new versions of the KBE 
application. However, whenever the KBE tool failed to accomplish what was 
requested, the results did not always lead to a request for an update of the tool. 
Instead, informal routines were adopted to accomplish the design task and considered 
best practice.

Although the approach to implement engineering knowledge into a KBE application is 
an attempt to systematically reuse engineering knowledge, the desired result is not 
always accomplished. Once again, it is the transition from data to information and 
knowledge that represents a barrier.

Case D describes a proposed KBE design tool that sets tolerances based on 
manufacturing process capability data. Different design features are associated to a 
“class” of manufacturing processes. When the manufacturing process for this “class” 
changes, new capability data are obtained and new tolerances are calculated. 
However, this does not necessary mean that new tolerances are obtained every time 
process capability data are changed. The calculation of tolerances balances the 
functional requirements to cost and other design factors. The tolerances do not usually 
drive the design optimization; therefore, a main function of this tool is to highlight 
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concept configurations where tolerances are too tight for current available 
manufacturing processes. 

A comparison between case A and case D reveals that the same data are used at the 
beginning of the experience life cycle; however, the data are used automatically in the 
design tool (case D) and there is no activity for a user to search & retrieve the data. 
The process has the potential to be lead-time efficient and avoid possible issues when 
interpreting the information gathered from different repositories.  
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6.3 Descriptive studies (second and third)
This chapter includes the main results of the descriptive studies conducted during the 

research. 

 Results from two descriptive studies are included: 

Demonstrator for re-use of manufacturing experience in a design context (C) 

A study of how a knowledge-based engineering tool support experience re-use (E) 

6.3.1 Demonstrator for re use of manufacturing experience in a design
context

The second descriptive study utilized a prototype to identify if the generic approach to 
support the use of manufacturing experiences from the previous prescriptive study 
was applicable in the industrial environment and if it addresses the factors it was 
supposed to address. A web application demonstrated the proposed solution. The 
application provides statistical manufacturing capability data in a designer’s context. 
Figure 30 illustrates the relationship between the different data sources, service layer 
for integration, and the functional and component structure providing a design 
context.
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Figure 30 illustrating the relation between data, service layer, design context and 
presentation 

The web-based GUI addressed the need to present data in a context tailored for the 
receiver; see Figure 31. Manufacturing process capability data and problem report 
notifications are presented in a component view. This supports the design engineer 
when searching for relevant experience from earlier projects by associating the 
process capability data and problem reports to a specific design feature, e.g. a flange, 
and how it relates to the corresponding manufacturing process. 



61

Function/component breakdown

Function/component switch

Project filter

Manufacturing activities

Quality notifications
Manufacturing data

Manufacturing
Process

Function/component breakdown

Function/component switch

Project filter

Manufacturing activities

Quality notifications
Manufacturing data

Manufacturing
Process

Figure 31, Graphical user interface to retrieve and understand manufacturing 
experience 

The approach was to use existing systems where the data is retrieved in real time. An 
interface presents information in a design perspective, visualizing a component break 
down structure presented with the related manufacturing process including 
manufacturing operations. Manufacturing process capability data and problem 
notifications are presented together with the corresponding operation activity. By 
selecting an operation in the manufacturing process related capability data and 
problem notifications are retrieved and presented for the user. This way, data and 
information from multiple systems are presented logically and support the 
understanding process for the receiver.  
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6.3.2 Case study of how a knowledge based engineering tool supports
experience reuse

Following the development of a framework to analyse the experience feedback 
processes, a case study was conducted to analyse how a KBE tool supports experience 
re-use.

In practice, a form was used to analyse the process for experience re-use, recognizing 
data, information and knowledge for each of the stages in the experience life-cycle 
and the current status. The data collection has been accomplished by iterative 
interviews and a survey of company documents. The result enables the engineer to 
identify and describe gaps in the current processes in order to improve the process. 

The KBE lifecycle that has been described by Stokes et al. [13] provides a KBE context 
to the activities in the ELC process described earlier [101]. The KBE life cycle is 
described in six steps; Identify, Justify, Capture, Formalize, Package and Activate. 
Table 4 describes the activities from the KBE life cycle mapped into the experience 
life cycle. 

Table 4, Life cycle to map experience re-use in the KBE blade application. 

ELC steps Life cycle steps described in a KBE context. 

Identify: Investigate the business needs and determine the type of KBE 
system that might satisfy those needs and justify the aims to 
seek management approval to continue.  

Capture: Collect the domain knowledge and create a product and a 
design process model. 

Analyze: Carry out root cause analysis to identify appropriate strategy 
for re-use and when found necessary, corrective actions to 
avoid recurrent deviations. 

Store: Create a working KBE system using the formal models and 
activate by distributing and installing the KBE application. 

Search & 
Retrieve: 

The KBE application is provided in the engineering context, 
i.e. design environment, encoding CAD system and DP 
practices. 

Use: Use the KBE application. 

Re-use: The cycle is closed by identifying need for enhancement of 
the application.  This can be done by feedback from the 
users of the application as well as continuing improvement 
activities that evaluate the outcome from down stream 
activities. 
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In aero-space companies, issues regarding product modelling (smooth surfaces, 
geometric tolerances and modelling techniques) are a central part of the product 
definitions updating activities. Hence, a KBE application has been developed to 
support the engineer in the definition of aero blade design [102]. Blade design is a 
multidisciplinary engineering design activity involving optimization within the 
disciplines of aero-thermal, mechanical and manufacturing. The application supports 
the design engineer by providing rapid generative CAD model. Figure 32 illustrates 
the user interface provided with options to include specific design tasks and change 
parameters within a certain design space.  

Figure 32, User interface of aero-blade application. 

6.3.2.1 Analyzing how the KBE application support experience feedback.
By adopting the framework described earlier for KBE application we obtain the 

following results presented in Table 5. Each step was evaluated from a re-use 
perspective to identify weaknesses. 

Table 5, Instance of the KBE blade application in the framework. 

 ELC 
steps Life cycle step description 

Identify: The aero-blade definition is a time consuming CAD task that 
involves several steps and depends on iterations between the 
disciplines of aero-thermal simulation, CAD modelling and 
manufacturing preparation. This was found to be a bottle-neck 
in engineering design and automation of this activity was 
identified to have great potential in reducing labour intensive 
work in product development (PD). 

Capture: Knowledge from disciplines was captured by KBE engineers 
following the MOKA methodology using interviews and 
ICARE forms.  

Analyze: The collected material was analysed and iterated with 
specialists from aero-thermal simulation, CAD modelling and 
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manufacturing preparation. 
Analysis of captured information revealed;  

No standardized geometrical representation format caused 
corrupt data files, ill-defined geometries, inconsistencies and 
problems in subsequent geometrical operations.  
Tedious and frequent occupation of CAD modellers to assist 
in modelling and translating geometries between the 
disciplines (Aero. Mech. and Manufacturing) 
Manufacturing of geometries optimized from aerodynamic, 
and sometimes mechanical objectives, became difficult, 
expensive or even impossible to manufacture.  
There were several co-existing ways to model aero-blade 
geometry in CAD, often resulting in bad geometry 
definitions downstream in the CAD process that led to 
corrupt CAD-data files. In addition, there were difficulties 
for other engineers to understand the CAD model structure 
and continue the work on someone else’s CAD model.  
Time-consuming and tedious work that not only requires 
CAD design resource time to do the CAD work, but also 
causes a bottleneck because of the limited number of CAD 
designers available when needed.  
Aero-blade geometry not optimized for manufacturing was 
discovered late in the design phase, leading to re-design with 
non-optimized solutions. 

A KBE solution was confirmed as a good solution, reusing the 
captured engineering knowledge and creating uniform CAD 
model cross-company projects that comply with CAD standard 
methodology, Aero-thermo performance requirements and 
robust design for manufacturing. 

Store: The captured knowledge was stored in the organisation 
through the development of a KBE aero-blade application that 
was integrated in the CAD design engineering environment. 
However, the application was not made available to all users 
and was not part of the standard KBE package provided for 
design engineers. 
New routines define of the aero profiles are stored as part of 
the company’s standard documentation. For definition of the 
aero profile, data is adapted to meet the format of the KBE 
system. 
Design Practices (DP) to generate aero profile geometry was 
updated to reference the KBE-application when creating a 
CAD definition.  

Search & 
Retrieve: 

The engineer is directed to search for and follow the directives 
in the design practices in which the aero-blade application is 
referenced.  The Aero-blade application is not available in the 
CAD design engineering environment and the designer has to 
request for access to be able to install the application. This 
limit the usage with an increased number of deviations derived 
from ill defined CAD definition.   

Use: The application is used by design engineers in a CAD design 
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engineering environment. The application is found to be easy 
to use but not always accomplishing the desired result, causing 
requests for update of the application. Generally it has been 
found to be an improvement when compared with previous 
way of working.

Re-use: Enhancement requests of the application can be sent to the 
department responsible for KBE support. The produced 
geometry is validated in the same review process as the 
complete CAD model and problem found here is sent back to 
the user of the application (CAD engineer). Such problem 
report provide a mechanism to closes the life cycle loop as it 
has been identified as an experience and captured as a 
deviation report to be analyzed. 

6.3.2.2 Conclusion of the analysis
Weaknesses were identified relating to the activities to “Store” as well as “Search & 

Retrieve”. It was found that the aero-blade application was not fully implemented 
(stored) in the CAD environment leading to limitations in accessing (Search & 
Retrieve) the application. The Aero-blade application is not available in the CAD 
design engineering environment and the designer has to request for access to be able 
to install the application. Although there were no explicit routines for continuous 
improvements, a number of enhancement requests from different stakeholders in the 
design process have resulted in new versions of the KBE application. However, the 
occasions when the KBE tool failed to accomplish requested results did not always 
lead to a request for an update of the tool, instead informal routines were adopted to 
accomplish the design task and considered best practice. 

By adopting the framework on an existing KBE application, it was shown that the KBE 
application did not meet the objectives within the activities “store” and “Search & 
Retrieve”. The activities to “Use” and “Re-Use” was supported but with no explicit 
routines to enforce continuous improvements. Other KBE applications in the company 
is likely to have similar weaknesses as the one studied and the result from this work is 
expected to have an impact on other ongoing  improvement efforts within the 
company’s KBE development. 

Although the study identifies weaknesses in the activities, it also shows that 
manufacturability is improved, as several of the identified issues were met. Shorter 
lead-times to generate the CAD geometry enabled manufacturing engineers to 
evaluate the design faster from a manufacturing perspective. The design is also 
accomplished in a standardized repeatable way, further increasing the quality. Even 
though there are still issues with ill-defined, fluctuating CAD surfaces that are 
difficult to prepare virtually and machine, the amount of re-deigns appears to have 
decreased. The KBE application is also a central point where new issues can be 
addressed in a multidisciplinary manner.  
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6.4 Applicability of methods and tools in the industry
In applied research, the applicability of the work is important. In addition to the 

descriptive studies presented in the previous chapter, this chapter provides a brief 
description of three applications with the results from the research, methods and tools 
having been adopted within a company environment to support ongoing 
implementation of improvement efforts. 

6.4.1 Application 1 Describing a high level company process for
experience feedback

In a review of company processes, weaknesses in the descriptions of how to capture and 
manage experience from projects were found.  

In the aerospace industry, as well as most of the larger manufacturing companies today, 
the backbone for operational management is built into a system, an Operational 
Management System (OMS). To support the user in his daily work, the OMS provides 
a description of workflow, activities and methods. Also, company employees are 
expected to look for procedures in the system and follow theses procedures if nothing 
else is stated.  

Consequently, this is where a formal process for experience feedback is expected to be 
found and a company initiative to define a generic process for experience feedback to 
comply with the comments in the review report was started. 

A first step towards a formal process for experience reuse in various contexts is a 
general description of a feedback process. This generic process references more 
context specific instances, such as instructions for lessons learned or the process for 
continuous improvements.  

The experience life cycle view provided a base for the reasoning behind the process 
description for experience management and was easily understood by the responsible 
process managers. The adopted formal process description, with its origins in the 
activities described in the experience life cycle, was implemented in the company 
operational management system. 

This shows the applicability for the research work on a business process level. 

This example shows the applicability of the research work in a situation where the 
experience is both gained and reused. 
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6.4.2 Application 2 Experience feedback from technical reviews
This case describes an aerospace company initiative to improve the use of experience 

from technical reviews in product development projects. The initiative is a response to 
when upcoming problems are solved within the project, but not necessarily 
communicated to other ongoing or future projects. Consequently, similar problems 
have occurred in parallel projects, resulting in different solutions. Figure 33 illustrates 
the experience life cycle used to model the feedback process of technical reviews to 
gain a better understanding of the activities involved. 

identifyCapture

analyze

store

Search

access
use

Re use

Experience Life Cycle

Figure 33, the experience life cycle. 

A description of the problem and list of actions documented in technical reviews are 
identified to be useful information for process improvement efforts. The problems and 
list of actions are captured in a technical review report, whose main focus is to solve 
the immediate problem related to the project. Hence, the root cause analysis and 
actions taken are often in response to the project need and not necessarily to avoid 
recurrences in future or other ongoing projects. The review report is managed within 
the project area and stored in a document repository with limited access to users 
outside the project. Consequently, when the project ends, a limited group of people 
have access to the document. This follows a document-centred approach where 
insights from members in the technical review are captured in a report and stored in a 
repository. No explicit routines for searching and use of the documented information 
from technical reviews exist, though there are generic processes described for 
continuous improvements that could be applicable. 

The feedback process was modelled and analysed to identify gaps and weaknesses. The 
team addressed identified gaps and weaknesses and solutions were implemented in the 
organisational management system to enable reuse of the experience from technical 
reviews with systematic feedback to organisational functions and processes.
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Application 3 – Managing lessons learnt from company projects
Lessons learnt processes within a company are vital as means to capitalize on 

experiences from past and other on going projects. An initial study was conducted to 
investigate current situations for managing lessons learnt at the company. Data 
collection was performed by investigating existing documents, company internal 
process management systems, and discussions with quality managers, process owners 
and chief engineers. 

At the beginning of a new project, the project manager is responsible for compiling 
lessons learnt to promptly improve the project work and continuously communicate 
relevant processes and functions for improvement. The manager produces a list of 
relevant experience obtained from earlier projects and describes how the experience 
has been handled within their project and how they have conveyed to the relevant 
processes, such as requesting a change to the operational management system, and to 
relevant functions. Insights from project members that could be valuable for other 
ongoing and future projects are requested at dedicated meetings. 

Figure 34 illustrates the knowledge-information-data pattern for the investigated 
feedback process. The pattern reveals transitions from knowledge to information and 
data in the push process and the opposite in the pull process where data is retrieved 
and interpreted as information to form knowledge. 

--------------- Push process ---------------------- ---------- Pull process  ----------

Identify Capture Analyze Store Search & 
retrieve Use Re-use

Knowledge

Information

Data

Figure 34, knowledge-information-data pattern for lessons learnt in an experience life 
cycle. 

The analysis of the current process for managing experience identified weaknesses and 
possible areas for improvement.  

The framework provided the reasoning for a proposed solution, e.g. to better understand 
the insight captured in a project, the author of the insight was asked to address a 
process and role where this insight could be of use. Additional meta-data, such as 
product type, were also included, which improved the ability to search and retrieve 
insights for a specific context and achieve the “right information at the right time”.  
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7 Analysis and discussion of the results 
The initial descriptive case study at two industrial companies provided deeper insights 

into the mechanisms of the problem studied [103]. The study investigated how 
information was shared between organisational functions in different phases of the 
product development process.  

Although the study was relatively large, i.e. 90 respondents at each company with 25 
questions in each questionnaire followed by in-depth interviews with key persons in 
the organisation, the results are still only valid in the limited environment where the 
data was collected. Also, only parts of the results and findings were published and a 
significant amount of the data remains at the companies where the research was 
conducted. However, the results confirm similar findings from other research. In a 
study of feedback in design organisations by Busby 1998 [18], it was found that 
“feedback to designers was often unreliable, delayed, negative and sometimes missing 
altogether”. In 1977, Argyris [104] describes single loop and double loop learning 
and states that “The overwhelming amount of learning done in an organisation is 
single loop because it is designed to identify and correct errors so that the job gets 
done and the action remains within the stated guidelines. The massive technology of 
management information systems, quality control systems, and audits of quality 
control systems is designed for single loop learning”.

Based on the analysis of the initial case study and influencing factors, a theory on the 
mechanism for experience feedback and requirements on a manufacturing system was 
formulated in the first prescriptive study [105]. Two main factors in the analysis, the 
heterogeneous system environment and the contextualisation of data, were addressed 
to form the requirements on a design system that integrates manufacturing experience 
in the design process.

Three main criteria were listed;  

1) Ability to search, find, retrieve and integrate experience related information from 
several different sources.

2) Ability to build on the design engineer’s context and expand functionality.

3) Ability to keep experience up to date, close to real time.  

The problem with accessing data in a manufacturing system environment is not new and 
has been addressed by Wang [106] and others[107, 108]. Wang also identifies the 
increasing number of manufacturing systems as a challenge that needs to be 
addressed. Principles of Service Oriented Architecture together with web service 
technologies are recognized as a means to access and communicate data in a 
heterogeneous system environment, [109-112]. The importance of contextualisation is 
also a well-known area within computational and engineering research [113-116].

