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“Wisdom comes from experience.
Experience is often a result of lack of wisdom."

Terry Pratchett
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CAPD Computer-Aided Product Development
CAx Computer-Aided Technologies

DRM Design Research Methodology
EIS Embedded Internet System
FP Functional Product

HW Hardware
MO Management of Operation
IDE Integrated Development Environment

III Information Integration and Implementation
PLM Product Lifecycle Management
PDM Product Data Management
PEID Product Embedded Information Devices
R&D Research and Development

RQ Research Question
SDD Simulation-Driven Design
SOA Service-Oriented Architecture
SSS Service-Support System
SW Software

VRML Virtual Reality Modeling Language
XML Extensible Markup Language
XSLT Extensible Stylesheet Language Transformation

v



vi



Preface

This thesis presents the results of research performed at Luleå University of Technol-
ogy within the research area of Computer Aided Design. The research was financed
by the Faste Laboratory, a VINNOVA (the Swedish Governmental Agency for In-
novation Systems) Excellence Center, and has been conducted in close collaboration
with Gestamp HardTech AB and one other Swedish manufacturing company.

I would like to thank my employer, Gestamp, and especially Gestamp R&D in Luleå.

I wish to thank my supervisors, Peter Jeppsson and Mats Näsström, as well as
my previous supervisor Lennart Karlsson, for guidance and support.

I also wish to thank my colleagues at the university and at Gestamp.

Erik Lejon
Södra Sunderbyn, December 2015

vii



viii



Abstract

Information management during product development and over the lifecycle of prod-
ucts has become central to enable competitiveness in the engineering industry. There
is a need for methods and tools which effectively enable capture, representation and
reuse of information. There is also a shift from selling products to providing services
with new business models such as Functional Products (FP). This shift brings a
greater need to consider the performance over the lifecycle during product develop-
ment and also to manage information from the use phase of the product. Use phase
information is often stored for the purpose of being used in the use phase i.e., condi-
tion monitoring. Additionally, the PLM systems used in product development often
lack support for this information. Therefore, the information is not easily accessible
during product development.

The research presented in this thesis is based on investigations of the information
management in computer-aided product development at two companies in the engi-
neering industry in Sweden. Close collaboration between researchers and companies
has been essential throughout the entire process of investigation, including imple-
mentation and evaluation. From the investigations, challenges were identified and
tools and methods to address the challenges were developed, implemented and eval-
uated. The challenges lie in ensuring that pertinent product information can be
efficiently captured and, once stored, can be understood and used by both systems
and individuals.

An approach for information capture and representation and its integration into the
existing design environments and systems was developed, implemented and evalu-
ated. The foundation of the approach is the information architecture used to provide
easy access to product information in an integrated and customizable way. Feedback
from the evaluation showed that the prescribed approach was preferred to the old
approach, and that it will likely provide value to both authors and consumers of the
information.

To address the lack of readily available use phase information, a concept was devel-
oped and implemented. The concept shows an example of how PLM systems can
integrate the use phase information of product instances with their virtual product
representation in the PLM system. The implemented concept shows that it is possi-
ble to integrate use phase information with the virtual product representation in a
PLM system.
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Thesis

This thesis comprises a summary of the following appended papers, excluding paper
F.

Paper A:

Lejon E, Lundin M, Jeppsson P, Näsström M.
Integrating Information in Product Development.
20th CIRP International Conference on Life Cycle Engineering, Singapore, April
17-19, 2013.

Summary:

This paper presents findings from investigations performed at two manufacturing
companies and an approach for how information can be efficiently utilized during
the development and lifecycle of a product. The approach primarily addresses the
lack of up-to-date information, free of redundancies and accessible from the context
where it is to be used or will be captured.

Author contribution:

Erik Lejon has, together with Michael Lundin, been involved in the conception of
cases, the investigations performed and the development of the presented approach.
The main responsibility of Erik Lejon in the development of the approach was the
information architecture and the CAD-external tools. Erik Lejon wrote the paper
together with Michael Lundin.
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Paper B:

Lundin M, Lejon E, Dagman A, Näsström M, Jeppsson P.
An empirical study of information exchange and design support in product family
development.
ASME International Design Engineering Technical Conferences and Computers and
Information in Engineering Conference. Buffalo, USA, August 17-20 2014.

Summary:

This paper presents an investigation on information exchange and design support in
and between activities in a manufacturing company’s product family development
process. Challenges are identified and examples of how these challenges can be
addressed is presented. This is exemplified by using the approach presented in Paper
A to develop a set of tools which provide design decision capture inside the CAD-
system and the ability to present the captured information in web applications.

Author contribution:

The main responsibility of Erik Lejon was the development of the information ar-
chitecture and the CAD-external tools. Erik Lejon wrote the paper together with
Michael Lundin.

Paper C:

Lundin M, Lejon E, Dagman A, Näsström M, Jeppsson P.
Efficient Design Module Capture and Representation for Reuse in Product Family
Development.
Submitted for journal publication in ASME Journal of Computing and
Information Science in Engineering.

Summary:

This paper extends, demonstrates and evaluates the work presented in Paper B. The
challenges presented in Paper B have also been presented in greater detail.
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Author contribution:

The main contribution of Erik Lejon was the extension of the tools presented in paper
B. Erik Lejon wrote parts of the paper Michael Lundin being the main author.

Paper D:

Lejon E, Lundin M, Dagman A, Jeppsson P, Näsström M.
Integrated Capture and Representation of Product Information in Computer-Aided
Product Development.
ASME International Design Engineering Technical Conferences and Computers and
Information in Engineering Conference. Boston, USA, August 2-5 2015.
Also submitted to ASME Journal of Computing and Information Science
in Engineering.

Summary:

This paper features the implementation and evaluation of the approach presented
in Paper A at two manufacturing companies. A tool has been developed that au-
tomatically derives information from the CAD system during design and provides
users with the means to capture product information that has previously been doc-
umented outside of the CAD system. Product information is managed in a PLM
data model and becomes, once stored, the foundation for providing tailored views of
information.

Author contribution:

Erik Lejon has together with Michael Lundin been involved in the conception of
cases, the investigations performed, the development of the presented approach and
the performed evaluations. The main responsibility of Erik Lejon in the development
of the approach was the information architecture and the CAD-external tools. Erik
Lejon wrote the paper together with Michael Lundin.
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Paper E:

Lejon E, Jeppsson P.
Integrating use phase information and virtual product representation to support Func-
tional Products
Procedia CIRP, The Fourth International Conference on Through-life Engineering
Services. Cranfield, United Kingdom, November 2-4 2015.

Summary:

This paper presents a concept for capturing use phase information from a potential
Functional Product. The concept utilizes wireless sensors that makes the informa-
tion available through networks. The concept was implemented in a case at Gestamp
HardTech. A unified solution for information management of both use and develop-
ment of Functional Products was achieved by integrating use phase information and
the virtual product representation in the PLM system.

Author contribution:

Erik Lejon developed the concept and performed the implementation. Erik Lejon
wrote the paper with feedback from Peter Jeppsson.

Paper F:

Paper F is related but not included in this thesis
Lejon E, Jeppsson P.
A lightweight approach to Simulation Data Management for Simulation Driven De-
sign
AVTECH 13, Automotive and Vehicle Technologies Conference. Istanbul, Turkey,
October 2-4, 2013.
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Chapter1

Introduction

Product development and management of the product lifecycle today are increas-
ingly being performed using Computer-Aided technologies (CAx). A product may
be designed, for example, with a Simulation-Driven Design (SDD) approach utilizing
CAx systems, with product information managed by a Product Lifecycle Manage-
ment (PLM) solution.

Information management during product development and over the lifecycle of prod-
ucts has become central to enable competitiveness in the engineering industry. Man-
aged information can be used, for example, to improve the existing product design,
for development of new products, or as a basis for the management and optimization
of other aspects of the product lifecycle. The concept of PLM and the IT systems
supporting it have become key components to enable the management of product
information.

Today’s product development environment is knowledge intensive [1], and collabo-
ration crosses organizational and geographical boundaries. This brings a need for
methods and tools which effectively enable capture, representation and reuse of prod-
uct information. There is also a need to enable global availability of this information
for all stakeholders in the product development process.

1.1 Motivation

PLM has become a common information management approach in the engineering
industry, and PLM systems support the management of product information during
development and throughout the lifecycle of products [2]. Due to the high com-
plexity of the product development process, the systems supporting it also become
complex both in implementation and usage. Therefore, the PLM systems in use in

11



12 Introduction

the engineering industry are not always used in an efficient way. PLM systems are
commonly oriented towards the management of Computer-Aided Design (CAD) and
associated documents and processes. The poor support for activities outside product
development is one weakness of available PLM solutions [3].

The information available within an organization is an asset that needs to be managed
to enable it to be utilized efficiently. Today, there is an exponential increase in the
amount of information available and generated over the lifecycle of a product. With
the capabilities of advanced simulation software and with a need to increase the
efficiency of product development, simulations are used not only to verify designs
but also as an integrated part of the product development process. Such an SDD
approach can be used to continuously evaluate designs during product development
[4]. The amount of data generated from simulations increases exponentially due to
the increased number of simulations performed and the increased amount of data
that each simulation generates. Sensors integrated into products have the possibility
to capture huge volumes of information from the use phase. The challenge lies in
how to create value from this use phase information, for example, by feeding it back
to product development [5].

The evolution of technologies in information and communication systems is enabling
ease of access to information and providing support for product development [6]. This
evolution supports concurrent engineering, where activities and information sharing
occur systematically and simultaneously during product development. Developments
in computer science and Internet technology also enable global information manage-
ment and analysis of large amounts of data to create value from available information.
These developments also allow information capture to be performed continuously and
easily.

Those involved in product development have different information needs depending
on which functions they perform. They need easy access to information needed to
perform their work, as well as being able to easily capture the information they
generate.

Office documents, such as spreadsheets and word-processing documents, are common
as bearers of information in the engineering industry. They are flexible to use and
familiar to most users. They are, however, often made up of information already
available in other systems without automatic updates when information in those
systems changes. These types of static documents can also be hard or impossible to
maintain when the amount of information increases.

There is a shift in manufacturing companies from selling products to providing ser-
vices with new business models such as Functional Products (FP). This shift brings
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a greater need to consider the lifecycle performance during product development [7].
Information collected from the use phase of the lifecycle could be used for improving
the product and for the management of it. However, for most products, the informa-
tion flow breaks down after delivery to the customer [8], meaning that the provider
has no or limited access to the product use phase information. Concepts such as FP
require that the provider has access to information from the product in use.

Methods, tools and systems need to be provided to allow the information to be inte-
grated during the product development process and throughout the product lifecycle,
by providing unified information management.

1.2 Research questions

The following research questions were formulated for the project:

RQ1. How can product information be effectively managed and reused in
PLM systems?

In order to answer this question the current use of PLM in the industry today
has to be investigated, as well as identifying challenges with product information
management. The question aims to evaluate how customizations or changes in the
systems used for product development can be made in order to effectively capture
and reuse information. This question is mainly addressed in Papers A, B, C and D.

RQ2. How can computer science technologies, for example, data mining
and Web services, be applied to PLM systems?

This question aims at identifying how developments in computer sciences can be
applied to the challenges identified in product information management. Is it possible
to achieve easily implemented solutions that are robust and maintainable by applying
proven technologies from the area of computer science? RQ2 is mainly addressed in
Papers B,C,D and E.



14 Introduction

RQ3. How can product use phase information and virtual product repre-
sentations be integrated in PLM systems?

PLM systems are focused on supporting product development and managing the
virtual product representation. This question addresses the need to consider the
lifecycle performance during product development by integrating information from
the use phase with the systems used for product development. This question is
mainly addressed in Paper E

1.3 Delimitations

• Even though the work presented in this thesis is aimed at the manufacturing
industry in general and to all phases of the product lifecycle, the focus has been
on information utilization in mechanical product development with information
feedback from the product use phase. The studies performed have been limited
to the two case companies.

• Investigations have primarily focused on how design engineers create and use
information with computer-aided tools to develop products.

1.4 Thesis outline

This introductory chapter is followed by a presentation of the theoretical framework
in Chapter 2. Chapter 3 describes the research methodology and approach as well as
the two cases. The results are presented in Chapter 4, followed by Chapter 5, which
discusses the results and relevant issues with information management in Computer-
Aided Product Development (CAPD). Chapter 6 concludes the presented research
and Chapter 7 provides recommendations for future research.



Chapter2

Theoretical Framework

The following chapter presents the theoretical framework for the research presented
in this thesis.