The reasoning and requirements from the prescriptive study [105] were implemented in 
a web-based demonstrator to validate whether the approach was applicable in the 
industrial environment and whether it addresses the factors it was supposed to address 
[99]. The results showed that it was possible to apply web-technologies to integrate 
multiple data sources and achieve a context that provided information and enabled the 
designer to better understand the data.
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The response from the company involved in the research was positive and efforts were 
initiated to implement the methods and techniques into the business IT environment 
and business processes. The proposed requirements meet the objectives as it supports 
a knowledge-based approach and experience from manufacturing supports concept 
decisions in early phases of product development.  

7.1 A framework to support re use of manufacturing experience
Knowledge Based Engineering represents a technique to capture and model engineering 

knowledge systematically in a design system [21, 117, 118]. Another benefit from the 
technique is process automation, where a series of engineering activities are 
automated resulting in a quicker, more robust and repeatable engineering process [23, 
102]. The process automation approach was applied to the previously described 
demonstrator for visualizing manufacturing capability data in a design system [99]. 
Here, the activities to search and contextualize data from a heterogeneous system 
environment were automated. The process automation approach was then put into the 
context of experience management and formalised as a process improvement approach 
for manufacturing experience. Typical activities in a feedback process were identified, 
representing an Experience Life Cycle (ELC) together with a series of steps for 
implementing the approach in the organisation;  

1. Capture and represent the actual engineering process 
2. Identify bottlenecks 
3. Identify actions to correct the bottlenecks 
4. Develop alternatives to facilitate and automate “knowledge flow” 
5. Validate by applying the new process 

The process improvement approach was then developed further with the formulation of 
a framework with the addition of “Elements of Experience” (EoE) as a second 
dimension to the experience life cycle process; see Figure 35. EoE is categorized in 
terms of knowledge, information and data (k-i-d).  

--------------- Push process ---------------------- ---------- Pull process  ----------

Identify Capture Analyze Store Search & 
retrieve Use Re-use

Knowledge

Information

Data

Figure 35, knowledge-information-data pattern through an experience life cycle 

The framework approach is proposed as a means to analyse, communicate and provide a 
context where relevant methods and tools for managing EoE are positioned. The 
industrial applicability of the framework was validated in different company 
situations. The framework was found to meet the objectives, since it provides an 
intuitive tool where people from different disciplines can relate to the content and 
discuss different aspects relating to transitions between different “elements of 
experience”, data, information and knowledge. Analysis of the feedback process is 
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supported by visualising how experience is managed throughout the feedback process 
and bottlenecks and other problems can be identified and positioned in the k-i-d 
pattern. 
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8 Conclusion 
The aim of the research is to improve manufacturability and avoid the reoccurrence of 

design flaws generated in ongoing or new projects. The approach has been to gain a 
better understanding of the mechanisms for reuse of manufacturing experience and 
improve the feedback of experience from the manufacturing phase back to earlier 
phases in the products life cycle. 

Results from the research indicate that the methods and tools developed to visualize 
process capability data from manufacturing processes, in a context that is logical for a 
designer, have a positive impact on the lead time to investigate manufacturability. The 
quality of the product is also expected to be improved as the experience feedback 
cycle is automated and repeatable. Methods using advanced software techniques were 
implemented, moving towards a “knowledge based” way of working to improve 
manufacturability. 

A functional product perspective focuses on the activity where the product is used rather 
than on the tangible product itself. From an experience feedback perspective, 
experience is gained during these activities and possible re-used if there is a learning 
process. This reasoning was applied during the work to the internal product 
development processes, where the manufacturing unit provides functions to drill, mill, 
cut, turn, weld, etc. The approach provides a link between the product of interest and 
the related activity. Experiences gained during these operations are of interest for 
other stakeholders during the earlier phases of product development to evaluate the 
quality or manufacturability of design concepts. 

The research supports a frontloading approach in product development by letting 
experience from manufacturing have an impact on the design definition in early 
phases of product development. As a consequence, the risk for costly re-design later in 
a project is reduced.

The presented framework is a structured approach to decompose the multifaceted 
challenge and manage experience re-use. By adopting the framework to a case and 
modelling the feedback process in relation to the experience life cycle, a holistic view 
is obtained that illustrates where experience is identified, captured, analyzed and 
stored with the pull process. The framework decomposes the feedback process and 
support an analysis of specific feedback situations. The illustrated transfer of 
experience, going from knowledge to information and data throughout the feedback 
process, is easy to relate to and therefore easy to communicate to others. By dividing 
the process into typical activities it supports the development of methods and tools for 
each activity and provides at the same time a holistic overview to ensure an efficient 
feedback process. The activity to analyse and re-use the knowledge supports the 
efforts for a double loop feedback.
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9 Future work 
Several challenges were identified during the work. The present project, Robust 

Machining, continues for another 1.5 years and provides a platform to investigate 
implementation strategies for methods and tools developed during the research. 

Although this research has identified a number of the barriers and bottle necks in the 
feedback processes as well as proposed solutions that are demonstrated with industrial 
data, there are still challenges to overcome when it comes to efficiently reusing 
manufacturing experience in product development. 

The practical IT-related issues to enable data in a dispersed system environment to be 
accessed shared between systems are a challenge. Even though there are efforts in the 
software sector as well as within company strategy’s in that direction there are still 
difficulties to overcome. The implementation of the web-based application for 
visualizing manufacturing process capability data is still in progress and new 
manufacturing execution systems are being evaluated in the light of requirements 
from the research results. 

Another issue recognized in this research is the use of web technologies as a means to 
capture and share experiences within companies. Here, it is obvious that simply 
providing methods and tools is not enough; there is a need to change the culture and 
explain the advantages of new methods. 

The framework presented in this research provides a tool that supports the reasoning 
behind new solutions for managing of experience in a company and supports decision 
making when updating IT systems.  

Trends towards lean development have increased the company’s focus on knowledge 
value streams within product development as a means to provide a competitive 
advantage. This and the initiatives for new strategies regarding product-, technology- 
and production platforms within the company is an opportunity for further work on 
the applicability of the proposed framework in an industrial environment.  
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1. Introduction 
The impact on manufacturability due to decisions made during Product Development is well known 
and approaches such as Concurrent Engineering (CE) and Design for Manufacturing and Assembly 
(DFMA) [Boothroyd 2002], [Egan 1997], have been used for some time. Despite the significant efforts 
made in academia and within industry - experiences gained during production tend to remain within 
the manufacturing organization leaving the opportunities for increased product manufacturability and 
potential for cost reductions untapped.  For that reason, this paper aim to investigate current practices 
for reuse of manufacturing experience with the objective to identify the best practice and effectiveness 
of re-use mechanisms. More explicitly, this paper investigates the perceived effectiveness of capturing 
and feedback mechanisms from manufacturing and production to the design phase.  
Two companies are studied, Company A, which is an Aeronautical Engine Components manufacturer, 
and Company B, which is an Automotive manufacturer.  
Company A has a strong history in manufacturing of aeronautical Engine Components and has 
recently increased the effort to undertake both development and production of these components. 
Company A collaborates tightly with several different OEM’s as a supplier risk and revenue sharing 
partner.
Company B has a long history of developing cars as an OEM. Over the last 15 years the company has 
successively developed from an independent manufacturer to a company within a large automotive 
enterprise. The range of experience obviously covers both development and production of their 
products over a long time.  

In this paper re-use of manufacturing experience addresses how experience found in the production 
work is made available and eventually used during design of a next generation product (see figure 1) 
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Figure 1: Reuse of manufacturing experience 

As seen in figure 1, transferring and using experience from manufacturing in design by definition 
require a multi disciplinary perspective and is a matter that challenges the learning capability of the 
organization. How to achieve a learning organization has been a topic for decades [Argyris 1996], 
[Mulholland 2005]. Still, the question remains whether or not industrial best practice has significantly 
improved? In the best of worlds the learning organization should already be implemented. In practice 
however, most industries of scale struggle with recurrence of manufacturing issues.  
This study has studied three organizational roles 

The design engineer, who works in the context of product definition 
The manufacturing engineer, who works in the context of manufacturing process definition, 
and
The Production technician, who works in the context of (serial) production of the physical 
artifact.

Four of the product life cycle phases are here covered by the concept phase, the detailed design phase, 
manufacturing preparation phase and the serial production phase, see fig. 1.  

There are different approaches to deal with the topic “reuse manufacturing experience”, covering areas 
such as data mining [Wang 2007], information sharing, and organizational learning. The knowledge 
management cycle comprises a range of activities used to discover, generating, evaluating, sharing and 
leveraging knowledge [Jashapara 2004], [Awad 2003], and is therefore closely related to this topic 
when it comes to managing experience captured in the manufacturing process. The process of 
capturing knowledge for reuse of project knowledge has been studied by Tan et al and Kamara et al 
[Tan 2007], [Kamara 2003], where the focus is set to capturing the experience live in a project. 
Learning situations identified by Tan et al include weekly site meetings, project reviews conducted at 
the end of each of the project stages, post project reviews, etc. 

One mechanism to facilitate experience from manufacturing in design is to work tightly together in 
product development. This is at least partly the reason to work in multidisciplinary teams following 
methodologies such as Integrated Product Development [Andreasen 1987] and Concurrent 
Engineering [Kusiak 1993]. Learning from other disciplines is here enabled since experienced 
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engineers are working tightly together. The effort to make design changes in the early design phases is 
far less then introducing the same design change in later phases. In combination with the known 
impact on success factors (Cost, quality and timing) by early design decisions, the early design phase 
remains a highly interesting phase to improve [Fleischer 1997]. Thomke and Fujimoto [Thomke 2000] 
highlights two approaches in order to reduce recurring problems; project to project transfer of 
knowledge and rapid problem solving. Cross-disciplinary teams are consequently a mechanism for re-
use of experience. 

Methods and techniques for learning from earlier projects within the same phase are done trough both 
human to human contact, e.g. personal rotation [Kane et al 2005] and non human transfer by utilizing 
instructions and system support such as databases of earlier projects experiences [Alizon 2006]. 
What type of knowledge that is important for the engineer has in an industrial case study been 
identified in order to ensure appropriate training and competence [Ahmed 2007]. Here, Conceptual 
design, Value improvements and Detailed design where among the three most important types of 
knowledge. Tan et al [Tan 2007] has categorized KM tools for capturing and sharing knowledge tool 
as KM techniques (non IT tools) and KM technologies (IT tools). Post-project reviews, 
communication of practice, forum and training where he identified as KM techniques and Groupware, 
documentation of knowledge, expert directory and custom-design software where identified as KM 
technologies.

The classical challenge of re-using experience from manufacturing can be investigated by; 
1. Measuring the recurrence of manufacturing problems over product generations. 
2. Investigating the involvement of different disciplines during early phases in design, in the 

spirit of concurrent engineering and integrated product development 
3. Surveying what processes and tools are used for manufacturing experience feedback and their 

perceived effectiveness. 

2. Research methodology 
The aim of this study was to describe the current situation in the area of reusing manufacturing 
experience and to explore what ideas that exist to improve the conditions; hence the “How” and 
“Why” questions support a case study approach [Yin 2003]. 

2.1. Case study 
Due to the scope of this study, the means and resources available for the data collection, both 
interviews and questionnaires were used. Interviews, covering a rich and in depth data collection 
enables a flexible way to sense what is important and focus on that issue, and questionnaires, with 
multiple choice questions and in addition to these, written comments. Data from the interviews, 
questionnaire survey and associated comments were analyzed using techniques described in Miles & 
Huberman [Miles 1994]. The collected information was arranged in different areas with a matrix of 
categories.

2.2. Survey 
Three organizational roles, Design Engineering, Manufacturing Engineering and Manufacturing 
Operations, see fig. 1, were asked to fill in the questionnaire. 30 respondents within each of the 
disciplines ended up with 180 forms to analyze. The questionnaires were distributed to the participants 
and filled in at a meeting were the authors where present. On some occasions the questionnaires were 
distributed by e-mail. The questionnaire survey was performed prior to the interviews and both the 
questions and the preliminary result from the survey was used as a basis for discussions in the 
interviews.

2.3. Interviews 
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The interviewees were selected on the basis of their profession and position in the company. There 
were three design engineers and one manufacturing engineer from aerospace and two manufacturing 
engineers from the automotive industry. 

3. Case study findings 

3.1. Perceived frequency of recurring problems
Ideally, once a failure or non-conformance is discovered in production, there should be a process that 
assures that the issue is solved and that experience gained is feed to designers to avoid such failure 
mode to re-occur. As a first indicator of effectiveness of such process, the perceived frequency of 
reoccurring issues in manufacturing was studied amongst the three study groups.  
The diagram in fig. 2 presents the perceived frequency of recurring problems in manufacturing that the 
respondents experience in their work. The data originates from rating-scales used in the questionnaire, 
where the position to the very left was defined as ‘never’ and to the very right as ‘every project’. Each 
point in the diagram shows the rating from a specific respondent belonging to either Design 
Engineering, Manufacturing Engineering or Manufacturing Operations, from now on referred to as 
‘DE’, ‘ME’ or ‘MO’ respectively. The diagram shows that it is common with recurring problems, 
although the frequency of them is perceived quite differently among the respondents.  
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Figure 2. Perceived frequency of recurring problems 

Comments in the questionnaire varied between departments; respondents from manufacturing 
operations gave concrete examples of components that they have been struggling with over the years, 
whereas respondents from design and manufacturing engineering commented on difficulties with 
making compromises that where acceptable for all. As a design engineer comments on the question 
about recurring issues: “It is usually a result of different compromises where some function had to give 
way for another.” Results show that in company B recurring problems were regarded as more frequent 
among employees in manufacturing operations than among employees in manufacturing engineering 
and design engineering. The result in company A is quite the opposite, where manufacturing 
operations tended to perceive the recurrences less frequent than manufacturing and design engineers.  

The questionnaire reveals that 61% of respondents in company B state that there are processes to 
prevent designs that have caused problems in manufacturing from recurring, however only 8% of 
those think that the processes work.   26% of the respondents did not know if there was a process and 
the remaining 14% stated that there were no such processes. Company A show a quite different result, 
with only 11% of respondents thinking that there is a process, and out of those 44% thought that the 
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process was used. 76% of respondents did not know if there was a process for this and 13% thought 
that there was no process. These results reflect that there are more outspoken processes in the 
automotive company, although the use of the processes was unsatisfactory. 

3.2. Manufacturing competence in the early phases of product development 
As a second indicator of effectiveness of the experience re-use, the perceived involvement in early 
phases of design is studied since cross disciplinary teams have been showed to be effective as a 
feedback mechanism. Manufacturing experience from earlier projects is usually made available 
through the composition of new design teams where competence from the manufacturing disciplines is 
included. Respondents in the survey where asked to indicate their involvement in all four phases, 
concept, detailed design, manufacturing engineering and serial production. Figure 3 shows the 
percentage of respondents that believe that they have a higher involvement than “little” or “none”. 
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Figure 3. Perceived involvement in the concept phase 

Manufacturing operations have a low level of involvement in the conceptual phase in both companies. 
A significant difference between the companies is shown for manufacturing engineers; a little more 
than 10% of company A engineers recognize they are involved in the conceptual phase whereas more 
than 45% of company B manufacturing engineers feel they are involved in the conceptual design. The 
study also makes known that not all design engineers participates in the conceptual phase. Comments 
to this question reveal that there is a will to have more influence from manufacturing in the concept 
phase and that globalization effects e.g. that the production is not local, is perceived to have a negative 
effect on the influence from manufacturing in early phases, which are consistent findings in the two 
companies. It should be noted that in Company B are the roles of Manufacturing Engineering and 
Design Engineering are organized in the same business organization, whereas in company A, 
Manufacturing Engineering and Manufacturing Operation are organized in the same business 
organization.

In addition to the study of involvement in early phases, the perceived contact between design 
engineers and manufacturing engineers was explored. Respondents from design engineering were in 
this case asked to answer to how frequently they are in contact with manufacturing engineers in the 
different product development phases and manufacturing engineers were asked the same question 
about design engineers. Fig. 4 illustrates the percentage of daily or weekly contact and the result 
reveals a difference between company A and company B. The difference in perceived contact is 
significant between the design engineer and manufacturing engineer in company A in early phases. 
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Figure 4. Design and manufacturing engineers perceived contact.

The three most frequently used means of communication were identified in the survey as: telephone 
calls, e-mail and small meetings. Surprisingly low was the use of IT-tools for sharing desktop 
information; less then 5% of the engineers have indicated this tool as one of there 5 most common 
mean for communication. 

3.3. Systems for manufacturing experience 
Finally, the process and systems support for feedback of manufacturing experience has been 
investigated since existence and use of such systems are often emphasised in company initiatives to 
improve feedback of experience and make information available for later work. 
Several systems for feedback coexist in both companies and there are also different ways of using 
them. In company B there are global databases where specific lessons learned documents and best 
practices are stored; however there are not that many entries from the Swedish site. Lessons learned 
can also be an activity at the beginning and end of a project where experiences are documented during 
a five-hour session, resulting in a report covering the issues, countermeasures and introduction dates. 
Manufacturing operations have another lessons learned system that is used for sharing good ideas 
about industrial engineering among the factories in Europe, se Fig 1. Experience reports are used in 
parallel with the new systems across the organization and are either continuously updated or created at 
project endings. Another source of documented experience from manufacturing is a database with 
statistics from an in-line system in the plant that collects measurement data from every vehicle that is 
produced of a specific model. 

Table 1. Survey of tools available for -use of manufacturing experience 
Company A Company B 

Lessons learned database for design engineers in Lotus 
Notes
Best Practices database for design engineers on the 
intranet 
Global database for standardized manufacturing 
processes for manufacturing engineers 
Lessons learned database for manufacturing operations 
on the intranet 
Experience reports from concluded projects on local 
file areas or in physical folders 
Database with in-line measurements used primary by 
manufacturing operations 
Database for tracking problems in manufacturing

Lessons learned documentation stored in local file 
areas or in the ERP System 
Issue reports for tracking problems in ERP System 
Design Practices database for design engineers on the 
intranet 
Database with measurements from all manufactured 
components used by manufacturing operations 
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Company A has a product development process that specifies that lessons learned should be reported 
at every gate and also consulted at certain points. However, this has not come fully into practice and 
there are not that many lessons learned available since this has recently been introduced. Experiences 
should be documented at the end of each project; however these reports are often filed on electronic 
project areas with restricted access. Design practices are created and managed by workgroups in 
organizational development work. There does not seem to be a process that triggers an update or 
creation of a design practice and employees express a lack of them. Similar to the automotive 
company, there is a vast collection of measuring data from manufacturing. This data is only used by 
manufacturing, even though the information would help design engineers to know more about the 
current manufacturing capabilities. 
When design engineers were asked to rate how valuable best practice and lessons learned 
documentation is in their work, the response were quite scattered. Notably, 21% resp. 23% of the 
respondents was unaware of any lessons learned at all. Comments from the respondents were that it is 
difficult to find relevant information in the documentation. 

4. Discussion 
Two observations were evident from the study. One is the visible differences between the companies 
in the responses, and the other is the differences when comparing the response between different 
disciplines.
The first observation is for sure impacted by the history and role of each company but also, at least 
partly, reflecting the difficulties in achieving an effective system for re-using manufacturing 
experiences in design. It is noticed that Company B has a more developed system to manage 
experience and are more aware about their processes for capturing manufacturing experience. Still, 
Manufacturing Operations convey an even higher frustration over recurrent manufacturing problems. 
One possible explanation could be that an increased awareness of the complexity of problems 
increases the receptivity and also the motivation to solve the problem. Explanations may also be found 
in the fact that Company B produces a car – a consumer product that can easily be related to and also a 
complete system. Company A produces engine components (each of the same cost and value as a car) 
but the complexity is of a different character when it comes to manufacturing.  
The second observation, that experiences are captured and used by different disciplines, in different 
context is interesting. Typically, a vast amount of documentation is stored in databases and project 
areas and re-use is limited (in both companies). One suggestion is to update instructions and best 
practices according to selected lessons learned that are considered the most important for future 
products. Lessons learned activities at project start ups is a good opportunity to learn from the 
previous project, but can not replace the benefits of standardized best practices in the long term. 
Converting lessons learned into best practices may also help design engineers in the sense that there is 
no need to distinguish when lessons learned from similar cases apply to the current situation. 
More principally, the challenge is how to contextualize experiences from the “capture” context to the 
“use” and “re-use” context of design. 

5. Conclusion 
Three plausible mechanisms for re-using experiences from manufacturing in design were studied 
empirically at two manufacturing companies. As an indicative measure of effectiveness of re-using 
experience the perceived re-occurrence of manufacturing problems between product generations was 
gathered and revealed the percentage of reoccurrence was significant at both companies but higher at 
the Company B which have a longer tradition of own product development. Secondly, the 
involvement within early phases of design was studied, and the most significant result was that 
Company A had a fewer number of manufacturing engineers participating in design than within 
company B.   
Finally, the amount of formal processes and dedicated systems for feedback was higher in Company B 
that in Company A. Yet – the awareness and perceived effectiveness of systems and processes were 
low at both companies. In addition, the risk of “information overflow” is apparent once the formal 
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systems for capturing experiences are used. As the amount of information grows, it is known from 
interviews in the automotive company that design engineers prioritize other engineering tasks and are 
reluctant to follow the procedure to go trough the sources of manufacturing experience. 
The conclusion is that despite long term experience and existence of both formal processes and IT 
systems, the perceived effectiveness of how to re-use manufacturing experience in design is still 
immature. 
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Abstract
Life cycle responsibility for manufacturing companies increases the service content coupled to the product.
One consequence is that transferring knowledge gained from all life cycle phases has an even more decisive 
impact on the definition of the product concept, here referred to as the functional product. 
The paper focuses on transferring experiences from the manufacturing phase and how to account for these in 
the design phase. Based on an empirical study at two companies, an automotive and one aeronautical 
company, current practices were identified. Manufacturing experiences are captured and managed in a 
manufacturing context whereas the use of experience in the design phase is discussed. Finally a generic
approach to support the use life cycle experiences in earlier phases of product development is suggested, 
where the design and manufacturing case serves as an example. 
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1 INTRODUCTION
Life Cycle Responsibility increases amongst manufacturers
today. The industry is challenged to understand different life 
cycle phase’s impact on the product, e.g. manufacturing, 
operations/usage, disposal etc. 
These factors are “product” focused whereas life cycle 
dependency implies accompanying services, such as 
maintenance and repair, customer training etc. The term 
used for products, having a service contend, is called 
“Functional Product” [1], whereas Product Service Systems is 
used in a similar manner. The service integration in 
manufacturing challenges the competences, roles and 
responsibilities of manufacturing companies [2].
Consequently the emphasis on information and knowledge 
increases for manufacturing companies as the use and re 
use of experiences from various life cycle phases’ increase
[3]. Meanwhile, the impact that up stream processes such as 
the design phase has on the robustness and efficiency of 
manufacturing is well known.  
A structured reuse of manufacturing experience involves 
incorporating learning from current or previous products in 
the design process in order to avoid recurrence of 
manufacturing issues on new products.
In the present study we have investigated how experiences 
gained in the manufacturing phase can be identified, adopted 
and eventually used in a designer’s context. This serves as a 
relevant example of where experiences are used from one 
life cycle to another. 
The challenge to manage experiences and learning within
manufacturing obviously cover a broad range of issues, 
where knowledge takes on many different forms. Even so the 
competitive power of succeeding in managing experiences in 
the organization is a strong motivator to continuously improve 
the experience management process [4].

In particular the feedback from manufacturing to tailor 
engineering design systems accounting for manufacturing 
experiences have also been discussed by Brissaud [5]. They 
point out that the different context of the engineering designer 
verses the manufacturing context is missed out due to that 
experience management systems are often defined from a 
manufacturing context.  
One approach is to take the viewpoint of the engineering
designer, where the engineer’s context is enriched by 
integrating information from later life cycle phases. Boart 
et.al. [6] have shown that using the functional product 
development approach manufacturing process alternatives 
can be used as design parameters in early stages of product 
development. They argue that both the capability to 
quantitatively assess impact of varying Manufacturing Design 
Parameters, and the availability of these Design methods are 
needed to succeed as an early phase design method.
In the Design engineers’ toolbox, the CAE system plays an
important role. The CAE environment has become a center 
point for the product modeling and much focus is set on the 
master model concept. Not only is the CAE used for
geometric modeling (CAD), but for actually modeling the 
virtual product. As an example, template modules of 
parameterized CAD files are used to provide the design 
engineer with predefined blocks where rules are embedded in 
the parametric constraints [7].
At the same time as design methods focus on a master 
definition, the engineering environment gets increasingly
heterogeneous with a dispersed set of data sources.
Baily et al, [8] describes an “An Intelligent System for the 
Optimal Design of Highly Engineered Products”, where 
Knowledge Based Engineering is fused with product Control 
Structure, Conventional Master Model and Linked Model 
Environment to collectively render an Intelligent Master 
Model. This system provides multi-disciplinary design 

The 41st CIRP Conference on Manufacturing Systems, 2008



P. Andersson, O. Isaksson

optimization in a web based environment for global 
collaboration. 
In Europe, a collaborative platform for multi-partners and
multi-engineering was developed in the European founded 
6th framework project VIVACE (Value Improvement through 
a Virtual Aeronautical Collaborative Enterprise), [9].

2 CURRENT PRACTICES FOR CAPTURING AND USING 
EXPERIENCE FROM MANUFACTURING
A study was conducted at two companies, one in aerospace 
and one in the automotive industry with the aim to 
understand the current practices for capture and reuse of 
experience, i.e. engineering knowledge, in manufacturing. 
The study was defined to cover four product development 
phases; concept, detailed design, manufacturing preparation
and serial production in three different organizational 
disciplines; design engineering, manufacturing engineering
and manufacturing operations, according to Figure 1.

Figure 1. Four PD phases and organizational disciplines.

Questionnaires were used including, one department from 
each discipline, giving approximately 180 forms to analyze. 
The questionnaires where performed prior to the interview 
and both the questions and the preliminary result from the 
survey was used as a basis for discussions in the interviews.
A report [10] from this study points out that it is common with 
recurring problems, although the frequency of them is 
perceived quite differently among the respondents. The 
perceived involvement where significantly different between 
the design engineers and manufacturing engineers in early 
phases, where the manufacturing engineers indicated a 
much lower level of collaboration.
It was also noted that manufacturing experience from earlier 
projects is usually made available through the composition of 
new design teams where competence from the 
manufacturing disciplines is included. Even so, 90% of the 
respondents believed there will be less recurrent 
manufacturing issues if collaboration between manufacturing 
and design increased. The usage of experience databases 
where also investigated and it was found that as the amount 
of information grows, the design engineers prioritize other
engineering tasks and are reluctant to follow the procedure to 
go trough the sources of manufacturing experience.

3 CHALLENGES FOR REUSE OF MANUFACTURING 
KNOWLEDGE IN ENGINEERING DESIGN

From a design engineering point of view the experiences as 
perceived, captured and partially logged/documented is 
typically “atomized”, i.e. found in the explicit manufacturing 
context. These “Elements of manufacturing experience”
(EME) are different in character and format, e.g. experience 
related to manufacturing is; Problem reports, statistical 
information, list of operations, product structure as well as 
reports of experience from projects that are stored in 
Lessons learned databases. 

3.1 Heterogeneous environment
The information is stored in different vaults and is usually
accessed through special tools. Consequently EME exist in a
heterogonous environment, See Figure 2.

Figure 2. Heterogeneous environment.

Manufacturing Execution System
The Manufacturing Execution System (MES) is a set of 
integrated functions which provides an infrastructure and a 
production management system. One of these functions is to 
collect statistical outcome from the production e.g. Cp, Cpk, 
etc. This data is used to follow up manufacturing 
requirements to ensure a robust manufacturing process.

Enterprise Resource Planning
In the companies Enterprise Resource Planning (ERP)
system, various data and processes of an organization is 
integrated into a unified system. Examples of modules in an 
ERP system are, Financials, Projects, Human Resources,
Customer Relationship Management, Supply Chain 
Management and Manufacturing, where the latter provides 
information about Manufacturing Process, Manufacturing 
Flow, Quality reports, etc. Consequently, the ERP system 
can provide a large amount of manufacturing experience.

Product Data Management
The PDM environment is usually tightly integrated with the 
CAD system for the management of product data related to 
the geometry definition. This system is also providing the link 
between product definition and manufacturing engineering 
task, such as lists of operations sequences and NC 
programs.

3.2 Design context verses manufacturing context
Different character of more or less isolated data elements 
that is stored from a manufacturing context/view. This 
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problem has been approached in Data Mining [11] where 
intelligent tools for extracting useful information and 
knowledge has been developed but the context of usage in a 
designer’s context remain. As mentioned in chapter 2, 
experience Databases tend to be large and often difficult to 
grasp.
Although a product development project is working with the 
same goal, to produce the best product possible, it is a 
natural tendency in larger organizations to experience a 
distance between people in different organizations. This gap 
is not only manifested in human to human communication,
but is also apparent in the surrounding system environment,
See Figure 3.
As an example, the design engineers work in a CAE
environment that provides full access to component structure 
and the master definition. Although the manufacturing 
engineers work in the same system, they have a different 
view and limited access of the product structure, as there role 
is to grab an existing component definition and create a list of 
operations to be executed on the shop floor. 
From the other side, manufacturing operations has a set of 
tools, e.g. the Manufacturing Execution System, providing an 
interface between the manufacturing engineers and the 
operator of a machine. 

Design Engineering

Manufacturing Engineering

Manufacturing operations

CAD

MES

Design Engineering

Manufacturing Engineering

Manufacturing operations

CAD

MES

Figure 3. Reuse of manufacturing experience.

The study revealed that although systems for capturing 
manufacturing experience existed within the manufacturing 
organization, the knowledge of its existence or how to access 
the information was not common knowledge among design 
engineers. In Figure 3, the experience feedback loops from 
manufacturing operations are also visualized, both the 
explicit type with a system integration shown with dotted lines 
as well as the implicit type with a human to human transfer.
1. The shortest feedback loop goes from manufacturing 
operations back to the production system (MES) and can be 
a fully automated process where NC programs are adjusted 
based on sensor signals integrated in the machine.
Experiences here are quite close to data patterns, and local 
in character. The context is far from the designer’s context. 
2. The feedback of information from manufacturing 
operations back to manufacturing engineering effects 
decisions regarding production flow, tools and machines. The 
manufacturing engineer has a central role in managing 
experiences in this phase. 

3. Knowledge about manufacturing impact of design 
decisions made by the design engineer has an ever greater 
impact on the PD life-cycle and therefore a possible greater 
impact on product cost.
4. Manufacturing feedback to the CAD environment is still 
limited and usually a process of updating embedded rules. If
successful, the embedded rules directly in the design tools 
can be quite powerful whereas the process of doing so may 
be sensitive and difficult to keep updated. 

4 TOWARDS A DESIGN SYSTEM TAILORED TO MAKE 
USE OF EXPERIENCE

It is a necessity to understand the view of the receiver in the 
feedback loop and the engineering environment that 
surrounds him. How does the “element of experience” on the 
atomic level relate to his view? In more detailed example,
how do we make the design engineer understand the
meaning of statistical data presented from an individual 
milling operation? The result could be highly dependent on 
previous operations and the status of that machine at that 
particular time. To what type of geometry topology is data 
related to? What project?
To answer these questions the design engineer needs to 
have a clear view of how the EME relates in the context of 
engineering design. Figure 4 describes the feedback loop in 
a design to manufacturing context where an element of 
manufacturing experience, in this case a statistic report of 
characteristics such as Cp and Cpk are presented in;
a) The context of component structure.
b) The associated manufacturing process.
c) The process activity, the milling operation.
In the same context, a problem report is presented for a 
drilling operation, prior to the milling. 

Figure 4. EME in a component and process context.
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The consequence of this approach has many dimensions as 
it relate to several different business systems. It highlights 
important issues such as setting requirements on transparent 
interface protocols, neutral formats, etc. 
Requirements on a design system that integrates experience; 

1. Need to interactively search, find, retrieve and 
integrate experience related information from 
several different sources

2. Need to keep the experiences up to date close to 
real time

3. Need to build on the designer’s context and expand 
functionality rather than building a completely new
tool.

5 CONCLUSION AND DISCUSSION
It is noted that the Functional Product approach clarifies the 
principal need to transfer knowledge and experiences 
between different domains, illustrated in Figure 5.
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Figure 5. Knowledge transfer to new projects.

If the traditional focus has been to define a product based,
mainly on a functional requirements perspective - a
Functional Product perspective highlights the need to 
account for knowledge from all life cycle phases. The 
contextual challenge for design teams increases further, and 
making experiences available for a designer is a challenge. 
The situation in this paper has focused on the manufacturing 
process, but the challenge is universal and the argument is 
that the contextual diversity increases as life cycle 
dimensions are introduced in the product concept.

It is also noted that there is a demand for more 
manufacturing capability information in the concept phase, 
both in order to predict cost and to avoid recurrence of 
manufacturing issues.
Finally, to achieve an effective reuse of manufacturing 
experience for the designer engineer it is important to provide 
the feedback in the design environment, giving the design 
engineer access to information in a context he can 
understand.
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ABSTRACT 

An increased competition on the product development 
market pushes the industry to continually improve product 
quality and reduce product cost. There is also a trend towards 
considering a products life cycle aspects including 
environmental sustainability. The manufacturing process is a 
major cost driver in the product life cycle; hence, there are 
many initiatives to improve manufacturability and reduce 
production cost. Learning from earlier projects is essential to 
avoid recurrence of problems and is generally realized through 
use of concurrent engineering and design for manufacturing 
(DFM). Other research provides general DFM principles 
which state detailed guidelines for how different geometries 
combined with different manufacturing processes affect 
component quality and cost. The real competitive edge lies 
however in the development and application of company 
specific DFM principles that are based on manufacturing 
experiences. To do so requires an overview of and access to 
the collected manufacturing experiences. The aim of this paper 
is to point out key enablers for efficient reuse of 
manufacturing experience, which is considered to contribute 
to lower product cost and higher product quality.  