2.1 Areas of relevance and contribution

The theoretical framework for the work presented in this thesis is modeled in Fig-
ure 2.1; this figure is inspired by the Areas of Relevance and Contribution (ARC)
diagram, developed by Blessing and Chakrabarti [9]. The areas included in the the-
oretical framework can be divided into three levels depending on how relevant they
are to the research work:

An area where the research behind this thesis aims to make a contri-
bution.

An area that is essential to the research behind this thesis.
An area that is useful to the research behind this thesis.

2.1.1 Computer-Aided Product Development

Product development today is to a large extent being performed using computer-
aided technologies. These systems and tools are used to create a virtual product
representation and use it to analyse and optimize the product performance. CAPD
includes the engineering processes and supporting tools that develop the product
definition from initial requirements to a complete and evaluated virtual representa-
tion of the product [10]. The information used and generated in CAPD needs to be
managed and made available to many stakeholders over the product’s lifecycle.

15
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Figure 2.1: Areas of relevance and contribution for the thesis

Virtual Product Representation

Computer-aided tools are used to create and optimize a virtual product representa-
tion [11]. This virtual product representation typically consists of CAD geometry
with associated data, e.g., different types of analyses and office documents. The vir-
tual product representation can be stored in a PLM system to allow it to be utilized
and extended over the lifecycle of a product.
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Computer-Aided Design

The meaning of CAD within mechanical engineering has changed over time, from
almost being synonymous with finite element analysis, to mostly being associated
with the design of 3D-geometry [12]. One early definition of CAD was provided by
Groover and Zimmers:

“CAD is the use of computer systems to assist in the creation, modifica-
tion, analysis, or optimization of a design.” [13].

Geometric parametrization in CAD systems allows the geometry to be adapted pro-
grammatically to allow for generation of a whole range of products from a single
design or let the design adapt to changing conditions. The CAD system is used to
generate the geometrical representation, together with associated information, that
is part of the virtual product representation. The representation in the CAD system
is often dependent on, and complimented by, information residing in other systems.

Product Lifecycle Management

PLM is an integrated approach that includes methods, models and IT tools for man-
aging product information, processes and applications over the lifecycle of a product
[2]. The objective of PLM is to maximize the value of products by efficiently man-
aging them from the first idea until retirement and disposal [14]. PLM creates a
product-centric environment connecting stakeholders by providing a shared platform
for collaboration [1]. PLM systems originate from CAD and Product Data Man-
agement (PDM) systems and aim to implement the concept of PLM. Whereas PDM
systems focused on the management of product data during product development [2],
PLM systems should also include all data, processes and applications for the entire
lifecycle. In reality, PLM systems are still commonly focused on the management
of CAD and associated documents and processes. The poor support for activities
outside product development is the main weakness of available PLM systems [3].

2.1.2 Information Management

Information capture, representation and reuse in Product Development

Reuse of information can minimize the risk, time and costs associated with devel-
oping new products by reusing verified solutions and minimizing waste in the form
of reinventing and re-creating known solutions. Being able to efficiently capture and



18 Theoretical Framework

represent information allows for the reuse of previously generated information. In-
tegration and reuse of information are essential concepts to avoid duplicating efforts
[15]. Information captured from the use phase of the lifecycle could be used for
improving the product and for the management of it. However, in most cases, the
information flow breaks down after delivery to the customer [8], meaning that the
provider of the product does not have access to the use phase information.

Information Integration

In 1981 Anderson [16] proposed Information integration theory, which describes and
models how a person integrates information from several sources to a single judge-
ment. Information integration in the enterprise is achieved by “combining informa-
tion from different sources into a unified format”, as stated by Philips [17]. In the
context of PLM, integrated and flexible information management is fundamental
because of the high heterogeneity of data formats [18].

2.1.3 Functional Products

Providing not only products but a combination of products and services can help
add value and enable competitiveness for both the providers and their customers.
Functional Products (FP) is one concept for achieving this combination of products
and services. FP has similarities with concepts such as Product Service Systems and
Industrial Product Service Systems [19]. Providing an agreed-upon function to a
customer with a specified availability is the main objective of FP [20]. Throughout
the lifecycle of the FP it must be managed, further developed and optimized to create
a sustainable win-win situation for the customer and the provider [21]. FP has four
main constituents: Hardware (HW), Software (SW), Service-Support System (SSS)
and Management of Operation (MO) [19]. Each constituent has its own lifecycle
and the FP lifecycle can be mainly defined by the lifecycles of the HW and the SW
[21]. The SSS is, according to Alonso-Rasgado et al. [22], much more than mainte-
nance, and often includes decision making, operations planning, remanufacture and
education. The MO is required to operate the FP throughout its lifecycle, including
responsibility, risk management, transfer of intellectual property, building up trust
and relations, availability, cost, revenue, etc [19].
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2.1.4 Service Oriented Architecture

Service Oriented Architecture (SOA) allows for loosely coupled bidirectional inte-
gration of information and applications. SOA can aid in information integration by
separating the interface (the what) from the implementation (the how). Modern
PLM systems, for example, Siemens Teamcenter [23], utilize SOA to provide access
to its information and functionality.

2.1.5 Web applications

Traditionally PLM systems have a client-server architecture where the client is stand-
alone software that handles a large portion of the work of retrieving information
and presenting it to the user. Web application, in contrast, uses web browsers as
the client, which is used mainly to provide the application interface to the user
while the workload is performed by the server. Benefits of this type of architecture
include easier maintenance and upgrades to the application as well as easier access
to applications from different platforms/devices.

2.2 Information in Computer-Aided Product Development

The growing range and capabilities of computer systems and tools is, along with
the importance of proper context [24, 25], the primary justification for exploring the
capabilities of these tools and systems for information capture and representation
during product development. Research by Kim et al. [24] shows, that designers may
not be aware of existing information or may be unwilling to disrupt their work in
order to search for the relevant information.

Research within CAPD has proposed a range of approaches and tools relating to
information capture and representation. Examples that utilize software-platform in-
dependent tools and lightweight product representations to accommodate contextual
capture and representation include:

• LIMMA [26], an approach combining CAD-internal and, through lightweight
product representations, CAD-external capture of product data associated with
the geometrical entities of the design.

• DRED [27], a lightweight application in which decisions and their rationale are
contextually and dependently retained, along with the decisions they relate to,
as design proceeds.
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• SAT [28], an approach that has been implemented into a CAD-external appli-
cation capable of viewing and annotating VRML models and also providing
communication capabilities that are tightly coupled with 3D models.

2.2.1 Product use phase information

Information collected from the use phase of the lifecycle could be used for improving
the product and for the management of it. However, in most cases, the informa-
tion flow breaks down after delivery to the customer [8]. Abramovici et al. have
identified the need for future PLM systems to support downstream product lifecycle
information for monitoring, optimization and maintenance of products in use as well
as the need to support Product Service Systems [2]. There is a shift in manufactur-
ing companies from selling products to providing services with new business models
such as FP. Hence, there is a greater need for designers to consider the performance
of the product over its lifecycle. Therefore, access to product use phase information
is increasingly critical for design engineers [7].

Some examples of integrating product use phase information into Computer-Aided
Product Development include:

• Abramovici et al., who presented a concept for integrating the product use
phase into PLM by incorporating data from condition monitoring into product
development [2].

• Dienst et al., who presented a feedback assistance system for management,
analysis and visualization of product use information for product improvement
[5].

• Kiritsis defined Intelligent Products as a product system which contains sens-
ing, memory, data processing, reasoning and communication capabilities [29].
Intelligent Products are enabled by Product Embedded Information Devices
(PEID) such as RFID and Wireless Sensor Networks. The PEID links the
product instance with its virtual product representation.

• Closed-loop PLM, which has been presented by Jun et al. as a concept that
allows all actors in a product’s lifecycle to access product information, even
after the product has been delivered to the customer [30]. This is enabled by
PEIDs that provide access without temporal or spatial constraints.
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Figure 2.2: Product class and instances in PLM

• The PROMISE project [31], an FP6 EU-project, that dealt with the informa-
tion flow from product systems through all product lifecycle phases and aimed
to close the product lifecycle information loop.

• Information sharing in FP development, as discussed by Lindström et al. [19],
highlighting the need for the ability to monitor the FP and collect data from the
use phase as well as the need to share information to coordinate development
of the hardware, software and service-support systems.

Product class and instances in PLM

In class-based programming a class is the definition of the data format and available
procedures of an object. Several objects can be instances of the same class, sharing
data format and available procedures but can have unique data depending on how
they are used. The concept of classes and instances can be applied to managing
product use phase information. The virtual product representation becomes the
class defining the product and the physical products are the instances of the virtual
product representation, see Figure 2.2. PLM systems need to be extended so that
it is possible not only to manage information about product classes but also about
instances of these classes [3].
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Chapter3

Research approach

The following chapter describes the research methodology and approach.

The research presented in this thesis is based on investigations of the information
management in CAPD at two companies in the engineering industry in Sweden. From
these investigations, challenges were identified and tools and methods to address
these challenges were developed, implemented and evaluated.

3.1 Design Research Methodology

The approach used in this thesis takes inspiration from the iterating descriptive
and prescriptive studies presented in the Design Research Methodology (DRM) [9].
In the descriptive phase the existing tools and methods are analysed to determine
how they can be improved. The prescriptive phase follows, where results from the
descriptive phase are used to create new and improved tools and methods which
are then evaluated in a new descriptive phase. This process can be iterated several
times.

3.2 Action Research

In addition to taking inspiration from DRM, the approach taken is also similar
to Action Research. Action Research is a social research approach that combines
knowledge generation about the system that is being studied, while the researcher

23
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introduces changes to the system [32, 33]. This is a suitable description of the work
behind this thesis and fits in well with the descriptive and prescriptive phases.

Action research has become increasingly popular in the field of information systems.
A journal for management information systems, MIS Quarterly, has published a
special issue on action research [33]. The authors conclude that action research can
address the increased need for practical relevancy of information system research and
that action research should solve current problems while at the same time expanding
the scientific knowledge.

3.3 Cases

The aim of the studies was initially to establish an understanding of the companies’
respective product development processes. This understanding has been acquired
primarily through data collection of a qualitative nature. In addition to in-depth
interviews, data sources include archived documents, cross-functional workshops and
the first-hand work experience of the author.

Company A

Company A develops and manufactures steel components for the automotive indus-
try. The case used for Papers A and D focuses on the product development process
used by an R&D center within Company A during quotation. Product development
is initiated by responding to a request for quotation from an automotive OEM. This
process is similar to a concept development phase in the generic product develop-
ment process defined by Ulrich et al. [34]. The products often have complex shapes
that require forming simulations to verify and develop manufacturing processes. The
finite element simulation of product performance is a driver in this product develop-
ment process. The R&D center uses a product development process common to all
R&D centers within the company. The process is managed using documents wherein
product information is stored and revised. These documents are later used as infor-
mation sources for other activities, such as design review and pricing. Company A
also develops press hardening tools that are used in their own manufacturing plants.
The company is currently developing a potential FP business model, the hardware
part of which is a press hardening tool. The case used in Paper E supports the poten-
tial FP by adding monitoring capabilities to a press hardening tool and connecting
the use phase information with the virtual product representation of the tool in the
PLM system.
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Company B

Company B develops and manufactures tools and tool holders for the metal-cutting
industry. The case focuses on the early stages of product-family development. This
company has a strong foundation in design automation and to a large extent devel-
ops product families. A product family is essentially a range within which specific
products of a similar nature can be derived. Governed by a set of parametric design
modules, each product family has its own range of application. Office documents
are used to document the design modules. This documentation also serves to de-
scribe how design modules can be combined, thereby defining each product family.
The company utilizes an automated and generative product instantiation process,
a process that at run time selects, modifies and combines design modules based on
customer-specified parameters and product family rules. The automated process then
generates the tool design just as if it had been created interactively. The process can,
in addition, generate drawings and 3D representations for sales and customer evalu-
ation, along with complete specifications and programs for subsequent manufacture,
measurement and marking. This essentially means that once the product-family
development process has been completed, the customer can, through a salesperson,
specify product requirements and automatically obtain a quotation. Compared to
the on-demand quotation of Company A, Company B implements a lengthy process
of development, verification and preparation for the automation of an entire product
space.

3.4 Approach

The research work has been performed as part of the project Information Integration
and Implementation (III) within the Faste Laboratory. The author has performed the
research work as an industrial Ph.D. student employed by Company A and enrolled
at the university.

A diagram of the performed work in relation to the appended papers is visualized in
Figure 3.1. Following the initial investigations, cases were identified at each company
with the intention of indepth studies, prescription of tools and methods to address
identified challenges, and an evaluation of some of these tools and methods.

Both common and unique challenges for the two cases were identified. Close col-
laboration between researchers and companies has been a key to acquiring an in-
depth understanding of the challenges that the research should address. The initial
challenges are presented in Paper A. To address the challenges, an approach for
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Figure 3.1: Diagram of the performed work in relation to the appended papers

information capture and representation and its integration into the existing design
environments was developed and presented in Paper A. The approach was extended
and challenges specific to product-family development were identified in Paper B.
The extended approach from Paper B was implemented and evaluated in Paper C.
In Paper D the approach from Paper A was implemented and evaluated at both
Company A and Company B. Paper E combines experiences from the III project
with experiences from other projects in the Faste Laboratory to study how PLM can
support use phase information from Functional Products.
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3.5 Evaluation

To be able to evaluate the effectiveness of the developed tools and methods there was
a need to create robust and functional prototypes, integrated with the environments
used in engineering design [35].

The introduction of new tools and methods into an already complex activity such
as product development may disrupt the process or even fail to meet the real needs
for which they were intended. Eckert et al. [36] argued that the perception of
value by the users in industry is the most useful success criterion for procedures and
methods. Therefore, tools and methods need to be developed in collaboration with
the intended users to ensure that the tools and methods are used and create value
for these users and the product development process. The solutions proposed in this
thesis have been evaluated based on the principles of verification by acceptance [37]
and perception of value [36].

The user’s perspective is often neglected when introducing or updating tools and
methods used in product development [38]. In the work presented in this thesis,
user involvement has been essential throughout the entire process of investigation,
development, implementation and evaluation.
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Chapter4

Results

The following chapter presents the challenges that were identified during the research
work, the approach and concept developed to address these challenges, the imple-
mented tools and methods and the results from the performed evaluation.

4.1 Identified challenges

A considerable amount of product information is generated and used during a prod-
uct’s lifecycle. Managing the information efficiently can support the product devel-
opment process and allow for information to be used and reused. The challenges
that were identified during the research work are presented below.

• Product information is spread across several disconnected heterogeneous sources,
including the mind of the designers, personal data storage, divisional data stor-
age, and company-wide data storage. This makes information capture, use and
re-use complicated and time consuming.

• Product development is to a large extent performed within CAx systems, and
a large amount of information is generated and used during the development
work. Information that exists outside the CAx systems is primarily in the form
of office documents, such as spreadsheets and word-processing documents.

• Office documents tend to require manual updates and are therefore static in
their nature. Creation and updates of static documents require manual entry
of information that might already exist in the virtual product representation,
either in the CAx systems or in another document.
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• Those involved in the development process do not need, or desire, static repre-
sentation of information. They simply want relevant, up-to-date, and redundancy-
free information, presented in the most suitable environment and format.

• In addition to the geometrical representation that can have its evolution con-
tinuously recorded, the primary method for capturing product information is
by creating documenting after the design is finished, or nearly finished. Doc-
umentation is not seen as a valued aspect of product development, and there
is a lack of understanding as to what value the captured information has for
downstream processes and future designs. Limitations in documentation will
result in limitations in the understanding, use and reuse of product informa-
tion. The consequence is a higher degree of redundancy, rework and loss of
knowledge.

• Instead of being continuously reused and extended, information is individu-
ally rewritten and formalized for each purpose. Re-creating and re-purposing
already-performed work takes time, time which otherwise could be spent on
value-adding development activities. It also increases the risk of inducing er-
rors.

• Creative freedom is considered a valued aspect of the development and of how
information is managed and communicated. It allows for designers to adapt to
specific circumstances and work in the way that suits them. Interviews suggest,
however, that flexibility in design and documentation decrease the likelihood
that information will be generally understandable and usable for others. This,
in turn, decreases the likelihood for both information reuse and integration.
The challenge is to balance the creative freedom with a standardized informa-
tion model.

• Information from the use phase of products is not readily available in product
development due to difficulties accessing monitored information from products
and also due to the lack of support in PLM systems for activities outside prod-
uct development. If information from products in use is available it is often
captured and stored for the purpose of being used in the product use phase, for
example as condition monitoring to detect faults and support predictive main-
tenance. The information is not easily accessible during product development
and stored in sources that lack connection to other systems.

The main challenge lies in ensuring that the product information from different life-
cycle phases can be captured efficiently and, once stored, can be used and reused by
systems and individuals under certain and uncertain future circumstances alike. Cap-
ture and utilization should be encouraged by providing easy-to-use and integrated
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Figure 4.1: Documents broken down into objects, stored in PLM and recreated as views

tools, in a way that still allows for necessary creative freedom.

4.2 Integrating information in Product Development

4.2.1 Approach

Based on performed investigations and identified challenges, an approach for integra-
tion of information in product development was developed. As depicted in Figure 4.1,
this approach starts with the documents, the static representation of what at the
time of conception was considered relevant information. These documents are broken
down into their basic objects. These objects are then stored and managed by a PLM
system. Storing the product information in a PLM system enables any needed prod-
uct information to be made available on request. Because the information is stored
as objects with relations, they can be related to each other and to, for example,
a geometrical feature. Information does not need to be copied; instead, new rela-
tions need to be created. This redundancy-free storage ensures that the information
provided is up-to-date and easily accessible.

Instead of associating an entire document to a product, information such as specific
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Figure 4.2: Information architecture

requirements can now be associated and, if required, be visually connected to every-
thing from system arrangements and components to specific geometrical aspects of
a component in development. This would allow for information to be compiled into
different views, including viewpoints on the product model as defined by Ding et.al.
[26].

During product development, as much information as possible is pulled from the au-
thoring context i.e., the user function, author environment, stage, activity,etc. What
cannot be captured automatically from the authoring context should be provided by
the user as an integrated and natural part of the current activity.

4.2.2 Information architecture

To test the developed approach, methods and tools were developed, implemented and
evaluated together with their intended users. The foundation for the approach is the
information architecture used to allow for access to product information in an inte-
grated and customizable way. Figure 4.2 shows the components of the information
architecture. Information is mainly stored in a PLM system, whereas information
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requiring storage elsewhere is tightly integrated to ensure that it is up-to-date and
free of redundancies. The data model of the PLM system becomes the unified data
model for the product information. Information is integrated between sources, ap-
plications and views by utilization of the PLM system’s SOA. This allows for loosely
coupled bidirectional integration of the product information. The SOA of Siemens
Teamcenter [23] allows interaction with the system and the information within it
through HTTP requests/responses that can be accessed by programming libraries
provided with the PLM system. Although these programming libraries provide ac-
cess to the information, they still require programming skills and an understanding
of the underlying architecture to exploit them. In order to allow easy customization
of views and reduce the complexity of accessing and adding to the information, these
programming libraries were used to create Web applications which provide both in-
put and output services. These services, in turn, allow access to the information
in the PLM system and can also be adapted to work with other systems without
changes to how the services are used. The output services provide customized views
of the product information by compiling the requested subset into XML and applying
an Extensible Stylesheet Language Transformation (XSLT). The result can be, for
example, a PDF-file or a dynamic Web page that allows for representation, extension
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and revision of the product information. A new customized view requires only that
one create a new XSLT-file, allowing individual users or groups to easily generate
views for their needs and to share their XLST-files with others. The input services
receive input through the customized views generated by the output services. A user
can make changes or additions to the content of a generated Web page; the input
service then updates the information in the PLM system. Inside the CAD system
the information from the PLM system is accessed by out-of-the-box integration be-
tween the CAD system and the PLM system. Figure 4.3 shows an example of how
information in the PLM system can be accessed and manipulated by different users
in views that are adapted to their needs:

• A Designer working in a CAD system can create geometry and add descriptions
and annotations to it.

• The captured information can be accessed in an Programmers Integrated De-
velopment Environment (IDE)

• Web applications are used to provide views of the captured information as well
as authoring capabilities in a web browser for External users.

4.2.3 CAD-internal capture and representation

The primary purpose of the CAD-internal tool is to capture and present information
about the design. Information that is available in the CAD system, such as geometric
properties and material, can be automatically captured and information residing
outside, such as rationale and basis for decisions, is captured by providing user
input.

The user interface has been designed to give users the same look, feel and behavior as
other native functionality of the CAD environment. An example of the user interface
can be seen in Figure 4.4. The tool dialog utilizes a wizard functionality, allowing
the user to follow a step-by-step process. The user interface consists of an input field
for information not directly connected to the geometry, an interface for generation
of 3D annotations, management of annotations and an array of functions that add,
remove, orient and save individual views.

Allowing capture and representation of product information in the context of the
development environment should ensure a natural and more streamlined definition
process while at the same time improving awareness, access and, potentially, under-
standing.
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Figure 4.4: example of CAD-internal tool interface

Bidirectional information exchange between the CAD system and the PLM system is
realized through the out-of-the-box integration and the use of attributes by mapping
attributes from the CAD system to the PLM data model.

4.2.4 Evaluation

The developed tools and methods underwent evaluation; end-users were observed
working with the tools capturing information in the CAD system and using the web
applications to create product documentation from the captured information and
associated information in the PLM system. Real data were used for the sessions.
A group formed at each company discussed and documented the experience. The
group consisted of researchers, users and managers. The evaluations themselves were
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comparative in nature; they compared the current approach for storing, structuring,
searching and reusing informational assets against the prescribed approach with its
corresponding tool and system integration.

The average resources spent on manually establishing the selected product document
used for the case at Company A vary based on the product type, the specifics of the
product, the customer, the author and if a previous document was being revised
or a new one created. The users said that, based on their experience, the time
needed to establish the product document ranges from four to twenty minutes. Using
the implemented solution almost all information could be automatically captured,
reducing the time needed close to zero. The selected document is one of fourteen
documents for each product. However, the documents vary in the degree to which
their content can be automatically captured from the design.

The selected product module and corresponding document for the module description
at Company B relies heavily on information that could not be automatically captured
from the design itself and consequently required more manual information input. The
time using the implemented solution was similar to creating the document manually.
However, it is likely that more experience working with the interface, along with
fewer bugs, would likely decrease the recorded time.

Feedback from evaluation

Feedback from the evaluation showed that the prescribed approach was preferred to
the current and that the participants from both companies agreed that it will likely
provide value to both authors and consumers of the information. One key in adding
value lies in integrating the process of capture and representation into the design
environment. Discussions during evaluation sessions also brought up the importance
of finding the proper balance in, for example, how information content and format
should be explicitly controlled and to what degree it should be up to the author and
the specifics of the situation.

Both companies agreed that the primary value is likely to be indirect. Indirect value
gained and time saved are said to result from the following factors:

• The increased reliability of captured information, which is now based on the
design directly and which avoids human error.

• Consistency and quality: reduced variation and better support for users in
terms of which information is included and how it is formatted.
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• Increased confidence that up-to-date and accurate information is available
where and when it is needed, regardless of view, in contrast to multiple docu-
ments with redundant and potentially contradictory information.

• Easier maintenance of information.

• Understanding and reuse: more consistent information content presented in
proper context and made available where needed to support reuse.

Both companies are in the process of implementing parts of the approach. Company
A is continuing to develop the data model for its PLM system in order to support
automated CAD-internal capture and eventually automate view and document gen-
eration.

Company B is in the process of extending and implementing the CAD-internal tool
for information capture and representation of the design module documentation. A
subset of that information will also be automatically provided to the IDE environ-
ment of the design programmers.

4.3 Integrating use phase information and virtual

product representation

4.3.1 Concept

To address the lack of readily available use phase information in product development
a concept was developed. The concept shows an example of how PLM systems can
connect the use phase information of product instances with their virtual product
representation in the PLM system. An overview of the concept is depicted in Figure
4.5. The concept is modular and can utilize readily available technologies. This
allows for building systems that are easy to use, configure, extend and maintain. The
concept consists of wireless sensors, a sensor gateway, a real-time data provider, a
database, a PLM system and dashboards. Low-powered wireless embedded internet
systems (EIS) are used as sensor nodes. The sensor nodes read information from
sensors on the product and connect with each other and gateways to form a wireless
sensor network. A sensor gateway is a device that has a connection to both the
wireless sensor network and the Internet/intranet. The gateway connects the sensor
network to a real-time data provider and a database. The real-time data provider is
software that consists of a message queue and a WebSocket [39] server. The message
queue receives data from one or more sensor gateways and distributes it as messages
to clients currently connected to the WebSocket server. The database receives data
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Figure 4.5: Integrating use phase information and virtual product representation

from one or more sensor gateways and provides historical data to the dashboards
and the PLM system.