A study performed at an automotive and at an aerospace 
engine manufacturer pointed out the apparent need and lack of 
reuse of manufacturing experiences in product development. 
Applications supporting reuse of manufacturing experience 
through embedded DFM knowledge in designer’s CAD 
system were found in the literature. The issue of integrating 
these applications with the enterprise environment, in order to 
capitalize on existing sources of manufacturing experience, is 
addressed with a proposed solution applying a service oriented 
PLM architecture. In addition, a graphical user interface 
visualizing the manufacturing experience in a combined 
product and process context was developed. The validation of 
these proposed and developed solutions was done through 
interviews and workshops. The conclusions are that 

visualization of manufacturing experiences in a combined 
product and process context provides improved understanding 
of how the experiences relate to each process history and that 
a key enabler for integration of information in heterogeneous 
environments is the use of standard service oriented 
architectures and neutral formats. 

 1 INTRODUCTION 
Globalization and intensified competition in the 

industrial world call for improvements in all Product 
Development Life Cycle phases and cross-disciplines. In the 
automotive and aerospace industry, the manufacturing process 
is in most parts a well integrated part of the Product 
Development (PD) process and it is still common with a 
collocated manufacturing shop floor. In this perspective, it is 
natural to include resources from the manufacturing functions 
in the earlier PD phases as a mean to share manufacturing 
experience from earlier projects. A pilot team in the concept 
phase is then assembled of expertise from other organizational 
functions such as design, CAE, market planning and sourcing. 
The shortcomings of such an approach becomes obvious in a 
large company with several stakeholders and where the 
knowledge base from manufacturing alone consists of up to 8 
key persons. In addition to the difficulties to compose such a 
large group and the implications of keeping it efficient, the 
lack of resources is often a show stopper/obstruction. In order 
to provide access to e.g. knowledge and experience from 
manufacturing without having personal presence from the 
experts there is the possibility of developing expert and 
knowledge based computer applications which perform the 
most common expert tasks directly on the designer’s desktop. 
A problem however is that these applications’ input data is 
usually stored in a database specially developed to suit a 
specific need locally in manufacturing. Another problem is 
that there exists manufacturing experience that is explicitly 
available but is not suitable for a computer application e.g. 
comments regarding the design or regarding a workaround in 
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the manufacturing process in order to realize a complicated 
design or other documents such as incident reports from 
manufacturing. This experience is very valuable for those 
working in earlier product phases in order to avoid mistakes 
and complications from earlier projects.  

Hence, the aim of this paper is to address two key 
enablers for efficient reuse of manufacturing experience. 
These key enablers are: 

• Access to manufacturing data 

• Contextualization of manufacturing data from 
the receiver’s point of view 

In section 2 a previous case study to investigate current 
practices for reuse of manufacturing experience are described. 
In section 3 some of the most relevant work related to this 
contribution is summarized. In section 4 the concept of a 
service oriented PLM architecture is explained. Section 5 
describes how the accessed experience is made available to the 
designer by putting it in a combined product and process 
context, thus making it more understandable. Section 6 
describes why a service oriented PLM architecture enables the 
proposed contextualization better than currently applied 
solutions. In Section 7 the demonstrator that will implement 
the results from section 4 and 5 is described and explained in 
detail. Finally in section 8 a discussion around the subject and 
future work are proposed and the paper is concluded in section 
9. 

2 STATE OF THE PRACTICE 
Prior to this work, an empirical study was carried out at 

one automotive and one aerospace industrial company [1], [2]. 
The aim of the study was to understand the current practices 
for capture and reuse of experience, i.e. engineering 
knowledge, in manufacturing. The study revealed a 
heterogeneous environment with several different sources of 
manufacturing data. Examples of sources for experience were;   

• Lessons learned database for design engineers 
in Lotus Notes  

• Best Practices database for design engineers on 
the intranet  

• Global database for standardized manufacturing 
processes for manufacturing engineers  

• Lessons learned database for manufacturing 
operations on the intranet  

• Experience reports from concluded projects on 
local file areas or in physical folders  

• Database with in-line measurements used 
primary by manufacturing operations  

• Database for tracking problems in 
manufacturing.  

The study showed that the automotive company has a 
more developed system to manage experience and are more  

 

Figure 1 – heterogeneous environment for storage of 
manufacturing experience 

aware about their processes for capturing manufacturing 
experience. Despite this, Manufacturing Operations convey a 
higher frustration over recurrent manufacturing problems. One 
possible explanation could be that an increased awareness of 
the complexity of problems increases the receptivity and also 
the motivation to solve the problem.  

The study also revealed that although systems for 
capturing manufacturing experience existed within the 
manufacturing organization, the knowledge of its existence or 
how to access the information was not common knowledge 
among design engineers.  

A set of requirements on a design system that integrates 
experience use was identified;  

 
1. Need to interactively search, find, retrieve and 

integrate experience related information from 
several different sources 

2. Need to keep the experiences up to date. As 
close to real time update as possible 

3. Need to integrate in the designer’s context and 
expand functionality of existing tools rather than 
building a completely new tool 

  

3 RELATED WORK 
The paper applies results from several different areas 

which relate to the general subject. Related work from each of 
these areas is briefly summarized below. 

3.1 Knowledge based engineering and DFM
The integration of manufacturing experience and 

knowledge in product development generally referred to as 
design for manufacturing (DFM), is a well established 
approach for increasing the manufacturability and quality and 
at the same time decreasing the costs of the designed products. 
General DFM principles which state detailed guidelines for 
how different geometries combined with different 
manufacturing processes affect the component quality and cost 
can be found in e.g. [3].  

Examples of implementation of DFM in internally 
developed Knowledge Based Engineering (KBE) techniques 
has been used as an approach to provide manufacturing 
knowledge in early development phases [4], [5], [6], [7]. The 
focus of these examples is to demonstrate different ways of 
incorporating manufacturing knowledge and experience 
through design automation and usually require manual 
handling of inputs and outputs.  
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There is however a need to provide these kinds of 
applications with inputs derived from e.g. databases 
containing results from manufacturing processes, which today 
are used for quality management purposes, in order to feed 
product design with accurate and up to date information from 
manufacturing.  

An area approaching this is data mining where intelligent 
tools for extracting useful information and knowledge have 
been developed but the context of usage in a designer’s 
context remain. 

When simulating the manufacturing processes in order to 
obtain desired product properties in the final product, it is 
essential to include the entire manufacturing process sequence 
in these simulations [8]. In this paper we argue that it is 
equally important to include the full manufacturing process 
sequence when feeding back manufacturing experience in the 
early phases of product development. 

Molina et. al. [9] demonstrates a system that utilizes 
web-based applications to, at the concept level, allowing a 
designer to describe a part so that an expert system can decide 
which manufacturing processes can produce the desired part, 
in the desired time, with the desired quality.  

Other work on reuse of manufacturing experience is 
done by Alizon et. al. [10], presenting a method that considers 
similarity, efficiency and configuration when identifying 
similar existing designs to a desired one defined by the 
engineer. 

3.2 Service oriented PLM architecture
Service oriented architecture as a software engineering 

principle has been around for many years but it is only 
recently with the increased maturity of web service technology 
that this kind of loose integration has been applicable. With 
rising insights regarding IT support of engineering processes 
especially related to issues of product documentation and the 
supplier lock-in phenomenon the principle of service 
orientation has been abstracted from basic software principles 
to integration of systems. The purpose of this is the fact that 
the product is documented in different systems containing bits 
of information about the product and in order to obtain a 
complete view of the product these information bits need to be 
gathered which means the underlying systems need to be 
integrated [11], [12]. From this perspective the systems are 
viewed as providers of information services which deliver 
these information bits. These ideas led to the development of a 
standard for how design of these abstracted services is to be 
implemented called PLM Services 2.0 and provided by OMG 
[13]. 

An implementation of the standard has been performed 
and the results seem very promising [14]. There are several 
works done which describe the possibilities of improving 
different parts of product lifecycle management through the 
application of a service oriented architecture [15], [16], [17], 
[18], [19], [20] 

 There are also other proposals for the realization of a 
service oriented PLM architecture, one of which is proposed 
by another standardization body called OASIS [21]. An 
implementation of this standard is found in the European 
VIVACE project [22] in a demonstrator for supporting the 
idea of an extended enterprise using a hub solution [23] that 

applies web services according to the OASIS standard for 
integration with other systems. 

3.3 Contextualization
The importance of a contextual approach is widely 

recognized within Knowledge Management and the emerging 
field of IT/web collaboration tools.  

The definition and use of context as a concept has been 
analysed by Bazire et. al. [24]. From there analysis of 150 
definitions a few key parameters were identified like 
constraint, influence, behaviour, nature and system.  

 Context aware applications, as defined by Dey and 
Abowed [25] use context to provide task-relevant information 
and/or services to a user. The context is here primarily of four 
types; location, identity, time and activity. 

In the European project VIVACE [22], a context based 
search platform was developed [26]. As part of the study, two 
approaches regarding a context model were studied, a top 
down approach and a bottom up approach. In the top down 
approach is the engineering context defined as any 
information that can be used to characterize the situation of an 
engineer. The bottom up approach deals with the problem of 
categorizing data/information and the recognition of new 
circumstances where the knowledge source could be usefully 
applied. A key issue concluded here is the importance of 
providing the right knowledge to the right user at the right 
time in the design process. 

4 SERVICE ORIENTED PLM ARCHITECTURE  
A service oriented PLM architecture implies that every 

source of data and information is viewed as an information 
service provider [11]. This is illustrated in Figure 2 where 
every information source publishes its available information 
services in a service registry. The registry is accessed by the 
user applications to search for the information they need. The 
service registry then appoints the user applications to the 
correct address of the information as published by the 
information sources. The information access and delivery is 

 

Figure 2 – Service oriented PLM architecture 



 4 Copyright © 2008 by ASME 

then performed according to a contract that states how the 
information is accessed and delivered. The contract also states 
in which format information is delivered. In this case study a 
standard contract for the services, called PLM Services 2.0, is 
considered.  

The primary purpose of a service oriented PLM 
architecture is to make sure that all the data gathered and 
stored throughout the product lifecycle is made available and 
can easily be accessed for different purposes. These purposes 
can vary; examples could be development of applications 
which apply aftermarket knowledge to analyze a packaging 
solution of a vehicle, calculate exact production cost for a 
given design, provide better support for strategic product 
portfolio decisions, provide analyses of material suppliers in 
real time for purchasing and so on. Even though all these 
examples could be realized by developing special databases 
for each purpose most of the time the data needed already 
exists in some form and in some database. If there is business 
value in developing an application such as the ones mentioned 
in the examples this value should not be decreased or wasted 
due to the fact that data needed for the application is difficult 
to access. This is depicted in Figure 2 where the underlying 
information and database layer offers bits of information, 
provided as information services, thus making information 
accessible for the applications which support users. 

4.1  PLM Services 2.0
An important enabler for service oriented PLM 

architecture to work is the “service contract” according to 
which information is communicated. The standard contract 
PLM Services 2.0 is provided by the standardization body 
Object Management Group (OMG) [13] and has been 
developed together with representatives from the German 
automotive industry. PLM Services 2.0 standard provides the 
developer of the service oriented architecture with the contract 
according to which information is to be communicated. 

What makes this standard special is that it’s starting point 
are the common workflows encountered in the PLM area and 
its aim is to support engineers working with product 
development. This is however not to be confused with 
processes and workflows which are embedded in commercial 
PLM software suites due to the fact that the workflows in the 
standard are at a more generic level (due to the fact that they 
are not restricted to the use of any particular software for PDM 
nor for CAx). This means that there is flexibility to have 
company specific processes, applications and information. 

The standard defines a STEP AP214 compliant data 
model and all the necessary functionality to realize several use 
cases. OMG supplies the XML schemes and WSDL (Web 
Service Description Language) files that define PLM Services. 
The WSDL files supplied by OMG specify three web services, 
Connection Factory, General Connection and Message 
Connection. The Connection Factory service contains method 
skeletons that handle authentication and the creation of 
sessions and acts as a gateway to the other two services. The 
General Connection service includes method skeletons that 
handle communication based on the request/response 
approach. To pass PLM data, it uses instances of the class 
PLMCoreContainer. To request data from the system, it uses 
instances of the class PLMQuery. The Message Connection 
service includes method skeletons that handle communication 

  

 
 

Figure 3 – PLM Services 
 

based on the message exchange approach. It provides methods 
to query messages from a service, to write messages to a 
service and to delete messages from a service. The service 
layer setup is depicted in Figure 3. 

5 CONTEXTUALIZATION OF INFORMATION 
Providing access to data and information is an important 

and necessary first step but not always enough to support the 
processes in an effective manner. This only addresses the 
service oriented integration part of SOA in which the 
information sources are integrated with each other but there 
are no considerations of how the processes are integrated with 
the information. When the information sources are integrated 
possibilities and needs arise to change the processes in order 
to optimize the complete process and IT environment. Since a 
service oriented integration enables access to more 
information which has its origin in company departments who 
have another view of the product it will have another format 
due to the differing context. In the particular case of reuse of 
manufacturing experiences in design the information is created 
and stored in the context of manufacturing and thus it is 
formatted to support manufacturing needs. Therefore the 
information needs to be put in a context so that the receiver of 
the information is able to understand it in order to support the 
process the receiver works in. 

 

 

Figure 4 – Example of information from different contexts 
needed in a process which is in another context 
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Two issues regarding the contextualization of 
information have been identified: 

 
1. Information format 
2. Information presentation 

 
The issue of information format refers to the fact that the 

information is formatted in order to support a process in its 
original context. This means that the information needs to be 
reformatted in order to support another process in another 
context. The issue of information presentation is simply the 
way in which the information, once accessed and reformatted, 
is presented to the user in order to support the user’s process. 
The two issues related to contextualization can be addressed in 
several ways, two of which are: 

1. Presenting the accessed information in a specific 
graphical user interface (GUI) which is suited to the 
user’s context. The specific GUI implies that the 
information needs to be formatted in the way which 
is required by the GUI design or format. This 
solution implies that the information is presented in a 
logical manner to the user but the user needs to 
execute the process for which the information is 
needed. 

2. Implementing a specific application which will use 
the accessed information as input, perform the 
process which the information supports and present 
the result to the user. This solution implies that the 
application needs to understand the format in which 
the information is accessed. 

 
Which of these solutions is better to choose depends on 

the context and the process which is to be supported.  

5.1 Product and Process context
In this case study the issue of contextualization has been 

addressed by applying a combined product and process 
context. To only use the product structure, which ever 
structure it may be, to structure experience is suitable for e.g. 
design guidelines but lots of experiences relate to specific 
activities during design, manufacturing, sales, service etc and 
therefore the process aspect is needed as well. When 
considering experience related to a component it will be part 
of a system that performs a function, taken from the designer’s 
view of the product, but the component will be part of a 
subassembly, taken from the manufacturing engineer’s view 
of the product. This issue of different product views is 
addressed by e.g. chromosome model [27] which can be used 
to bridge the two contexts by relating two different product 
structures. The issue of process related experiences remains 
however unsolved. 

In the particular case of reuse of manufacturing 
experience the experience is related both to the manufactured 
components which can be structured in assemblies viewed 
from the manufacturing point of view. But it also relates to the 
different steps of the manufacturing process. Therefore there is 
a possibility to select a component and reach all the 
experience related to this component from all the 
manufacturing steps. By applying the process context onto the 
product context it is possible to also select an activity in the 
manufacturing process and only view the subset of experience  

 

 
 

Figure 5 – Bridging experience from manufacturing to design 
context  

related to the selected component and selected manufacturing 
step.  

Finally there is also a possibility to only consider a 
manufacturing activity, e.g. welding, and not consider any 
components in which case the experience will relate to 
welding in general. 

Completing this with the chromosome model which 
relates components with functions we come even closer to the 
designer’s context. This means there is a possibility to e.g. 
view all experience of welding related to a specific function 
which enables the bridging of manufacturing experience from 
the manufacturing to the designer’s context as depicted in 
Figure 5. 

6 SERVICE ORIENTED PLM ARCHITECTURE AS 
ENABLER FOR CONTEXTUALIZATION 

In this section the issue of using a service oriented PLM 
architecture for enabling contextualization is compared to the 
state of the practice enablers. The example from Figure 4 will 
be used to illustrate and discuss the differences of the 
described solutions. In the example a fictive process of cost 
estimation is supported. From a process point of view it will 
be best supported by implementing a cost estimation 
application which needs the listed pieces of information as 
input in order to produce an estimate as output. Thus the 
contextualization of information from four different contexts 
to the design context is performed by a specific application. 
The application will present the final information, the cost 
estimate, in a way and in a format which is best suited from 
the designer’s point of view.  

In Figure 6 a common state of the practice is described. 
A cost estimation expert either designs an application himself 
or helps an application designer to design a cost estimation 
application. The application is designed by hard coding the 
different pieces of information into the application. This 
usually leads to issues regarding the fact that it is costly and 
time consuming to develop different applications to support 
the development of different product variants why either the 
most common variants are supported or the hard coded 
parameters are balanced and their values are approximate. The 
hard coded parameters need to be updated after a while and 
the application needs to be maintained. 
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Figure 6 – Contextualization through hard coded application 

These circumstances lead to increased costs for the 
development and maintenance of the application which means 
that the overall financial gain in the process is decreased. The 
application costs might even be so high that the financial gain 
is lost and the application is not implemented even if it may 
increase product quality which is hard to measure exact 
financial gains from. 