The PLM system provides access to the virtual product representation together with
sensor data from the database. This enables users to access use phase information in
their context, for example, in a CAx system to improve new designs, validate designs
and compare results from testing and simulation. The data model of the PLM system
needs to be extended to add support for the manufactured product instances. In this
concept the data model of the PLM system is extended by creating a new object type
that represents an instance, as shown in Figure 4.6. The instance object provides
access to information unique for that instance. This is achieved by attributes that
store links to the sensor dashboard as well as an integration with the sensor database
where relevant information can be mapped to attributes of the instance object. Other
types of use phase information such as where the instance is located and how it has
been serviced can also be made available as attributes of the instance object. The
instance object is connected to the virtual product definition by a relation in the
PLM system.

4.3.2 Implementation

The concept has been implemented for a potential FP. The hardware part in the
potential FP is a press hardening tool.
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A wireless sensor network consisting of one sensor node and one sensor gateway was
built. Due to wireless connectivity and low power requirements of the sensor node,
the installation could be achieved without additional cables for network and power
supply, ensuring minimum impact on existing products and processes. The sensor
node was installed in a press hardening tool along with sensors for pressure and
acceleration.

The sale of press hardening tools as a function is supported to some extent by
providing monitoring for optimizing the maintenance and it could also be used to
optimize how the customer is operating the tool, thus ensuring that the tool is
operating as designed and agreed upon. Some other potential uses for the information
include:

• Predict wear in the tools

• Predict tolerances of pressed components

• Predictive maintenance

• Optimization of tool performance

• Faster tool try-out
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Chapter5

Discussion

The following chapter concludes the presented research and discusses relevant issues
with information integration in Computer-Aided Product Development

The identified challenges show that information management within product devel-
opment could be improved, specifically, in terms of the way information is used and
integrated in the product development process. The reuse and integration of infor-
mation are essential concepts to avoid duplicating efforts [15] such as reinventing or
re-creating information.

Making information available and easily accessible is a key to ensuring that it is
used in product development. Similarly, making information capture easy and inte-
grated with product development activities ensures that information is captured and
provides greater control over what is captured.

The availability of information systems such as PLM systems does provide the ability
to solve some of the challenges. It is still important to realize that this ability is not
enough if it is not implemented properly and utilized efficiently. Implementing a
commercial off-the-shelf PLM system requires adaptation of the system to the data
and processes of the company as well as re-engineering data and processes to match
the system [40].

Most PLM systems can to a large extent be customized. This customization requires
knowledge about both the processes of the company as well as the system. It also
requires resources to achieve the customization and also the resources to maintain,
upgrade and further develop these customizations as conditions change. Customiza-
tion requires skills in the specific system, information management, programming
and user interfaces. These skills may not exist in the company’s existing workforce.
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Implementation, customization and maintenance can be bought as services, but this
may lead to insufficient knowledge about the system within the company. There
is a risk that customizations make the system too hard to upgrade or migrate in
the future. A lock-in effect can also occur where too much dependence on func-
tions in the system does not allow for it to be replaced with a system from another
vendor. Customizations are also often dependent upon proprietary functions in a
system, meaning that the way they are implemented will not allow them to be easily
transferred to a different system.

It is also important to ascertain and consider the needs of the users during the devel-
opment and implementation, so that their work is supported and not hindered by the
new tools and methods. Working with manual systems for information management
allows users to decide how they should manage information. This creative freedom is
valued and allows for great flexibility, which in turn enables easy adaptation to new
information requirements and individual preferences. However, this creates differen-
tiated information formats that can decrease the likelihood of information reuse as
well as making information integration impossible.

Product development can be described as a set of decisions, decisions which, in terms
of design, are made and/or realized within the CAD system. However, the virtual
product representation created in the CAD system does not include the basis for
these decisions. External systems for the capture of such information require users
to disrupt the design process and to leave the design environment. By integrating
the process of capture and reuse into the design environments used, one can instead
eliminate this need to disrupt the design process [24].

In an ideal situation a single system would address all needs but, in reality, several
systems are often needed. This brings a need to integrate information from several
tools and systems into a PLM solution.

5.1 Validation

The results of the research presented in this thesis are primarily validated by the
interest and feedback expressed from the industry by the principles of verification
by acceptance [37] and perception of value [36]. Whether the results are valid in a
more general setting is difficult to ascertain. But it is believed that the results of this
research are generally applicable to industries that face similar challenges to those
presented in this thesis. Some factors that further validate the presented results
include:
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• The results have been presented in writing to peer-reviewing conferences as well
as presented there. They have also been submitted for journal publication.

• The research was conducted at two different companies, producing different
types of products.

• Investigations on information management have been performed at different
departments, including different roles in product development.

• The implementations and evaluations have been independent for the two com-
panies and integrated with their product development environments.

• The results have been presented within the Faste Laboratory and interest has
been shown from multiple other companies within the Faste Laboratory.

• Both companies are in the process of implementing parts of the presented
approach for integrating information in everyday development work.

• The concept for integrating use phase information and virtual product repre-
sentation is under continued development in an internal project at Company
A as well as within the Faste Laboratory.

Feedback from the evaluations shows that the prescribed approach for integrating
information was preferred to their current information management and that partic-
ipants from both companies agreed that the approach would likely provide value to
both authors and consumers of product information. There are, however, limitations
of the evaluations that should be considered:

• Familiarity with the new approach was limited in comparison to familiarity
with the old approach. More experience, along with a more intuitive and bug-
free tool experience would likely decrease the time required to capture product
information and generate the product documentation as well as improve the
tool experience.

• The implementations were limited to a subset of the information used in prod-
uct development.

• Close user collaboration and a highly iterative approach to investigation, im-
plementation and evaluation may have had a positive effect on the level of
acceptance.
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5.2 Addressing the research questions

RQ1. How can product information be effectively managed and reused in PLM sys-
tems?

Initial investigations established an understanding of the information management
in the product development processes used in the studied industries. Paper A pre-
sented a number of challenges together with an approach for how information can
be effectively utilized during the development and throughout the entire lifecycle
of a product using a PLM system as a foundation. Paper B further expanded the
developed approach, addressing specifics for product family development. Paper C
and D implemented and evaluated the approach at the two companies by extend-
ing commercially available PLM systems to achieve effective product information
management.

RQ2. How can computer science technologies, for example, data mining and Web
services, be applied to PLM systems?

In Paper C and D challenges in product information management were addressed
using the approach presented in Paper A. The approach was implemented using PLM
systems and computer science technologies such as SOA, web services/applications
and XSLT-transformations. The work shows that applying proven technologies from
the area of computer science achieves easy-to-implement solutions that are robust and
maintainable. Paper E presented a concept utilizing computer science technologies
such as wireless sensors networks to capture use-phase information. WebSockets and
HTML5 were used to provide platform-neutral real-time access and visualization of
the information. A PLM system was used to integrate the use phase information
with the virtual product representation.

RQ3. How can product use phase information and virtual product representations be
integrated in PLM systems?

Paper E explored the possibility of supporting FP by extending available PLM sys-
tems and information captured from the FP use phase provided by wireless sensor
networks. It was shown that by utilizing wireless sensor networks with low-cost
nodes, use phase information can be easily captured and made available. This can
be achieved without major modifications to the product or its surrounding infras-
tructure. A unified solution for information management of both product use and
product development can be achieved by integrating use phase information and the
virtual product representation.
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Conclusions

This chapter presents the main conclusions from the research presented in this thesis.

The core challenge with information management in computer-aided product devel-
opment lies in ensuring that the product information from different lifecycle phases
can be captured efficiently and, once stored, can be used and reused by systems and
individuals under certain and uncertain future circumstances. Capture and utiliza-
tion should be encouraged by providing easy-to-use and integrated tools in a way
that still allows for necessary creative freedom.

6.1 Integrating information in Product Development

The identified challenges, together with the needs found in related research, highlight
limitations with current practice for information management in computer-aided
product development, including:

• Designers use multiple tools and systems when performing their work, captur-
ing and accessing information in multiple sources.

• Information is not readily available and spread over multiple disconnected het-
erogeneous sources.

• Information capture is to a large extent performed manually and often thought
of as documenting the design instead as a part of creating the virtual product
representation.
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• Static documents are commonly used for capturing information associated with
the design. These documents lack a direct connection between their content and
the actual source of the content, resulting in inconsistencies and redundancies.

The developed, implemented and evaluated approach for integrating information in
product development showed that:

• Documents can be broken down into their basic building objects, which are
then managed by a PLM system.

• Storing the product information in a PLM system enables any product infor-
mation to be made available on request.

• Storing the objects with relations reduces the need for information to be copied;
only a new relation needs to be created.

• CAD systems can be used to automatically map product information into the
PLM system while also providing integrated means for the user to input infor-
mation such as rationale and basis for decisions that reside outside of the CAD
system.

• Implementation can be performed by extending commercially available soft-
ware using techniques that are readily available, thus simplifying the potential
application of the developed tools and methods at companies in general.

• Allowing capture and representation of product-related information in the con-
text of the development environment and the model of the product in devel-
opment should ensure a natural and more streamlined definition process while
at the same time improving awareness, access and, potentially, understanding
through the contextual nature of view-specific representation.

• Being able to provide a subset of the information in the PLM system also
allows information representation tailored to specific tasks, with consideration
to intellectual property rights in, for instance, business-to-business exchange.

6.2 Integrating use phase information and virtual prod-

uct representation

Access to use phase information can create value in the product development pro-
cess, for example, as feedback on designs or uncovering needs that are unaddressed.
The main conclusions regarding the integration of use phase information and virtual
product representation include:
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• Product use phase information is not readily available during product develop-
ment. If information is available it is often captured and stored for the purpose
of being used in the product use phase in sources that lack connection to other
systems, for example, as condition monitoring to detect faults and support
predictive maintenance.

• Traditionally, when a product is sold, the ownership of the product is trans-
ferred to the customer, making it difficult for the provider of the product to
access information from its use phase. In the case of FP, access to use phase
information is essential for providing the function. This information access
ensures the possibility of feedback to earlier lifecycle phases.

• By utilizing wireless sensor networks with low-cost nodes, use phase informa-
tion can be easily captured and made available to both providers and customers
without any major impact to the product and its surrounding infrastructure.

• It is possible to integrate use phase information with the virtual product repre-
sentation in a PLM system by creating an instance-object that represents the
manufactured product. This creates a unified solution for information man-
agement of information from both product use and product development.
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Chapter7

Recommendations

for future research

The following chapter provides recommendations for future research related to the
research presented in this thesis.

• Even though the work presented in this thesis aims to apply to manufacturing
industry in general and to all phases of the product lifecycle, the focus has been
on information utilization in product development with information feedback
from the product use phase. Further research should extend to cover all phases
of the product lifecycle and how information should be integrated between and
inside these phases.

• Future research should focus on how product development should utilize use
phase information to improve current and future products. Data mining of
lifecycle information is one concept to provide algorithmic feedback for product
development [41].