Figure 7 depicts another solution which is about creating 
interfaces in order to integrate information sources and 
applications. This approach addresses the issue of not having 
to balance different parameters due to product variants in the 
application which means the process will be supported in a 
better manner. The approach will however lead to a lot of hard 
coded integrations with many to many integrations which 
themselves increase maintenance costs when IT vendors 
change their interfaces in new releases. The flexibility of 
changing processes is decreased and the changes with minor 
financial gains will not be implemented due to interface 
development costs. 

In Figure 8 a service oriented PLM architecture is used 
to enable the contextualization. The cost estimation 
application accesses the information service layer and requests 
the information it needs for its process of cost estimation. This 
approach addresses the issue of not having to balance the 
parameters as is the case in the hard coded application in 
Figure 6. At the same time the coupling to the underlying 
information sources is not either hard coded through direct 
interfaces as in Figure 7. The loosely coupled SOA approach 
 

 
Figure 7 – Contextualization through hard coded interfaces 

 
Figure 8 – Contextualization through a loose SOA integration  

does however imply that the information needs to be in a 
neutral format according to the service contract. This is 
required in order to provide the needed flexibility since a 
neutral format will mean that every information source and 
every information consumer will only need to have one 
interface which is needed to deliver/access the information. 
The most optimal approach is to use an information standard 
which is supported out of the box by the information sources. 
This is also the case in the PLM Services 2.0 standard which 
supports the information standard AP214 that is also 
supported by most commercial PDM systems. 

7 DEMONSTRATOR 
The aim of the demonstrator is reuse of manufacturing 

experience in early design phases. The general purpose for 
why this focus is chosen has been addressed in sections 3 and 
5. The studied case contains all of the issues that have been 
described so far. More explicitly these are:  

 
• The manufacturing experience considered is stored in 

four different systems.  
• The format of the information carrying the 

manufacturing experience is adapted to the 
manufacturing context, not design. 

• Once accessed and reformatted the information needs 
to be presented in a way which is natural and logical 
from the designer’s point of view. 

 
Schematically the demonstrator architecture is depicted in 

Figure 9. In Section 5.1 it was described how a product and 
process context was used to create a bridge for manufacturing 
experience from the manufacturing context to the designer’s 
context. Technically this will need to be done by 
implementing a neutral information model in the service layer. 
This provides the desired flexibility that is one of the main 
reasons for choosing a SOA. This means that all the 
information sources and information consumers need to be 
able to communicate to the neutral format. 

The manufacturing experience consists of measurement 
data stored in a legacy system, production preparation 
documentation stored in Siemens TeamCenter, operator 
comments stored in a legacy system and incident reports 
stored in SAP R/3. To cope with these issues there is a special 
process that states the order and type of the different queries  
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Figure 9 – Demonstrator architecture 

needed to access and gather information on one hand and 
define the context in which the accessed information will be 
logical to the designer on the other. The different steps were 
needed due to the fact that in some databases data is structured 
according to the structure of manufacturing requirements, in 
some according to the manufacturing process and in some 
according to different projects. But what the designer wants to 
see is the data structured according to the function structure 
and component structure. 

The access to and integration of the four different 
information sources will be enabled by a service oriented 
architecture. A similar approach has been reported by Chen et. 
al. [18] where a typical collaboration manufacturing model for 
virtual manufacturing enterprise alliance is presented. For the 
the SOA implementation the standard PLM Services 2.0 is 
considered in order to evaluate the standard and also enable 
the desired demonstrator characteristics. This approach has 
been chosen in order to enable the flexibility to expand the  
scope of the demonstrator and to also enable for other existing 
or new applications/portals to access the information that is 
made available through this integration. The flexibility also 
enables the integration of more information sources. 

The presentation of the accessed and reformatted 
information is done by a client application with a specific 
graphical user interface (GUI). The client application contains 
the function structure and component structure to which 
information from the information sources is linked and 
presented. 

A screenshot of the GUI is shown in Figure 10. In the 
main area there is the ability to switch between the component 
structure and function structure. There is also an ability to 
apply a project filter in order to only show manufacturing 
experience related to a specific development project. 

 

 
Figure 10 – Graphical User Interface of the demonstrator 

In the process area the manufacturing process for the 
selected component or function is presented. The process is 
stored in Siemens TeamCenter. In the area where quality 
notifications and manufacturing data is presented operator 
comments, stored in SAP/R3, and data from manufacturing 
measurements, stored in a legacy database, will be presented 
for the selected component or function. The same is done in 
the area showing manufacturing requirements which are stored  
in SAP/R3. The amount of results in these two fields can be 
narrowed down further by choosing a specific manufacturing 
activity. 

The workflow for the demonstrator is that the designer 
chooses the function/component and/or project whose 
manufacturing experience he/she is interested in. The process 
field is automatically updated showing the manufacturing 
process for that particular component/function. Quality 
notifications, manufacturing data and manufacturing 
requirements for that particular component/function are 
automatically updated. If the designer is interested in 
manufacturing experience related to a specific step in the 
process, e.g. welding, the requirements, manufacturing data 
and quality notifications are updated so that they now only 
show information relevant for the chosen component/function,  
project and the welding step of the process. 

The layout of the GUI along with the fact that information 
will be dynamically accessed and presented as the user selects 
components or functions creates the context in which the 
manufacturing data becomes more logical from a designer’s 
point of view. 

8 DISCUSSION AND FUTURE WORK 
The focus of this paper has been to describe a solution 

for the re-use of manufacturing experience in early lifecycle 
phases in order to make the product easier and faster to 
produce. The general and more abstract idea is that 
information gathered in a later lifecycle phase is fed back to 
earlier phases in order to be able to optimize the product over 
a larger portion of the lifecycle. The described concept can be 
extended to include all lifecycle phases so that the 
optimization of the product can extend over the whole 
lifecycle thus enabling the realization of product lifecycle 
management to a greater extent. The experience can be in the 
form of documents such as design guidelines but it can also be 
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documented in the form of video clips or online demo 
presentations such as those exemplified at Honeywell [28]. 

Using the process, together with the product, as a means 
for structuring different kinds of experiences has been found 
to be feasible and will be further evaluated. By applying the 
process perspective experience from e.g. calculations 
performed during the development or service actions 
performed during the aftermarket of a component or even an 
individual of a component can be made accessible in an easy 
way. Developing the proposed GUI to entail also other 
processes in the product lifecycle and make experience from 
those lifecycle phases available will not be a large task due to 
the generality of the proposed GUI structure. The access to the 
information sources containing the experience will be secured 
by connecting those sources to the information service layer. 

The future work entails the development of the 
information service layer described in Sections 4 and 5. The 
developed demonstrator, once the service layer is 
implemented, will be expanded by another way of 
contextualizing the manufacturing experience. The 
information will be made available even closer to the designer 
and the designer’s context by connecting a CAD integrated 
KBE application which will use the manufacturing experience 
in order to optimize component from a design for 
manufacturing perspective and be able to take into account the 
latest information from the manufacturing system.  

9    CONCLUSIONS 
This paper concludes that contextualization of and the 

ability to access manufacturing data in real time are two key 
enablers for providing design engineers with manufacturing 
experience from earlier and ongoing projects. The approach to 
visualize data from dispersed sources in manufacturing using 
web technology and with a design engineer's perspective 
provides a powerful engineering tool in the early phases of 
product development. The service oriented PLM architecture 
enables access of manufacturing experience in a dispersed 
system environment and provides the possibility to integrate 
knowledge based engineering applications which focus on 
DFM in order to provide them with real time input data from 
manufacturing. 
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ABSTRACT 
The ability to capitalize on company knowledge and experience earned in various projects is 
recognized as key assets in the competition on the growing global market. Methods and tools are 
constantly evolving, still there is a frustration over repeated design flaws and design engineers has a 
difficult task to find and use manufacturing experience from earlier projects. 
This paper outlines a process improvement approach where the engineering process is described and 
analysed to find bottlenecks. Examples from other engineering processes are presented along with a 
prototype of a knowledge application to resolve identified issues with the manufacturing feedback 
process. 
Experience and knowledge are closely related, hence a knowledge life cycle explain the different steps 
with a “capturing” and “deploying” side. 
The feedback processes for manufacturing experience is analysed where search & find together with 
contextualisation of experience data are recognised as key mechanisms. A knowledge application is 
presented that presents experience data from different repositories in a way that is logic for the 
receiver. This reduces the lead-time and increase the quality of the feedback process. 

Keywords: process improvement, engineering automation, manufacturing experience 

1 INTRODUCTION 
Improving performance in Product Development to gain or improve competitive advantages can be 
achieved by either reducing cost and lead-time or improving quality of the process itself. The actual 
process to follow during product development can be described in a Product Development Process 
(PDP) wherein methods, tools and practices can be described. Certainly, the result when following the 
PDP process to some degree depend on what methods and tools actually are prescribed, and the skills 
of the people actually working.  

The research work presented in this paper addresses the experience aspect of product development – 
more specifically the experience gained in production and how it can be used up-streams in the 
process where the product definition is set. There is definitely an important dependency between the 
manufacturability and the definition of the product. Experience thereof appears in the manufacturing 
process, or in the preparation of the manufacturing definitions. The most significant contribution from 
a scientific point of view is the description of a process improvement approach to improve the 
experience feedback from manufacturing to earlier phases in the product development life cycle.

We will introduce some mechanisms for experience management using a “Knowledge Life Cycle” and 
briefly review how experience is addressed within the domains of knowledge management and 
engineering design. These mechanisms were extracted from a combined interview/questionnaire 
conducted within two manufacturing companies [1].  
Following the brief review, we present a process approach to identify bottlenecks for experience 
processes in order to capitalize on manufacturing experience when defining new products.    
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1.1 What can be considered as manufacturing experience? 
Experience is closely related to knowledge or, as defined by Longman dictionary [4] of contemporary 
English; “the gaining of knowledge or skill which comes from practice in an activity or doing 
something for a long time, rather than from books.”

Knowledge can be in the form of tacit or explicit as described by Nonaka et.al. [2][3] and in the SECI 
model tacit knowledge is crystallized into explicit knowledge. Nonaka et. al. have built their theories 
based on the ancient Greek philosopher Plato, “Knowledge is justified true belief” where the focus is 
on “justified” rather than “true”. Nonaka describes how information becomes knowledge when it is 
interpreted by individuals, given a context and anchored in the beliefs and commitments of 
individuals.  

Manufacturing experience is consequently limited to experience gained in the manufacturing process. 
Typically, manufacturing experiences are recorded in its explicit form (documentation, data-logs, 
statistical databases etc) in various forms and repositories. Note that tacit experiences are “stored” in 
the memory of the people involved.  Examples of where most experiences are recorded in the two 
studied companies [1] are; 

Databases for process capability data (Experiential data) 
Databases for issue1 reports
Databases for lessons learned reports 

These sources record the factual data about manufacturing experiences, whereas the contextual 
information important to interpret the facts reside in yet other tools such as the CAD CAM system.  
In the CAD CAM tools, drawings for both the product definition as well as all the manufacturing 
process definition preparation are defined and modelled. Such information can be crucial in the design 
engineer’s task to understand the capability data and issue reports since the manufacturing process 
model represents the context of the data.  

1.2 The contexts of design engineering and manufacturing engineering  
Since within most medium-sized and large organizations, different organizations and disciplines 
perform the actual manufacturing and the product definition work respectively, there is a natural 
challenge to capture relevant experience and communicate this experience to designers. Even if 
experience is captured and communicated, it is not always apparent how the experience should be 
used. There simply exists a series of pit-falls on the way from the learning occasion to the occasion 
where the insights are used to define a forthcoming product. As we shall see there are a number of 
issues that can be identified that has an impact on how well experience from manufacturing can be 
capitalized on when designing products.  

At first – comparing the stages when the product is defined with the stages when the product is being 
manufactured quickly reveal a number of challenges from a knowledge transfer point of view.  
The designer’s context differs from the manufacturing context in several ways [5]:

1. Different people actively involved in design and manufacturing  
2. Different organizations 
3. Different time scales and life cycle phases 
4. Different work objectives 
5. Different tools and systems used 

In short – manufacturing and design provide different contexts. We label these contexts “the design 
engineering context” and the “the manufacturing engineering context”.  

The design engineering context is characterized by the fact that there does not exist a product (yet). In 
stead – the engineers work with translating needs and requirements into feasible- and ultimately -
verified solutions. Indeed there exist an awareness about that the definition of the product has a great 
impact on how well the product can be manufactured and produced, but this is “merely” one of the 

                                                     
1 Issue Report : Also, “Incident report”, “non-conformance report” or “problem report”.  
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many conditions to balance when creating a product definition. The customer expectations must be 
captured and understood, and typically described as design requirements. These requirements are often 
functionally oriented, driving the properties expected on the product in service. Manufacturability is a 
necessary “constraint”. The relative importance of this “constraint” verses the more functionally 
oriented requirements may depend on what type of products are developed.  
People, systems and tools are thus primarily aimed at creating and evaluating product definitions.  
Experiences from manufacturing are being brought into the process using techniques such as DFSS 
[6], DFM and DFA techniques [7] and by using multi disciplinary teams in a Concurrent Engineering 
setting [8].  

The manufacturing engineering context has a different setting. The product is typically completely 
defined and the first task is to complement the product definition with a manufacturing definition. 
Later, as the manufacturing definition has been defined, the work is focused on the actual 
manufacturing process and the entire production process (assuming that production is a super-set of 
manufacturing). Since the actual production process focuses on the material flow and throughput of 
new products, the people, their methods, tools and systems are dedicated to support this flow. 

The above description is somewhat stylistic, since the product and process definition are defined in 
parallel (or even integrated), but still highlights the contextual differences that still reveal the major 
difference – the different focus of the work.  

From an experience management point of view this is unsatisfactory since transfer of experiences need 
to overcome these context differences. 

2 THE PROCESS VIEW 
Engineering work can be described in processes, where based on given input the output from the 
process is generated following the activities that build up the process. This is a common way of 
representing work, and was used at both studied companies to organize work. The process description 
is then an important mechanism to facilitate best practices. Processes can be studied and used from 
many different viewpoints, and process improvement is a continuously on-going activity at most 
companies. 
The process for capturing experience from design and manufacturing phases is discussed by Giess et 
al [9] as they identify two types of working modes, synchronous and asynchronous as well as the types 
of information associated with each mode. Synchronous work mode is where the engineer works on 
the same activity at the same time, in opposite to asynchronous work mode where they distinguish two 
separate forms of activity, the learning and transactional.  “A transactional activity is one where 
manipulation of information takes place according to an established process and further information is 
created.” Different tools and processes are involved as the design activities vary from brainstorming to 
decision making. Mela, et. al. [10] identifies enabling factors for managing intellectual resources in 
engineering design, where understanding the synthesis formed by internal operators and processes 
being one of the important mechanisms. 
Another important characteristic of process descriptions, are that these can be modelled and simulated 
to predict functions and properties of forthcoming output from processes.  
The use of process simulation is presented by Giaglis et. al.[11][12] and in his paper “Integrating 
simulation in organizational design studies” he investigates the efficacy of business process simulation 
(BPS) in the context of the process paradigm of organizational design. Derived from a generic 
approach to simulate model development advocated by Law & Kelton [13] and generic business 
redesign methodology advocated by Davenport [14], Giaglies et. al presents the ISEC methodology 
for incorporating business process simulation in a process change. The methodology consists of four 
main phases; Initiative, Simulate, Experiment, Conclude, which can be further decomposed into a 
number of more detailed steps. 
To measure the effect of process improvements, we need measures that are not trivial. The problem of 
measuring improvements in the design process is recognised and described in the introduction of the 
book “Design process improvement; A review of current practice” by Clarkson and Eckert [15].  
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In this paper, we use process formalism as a way to represent workflow in engineering processes. We 
follow a process improvement approach which is described as follows 
1. Capture and represent the actual engineering process 
2. Identify bottlenecks 
3. Identify actions to correct the bottlenecks 
4. Develop alternatives to facilitate and automate “knowledge flow” 
5. Validate by applying the new process 

1 Describe the engineering process

2-4 Develop knowledge application 3 Use knowledge 
application

1 Describe the engineering process

2-4 Develop knowledge application 3 Use knowledge 
application

Figure 1. Process Improvement approach for knowledge applications 

As an example, we map out engineering design and analysis processes below. The approach to analyse 
an existing engineering process and automate tedious and iterative tasks has been proven efficient for 
CAE tasks such as Pre-processing for structural analysis [16], and Automated CFD blade design 
within a CAD system [17].  
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Geometry 
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Requirement 
Specification

Geometry 
Idealization

Mesh 
Generation

Solver Input 
Definition

Analysis

Post
Processing

Knowledge Enabled
Pre-processor

Geometry Idealization
Mesh Generation

Analysis Input Definition

Figure 2. Process model for knowledge 
automation applications 

CFD
blade design
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IGES/STEP geometry 

CAD modeling
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design

CFD
blade design

Import generic 
IGES/STEP geometry 

CAD modeling

CFD analysis

Downstream
design

CFD
blade design

Import generic 
IGES/STEP geometry 

CAD modeling

CFD analysis

Downstream
design

Figure 3, Illustrating design flow to 
generate CAD geometry 

Figure 2 illustrates an example where engineering activities in an analysis process for jet engine 
components have been automated to achieve a more efficient process with shorter lead-time and 
improved quality, enabling the engineer to iterate more design concepts and get a better understanding 
when making decisions.  
Figure 3 illustrates another example where the task of generating aero-surfaces in CAD software has 
been automated and shortened the lead-time as well as improved the quality of the engineering 
process. 