• Currently, the views generated outside the CAD system include only 2D images.
Future research should explore how to integrate 3D models in the external
views, possibly through lightweight 3D formats rendered using WebGL.
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Abstract 
The amount of product and process related information in the engineering industry is large and constantly growing. 
Methods and tools are therefore needed to effectively leverage the information, ensuring that it is readily available, 
contextually understandable and usable for the activity at hand. This paper presents findings from two cases performed at 
manufacturing companies and an approach for how information effectively can be utilized during the development and 
lifecycle of a product. The approach primarily addresses the lack of up-to-date information, free of redundancies and 
accessible from the context where it is needed or will be captured. 
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1 INTRODUCTION 

The information available within an organization is an asset that can 
and must be leveraged in order to be competitive. Over time, the 
amount of product and process related information has increased 
dramatically. Products are at the same time becoming increasingly 
diverse and complex, as is the way in which information is 
exchanged in concurrent product development. This has led to an 
increased demand for purposeful information, which in turn needs to 
be efficiently managed during the lifecycle of a product. A large 
percentage of the product development lead time is spent on 
acquiring information, information which is a part of the 
organizational memory. As argued by Kim et al. [1],  
“... approximately 90% of organizational memory exists in the form 
of text-based documents.” 
Sherman et al. [2] found that the degree to which information from 
past related product development projects is effectively recorded, 
retrieved, and reviewed is an contributing factor to new product 
performance. Sherman et al. [3] concludes that achieving effective 
R&D integration of information from past projects is the single most 
important integration factor in reducing development time. Making 
sure that information is readily available to those who need it could 
reduce the time spent on searching for, waiting for and translating 
information. It could in addition reduce the time spent on working 
with out-of-date information and recreating old information. The time 
spent searching for information accounts for about 60% of the total 
operational time in most businesses [4]. 
Being able to find and acquire supposedly known information is one 
issue. Research [5] shows, however, that designers may not even 
be aware of existing information, or for that matter, be willing to 
disrupt their work in search for relevant information. These findings 
are strengthened by the studies conducted within the confines of the 
research presented in this paper, and therefore further underline the 
need to ensure that the right information is readily available. 
Product development decisions, specifically early design decisions, 
have a significant impact on sustainability [6]. Consideration to the 
effects decisions will have on later stages in the product lifecycle 
should enable the development of sustainable products. Efficient 
information management would allow manufacturers to take a 
greater responsibility for the sustainability of their products.  
Product lifecycle information is to a large extent managed using 
Product Lifecycle Management (PLM) systems. These PLM systems 
are a part of a company's total PLM solution, which often consists of 

several tools and methods. PLM is a product-centric approach to 
support information flow throughout a product’s lifecycle, and 
enables the gathering of a substantial amount of product lifecycle 
information. Stark [7] states that, 
“PLM is the business activity of managing, in the most effective way, 
a company's products all the way across their lifecycles; from the 
very first idea for a product all the way through until it's retired and 
disposed of.” 
The product lifecycle can be divided into three phases: beginning of 
life, middle of life and end of life [7]. PLM manages the product 
development process by gathering and making information available 
for everyone involved in the process. Information managed in the 
early stages of the lifecycle can be used in the later stages, just as 
information related to downstream stages can be fed to the earlier 
stages. This bidirectional flow of lifecycle information could also 
cross product, project and business boundaries. 
Information integration is a major subject within computer science 
and a lot of work has been done to enable integration of 
heterogeneous information sources. Approaches include for 
example canonical data models and ontologies that allow semantic 
interoperability of information. 
Ontology approaches for the integration of various lifecycle 
information through PLM has also been researched [8–13]. 
The product information needs differ among various actors involved 
in the development of a product. This variation in need can be 
addressed by providing multiple views of the information, each view 
catering to the specific needs of the actor in question. Research 
related to multiple views includes, but are not limited to [14–16]. 
Bouikni et al. [14], presents a multiple views management system 
capable of generating different views of the product information 
based on to the need of the actors. Demoly [15] presented a 
modeling framework for multiple views that supports assembly 
oriented design. Ding et al. [16] presented an approach to multiple 
views using multi layered lightweight product representations. 
The objective of the ongoing research behind this paper is a 
proposed, implemented and evaluated approach to the integration of 
information in product development, with the purpose of effectively 
leveraging available information assets based on the end users’ 
needs. Research efforts include investigations of information 
utilization at two industrial manufacturers and the development of a 
conceptual approach. The approach addresses principle information 
integration, assuming an integrated PLM solution as the master 
source of information. The main contribution lies within how 
information is contextually represented, utilized and captured during 
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product development, thus removing static and redundant 
representations. The conceptual approach presented, aim to ensure 
contextual information representation for an arbitrary end user in the 
development of a product. Integrating information into the everyday 
activities, environments and tools of the end users, should serve to 
make retention and retrieval into intuitive and natural parts of daily 
activities. This should in turn ensure awareness of available 
information, what it means, where it came from and how it can and 
should be utilized. Integrating relevant and up-to-date information 
from a PLM solution within the tools used during product 
development should ensure that users make informed decisions 
within their everyday tasks. 

2 METHODOLOGY 

The underlying investigation for this paper is part of a research 
project and has been conducted as two independent and 
concurrently executed studies. Both studies have been conducted in 
close collaboration with industry, with the initial objective of 
acquiring an accurate representation of processes, information flows 
and information (re)use. The investigations presented have been 
conducted during the course of three years, and have included 
company representation ranging from customer relations, order 
acquisition and delivery to design, automation, simulation and 
downstream product and process consideration. 

2.1 Data Collection 

Insight into and an understanding of each case company and their 
development process has primarily been ensured through data 
collection of a qualitative nature. The qualitative nature of this 
research stems from the difficulties of clearly quantifying needs and 
influencing factors within the product development process. There is 
a need to understand the development process as a whole and how 
each individual contributes. Sources included archived documents, 
workshops, observations and in-depth interviews, all to ensure an 
accurate view of the cases based on multiple and potentially biased 
sources of evidence [17]. The interviews have been guided and 
directed just enough to stay relevant. The respondent were allowed 
free reins to describe their situation and everyday challenges in a 
way similar to what Bell [18] refer to as semi-structured interviews. 
Observations were then used to witness the process first hand, in 
part to corroborate any information gained from interviews and in 
part to uncover aspects and issues respondents simply had not 
reflected upon, forgot to mention or perhaps intentionally left unsaid. 
Workshops could for the purpose of these investigations be 
described as group interviews and discussion forums, and was 
during initial stages used to inform involved personnel of the nature 
and aim of the research. Workshops did also provide a platform for 
information exchange over divisional borders and an environment 
for questions and discussions over diverse perspectives and 
competences. Interviews, observations and workshops have been 
planned in terms of purpose and general procedure, once execute 
however, they did have a more open nature. User involvement has 
been essential, as it has been and will continue to be used 
throughout the entire process of investigation, development, 
implementation and evaluation. 

3 INDUSTRIAL CASES 

This paper is based on studies carried out at two industrial product 
developers and manufacturers in Sweden. One is a supplier to the 

automotive industry and the other a tool supplier for the metal 
cutting industry. This section describes the current state-of-practice 
and the issues uncovered. 

3.1 Case A 

Case A focus on an R&D center that provides sheet metal safety 
components for the automotive industry. Finite element simulation of 
product performance is a driver in the product development. The 
products are often of complex shapes that require forming 
simulations to verify and develop manufacturing processes. The 
center uses a standardized product development process that is 
common to all R&D centers within the company. Product 
development for both quotation and serial production is included in 
this process. The process is managed by documents in which 
product information is stored and revised. Information is manually 
duplicated from the product definition (CAD file) into specification 
documents. These documents are later used as information sources 
for other activities, activities such as design reviews and pricing. 
There is a risk that information in these documents is out-of-date or 
faulty. 
There is currently no system implemented for storing and managing 
product data such as CAD files and documents. All data storage is 
confined to files managed in folder structures on file servers. 
Metadata is in turn stored inside files, and to some extent in file 
names and folder structures respectively, which makes finding the 
right information using queries difficult. Information available in 
documents could be searched using full-text searches, but there is 
no such system implemented. There is an ongoing project within the 
company to implement a PLM system for management of product 
data, workflows and other aspects of the products lifecycle. 
However, the simulation-driven approach currently used is highly 
iterative and does generate large amounts of data. This has led to 
the conception of an in-house simulation data management system, 
which store and archive simulation data associated with a project. 
The information flow in between design and simulation activities is 
not managed in a central location. Design generated data is 
manually exported to the simulation environment, where it is tracked 
by the simulation data management system. Simulation results are 
analyzed, which in turn is the foundation for design decisions in 
product development. The information base for these changes is, 
however, not captured. A homogeneous product data environment 
where design and simulation data is managed by the same or 
integrated systems would allow for a better information flow and, 
allow decisions based on simulation results to be captured. This is 
crucial, since the simulation-driven approach used means that a lot 
of the decisions in the product design are based on information from 
simulation results. Simulation data management is, according to 
Fasoli et al. [19], an area that more companies will focus on in the 
future to complement the management of the design information. 
Product information is exported and imported to and from customers 
and internally within the company several times during the product 
development process. Although the information often has a high 
impact on design decisions there is no effective way to track and 
manage these import/export operations. This makes it hard to 
ensure that the right information has been sent, but also to track 
which information has been sent and to whom. The company has in 
recent years acknowledged that there is a need to capture and 
make information and experiences accessible in future 
development. Efforts have been made to achieve this. One example 
of efforts made is a wiki, where information about available tools and 
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methods is documented. Manufacturability properties for materials, 
such as draft angles, are one example of information documented 
within the wiki. But to keep the wiki updated, it requires that the 
users continuously add and revise the information. Experience from 
previous development projects are saved in a database that is 
managed by in-house developed software. This software allows 
search capabilities in terms of projects similar to the one performed, 
based on requirements, dimensions and markets. This would in turn 
allow the use of lessons learned, and potentially, design and feature 
reuse. 

3.2 Case B 

Case B focus on the early stages of product family development, at 
a company which develops and manufacture tools and tool holders 
for the metal cutting industry. The early stages do, for the purpose of 
this study, correspond to the point of pre-study up to, but not 
including, manufacture. Product applications range from milling, 
turning and drilling to the interfaces in between tools and machine. 
An important part of the product portfolio is the customizable product 
spaces in which customers, through a sales person, can specify a 
product based on their particular requirements. The company 
develops product families. They do, however, still develop and 
provide standard product assortments in the traditional sense, if 
there is a market for it. Each product family has its own applicable 
range. This range is governed by a set of parametric components, 
and in extension, their range of application and the way in which 
these can be combined. The company in question utilizes an 
automated generative process, a process which at run time, selects, 
modifies and combines product modules accordingly. The process 
generates a complete CAD model as if it was created interactively. 
In addition, it is also capable of generating 2D and 3D 
representations for sales and customer evaluation, respectively, 
along with complete manufacturing documents and programs for 
subsequent manufacture, validation and marking. This automated 
process is an essential aspect in realistically providing customers 
with an entire product space to choose from, as developing each 
unique product instance on demand would not be feasible in many 
cases, given the variety and amount of unique orders. 
The company in question has a strong foundation in modular reuse. 
A majority of modules does, however, show signs of being confined 
to a particular product family, even though efforts are made to 
ensure that components are generally applicable. The reason for 
this is that modules, in practice, tend to be built to incorporate more 
and more properties that are specific to a particular family, in 
addition to being challenging to locate and understand. All 
components are, once ready for automation, stored in a module 
repository, which can be searched using an in-house application. 
There are, however, ongoing efforts to move over to a combination 
of ERP (Enterprise Resource Planning) and PLM, where the PLM 
system would replace the modular repository and the search 
application. The future aside, components can at this time, as with 
most documentation, be found over a variety of repositories. 
Repositories include local repositories, department repositories, 
company-wide repositories and repositories connected to a project 
portal for past and present projects. The project portal is usually 
navigated manually, and user has concerns about the ease of 
finding what they need. Participation within a project grants access 
as long as that project is active. Specific access, however, has to be 
assigned to most users after a project is completed.  Most project-
related documentation is, however, also stored in a large and 
unstructured repository, accessible given the appropriate 
authorization and the keywords to find it. There are also a variety of 

supporting databases containing best practice, training documents 
and formal design instructions. Support ranges from general 
descriptions of tools, modules and how these should be developed, 
to regulations such as naming conventions. The company produces 
a considerate amount of documentation, documentation which 
essentially is static representations of what at the time of conception 
hopefully was up-to-date information. There are, to a certain extent, 
requirements as to what documentation should be generated and 
when. There are, however, few requirements in terms of what these 
documents in fact should contain, not to mention the extent and 
format of the information within. Altogether, this has inevitably 
resulted in multiple copies and restricted means of attaining what 
could be usable elsewhere. Efforts are therefore made to enable 
search over the variety of databases currently used. 
The concurrent nature of the product development process, the 
inherent complexity of development and verification of an entire 
product space and continuous downstream consideration, naturally 
require much in terms of informational exchange. Geographically 
collocated functions within development and synchronous 
communication are what ultimately ensure that what is needed, is in 
fact delivered, after a few iterations if need be. One of the major 
issues today is finding and accessing required information, not 
necessarily the document where it resides, but the information itself. 
Access is generally accomplished by limited keyword searches and 
manual browsing, a time-consuming process that holds no 
guarantee of finding what is in fact available and relevant for the 
task at hand. What it all comes down to is providing the right support 
at the right time, based on the context and needs at hand. 

3.3 Issues Common in Both Cases 

The following section includes the issues found during analysis of 
the industrial cases. 
x The companies produce a considerable amount of product 

information. This information is spread across several 
disconnected heterogeneous sources, including the mind of the 
developer, personal disks, divisional disks and company 
common disks. Information on disk is primarily confined to 
static documents. Those involved in the development process 
do not need, nor do they desire the static representation 
(document) wherein the information they need resides. They 
simply want the information itself, the relevant and up-to-date 
information presented in the, for all intents and purposes most 
suitable context at that time. 

x The lack of centralized product information sources makes 
finding the right information using queries difficult. It also 
makes it hard to share information internally as well as 
externally without creating copies of information that lacks 
relation to the original. 

x The tools for information capture and sharing require manual 
entry of information that might already exist in, and is 
disconnected from, the product representation where the 
information is acquired. They also require separate interfaces 
and that the information is continuously updated and revised. 

x The same fundamental information could potentially be passed 
on and rewritten in different documents during essential parts 
of the product development process. Instead of being 
continuously reused and extended, information is rewritten and 
formalized for the particular purpose at hand. The challenge 
lies in ensuring that information, once stored, can be used and 
reused by systems and individuals, under anticipated and 
presently undefined circumstances. 
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x Aside from issues in terms of reuse, such as actually finding 
what is required, what currently restricts users is that they may 
not understand the work that has been done, nor do they have 
the rationale behind its conception. It is therefore, generally 
easier to start from scratch, rather than trying to figure out what 
they are dealing with and what they actually can change 
without risking problems downstream. Additional information 
that may be vital for reuse includes information related to 
traceability, ownership, searchability, purpose, application, 
rationale, relations and associations. 

x Users desire association and relation among product, process 
and resource information. This includes visual association and 
contextual communication of information, related not only to 
the product itself but to specific geometric properties of the 
product in development. Information tends to only make sense 
in a specific context. Information could in one case be specific 
to the individual component geometry, whereas information in 
another case could describe the relations in between geometric 
component properties in a larger system, requiring associativity 
on a number of levels. This is currently achieved through 
annotated snapshots of the product representation, embedded 
in text-based documents.  

x Investigation shows that designers have to maintain proficiency 
in a variety of applications and systems in addition to 
continuously having to switch between them, making them 
reluctant to add additional applications for the sake of acquiring 
more information. Some of the tools for information capture 
and exchange have any connection to the designers other 
interfaces that are used during product development, such as 
CAx or Office applications. These tools require the designer to 
disrupt work to access or capture information. 

x There are several downstream product lifecycle aspects that 
need consideration during product development, including 
aspects such as performance, manufacturability, cost, 
customer-specific requirements, reliability, availability and use. 
Design verification and optimization in terms of these aspects 
requires a lot of time. Changes made in favor of one aspect 
often impact another aspect of the product lifecycle, potentially 
requiring further optimization or process iterations. Information 
about these interdependencies is not readily available, making 
the designer reliant on experts downstream to evaluate the 
impacts of design decisions made. 

The core issue, derived from the investigations performed, is the 
lack of up to date, redundancy free and contextual information, 
integrated in product development. 

4 INTEGRATING INFORMATION IN PRODUCT 
DEVELOPMENT - A CONCEPTUAL APPROACH 

This section presents the authors vision of how information should 
be exchanged and utilized during product development. 
The vision for the integration of information in product development 
is based on performed investigations and identified issues. 
Documents, the static representation of what at the time of 
conception was considered relevant information, are broken down 
into its basic building blocks (objects) and stored in a PLM solution. 
Much of the document content is in many cases already available in 
the product definition stored in a PLM solution. An issue when 
disassembling documents in the traditional sense, is that the objects 

left are stripped of the context these had within the document. 
Contexts such as their relation to other data and information, for 
example in association to a product, project or lifecycle stage. Each 
information object would therefore require metadata to govern how 
and when it is to be used. Every single data or information object 
should be retained together with the metadata necessary to ensure; 
traceability (author, version/revision, time stamp), ownership, search 
ability (name, ID, tag, keyword) as well as understanding and proper 
use (access/rights, purpose, application, rationale, relations, 
description). As much metadata as possible is pulled from the 
authoring context, i.e. the user function, author environment, stage, 
activity and so on. What cannot be directly derived from the 
authoring context, should be provided by the user an integrated and 
natural part of the current activity. The benefits of decomposing the 
traditional document into its basic components and storing these in 
a central repository are; (1) each information object can now be 
associated individually, for instance, to specific aspects of the 
products geometry; (2) and data and information, once retained, 
could potentially be formalized and assembled to accommodate new 
circumstances, and would not have to be rewritten. 
Instead of associating an entire document to a product or product 
family, complemented by annotated static snapshots, information 
such as a specific requirement can now be associated and if 
required, be visually connected to everything from system 
arrangements and components to specific geometrical aspects of a 
component in development. This would allow for information to be 
compiled in different views, including view points on the product 
model as defined by Ding et al. [16]. Information can consequently 
be created, modified and presented within adapted interfaces or be 
generated as documents, all based on the current activity and 
context as illustrated in Figure 1. 
 

a b

c

d e

b

g
f

e

a

 
Figure 1: Information created and presented in different views. 

Information is stored in a main source, a PLM solution, while 
information requiring storage elsewhere is tightly integrated to 
ensure that it is up-to-date and free of redundancies. Information 
flow between activities and the PLM solution is enabled by both 
commercial-off-the-shelf (COTS) and custom integrations. These 
integrations are enabled by a service-oriented architecture (SOA) 
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provided by the PLM system. SOA enables loosely-coupled systems 
that are extensible, flexible and fit well with existing legacy system 
[20]. An overview of this approach is illustrated in Figure 2. 

 
Figure 2: An approach to integration of information in product 

development. 

Retained data and information are upon manual or automated query 
retrieved and assembled, all based on current needs and context. 
Contextual consideration could include aspects such as the function, 
activity, decision and environment at hand. Information from one or 
multiple repositories is always presented in the, for all intents and 
purposes, most suitable format or interface in order to maximize 
understanding and utilization. 
The document or static representation, albeit a natural part of daily 
activities, should ideally be avoided. Static representations could be 
used if there is no way to ensure access to the actual repository or 
provide such information in an adapted interface, for instance, in the 
case of business-to-business exchange. Static representations 
could, if required, be generated on-demand, as illustrated in Figure 
2, and preferably not be stored. All retrieval of said information 
should, at any given time, be a direct representation of the up-to-
date source. 
One of the underlying issues with reuse, is that it requires an 
understanding of the information/object and the rationale behind its 
conception. The potential of capturing and representing information, 
such as design rationale [21], to specific aspects of a products 
geometry should ensure a natural and more streamlined process of 
retention, while at the same time ensuring awareness, access and 
contextual representation downstream. 

5 DISCUSSION 

It is desirable to gather all information needed for and created during 
any given stage of the product's lifecycle in a way that makes it 
readily available, contextually understandable and usable for the 
specific activity at hand. Information retention is in the light of 
performed investigations rarely considered value-adding, as it is 
essentially reproduced from what has already been done. 
Information, once retained, should not need to be rewritten, and the 
retention itself should be a natural and contextually integrated 

aspect of continuous development. Appropriate tools that enable 
information search and presentation are central to achieve this. To 
enhance the utilization of product information, it should be made 
available in the interfaces in which it will be used. For example, 
information that can aid a design decision should be presented in 
the authoring tools used to implement this decision. Information can 
be requested when a need arises (pull) or be presented based on 
the context of the current situation (push). Both manual (pull) and 
automatic (push) searches can be used to integrate information into 
the activities during the product development process. Informational 
reuse is limited by access and awareness [5]. Making the 
information readily available, searchable and presented within the 
interfaces used should provide the needed support to leverage 
existing information in the product development process. This 
should also allow capture of design decision and design intent 
together with the information that was used as a basis for that 
decision. 
If the information about requirements, and the impact of design 
decisions on the fulfillment of these requirements, are readily 
available during design, the need to rerun verifications is reduced. 
Automatic checks, based on requirements, within the authoring tool 
can be used to verify the impact of design decisions. In the 
approach presented, there is no need to send copies of information 
for validation and optimization. A reference to the actual product 
definition can be used instead. This would also allow storage of the 
results from validation or optimization with a relation to the product 
definition. Managing and presenting the relations between product 
definition and the requirements enables the users to better 
understand the interdependencies between different requirements 
and the design. 
Companies that can integrate information from their PLM solution in 
their product development process will be able to leverage the 
information throughout the product lifecycle. It is, however, important 
to realize that tools and methods developed to effectively enable 
and support information integration is not enough. User involvement 
throughout the entire process of finding and integrating product 
information is important both for actually finding and correctly 
describing all product related processes and information. It is also 
important in order to establish an understanding of changes in 
information management for the users involved. Efforts must be 
made to ensure that the tools and methods developed are in fact 
accepted, used, used properly and constitute a valuable addition to 
the intended users in their everyday activities and the product 
lifecycle. 

6 FUTURE WORK 

With the conclusions drawn from the cases in this paper it should be 
possible to begin implementing the approach described and to 
develop method and tools that can be used to address the issues 
presented. Future work should include identification of specific 
cases where tools and methods can be implemented and evaluated. 
In a longer perspective, identifying and investigating cases at other 
companies is required in order to ensure that the findings are 
generally applicable. 
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ABSTRACT 
An investigation carried out at a Swedish manufacturing 

company has focused specifically on information exchange and 

design support in and between activities in the company’s 

product family development process. The process allows, within 

a defined product family, automated generation of 3D models, 

product specifications, and a complete foundation for 

subsequent manufacture and verification. 

The core contributions of this paper are the investigation 

performed, a set of identified challenges which relate to the 

complexity of everyday decisions made in product family 

development, how these challenges can be approached and a 

set of tools exemplifying that approach. 

The study indicates that there are limitations in terms of 

motivation, resources and support for insight, understanding 

and consequent consideration to downstream implications of 

design decisions made. The question is whether tools and 

methods, which are integral aspects of the process already, 

might serve to further illuminate the process, maximize 

purposeful support and thereby minimize the efforts required to 

better consider downstream implications of decisions made. It 

is the opinion of the authors that it can, and the set of tools for 

information exchange and design support presented in this 

paper serves to exemplify how. 

 

1 INTRODUCTION 
 This section introduces the problem domain, research 
conducted within this domain, the industrial case and the core 
contributions of this paper. 

 
Information exchange and design support 

Considerations to how early-stage decisions will impact 
downstream product development and product lifecycle aspects 
are key in minimizing downstream risks. Guaranteeing timely 
deliveries, profit margins, quality and sustainability are but a 
few important factors of product development. Meanwhile, 
modern manufacturers rely increasingly on overlapping 
activities and frequent, bilateral exchange of preliminary 
information [1-2] while doing what they can to make the 
development process more efficient and to ensure that 
consideration is given to (inter)dependent stages in the product 
lifecycle. Each stage in the product development process may 
very well present particular needs and, therefore, requirements 
in terms of support. Product development ultimately comes 
down to a set of decisions, each decision resting on the 
foundation available to the actor(s) involved. Information 
relevant to a decision may include decisions leading up to the 
decision at hand, the constraints imposed by these decisions [3], 
the (design) rationale behind them [4] and the effects that 
variations of a decision will have on later stages in the 
development process, and ultimately the product lifecycle. As 
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decisions and their downstream effects rarely are isolated to a 
single individual, function or stage in the development and 
lifecycle of a product, it stands to reason that those responsible 
for making these decisions will have to rely on relevant 
information being communicated to them, either synchronously 
or asynchronously [5].  Product development information which 
still largely constitutes text documents [6] is a common form of 
asynchronous communication. Studies [7] show that the 
problem is not the lack of information, but the search and 
retrieval of that information. Accessing information scattered 
over extensive databases, in digital and paper-based documents, 
without knowing exactly what to look for can in itself be 
challenging, not to mention time consuming. This makes 
storing, managing and accessing information efficiently an 
important aspect throughout the product lifecycle and a 
challenge for the variety of disciplines involved. But even with 
access, Bracewell et al. [8] conclude that “answers generally 
make little sense when separated from the issue they are 
addressing and arguments make little sense when separated 
from what they are arguing about”. This highlights the 
importance of information being communicated or presented in 
proper context. Proper context could, for instance, include 
consideration to the intended user(s), their respective 
viewpoints [6], performed activities, used environments and 
other relevant information. This means that access to relevant 
information, still being a prerequisite for reuse, is not enough in 
itself. Research [9] shows that, designers may not even be 
aware of existing information, or for that matter, be willing to 
disrupt their work to search for information relevant to a 
decision. The latter is supported by studies carried out by [10], 
where designers see themselves as already having to maintain 
proficiency in, and switch in between, enough applications and 
systems. 

 

Industrial case 
The case company studied is a developer and manufacturer 

of tools and tool holders for the metal cutting industry. The 
company develops to a large extent product families. A product 
family is essentially a range in which specific product instances 
of similar nature can be derived. Jiao et al. [11] review the 
concept and state-of-the-art of product families. Studies have 
focused on product family development, from the point of 
initial up to preparation for manufacturing. The employees 
consulted during the investigation represented, but was not 
limited to; product (portfolio) management based on business 
plan and market insight; project management; development and 
prototyping of product solutions; preparation and formalization 
for automated design, manufacturing and measuring; 
development of the programs that govern automation; and 
system development. Figure 1 present an overview of the 
product family development process coverage of the 
investigation, highlighting process stages, activities, repositories 
and deliverables. Stages in denoted as (1-4) represents the 
stages of a product family development project, which is 
managed by a project manager. Multiple deliveries of similar 
nature to and from activities in stage (3) and (4), as depicted in 
Fig. 1, does not necessarily represent the actual number of 
deliveries, nor the relative time of each. It is simply a 
representation of the fact that multiple deliveries take place over 
time, to some extent with a gradually refined nature. The 
process is also becoming increasingly concurrent, for instance 
resulting in more and more preparation and formalization for 
automation (3) during the prototyping (2) stage. Knowledge 
development projects (X) are initiated if the knowledge 
foundation is not deemed enough to initiate a product 
development project. The output from a knowledge 
development project is input for one or several product 
development project(s). 