We now present how the process improvement approach has been adopted to an experience re-use 
process rather than on process automation.  

2.1 An knowledge life cycle process of experience 
Experience and knowledge are closely related and can be represented in an 8- step model called the 
life cycle of knowledge.  

1. Identify

2. Capture

3. Analyze

4. Store 5. Search

6. Retrieve

7. Use

8. Re Use1. Identify

2. Capture

3. Analyze

4. Store 5. Search

6. Retrieve

7. Use

8. Re Use

Figure 4. Life Cycle of knowledge 
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The process starts with Identify (1) - the actual occasion where the experience occur. In practice, this 
can be a non-conformance that appear in manufacturing due to an ill-defined product definition 
feature. The “experience” is made only if anticipated as such. If not anticipated as experience it is 
merely information and data about an instance or incident. The effect is observed by, let’s say an NC 
machine technician who recognizes the problem and most often solves any immediate problem in 
some way. Secondly, if considered/judged as important the “experience” can be Captured (2). 
Commonly it is only data about the symptom that is recorded, and sometimes complemented with an 
incident report. This report documents the circumstances valid as the occasion governing the 
experience was happening. Often, it is first when Analysing (3) following the capturing activity that 
the root causes and the more wider term experience can be clarified. The insights from the analysis 
may be recorded, Stored (4) in some format and archived. The way that the experience is stored is 
decisive for how the experience can be searched (5) for. Typically, to use (7) experience the design 
engineer need to search, retrieve (6) and compile experience elements from different sources before 
the adopted experience can be used in a proper way. Finally, we’ve added an 8th step where the use of 
the experience is built into some system so that it can repeatedly be reused.  
Note that non of the steps mentioned above states any means or media for e.g. storage and search. This 
means that experience can (and usually is) stored in a human mind, and the search method can be to 
ask someone who knows. Obviously, the storage media can be a digital document archive or a process 
description where experiences can be stored in a re-useable format.  

We further note that there are two major streams in the experience management process. The 
“Capturing” side to the left (1-4) and the “deploying” side to the right (5-8). 

Seldom is this “process” made explicit in a company Product Development Process, but rather loosely 
outspoken as a general call for making use of experience in the organisation combined with key 
support systems such as records- or document- management system and a set of instructions.  

2.2 Push and pull, mechanisms for experience feedback 
We now recognize two mechanisms for experience feedback based on the Design Engineering context 
and the Manufacturing engineering context introduced earlier.  
From a designer’s perspective, experience can be pulled from sources of experience data using search 
and retrieve strategies (5-6). Experience can be found as manufacturing process capability data as 
recorded from each machine or operational process step. Experience is also found in document records 
in the form of problem notifications and lessons learned type recordings.  

Manufacturing contextDesign context

Push

Pull

Manufacturing contextDesign context

Push

Pull

Figure 5. Experience can be “pulled” from manufacturing as well as “pushed” 

The second alternative, called “push”, is where a fault or incident appears somewhere in the 
manufacturing phase (1-2), and the post-analysis of the root cause (3) trigger a process to update the 
company design system or organization. This can be in the form of improving existing design 
instructions & best practices or define new ones, improve education material or other means necessary 
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to prevent similar faults or incidents to recur. Basically, make sure that the lesson is learned for not 
just the particular project but also for other ongoing and future projects (8). 

The difference between the 8th step (re-use) and the 7th step (use) is related to single loop learning and 
double loop learning as described by Argyris [18] already 1977 in his paper “Organisational learning 
and management information systems”. Argyris example for a typical single loop learning is a 
thermostat that turns on or off to keep a specific temperature because the underlying program is not 
questioned. Here, Argyris point out that “The overwhelming amount of learning done in an 
organisation is single loop because it is designed to identify and correct errors so that the job gets 
done and the action remains within the stated guidelines. The massive technology of management 
information systems, quality control systems, and audits of quality control systems is designed for 
single loop learning.” This is still true as presented in the case study at two companies in 2007 [1]. 
Our Re-Use step (8) is intended to implement the double-loop learning mode in a process that can be 
defined in a company process.  
Relating to the life cycle of knowledge described in figure 4, the analysis of the root cause (3) 
identifies the immediate problem within the project and is not traced back to the design phase. An 
example of single loop learning mentioned in the case study was a car door that was difficult to 
assembly and a special instruction was invented to guide the production engineer. This action solved 
the immediate problem and reduced the lead-time significantly. However, the event was not reported 
and dealt with at the design department. Hence, the design flaw could possible be repeated in the next 
project. No double loop learning was achieved, and no “re-use” action was taken to update the design 
procedures for door design-for-assembly. 
To both deal with the immediate problem at hand and also update the design process is what Argyris 
describes as the double loop learning, or as in his example, having the thermostat questioning its order. 

3 AN INDUSTRIAL EXAMPLE  
The process improvement approach described above has been applied onto an example, here looking 
at the right side of the knowledge life cycle in figure 4, step 5-8. 
The study mentioned in the introduction [1] identified two major repositories that stored useful 
experience type of information, nevertheless where these repositories seldom used by the design 
engineers. These repositories contained issue reports and capability data that could be used when 
making decisions on design concepts that where similar to existing products already in production.  
The reason for not using this information was stated in the study as difficult to access and in addition, 
difficult to understand. To understand the experience flow the process for retrieving issue reports and 
capability data where explicitly modelled and analysed. The current process for search and retrieval of 
experience information is presented in figure 6.  

Retrieve BOMIdentify 
earlier project

Retrieve  list
of operations

for each material

Retrieve  
operational drawings

for  each operation

1 2 3 4

Analyze drawing 
and retrieve relevant
requirements  id nr

5
Search KPS

Db. for  relevant 
Production data

6
Search ERP 

database for quality 
remarks/ notifications

7
Search Project

database for lessons
learned reports

8

Figure 6, Current process for retrieving capability data and issue reports from earlier 
projects. 

Figure 6 describes the process steps to retrieve capability data and issue reports from a similar design 
in earlier project; 

1. Identify earlier project that has similar design characteristics (System 1) 
2. Retrieve Bill Of Material (BOM) (System 1) 
3. Retrieve list of operations for each material (System 1) 
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4. Retrieve operational drawings for each operation (System 2) 
5. Analyse drawing and retrieve relevant requirements id nr (System 2) 
6. Search KPS database for relevant production capability data (System 3) 
7. Search ERP database for quality remarks/ notifications (System 1) 
8. Search Project database for Lessons/ learned reports (System 4)  

The process to retrieve manufacturing experience such as capability data and incident reports involved 
several steps and the engineer had to search in several different IT systems, hence the process was 
found to be tedious and time consuming. Another problem with the process was that it was difficult to 
interpret the data. This can be explained by the difficulties to correctly interpret and recreate the  
manufacturing context. Capability data and incident reports are captured with the intention to monitor 
and optimize the production process, hence, the data is organised to follow up a specific machine or 
production line. This is in contrast to the design context where the interest often is to ensure the 
robustness of a specific design of a feature, such as a flange or an engine mount. 

The approach to improve the process was then formalized to solve the issues with several manual steps 
in multiple IT systems and contextualisation. The information modelling technique used to solve the 
issue is described in a previous paper [19]. 

Figure 7 illustrates the application that presents data from several sources presented on one page, 
providing the engineer information in a design context. 

Heterogeneous 
System environment

SAP/R3

Q-notifications

TcMf KPS
(Cp, Cpk)

Access

Process view

Component view

Figure 7, system support to automate search and access to reduce the lead-time and 
proved a better understanding of the data presented. 
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Visible features in the graphical presentation are; project filter, enabling the engineer to choose 
previous projects. A component breakdown displays the assembly structure of the product and by 
choosing a subcomponent, the corresponding list of operations reveal the manufacturing process. In 
addition to this, quality notifications generated by an activity in the process is displayed and easy to 
access. 

Develop knowledge application for reuse of manufacturing experience

Access process 
capability data &
incidents reports

Retrieve BOMIdentify 
earlier project

Retrieve  list
of operations

for each material

Retrieve  
operational drawings

for  each operation

Analyze drawing 
and retrieve relevant
requirements  id nr

Search KPS
For  relevant 

Production data

Search ERP 
database for quality 
remarks/ notifications

Search Project
database for lessons

learned reports

Figure 8, system support to automate search and access to reduce the lead-time and 
proved a better understanding of the data presented. 

Figure 8 uses the process improvement approach described in chapter 2, and applies the same 
approach to the experience process. The knowledge application automates a series of steps and 
accesses data from several system repositories. The first gain from adopting this process approach is 
that the search and retrieval process is automated and lead-time to retrieve data is reduced 
significantly.  
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Use knowledge 
application
Use knowledge 
application
Use knowledge 
application

Figure 9, Providing the information in the context of the design engineering  

Figure 9 illustrates the integration of a knowledge based engineering tool with the developed 
knowledge application, providing the design engineer the right information at the right time. The result 
from the search and retrieve activity is presented in the designer’s natural system environment. When 
modelling a CAD feature, such as the “boss” in figure 9, process capability data and incident reports 
from previous projects are visualized in a context that is logical to the designer. This second gain is 
about presenting the results in a context known to the designer.  
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4 SUMMARY AND CONCLUSION 
The rationale and justification of this work are based on the documented results in a previous study of 
two larger industrial companies where the feedback process for manufacturing experience was 
identified as a weak spot.

A knowledge life cycle model was used to present the different steps involved in the feedback process 
of manufacturing experience.  

The process improvement approach is represented as a series of steps to analyse and improve the 
engineering process. 

1. Capture and represent the actual engineering process 
2. Identify bottlenecks 
3. Identify actions to correct the bottlenecks 
4. Develop alternatives to facilitate and automate “knowledge flow” 
5. Validate by applying the new process 

Using the manufacturing experience feedback process, the bottlenecks were found to be difficulties in 
finding and accessing the manufacturing data and it was also difficult to understand and analyse the 
effect of the retrieved data. 

The plausible causes for this were found to be; 
Context difference between design and manufacturing 
Incompatible, and multiple, sources of information 

The approach was validated by building a prototype knowledge application that facilitates the use of 
manufacturing experience in design using context search from two different business projects. The 
prototype tool demonstrates a new improved work process with respect to lead-time, quality, and 
number of activities and contextualisation as a mean to support understanding of the data. 

So far, the fact that manufacturing experience can be assembled and retrieved in the users (engineering 
designers) context significantly contributes to awareness and accessibility of experience at the decision 
situation.
To conclude, the use of a process improvement approach to enhance the use of manufacturing 
experience in design shows promising results.  

5 FURTHER WORK
To further evaluate the proposed solution in a business perspective, it is necessary to deploy the 
knowledge application in a business product development project. 
There is also a challenge to integrate the suggested approach in the company’s IT environment. 
Experiences from the work presented in this paper indicates that there are several difficulties that has 
to be solved, both concerning access to key competences of IT personnel as well as adopting to 
company IT strategy. 
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Abstract: A manufacturing company’s unique intellectual capital is to a large 
extent built on experience from its own product development and 
manufacturing processes. Thus, efficient methods and tools to utilize and 
benefit from this experience have an impact on a company’s ability to stay 
competitive and advance on the global market. Knowledge Based Engineering 
(KBE) is an engineering methodology to capture engineering knowledge 
systematically into the design system. Hence, KBE tools are considered to 
support experience re-use and improve engineering activities. This paper 
presents the results from a study where the objective was to investigate the 
support for experience re-use in KBE applications in an aerospace company. A
proposed framework is presented to analyze the capturing and use of 
experience in a company’s processes identifying gaps and propose 
improvements. The study revealed weaknesses in the process steps for 
experience feedback which can be used to improve KBE applications further.

Keywords: Experience re-use, Engineering design, KBE, Case study
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1 IIntroduction

Experience from a companies product development and manufacturing processes offer
unique insights that provide a competitive advantage. This knowledge is not accessible 
for competitors and is often difficult to re-build. However, knowledge is not 
automatically captured and shared in the organisation [1, 2] and there is a need for 
knowledge management strategies and systems to support the process [3, 4]. Thus,
methods and tools to utilize and benefit from experience have an impact on a company’s 
ability to compete and advance on the global market. 

Knowledge Based Engineering (KBE) is an engineering methodology to capture 
engineering knowledge systematically into the design system [5-7]. Hence, KBE tools are 
considered to support experience re-use closely related to the design process and is used 
in a number of companies to improve engineering activities [8-12].

This paper presents the results from a study where the objective was to investigate the 
support for experience re-use in KBE applications in an aerospace company. Initially a 
proposed framework is presented based on a data-information-knowledge categorization
and an experience life cycle (ELC) process[13].

1.1 Research approach

A framework is described to analyse how knowledge based engineering tools support 
experience re-use. In practice, a form is used to analyse the process for experience re-use, 
recognizing data, information and knowledge for each of the stages in the experience life-
cycle and the current status. The data collection has been accomplished by iterative 
interviews and a survey of company documents. The result enables the engineer to 
identify and visualize gaps in the current processes in order to improve the process. 

The study is explorative and includes how and why questions which allow a case 
study strategy following the suggestions by Yin for Case Study Research [14]. The 
company in the study is a jet engine component manufacturer. The author of this article is 
an employee at the company studied and has been part in the development of the 
applications mentioned in the research. Hence action research has been chosen as a 
strategy to guide the work [15].

1.2 Data, Information and Knowledge

Structuring the “elements of experience” into categories of knowledge, information and 
data is one way to decompose the multifaceted task of experience feedback.

In knowledge management literature, a pyramid is often used to illustrate a hierarchy 
between data, information, knowledge and wisdom (DIKW) [16].

In the DIKW hierarchy each category includes the categories that fall below it, as 
stated by Ackoff  [17]. According to Ahmed and Blessing [18], data, information and 
knowledge are relative concepts, where information can be data for some users and 
knowledge for others. The interpretation of the DIKW hierarchy varies and there is no 
general understanding for the definitions of the categories included in the pyramid [16] .
The advisable of using the hierarchy is also questioned in the academia [19].
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However, this work focuses on the three lower categories; data, information and 
knowledge. The categories are used to describe the different aspects of experience in the 
feedback process from the occurrence of the experience through the cycle where it is 
analyzed, stored, found and used.

1.3 Life cycle perspective

Another way to decompose the multifaceted task of experience re-use is to view the 
feedback process as an Experience Life Cycle (ELC). Here, typical activities in the 
feedback process are identified and modelled. The work presented in this paper builds on 
previous research by the author [13] where  the feedback process is described by the 
activities; identify, capture, analyse, store, search & find, access, use and re-use. A
modified version of the referenced ELC is illustrated in figure 1. The new version 
includes the “Access” step into the “Search & retrieve” step. The modification has been 
found logical and simplifies the model. 

Identify
CaptureAnalyze

Store

Search &
retrieve

Use
Re-Use

FFiigguurree  11 The life cycle of experience

Here, experience has a broad definition and can be in the form of knowledge
(individual or group of people), information (documents, presentations) and data 
(symbols, fragments of information without context).  Below follows a description of 
typical activities in the process for experience feedback.

IIddeennttiiffyy:: The identification step denotes the occasion where the governing situation 
leading to “experience” occur. In practice, this can be a non-conformance that 
appears in manufacturing due to an ill-defined product definition feature. The 
“experience” is made only if anticipated as such. If not anticipated as experience it is 
merely information and data about an instance or incident.
CCaappttuurree:: In the capturing step “experience” that is considered/judged as important is
captured in some type of media. Most commonly are paper documents but other 
media types could be audio or video records.
AAnnaallyyzzee:: In the analyze step a “root cause” analysis of the captured “experience” is 
made to identify appropriate strategy for re-use and when found necessary, 
corrective actions to avoid recurrent deviations.
SSttoorree: In the store step insights from the analysis is recorded in some format and 
archived. The way that the “experience” is stored is decisive for how the 
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“experience” can be searched for and that appropriate access rights are assigned the 
information.
SSeeaarrcchh &&  rreettrr iieevvee: In the search and retrieve step the “experience” is search for and 
retrieved.
UUssee: The use step denotes the step where the element of experience is used in.
Typically reading a document or using some sort of system support.
RRee--uussee: The re-use step connects the cycle with the first task, identify (1) in order to 
close the cycle where the result from the previous step is evaluated. E.g. user 
feedback to author of instructions or application developer. An important aspect is to 
also consider the final outcome of the used information. Did the resulting 
product/component meet the required expectations?

By adopting the experience life cycle on a company’s processes with the presented 
experience life-cycle it is possible to analyse gaps and propose improvements using 
methods and tools in relation to the framework. The DIK categories visualise the 
elements of experience that is managed in a company.