Figure 1. Product family development process, highlighting process stages, activities, repositories and 
deliverables considered during investigation. 

 2 Copyright © 2014 by ASME 



Each product family has its own application range. This range is 
governed by a set of parametric modules, and in extension, the 
range of application for each module and the way in which 
these modules can be combined. The company utilizes an 
automated and generative product instantiation, a process which 
at run time selects, modifies and combines product modules 
based on input parameters. The process generates the tool 
design just as if it had been created interactively. It can in 
addition generate drawings and 3D representations for sales and 
customer evaluation, along with complete specifications and 
programs for subsequent manufacture, validation and marking. 
This essentially means that once the product family 
development is done, the customer can, through a sales-person, 
specify a product and automatically get a quotation based on 
their particular needs. The complete foundation for subsequent 
manufacture is generated if and when the quotation is accepted. 
The automated process is an essential component in realistically 
providing customers with an entire product space to choose 
from, as developing each unique product instance on demand 
would not be feasible in many cases, given the variety and 
number of unique orders. This makes the development process 
longer than that of a single product, but ideally shorter than the 
cumulative development of all the expected product variations 
that will be requested by customers over the life of the product 
family. It also makes the information exchange more complex, 
even more so as the development process becomes increasingly 
concurrent. The concurrent nature of the product development 
process, the inherent complexity of development and 
verification of an entire product space and continuous 
downstream consideration naturally require much in terms of 
information exchange. This does put greater demands on each 
actor in the product development process and, in turn the 
methods, systems and tools that are there to support them. 

 
Computer-based information exchange and design 
support 

Product development and management of the product 
lifecycle are today increasingly being supported with Computer-
Aided technologies (CAx), systems and tools. A product may, 
for example, be designed with a Simulation-Driven Design 
(SDD) approach utilizing CAx systems, with product 
information managed by a Product Lifecycle Management 
(PLM) solution. Managed information can, for example, be 
used for improving the existing product design, for new product 
development or as a basis for the optimization of product 
lifecycle implications such as use and maintenance. There are a 
range of proposed approaches and developed computer-based 
tools related to information exchange and design support, each 
with its own level of integration to primary design environments 
used. Examples include but are by no means limited to; LIMMA 
[6], an approach combining Computer Aided Design (CAD) 
internal and, through lightweight product representations 
external, capture of product data associated to the geometrical 
entities of the design; DRED [8], a lightweight application 
where decisions and their rationale are contextually and 

dependently retained with the decisions they relate to, as design 
proceeds; SAT [12], an approach that has rendered into a CAD 
external application capable of viewing and annotating VRML 
models, providing communication capabilities more tightly 
coupled to 3D models; and DRAMA [13], a design framework 
utilizing case-based reasoning to achieve capture and context-
sensitive reuse of expert knowledge, prior design and rationale. 

The capabilities of CAx systems and the role they play in 
the product lifecycle continue to expand, in part through SDD 
principles, the inherent potential of ensuring early and 
integrated downstream product lifecycle consideration and 
through computer-based tools such as those described above. 
The growing application range of computer-based systems and 
tools are, together with the importance of proper context [9-10], 
the primary justifications for exploring the potential of CAD 
system as means for information exchange and design support. 
In order to maximize understanding and ensure that available 
design support is not only used but used properly, effectively 
and efficiently, it is the opinion of the authors that the 
environment already used for a particular design decision is the 
environment in which customized and purposeful support 
should be provided. The approach discussed in section 4 and 
the set of tools presented in section 5 serve to explore such 
support. 

 
Scope and contribution 

This paper outlines the findings and insights generated 
during an investigation within a Swedish manufacturing 
company. The study focused on information exchange and 
design support within the development process of product 
families. The core contributions of this paper are twofold, 
starting with a summary of the investigation performed, which 
includes the current industrial state-of-practice, a set of 
identified challenges and conclusions drawn. The challenges 
identified relate to the complexity of everyday decisions that 
employees within product family development make in terms of 
design and information exchange. These challenges specifically 
highlight the perspectives of different functions within product 
family development, their reasoning and the implications that 
variations in these decisions may have on downstream use and 
reuse. The second contribution is a discussion of how these 
challenges can be approached, which has been exemplified 
through a set of tools. The tools presented provide the end-user 
with CAD internal and external means for information exchange 
and design support in the context of the design and the primary 
design environment. The process of supporting and partially 
automating capture and reuse builds on principles proposed by 
Lejon et al. [14]. The overall approach and implementations 
also build upon principles such as the generation of multiple 
annotated viewpoints [6], both CAD internal and CAD external 
capture and representation [6, 14] and context in which 
information and support is made available [6, 9-10]. The paper 
contributions in the form of an approach and a set of tools 
includes, but is due to the conceptual nature of the 
implementations, not necessarily limited to; (i) The custom 
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CAD internal support balancing automated design and decision 
capture against manual completion in order to minimize 
required efforts and maximize potential gains; (ii) The 
association of product data to not only the geometrical form, but 
with its representation in a PLM-data model and; (iii) The 
means with which information managed by a PLM system can 
be automatically retrieved and assembled in different CAD 
external viewpoints. 

 
Paper outline 

The introduction is followed by a brief overview of the 
methodological approach, in section 2. Section 3, which 
presents the study findings, is structured around a set of 
identified challenges and extends the general company process 
description presented in the introduction. Section 4 discuss the 
challenges identified and presents an approach to information 

exchange and design support, which is exemplified in a set of 

tools for information exchange and design support in section 5. 
The paper is finally concluded with discussion and conclusions 
in section 6. 

 
2 METHODOLOGICAL APPROACH 

The basis for this paper is an investigation conducted at a 
Swedish manufacturing company. Initial phases of the 
investigation were directed towards acquiring an understanding 
of the company’s product family development process. The 
investigation then focused on design decisions, the information 
exchange and design support involved in the conception of 
product families. 

An understanding of the company’s development process in 
has primarily been acquired through data collection of a 
qualitative nature.  Employee involvement has been essential 
throughout the entire process of investigation, analysis and 
implementation. Data sources have in addition to in-depth 
interviews been archived documents, cross-functional 
workshops, design observation and first-hand work experience 
of one of the authors. The sources used were selected in order 
to ensure an accurate view of the case through triangulation of 
multiple and potentially biased sources of evidence [15]. 

The investigation started with a workshop, the sole purpose 
of which was to identify and describe the problem domain and 
scope for the investigation. Employees from relevant functions 
of the product family development process was then selected 
and interviewed. The employees interviewed represented the 
following company functions, with the number of participants 
from each function in parenthesis (x): Product (portfolio) 
development and management (1); Project management (1); 
Development, prototyping and formalization for automated 
design (5); Development of programs that govern automated 
design (2) and manufacturing (1) and; System development (1). 
The investigation has, however, as the participant distribution 
show, been focused on the product development and program 
development functions. The interviewees were allowed free rein 
to describe their situation and everyday challenges in a way 
similar to what Bell [16] refer to as semi-structured interviews. 

Observations was used to witness the design process first hand, 
in part to corroborate any information gained from interviews, 
and in part to uncover aspects and issues interviewees simply 
had not reflected upon or forgot to mention. Archived 
documents were identified from conducted interviews and 
constituted the basis for further study and verification of data 
gathered during interviews. 

Collected data was categorized over the product family 
process. Categorization included process stages, activities, 
activity dependencies, the deliveries that constitute these 
dependencies, the systems, tools and repositories in which these 
deliveries are generated, refined and stored, as well as the 
methods that govern different aspects of the product 
development process. The categorized data served as the basis 
for a process flow-chart. The established flow-chart was at this 
point disseminated within the company in order to verify the 
content and illuminate the overall process as it had been 
mapped. Figure 1 depict a simplified version of the established 
flow-chart. A cross-functional workshop at this point served to 
disseminate gather data and drawn conclusions so that it could 
be discussed and verified. This was the basis for the 
identification of a specific company case for future 
investigation and implementation. The case itself was an, at that 
point, recently developed and documented design module. Case 
investigations additionally included representatives from: 
Development, prototyping and formalization for automated 
design (2) and; Development of programs that govern 
automated design (3). An iterative process of interviews, 
implementation, user feedback, project meetings and workshops 
has gradually resulted in the refined set of challenges presented 
in section 3, the proposed approach to these challenges in 
section 4 and the set of tools presented in section 5. 

 
3 IDENTIFIED CHALLENGES 

This section describes a set of identified challenges that the 
participants of the investigation and the functions that they 
represent, to some extent struggle with on a daily basis. This 
does not however necessarily mean that these are all found in all 
stages of product development, in all application areas or for 
that matter in the daily work of all representatives of studied 
functions. 

The studied company has a strong foundation in design 
automation and develops to a large extent product families. A 
product family is essentially a range in which specific product 
instances of similar nature can be derived. Each product family 
has its own application range. This range is governed by a set of 
parametric design modules and, in extension, the range of 
application for each module and the way in which these can be 
combined. The company utilizes an automated and generative 
product instantiation, a process which at run time selects, 
modifies and combines design modules based on customer-
specified parameters. Design modules and the way in which 
these have been designed can in principle make or break the 
automated process. There is, however, a difference between the 
potential use of a design module and how it will actually be 
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used, and this is where documentation comes in. Documentation 
is intended to ensure that the potential use of a design is 
understood and consequently realized. Design modules and 
product families have their respective documentation. The 
module documentation should describe the module, its internal 
logic, required input, generated output and essentially its 
solution-neutral application range, so that it can be understood 
and used properly. The family documentation should then 
describe how a set of modules specifically should be used over 
a particular product family space. 

The design and documentation of product families, 
including the design modules from which these are established, 
has been the core focus during the investigation. It will 
consequently also be the stand-point from which the following 
challenges are discussed and exemplified. The challenges 
identified relate to the complexity of everyday decisions that 
actors, primarily designers, within product family development 
make in terms of design and information exchange. Each 
challenge additionally includes relevant state-of-practice and 
related issues. 

The first challenge illustrates when design for application 

specific use impedes reuse, discussing the implications that 
design focused on simplifying for specific product family use 
can have on potential reuse in other product families. Decisions 
made in favor of either use or reuse are to a degree made by 
individual actors, and flexibility in design for automation 
elaborates on the implications that the flexibility or freedom in 
design and documentation can have downstream. The challenge, 
when guidelines turn into absolute restrictions, exemplifies the 
risks that can be involved even in a conscious effort to guide or 
support future reuse. Ensure better understanding, consequent 
use and reuse traditionally requires more effort. Consideration 

to use and reuse highlight the point where benefits reaped in 
terms of reuse may no longer outweigh the efforts required. The 
final challenge discusses issues related to insight and 

understanding at the company, and to what degree downstream 

implications of decisions made are actually supported today. 
 
Challenge 1: When design for application-specific use 
impedes reuse 

Reuse is a cornerstone in automated product instance 
generation. Any given design module in a product family will 
most likely be used over a wide range of possible product 
instances. There is, however, a difference between reuse within 
product families and in between product families. Design 
modules today are primarily developed for individual product 
families, even though general guidelines dictate consideration to 
reuse in between product families. The primary justification for 
designing modules to the point of impeding reuse is that by 
embedding more family-unique rules within the modules 
themselves, the designer minimizes the information that needs 
to be exchanged and rewritten in the subsequent design 
program. Since the designer is the one establishing the rules 
governing how these modules should be parametrically 
modified and used over the product family, it is also argued that 

the designer is better suited to implement these rules. The 
consequence is a gradual and implicit shift in the responsibility 
for rule implementation, from programmer to designer. Modules 
with built-in rules tend to become more complex, requiring a 
higher level of CAD proficiency in development and more 
extensive documentation for subsequent understanding and 
future product family reuse. Even highly generic modules such 
as those for subsequent module placement, which in principle 
could be generally reused, tend to be recreated from scratch if 
they have not been specifically designed for the purpose or 
application at hand. The implementation of rules that are not 
built in to the modules themselves requires the designer to 
formalize the rules governing the module and its use in a 
document, pass it along to the programmer who interprets the 
document and implements the rules in code. The result of the 
shift in responsibility for rule implementation, from 
programmer to designer, is that the need for information in the 
family documentation has decreased. Design logic is embedded 
in the modules directly, as opposed to being documented for 
downstream programming. The decreased need for information 
within the family documentation has, however, not been 
complimented with an adequate increase in the module 
documentation, seeing as the modules become more and more 
complex. In practice, the module documentation only really has 
to exist, and can be limited to one or more annotated screen 
shots of the geometry, highlighting its primary parameters. 
Ongoing efforts are made to improve the documentation, but it 
is at this point clear that direct product family use and 
automation hold priority over potential product family reuse. 
This is not unreasonable, but the implication is that without an 
understanding of how a module is built and consequently can be 
used, designers traditionally start from scratch rather than trying 
to acquire or recreate the foundation for its development. Built-
in design rules or logic reduce the required exchange in 
between design for automation and programming for 
automation. It simplifies direct product family use and 
communication but in practice effectively reduces the ease and 
likelihood of reuse in other product families. 