22 FFrraammeewwoorrkk

The framework decomposes a multifaceted task by identifying typical activities in the 
feedback process and describing how the “elements of experience” is managed 
throughout the process. The notation of “elements of experience” is introduced to denote 
knowledge (by individuals or a group), information (documents, presentations) or data
(symbols, fragments of information without context). Figure 2 illustrates the relationship 
between the different categories.

With the framework as a base it is possible to identify and model current processes in 
order to define corrective actions. This case study represents the first part in an 
improvement effort as it presents the current situation and not corrective actions with 
follow up activities

Elements of Experience

Knowledge

Person 1

Person 2

Person …

Information

Document 1
Document 1
Analysis report

Analysis 
description

Pictures

Data

Analysis results

FFiigguurree  22 Illustrating a relation between knowledge, information and data

Knowledge, information and data are relative terms and what is considered as data in 
one situation can be considered information in another.
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The illustration highlights the importance of providing the engineer with the right 
contextual information that enables him to gain knowledge. Keeping the relations in mind 
while following the process for experience feedback we realise (or confirm) the 
importance of ensuring that the user have the knowledge to interpret the information 
when it is to be used again. Further, the components of a report are also an essential part 
that represents a context. Is it possible to find the references in the report? Is there data 
available to verify the result in the report?

2.1 Experience Life Cycle in a KBE context

The KBE lifecycle that has been described by Stokes et al. [20] provides a KBE context 
to the activities in the ELC process described earlier. The KBE life cycle is described in
six steps; Identify, Justify, Capture, Formalize, Package and Activate.

Table 1 describes the activities from the KBE life cycle mapped into the experience 
life cycle described earlier.

Table 1 Life cycle to map experience re-use in the KBE blade application

ELC steps Life cycle steps described in a KBE context.

Identify: Investigate the business needs and to determine the type of KBE system 
that might satisfy those needs and justify aims to seek management 
approval to continue.

Capture: Collect the domain knowledge and create a product and a design process 
model.

Analyze: Carry out root cause analysis to identify appropriate strategy for re-use and 
when found necessary, corrective actions to avoid recurrent deviations.

Store: Create a working KBE system using the formal models and activate by 
distribute and install the KBE application.

Search & 
Retrieve:

The KBE application is provided in the engineering context, i.e. design 
environment, encoding CAD system and DP practices.

Use: Use the KBE application.

Re-use: The cycle is closed by identifying need for enhancement of the application. 
This can be done by feedback from the users of the application as well as 
continuing improvement activities that evaluate the outcome from down 
stream activities.



Andersson, Larsson, Isaksson

33 IInndduussttrr iiaall  ccaassee  

In the industrial case we adopt the framework previous described to investigate how a
KBE tool support experience re-use in the product development work. The choice of 
KBE application was made based on the level of maturity of the application and that 
results from usage of the tool has been previous published in the design research field [9].
This company’s KBE environment is closely integrated to the CAD system. Hence issues 
regarding product modeling (smooth surfaces, geometric tolerances and modeling
techniques) are a central part of the product definitions updating activities. 

3.1 Aero-blade application

The blade design is a multidisciplinary engineering design activity involving optimization 
within the disciplines of aero-thermal, mechanical and manufacturing. A KBE application 
is well motivated to facilitate iterations between these disciplines. The aero-blade 
applications support the design engineer by providing rapid generative CAD modeling.
Figure 3 show the user interface that provides the designer with options to include 
specific design tasks and change parameters within a certain design space.

FFiigguurree  33 User interface of aero-blade application.

In this KBE application, the blade definition is provided as a list of points defining 
sections that are swept to form the shape of a blade. Parts of the calculation and 
optimization of the aero profile is made in a separate tool, prior to modeling of the blade. 
Additional support for mid-shell definition is also incorporated in the aero-blade 
application as it names surfaces and defines key edges.
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3.2 Adopting the framework
Adopting the framework described earlier for KBE application we obtain the following 
results presented in Table 2. Each step was evaluated from a re-use perspective to 
identify weaknesses.

Table 2 Instance of the KBE blade application in the framework

ELC steps Life cycle step description

Identify: The aero-blade definition is a time consuming CAD task that involves 
several steps and depends on iterations between the disciplines of aero-
thermal simulation, CAD modelling and manufacturing preparation. This 
has been found to be a bottle-neck in engineering design and automation of 
this activity was identified as great potential for reducing labour intensive 
work in product development (PD).

Capture: Knowledge from disciplines was captured by KBE engineers following the 
MOKA methodology using interviews and ICARE forms. 

Analyze: The collected material was analysed and iterated with specialists from aero-
thermal simulation, CAD modelling and manufacturing preparation.
Analysis of captured information revealed;

No standardized geometrical representation format caused corrupt 
data files, ill defined geometries, inconsistencies and problem in 
sub-sequent geometrical operations. 
Tedious and frequent occupation of CAD modellers to assist in 
modelling and translating geometries between the disciplines 
(Aero. Mech. and Manufacturing)
Manufacturing of geometries optimized from aerodynamic, and 
sometimes mechanical objectives, became difficult, expensive or 
even impossible to manufacture. 
There were several co-existing ways to model aero-blade geometry 
in CAD, often resulting in bad geometry definitions downstream in 
the CAD process. Leading to corrupt CAD-data files. In addition 
there were difficulties for other engineers to understand the CAD 
model structure and continue the work on some one else’s CAD 
model. 
Time consuming and tedious work that not only requires CAD 
design resource time to do the CAD work is also a bottle neck 
because of the limited number of CAD designers available when 
needed. 
Aero-blade geometry not optimized for manufacturing was
discovered late in the design phase, leading to re-design with non 
optimized solutions.
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A KBE solution were confirmed to be a good solution that re-use the 
captured engineering knowledge and created uniform CAD models cross 
company projects that comply with CAD standard methodology, Aero-
thermo performance requirements and robust design for manufacturing.

Store: The captured knowledge was stored in the organisation by the development 
of a KBE aero-blade application that was integrated in the CAD design 
engineering environment. However, the application was not made available 
for all users and is not part of the standard KBE package provided for 
design engineers.
The new routines for definition of the aero profiles are stored as part of the 
company’s standard documentation for definition of aero profile data is 
adapted to meet the format of the KBE system.
Design Practices (DP) for generating aero profile geometry was updated to 
reference the KBE-application when creating a CAD definition.

Search & 
Retrieve:

The engineer is directed to search for and follow the directives in the design 
practices in which the aero-blade application is referenced. The Aero-blade 
application is not available in the CAD design engineering environment and
the designer has to request for access to be able to install the application. 
This limit the usage with an increased number of deviations derived from ill 
defined CAD definition.  

Use: The application is used by design engineers in a CAD design engineering 
environment. The application is found to be easy to use but not always 
accomplishing the desired result, causing requests for update of the 
application. Generally it has been found to be an improvement when 
compared with previous way of working.

Re-use: Enhancement requests of the application can be sent to the department 
responsible for KBE support. The produced geometry is validated in the 
same review process as the complete CAD model and problem found here 
is sent back to the user of the application (CAD engineer). Such problem 
report provide a mechanism to closes the life cycle loop as it has been
identified as an experience and captured as a deviation report to be 
analyzed.

3.3 Identified weaknesses
Weaknesses were identified relating to the activities to “Store” as well as “Search & 
Retrieve” . It was found that the aero-blade application was not fully implemented
(stored) in the CAD environment leading to limitations in accessing (Search & Retrieve)
the application. The Aero-blade application is not available in the CAD design 
engineering environment and the designer has to request for access to be able to install 
the application.

Although there were no explicit routines for continuous improvements, a number of 
enhancement requests from different stakeholders in the design process have resulted in 
new versions of the KBE application. However, the occasions when the KBE tool failed 
to accomplish requested results did not always lead to a request for an update of the tool, 
instead informal routines were adopted to accomplish the design task and considered best 
practice.
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4 Conclusion & discussion
The aim of this case study was to investigate how KBE tools in an industrial 
implementation support the re-use of experience in the organisation. The study represents 
the first part in an improvement effort and presents the current situation and not 
corrective actions.

A framework for experience re-use that built on previous research was described and 
set into the context of KBE applications. Each step in the described experience life cycle 
considers key aspects from a re-use perspective.

By adopting the framework on an existing KBE application, it was shown that the 
KBE application did not meet the objectives within the activities “store” and “Search & 
Retrieve” . The activities to “Use” and “Re-Use” was supported but with no explicit 
routines to enforce continuous improvements.

Other KBE applications in the company is likely to have similar weaknesses as the 
one studied and the result from this work is expected to have an impact on other ongoing  
improvement efforts within the company’s KBE development.

It is clear that the use of this framework does not cover all possibilities for experience 
re-use. However, the framework provides a tool to systematically identify weaknesses 
which can be used to improve the application further.

It is believed that a systematic use of the framework to evaluate other engineering 
tools will improve the understanding of what is important and relevant to question in 
terms of enabling experience feedback.

A concern that were raised during the study was that experience is in some way 
perishable and the use of “old” experience instead of “fresh”, more resent findings can be 
negative for a company’s strive to compete with new innovative solutions. Here, the 
ability of the KBE solution to adopt and support new methods is essential.

The ability to provide the engineer with “live” experience data from production and 
other follow-up activities was also raised as an interesting area where KBE tools could be 
more supportive in the future.
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Abstract:

A company’s ability to capitalize on experience from its products and development 
processes provides a competitive advantage on a global market. Examples of 
techniques deployed to meet the intensified competition are design for manufacturing, 
lean development and concurrent engineering together with a focus on product life 
cycle management. Commonly for these techniques is the need for an efficient
management of experience. However, experience management is a multifaceted topic
that represents several challenges. In this work, a framework is proposed as a means
to analyse, communicate and provide a context where relevant methods and tools for 
experience re-use can be positioned. The framework has two dimensions; one life 
cycle dimension that constitutes of typical activities in an experience life cycle, and 
one dimension that divide experience elements into categories of “data”, 
“information” and “knowledge”. The framework support experience management by 
providing a knowledge-information-data pattern for a feedback situation that clearly 
displays transitions between categories and help to position methods and tools to 
address bottleneck and other shortcomings in the feedback process. An industrial case 
situation describes the definition and application of the framework. Four additional 
situations of different character are added for comparison and to validate the 
applicability of the framework.

Keywords: Experience reuse, product development, Framework, KBE



Introduction
Globalisation has increased competition and challenges traditional actors in the 
aerospace manufacturing industry. In response, a number of efforts such as lean 
production and development, design for manufacturing and concurrent engineering 
are being deployed to increase quality and productivity. Sub-system manufacturers 
have also become more specialized, focusing on “core value” and being the best in 
their business segment. The efficiency of these efforts is highly dependent on 
continuous feedback and corrective actions, i.e. robust processes for experience re-
use. Another driver for having efficient routines to manage experience is the use of 
similarity in new design and already certified design as an acceptable means to 
comply with government legal prerequisites for aviation such as European aviation 
safety agency (EASA) or federal aviation administration (FAA), (EASA  2011, FAA  
2011). However, experience management is a multifaceted challenge and perhaps “ill 
defined”, ranging from psychology, organisational management, and knowledge 
management to engineering and information technology. Although it is as difficult as 
it is important to master, an efficient management of experience is the objective for 
many organisations. The experience gained in a company is unique and provides a 
competitive advantage on the global market.  A way to address the challenge of 
experience re-use is to decompose the multifaceted topic into subcomponents that can 
be organized to provide a context where relevant methods and tools are positioned. 
This has been the motivation to define a framework that supports the re-use of 
experience in an organisation. The work is based on related research in the literature 
as well as practical case studies in an aerospace business environment. 

Related research
A significant amount of research has addressed the topic of knowledge sharing in 
organisations - a broad area even within the engineering design research field. Hence, 
a selection of research relevant to experience re-use is reviewed.
Busby (1998) recognized the importance of how feedback is given and points out that 
an emphasis on control leads to an under-emphasis on learning. To explore the 
application of knowledge management in engineering design, McMahon et al. (2004)
distinguished between personalization approaches and codification approaches within 
knowledge management, where personalization approaches emphasise the 
human/organizational aspects and codification approaches the technologically centric.
Crucial challenges are identified, such as capturing and classifying legacy data, 
sharing design rationale, and managing the large volume of data made available.
Other challenges identified by Andersson et al (2008a, 2008b) are the heterogeneous 
system environment and the difference in context, e.g. manufacturing vs. design.
There are several propositions for how to organize the feedback of experience in 
engineering design. Ahmed (2005) developed a method to index engineering 
knowledge and identified four taxonomies: design process, product, function and 
issues. Freeze (2007) described five knowledge capabilities as expertise, lessons 
learned, policies and procedures, data and knowledge documents. Baxter et.al (2007)
described an approach to reuse engineering design knowledge by proposing a 
methodology that provides an integrated design knowledge re-use framework. In this 
framework, knowledge is considered as “actionable information” that can be stored in 
a computer based system in a variety of forms: documents (text), images, diagrams, 
embedded algorithms, formulae and rules. 



The life cycle view
One way to organize knowledge is to decompose the complex area into the phases of 
a life cycle. A common way to represent the life cycle of knowledge is in a creation, 
store, use type of process (Blessing, et al. 1998, Salisbury 2009, Sunassee, et al. 2002, 
Zack 1999). Other variants of the life cycle is where knowledge evolves from tacit to 
explicit (Nonaka, et al. 2000) or where knowledge matures from creation to 
commodity (Birkinshaw, et al. 2002). LAMDA, i.e. Look, Ask, Model, Discuss and 
Act, is a knowledge creation cycle used in lean development (Ward, et al. 2007). In 
Knowledge Based Engineering (KBE), a methodology to capture and reuse 
knowledge by implementing the engineering knowledge in design systems, a KBE 
lifecycle, is described through the steps of Identify, Justify, Capture, Formalize, 
Package and Activate (Stokes 2001).
From an experience point of view, a chain of typical activities in a feedback process 
are organized these into an experience life cycle process (Andersson, et al. 2009). The 
experience life cycle consists seven generic activities; Identify, Capture, Analyse, 
Store, Search, Retrieve, Use and Re-Use. This life cycle “process” is rarely made 
explicit in a company product development process, but rather loosely spoken as a 
general call to make use of experience in the organisation combined with key support 
systems, such as records or document management systems and a set of instructions.

Knowledge, information and data
Feedback of experience is often discussed in terms of knowledge, information or data. 
In knowledge management, these terms are often organized into a hierarchical form of 
a pyramid, where data are based at the bottom, with information above followed by 
knowledge and wisdom on the top (Rowley 2007). Even if there are alternatives that 
represent the categories (Jennex 2009, Tuomi 1999) and the advisable of using the 
hierarchy is questioned (Frické 2009), it serves the purpose to explain the relationship 
between the different categories and it is frequently referenced to in knowledge 
literature. As noted by Rowley (2007), most authors leave out the definition of 
wisdom, as in literature from engineering design and product development. 
Nonaka (2009) referred to organizational knowledge creation theory and explained 
knowledge to range from tacit to explicit and vice versa. Explicit knowledge can be 
captured in drawings and writing, whereas tacit knowledge is exemplified as wine 
tasting, crafting, movement skills, etc. Sunasse et al. (2002) regarded knowledge as 
the human expertise stored in a person’s mind, gained through experience, and 
interaction with the person’s environment. Ahmed et al. (1999) concluded that data, 
information and knowledge are relative concepts that cannot be defined in absolute 
terms. Information for one user is considered data to another. This is exemplified in a 
Japanese manual that represents information for someone who is familiar with 
Japanese, but is merely symbols and figures to another. If an observer can interpret 
the information, the information becomes knowledge.
This work relates to the three categories of knowledge, information and data as the 
properties and the relationships between the categories will provide an underlying 
principle when managing experience in a feedback process.



Framework to support experience re-use
The framework presented in this article organizes the multifaceted task of experience 
management by identifying typical activities involved in a feedback process and 
describing how “elements of experience” (EoE), in terms of knowledge, information 
and data, is managed throughout the activities.
The expected use of the framework is to support efforts to improve experience re-use
within the industry. Hence, the following objectives are listed as means to design and 
validate the framework. 

The framework should:
Be intuitive, since people with different skills and rules can relate to the 
content
Support an analysis of the feedback process, for improvement purposes
Position the use of various techniques and methods to where they should be 
used
Provide clarity, context and overview to support the communication of the 
result

Experience Life Cycle
Figure 1 illustrates the typical activities involved in a feedback process and what type 
of questions is used to describe each activity. The experience life cycle was defined in 
Andersson (2009) and is here modified to include the “Access” step into the “Search 
& retrieve” step. The modification has been found logical and simplifies the model.

Figure 1, The Experience Life Cycle (ELC), highlighting what questions are in focus
in each activity. 

There are two main streams in the Experience Life Cycle (ELC), a capturing phase 
followed by a deployment phase. The capturing phase is a push process comprised of 
four steps, where the experience is identified, captured, analysed and stored. The 
analysis activity is generally committed after the experience has been captured to 
suggest a suitable storage method and format, though some degree of analysis is also 
carried out in other phases of the life cycle. Similarly, the deployment phase is 
described as a pull process where the experience is first searched for, retrieved and 
then used. The experience can also be built into a system to be systematically re-used. 
The process is described by explaining how and why a particular experience is
managed in each activity. 
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Categorizing the experience
The categorization is used to explain the different aspects involved in the transition 
between knowledge, information and data in the feedback process. Hence, the 
following definitions are used:

Data - Symbols and figures without meaning
Information - Data in a context that provides a meaning
Knowledge - The understanding or awareness that resides within the human 
mind

Experience is managed differently depending on the category. A number of aspects 
are associated to each category level where information inherits the aspects of data 
and knowledge inherits the aspects of information. Through a series of workshops 
within the case company, it was found that experience issues related to a mix of 
categories. It was found useful to organize these into how they can be positioned into 
the categories of Knowledge, Information and Data see Table 1 .

Table 1. Different aspects of experience addressed within workshops positioned into
knowledge, information and data. 

“Category of 
experience”

Typical aspects and properties of each category

Knowledge Tacit vs. Explicit - the difficulty of representing experience.
Learning – how to generate effect of insights gained
Time Aspects - Long term vs. Short term memory
Individual, Project, Organization – experience must be treated 
differently
Common ground –the importance of culture and background 

Information Context/Classification/Indexing – the governing context differ 
from its use 
Relevance- what experience is useful
Validity- differ opinion from true learning’s
Formal vs. Informal- to what degree the learning’s should be 
formalized
Clarity – the importance of interpretation

Data Format – how to ensure ease of storing, sharing and retrieving
Accessible – despite the existence, accessibility is crucial
Traceable – important to link to governing situations
Quantity – occasionally, amount of data may lead to overflow 
and storage issues
IPR – What should, and not, be stored and protected
Quality – does the experience satisfy the need?

The list of aspects can be expanded depending on the context. However, covering too 
many aspects when analyzing a process may have a negative effect as the analysis 
expands and the result becomes difficult to overview. 



Knowledge
Knowledge belongs to people and can be of more or less tacit nature. Tacit knowledge 
cannot be stored in documents or any other codified formats. Hence, this type of 
knowledge is more difficult to share. Typical examples of tacit knowledge are 
handcraft skills and intuition. Another aspect is the long-term, short term memory of 
individuals and groups. For how long can we expect individuals to remember insights 
from a project? How reliable is the memory of teams as the workforce in a company 
is shifting? Sharing the same language and culture, i.e. having a common ground, 
helps to interpret knowledge correctly.  

Information
Data can be perceived as information by the user. Information provides some meaning 
for the receiver that has some degree of relevance and clarity. The information may 
only be valid in a certain context. The information can also be of a formal or informal 
nature, where company standards, reviewed and approved instructions are of formal 
nature and blogs, wikis or forums often represents people’s opinions in an informal 
way. 

Data
Data are the symbols, fragmented bits and pieces of information that are stored in 
databases, fileservers, etc. Data are of some type of format and can have different 
access rights. In the aerospace industry, traceability is a legal requirement to ensure 
the ability to trace specific data related to the product from the product development 
phases to use and disposal. The quantity of data is an enabler as well as a barrier; a 
large amount of data can serve as a better ground for decisions and at the same time 
making it difficult to choose the right data. Large volumes of data can also cause 
storage problems. The intellectual property of data needs to be treated with care to 
protect custom relation as well as company patents.  Data quality is the extent to 
which data satisfy stated and implied needs when used under specified conditions. An 
ISO definition of data quality is under development under the ISO standardisation
organisation (ISO).

Tracing elements of experience through the life cycle
Now the framework can be organized by combining the dimensions of experience life 
cycle with the Knowledge, Information and Data categorization. 
Each feedback situation can be represented in the framework as the element of 
experience is positioned into each life cycle activity and category. In this way, a
pattern is created indicating how the experience evolves through the feedback process, 
see Figure 2.

Figure 2, illustrating the knowledge-information-data (k-i-d) pattern for a certain 
situation. 

--------------- Push process ---------------------- ---------- Pull process  ----------

Identify Capture Analyze Store Search &
retrieve Use Re-use

KKnnoowwlleeddggee
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The pattern, which differs depending on the type of feedback process, helps to 
illustrate where a transition occurs from knowledge to information and data or vice 
versa. These transitions are often barriers that need to be managed to avoid loss of 
knowledge. 

Adopting the framework
In the following examples, the framework is used to analyze existing processes for 
experience feedback to identify gaps and bottlenecks. The analysis is performed by 
describing why and how experience is managed in the feedback process, starting with 
the initial pull or push process that provides the motivation and sets the requirements 
for the complete ELC. Experience is classified in terms of knowledge, information or 
data, forming a pattern that reveals transitions known to cause barriers that need to be 
managed to avoid a loss of knowledge.

Case A: Reusing manufacturing capability data in earlier phases of product 
development
The case will demonstrate how the framework can decompose and analyse a feedback 
situation in industry. A study at two industrial companies revealed, among other 
findings, that much data from the manufacturing processes are captured and stored in 
a heterogeneous system environment (Andersson, et al. 2008b). And even though 
there is a request for more knowledge regarding the manufacturing process capability, 
the data are rarely used in new product development projects. This was the motivation 
for an initiative to improve the use of manufacturing capability data within the 
company’s product development processes. 

Analysing the feedback process
Figure 3 illustrates how the “elements of experience” are managed in each activity of 
the experience life cycle. Each activity is described in terms of knowledge, 
information and data, together with relevant aspects from Table 1.

Figure 3, Knowledge-Information-Data pattern for the feedback process of 
manufacturing capability data.

In this feedback process, the initial motivation is to assess the robustness of a design 
from a manufacturing perspective. Hence, there is a need to retrieve process capability 
data from earlier projects related to specific design features, such as a flange, a boss, a
blade, etc. This triggers the activities in Table 2, typical for the ‘pull’ part of a
feedback process.

--------------- Push process ---------------------- ----------------- PPuullll  pprr oocceessss    --------------------

Identify Capture Analyze Store Search &
retrieve Use Re-use
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Table 2, the “pull” process.

In the “pull” process, experience is searched and retrieved 
before it is used. The “Re-use” step refers to an activity where 
the used experience is systematically re-used.

Search & Retrieve:
To locate and understand manufacturing process capability data, other repositories 

need to be explored for related data, such as bill of materials with technical 
drawings and list of operations. Consequently, there are multiple sources of data in 
a heterogeneous system environment. The results from a search of one system are 
used to search another system and so on, sometimes up to five iterations. A tedious 
and cumbersome procedure where some steps may be overlooked by the user, 
resulting in new search iterations or worse, a decision based on false results. In 
fact, this procedure was often not prioritized. 

Use:
In order to use the retrieved element of experience, the category needs to match. If, as 

in the case situation, the element of experience is of category “data” and the use is 
a human interpreted decision – The data must be understood and put into the user 
context.

Process capability data from earlier projects justify a design solution as robust from a 
manufacturing perspective. Here, the terminology used in the manufacturing 
system was found to be difficult to understand and the information sometimes 
misinterpreted by designers.

Re-use:
There was no formal activity to systematically re-use the information gained in the 

previous steps. Here, a possible approach could have been to capture and store the 
retrieved information together with the conclusion.  

The outcome of the activities “Search & Retrieve” and “Use” at the beginning of the 
experience life cycle is dependent on how the data are previously identified, captured 
and stored. In this case, multiple searches in different repositories are needed to 
retrieve and understand the manufacturing capability data.  



Table 3, the "push" process.

The ‘push’ process identifies, captures and stores the 
element of experience in form of data into three 
repositories, manufacturing capability data, operations 
& processes and design drawings. The analysis step is 
omitted from this description because the data are 
routinely stored automatically.

Manuf. capability data Operations & processes Design drawings 
Identify:
Manufacturing capability 

data are identified as a 
means to increase 
manufacturing process 
efficiency and are used 
to monitor and evaluate 
on-going manufacturing 
execution. 

In case of a component 
failure in an operation, 
legal regulations ensure 
the ability to trace other 
defective components 
manufactured with the 
same manufacturing 
process. Hence, the 
process of
manufacturing 
operations needs to be 
captured and stored.

Design drawings and other 
engineering design 
documentation are 
stored in repositories to 
satisfy legal regulations,
whose purpose is to 
ensure the possibility to 
investigate the root 
cause of any defective 
components designed 
by the company.

Capture and store:
Production process 

capability data are
captured automatically 
and stored in a database 
customized for the 
manufacturing process 
aerospace company.

Lists of manufacturing 
operations are planned
and produced in the 
CAD/CAM 
environment and 
pushed to the company 
ERP system before it is 
executed. Any 
deviations from the 
planning are 
documented in the ERP 
system.

Design drawings are stored 
in a customized 
database accessible 
manually through the 
ERP system. 

To summarize the analysis
The capturing part of the process primarily manages data automatically captured and 
stored in multiple repositories. The data are then searched for and retrieved by the 
user who needs additional data to provide a logical context. The pattern in Figure 3
indicates a transition from data to information and knowledge in the search & retrieve
activity. Several sources of data are needed to provide the context necessary for the 
engineer to understand the process capability data.
A number of barriers are identified in the feedback process, e.g. a lack of context in 
the presented data and a tedious and cumbersome procedure to locate the necessary 
data. Another barrier was the terminology and lack of understanding for the 
manufacturing environment, making it difficult for the design engineer to understand 
data retrieved from the manufacturing systems. Although it is of interest for product 



development, the process capability data have primarily been identified as a means to 
increase manufacturing process efficiency and are used to monitor and evaluate on-
going manufacturing execution. This is probably the reason for the lack of meta-
information needed from a design concept evaluation point of view. The analysis also 
indicates a weakness in the step for re-using the knowledge, since there were no 
established routines to analyse the outcome of the used information from a re-use 
perspective. For example, based on the new knowledge, is there a need to update or 
change instructions or processes or commit other actions that can support the 
organisation?

Adopting the results
In the case presented, the main rationale for capturing and store manufacturing 
process capability data is to optimize the manufacturing process to comply with a 
product definition, not to provide design engineers with manufacturing feedback for 
conceptual decisions in early phases of product development. In the case presented, 
the search process and presenting the data in a context logical to the design engineer 
represented two main barriers. To address these barriers, a Service Oriented 
Architecture (SOA) approach that integrates multiple repositories of data sources was 
adopted(Catic, et al. 2008) . Data from repositories were presented in a logical view, 
linking process capability data to the design feature of interest. When data from the 
different repositories are put into the appropriate context, it forms information for the 
user and enables him to gain knowledge. 

Conclusion of case A
The framework supports the reasoning behind the identified solutions in the test case 
and provides a holistic view of the feedback process. Categorising the experience in 
terms of knowledge, information and data highlights the need for contextualisation of 
data to provide information that is logic and helpful to the user. Techniques for 
searching and retrieving data as well as methods for presenting the data in a user 
context are positioned in the experience life cycle.

Comparing the knowledge-information-data pattern for different feedback 
situations
The same approach used for case A can be adopted in other situations in the 
organisation involving a feedback of experience.
Figure 4 illustrates the knowledge-information-data (k-i-d) pattern from the previous 
chapter with three additional cases for comparison and discussion. 



Figure 4, illustrating the knowledge-information-data pattern for case A, B, C and D.

Case A described in the previous chapter represents a feedback process where data are 
captured and stored in a database and there is a transition from data to information 
and knowledge when searching and retrieving data. In this transition, problems of 
contextualisation and accessing multiple data sources are identified.

Case B represents a company initiative to improve the use of experience from 
technical reviews in product development projects at an aerospace company. The 
initiative targets upcoming problems that are solved within the project but not 
necessarily communicated to other ongoing or future projects. Consequently, similar 
problems have occurred in parallel projects and different solutions have been 
deployed to solve the problem. 
The k-i-d pattern indicates a transition between knowledge to information and data in 
the push process, where insights and learning from technical reviews are captured, 
analysed and stored in a project area. Because the main purpose of the root cause 
analysis is to manage immediate problems related to the project, the documentation 
was kept within the project area and access was restricted. The case follows a 
document centred approach where insights from members in the technical review are 
captured in a report and stored in a repository. There were no explicit routines to 
search and use the documented information from the technical reviews, though 
generic processes described continuous improvements that could be applicable.
In the aerospace industry, and for much of the larger manufacturing companies today, 
the backbone for operational management is built into a system, an Operational 
Management System (OMS). In this system, the relationship between processes, 
activities and instructions are modelled. A core criterion for any OMS is that the 
experience from project situations and the daily work through lessons learnt activities, 
change requests, problem reports etc. are used to continuously improve the content. In 

--------------- Push process ---------------------- ---------- Pull process  ----------

Identify Capture Analyze Store Search &
retrieve Use Re-use

Case A, re-using 
manufacturing capability 
data in earlier phases of 
product development

KK

II

DD

Case B, experience 
feedback from technical 
reviews.

KK

II

DD

Case C, how a specific 
KBE application support 
experience re-use.
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II

DD

Case D, automated design 
tool based on 
manufacturing capability 
data.

KK

II

DD



case B, the barriers identified were addressed by initiating a new activity in the OMS. 
In this activity, chief engineers from each project are gathered on a regular basis to 
discuss the content of the technical review reports. This is a lessons learned activity 
within the PD process, not a project activity. Here, the aim is to collect learnings from 
a process perspective and store these learnings in the organisation by initiating 
appropriate actions, e.g. change request to update processes, best practices or other 
instructions. This could also include the updating of educational material to be used in 
company courses where new methods are introduced to personnel.

Case C describes how a specific KBE application supports experience re-use. 
Knowledge Based Engineering (KBE) is technology to automate engineering 
processes and capture engineering knowledge systematically into a design system. 
Consequently, KBE tools have the potential to support experience re-use and improve 
engineering activities. In this study, the analysis revealed weaknesses relating to the 
activities “Store” and “Search & Retrieve”. The aero-blade application was not fully 
implemented (stored) in the CAD environment, which led to limitations in accessing 
(Search & Retrieve) the application. The aero-blade application was not available in 
the CAD design engineering environment and the designer had to request for access 
to install the application. Although there were no explicit routines for continuous 
improvements, numerous enhancement requests from different stakeholders in the 
design process have resulted in new versions of the KBE application. However, when 
the KBE tool failed, the requested results did not always lead to a request for an 
updated tool. Instead, informal routines were adopted to accomplish the design task 
and considered best practice. 
Although the approach to implement engineering knowledge into a KBE application 
is an attempt to systematically re-use engineering knowledge, the desired result is not 
always accomplished. Again, the transition from data to information and knowledge 
represents a barrier. 

Case D describes a proposed KBE design tool that sets tolerances based on 
manufacturing process capability data. Different design features are associated to a 
“class” of manufacturing processes. When the manufacturing process for this “class” 
changes, new capability data are obtained and new tolerances are calculated. This 
does not necessarily mean that new tolerances are obtained every time process 
capability data are changed. The calculation of tolerances balances the functional 
requirements to cost and other design factors. The tolerances do not usually drive 
design optimization, so a main function of this tool is to highlight concept 
configurations where tolerances are too tight for current available manufacturing 
processes.
A comparison between case A and case D reveals that the similar data are used in the 
beginning of the experience life cycle. However, the data are used automatically in 
the design tool (case D) and there is no activity for a user to search & retrieve the 
data. The process has the potential to be lead-time efficient and avoid possible issues 
when interpreting the information gathered from different repositories. 

Analysis of framework applicability
To analyze the industrial applicability, the framework has been used in four different 
case situations within the company. Each situation has been presented and discussed 
with key stakeholders within each case. 



Based on this feedback, some preliminary assessment of the usefulness of the 
framework can be stated. Representing each case situation with a k-i-d pattern
enabled the users to quickly start asking directed questions.
The k-i-d patterns were found to be intuitive and improved the dialogue with an
increased focus on the content rather than the representation format.
Further, the identification of transitions between categories of experience elements as 
a way to analyze weak links in the experience feedback process proved to be effective 
as is provided an indication of underlying reasons and assisted in the decision of 
improvement approaches.
By dividing the process into typical activities, the development of methods and tools 
for each activity is supported, while providing a holistic overview to ensure an 
efficient feedback process.

Conclusion of the framework
The motivation for this work is to support companies ability to capitalize on there 
experience from product development processes and products. Experience 
management is a multifaceted topic and several aspects are important for successfully 
supporting a feedback process. A framework is proposed as a means to analyse, 
communicate and provide a context where relevant methods and tool can be 
positioned. The framework decomposes a feedback situation in 2 dimensions, -an
experience life cycle view were typical activities in the feedback process are 
identified, -and a categorization of experience in terms of knowledge, information and 
data. 
The framework has been validated in four different industrial situations and has been 
found to meet the objectives as it provides an intuitive tool where personal from 
different disciplines has been able to relate to the content and discuss the different 
aspects relating to transitions between the different “elements of experience”, data, 
information and knowledge. An analysis of the feedback process is supported by 
visualising how experience is managed throughout the feedback process where 
bottlenecks and other problems can be identified. 
The illustrated transfer of experience from knowledge to information and data 
throughout the feedback process is easy to relate to and communicate to others. The 
activity to analyse and re-use the knowledge supports the efforts for double loop 
learning.
Of course, there are more aspects to experience feedback than those covered in this 
paper, e.g. the request for and time made available by project management to capture 
experience is another important factor for the feedback process. Other aspects could
be added to the framework to improve the analysis. 
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