This challenge inevitably governs the decisions that 
designers makes on a daily basis and, to some extent, these 
decisions come down to the judgment of the designers 
themselves. The question is then to what extent decisions in 
terms of design and exchange should lie with individual actors 
such as designers? 

 
Challenge 2: Flexibility in design for automation - a 
double edged sword? 

The idea of flexibility in design and documentation 
primarily differs between the creator and the recipient, for 
example, between the designer and the programmer. Interviews 
with designers show that creative freedom is considered a 
valued aspect of the development and how the results are 
communicated. It allows adaptation to the specific 
circumstances surrounding the actual module or product family, 
while allowing each one to adhere to the format and way of 
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working that they are comfortable with. Interviews suggest, 
however, that flexibility in design and documentation decrease 
the likelihood that a module will be generally understandable, 
usable for programmers and be reusable for designers in other 
product family development projects. Design for automated 
product instantiation is one example where flexibility in the 
design can complicate or even hinder subsequent use. The 
complexity of the program for automation traditionally 
increases with an increase in modular flexibility. Designer 
initiatives, which require at least some degree of flexibility, are 
on the other hand a large factor in the development of the 
modular approach promoted and used today. Communicative 
flexibility, or documentation as is the primary means of 
communication at the company today, has the potential of 
making capture more expressive, intuitive and easier. At the 
same time, however, it increases the risk of the module not 
being understood, used or reused effectively downstream. 

Freedom, as mentioned, not only lies in modular design, 
but in the documents produced during product family 
development. Whether it is by own initiative or by demand, 
consideration to use and reuse in one way or another ideally 
should support understanding and consequential (re)use. 
However, even a conscientious act of trying to support and 
simplify future reuse can turn out to be detrimental to actual 
reuse. 

 
Challenge 3: When guidelines turn into absolute 
restrictions 

Design rationale [4] is a key enabler for modular reuse but 
it is generally only accessible through direct exchange with the 
original designer. Accessing the rationale behind a design is as 
such contingent on that individual being available and able to 
recall. Not knowing the rationale behind a design potentially 
increases the risks associated with reuse, as the circumstances 
surrounding the original design will not necessarily match those 
of later reuse. Even a conscientious act of trying to support and 
simplify future reuse by design guidelines can end up being 
detrimental to effective reuse. A guideline that is intended to 
ensure that a designer leaves enough material to preserve the 
physical integrity of a design, useful as it may be, could 
effectively become an absolute restriction from this point on 
without any available rationale. Factors such as product 
demands, intended application ranges, materials or 
manufacturing capabilities ideally go into the design decisions 
and guidelines made. Without the reasoning behind such 
guidelines, guidelines which are common practice at the 
company today, designers either rely on established guidelines, 
knowing that the foundation for it may not be valid, try to 
recreate the foundation for it or start from scratch. 

Design documentation ranges in terms of completeness of 
content and format, from extensive examples produced with 
great care to the simplest module documentation which in itself 
only has to exist. The content and, more importantly, the 
downstream understanding of that content, is what in the end 
will ensure proper use. The question is what the minimum 

requirements which support proper use are and how a designer 
should balance his efforts against uncertain downstream reuse. 

 
Challenge 4: Consideration to use and reuse - 
contribution or waste of time? 

The results from the investigation performed paint a picture 
of documentation as an activity that is not appreciated or 
generally prioritized by designers during development. At least 
part of this is grounded in the view or experience of 
documentation as a subsequent and separate activity following 
the actual design work. Document recipients, such as those 
responsible for programming for automation, on the other hand 
emphasize the importance of such documentation for their 
work. Interviews show that designers are, at least at the time of 
the interviews, aware of the purpose and potential benefits of 
documentation, both for direct use and possible future reuse. 
Questions are, however, raised about whether or not potential 
gains in terms of reuse of modules during consecutive 
development projects and product families in reality will occur.  
In practice, reuse is limited and typically involves either highly 
generic modules in their entirety or partial reuse of existing 
modules. Partial reuse starts from a previous module which is 
then modified to suit the needs at hand. Partial reuse does, 
however, require an understanding of the module’s internal 
logic and structure. Interviews also reveal that less than optimal 
documentation tends to either be dealt with by the recipient or 
be returned to the author for revision or clarification directly, 
which raises the question of what the true implications of such 
communication typically are and if these encourage more 
considerate future efforts. Consideration to downstream use and 
reuse generally involves efforts made and will consequently 
have a break-even point where efforts made no longer outweigh 
positive downstream implications. How should short-term 
design and documentation efforts be balanced against explicit 
needs for direct use and uncertain downstream reuse, and when 
is enough really enough? 

But even if designers do, to the best of their abilities, 
design and document to support use, are they fully aware of 
how this documentation will be used, its value and 
consequences in downstream activities. Do they have the 
motivation and resources to acquire insight and understanding 
in order to consciously consider the downstream implications of 
their decisions? 

 
Challenge 5: Insight and understanding - downstream 
implications of decisions made 

The investigation shows that there is limited insight and 
understanding as to how individual actors and their work within 
the development process relate to others, especially outside the 
scope of their current project.  Resources that potentially 
support insight, understanding and consequently consideration 
to the downstream needs in product family development include 
established processes, cross-functional project teams, process 
responsible functions, defined deliverables, methods and 
general ways of working. The question is to what extent all 
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available resources for process insight and understanding in 
practice contribute to the everyday decision made. Inquiries 
reveal that there would be individual motivation for gaining a 
better understanding of the process, methods and overall 
downstream implications of decisions made. The primary 
arguments against putting it in practice are time, not knowing 
where to turn and not being able to justify additional effort 
required. Consideration to downstream stages and functions 
might very well extend short-term lead times. Given the 
uncertainty of downstream gains and a lack of understanding as 
to why efforts should be made, then it is not inconceivable that 
users and managers may choose to focus on short-term 
proficiency in the area which they know.  

There are several process-oriented functions responsible 
for development, education and to an extent promotion of 
design processes, design methods and tools for maximized 
downstream use. A core motivation behind methods and tools is 
to ensure that design modules developed are usable in 
downstream product family programs and thus a basis for 
automation. Promoting reuse in and between product families 
and application areas is another intended outcome from 
methods established. An established design method is, based on 
discussion with both developers and experienced users 
comprehensive and effective, given proper application and the 
patience to become proficient. However, certain issues with or 
reasons for hesitancy in using established methods exist. There 
are indications that the choice to go outside of the established 
design method could be grounded in a limited understanding as 
to why a standardized and, to a degree unified method is 
important for effective and efficient development, should be 
used. Recent efforts have, however, been made to clarify the 
purpose behind the method and to support in its specific 
application during initial stages of product development 
projects. The design method itself is documented as a structured 
html library with search capabilities, combining text and 
imagery. Designers however, especially less experienced 
designers, have difficulties in finding and understanding what is 
relevant for specific application areas and individual design 
tasks. There is an inherent complexity to the product family 
development process and consequently to the requirements 
placed on design work for such a process. The design method 
established to support this process mirrors the process in terms 
of complexity. Experienced designers in fact state that there has 
to be a certain level of understanding of the process and 
application area in question before the design method can be 
properly understood and applied. The challenge here is that the 
documented design method that is supposed to be a support and 
guide, especially for less experienced users, does not seem to be 
designed for them. The investigation indicates that there is a 
limited understanding of how the modularized content of the 
design method interrelates and consequently should be applied 
during design. 

 

4 AN APPROACH TO INFORMATION EXCHANGE AND 
DESIGN SUPPORT 

The challenges presented in section 3 relate to the 
complexity of everyday decisions that employees within 
product family development make in terms of design and 
information exchange. The study indicates that there are 
limitations in terms of motivation, resources and support for 
insight, understanding and consequent consideration to 
downstream implication of decisions made. 

It may seem easy enough to promote; design for use and 
reuse (challenge 1); less flexibility (challenge 2); acquisition of 
process insight and understanding (challenge 5) and; enough 
design and communication efforts to secure use and reuse 
(challenge 3). In practice, however, it will be a balancing act to 
maximize the impact of available resources (challenge 4), just 
like efforts to maximize quality and minimize cost need to be 
balanced to maximize customer value and profit. Finding the 
point at which benefits gained outweigh efforts made likely will 
come down to long-term experimentation, gradual refinements 
and a measure of consideration to the specifics at hand. Actors 
within product development are required to make decisions on a 
daily basis whether they are aware of the challenges identified 
or not. The primary means of support for designers today are 
established processes, methods and tools. To place the 
responsibility of developing, consolidating and communicating 
processes, methods and tools on functions such as process-, 
project-, system- and method management will most likely 
continue to be effective, to a degree. These functions can focus 
extensively on making sure that activities are performed in an 
order and fashion deemed most efficient, and to ensure that 
outputs match the downstream inputs required. But why limit 
insight and overview to the few. It would also seem 
unreasonable to assume that these functions and the supporting 
methods and tools developed ever could explicitly direct every 
decision, decisions which in and of themselves need to consider 
an ever changing set of requirements. Actors have to be able to 
adapt to the specific circumstances available and, they could 
with proper process insight and adequate resources participate 
in more than just product development. Each actor could and 
ideally should contribute to the development of processes, 
methods and tools which in turn serve to support them. They 
would ideally have better means to fully consider the effects 
that their decisions will have on downstream process stages. 
They would consequently also be able to communicate their 
work, given adequate resources, with clear intent, use and reuse 
in mind. In light of the challenges identified, it is the belief of 
the authors that actors need the opportunity and responsibility 
of making decisions within the realm of their expertise, an 
understanding of how their decisions will impact others, the 
resources to carry out their work based on downstream 
implications and the support to see it through as effectively and 
efficiently as possible.  

This being said, there are company-internal examples 
which show that purposeful and considerate information 
exchange is achievable today, without any changes made. The 
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example in challenge 1, where product family rules are 
increasingly being built in to design modules in order to 
simplify direct use and communication has to a large extent 
been driven by the designers themselves. Ongoing efforts to 
improve module documentation are in fact based on designer 
initiatives to improve their own process. There are also 
examples of actors willing to gain a better understanding and 
actively consider the implications of their decisions. The 
motivation to contribute, to acquire insight and understanding 
of downstream product development needs, the reasons for 
these needs and the implications of choosing to adhere to these 
needs or not, should ideally come first. Methods, systems and 
tools should, once there, support design and information 
exchange by making it more effective, efficient and intuitive. 
The question is whether methods, systems and tools, which are 
integral aspects of the process already, might serve to further 
illuminate the process, maximize purposeful support and 
through that minimize the efforts required to better consider 
downstream implications of decisions made. 

The principle approach proposed here essentially comes 
down to minimizing the need for actors to compromise in their 
time and their focused efforts in order to support downstream 
use, while maximizing the foundation and support for the 
compromises that still must be made. The need to compromise 
in terms of the limited resource all actors share, time, can be 
achieved by minimizing efforts required, the need to break away 
from the primary design environment, maximizing decision 
support and by ensuring that what is defined once can be reused 
downstream. Portions of the module documentation can, for 
example, be automatically derived from the design itself and the 
design environment. An example relevant to the company is the 
use of User Defined Features (UDF), a native functionality in 
Siemens PLM Software NX [17]. A UDF is in principle a user-
customized collection of features or operations with a custom 
dialog for subsequent reuse. The features included may have 
had certain dependencies to features outside the UDF during 
conception, which will then be required for future use. The 
definition of the UDF, including built-in logic of and the 
references required for later use, is an example of what can be 
automatically derived from the design. CAD-embedded design 
tools can then provide simple ways to complement that which 
has been capture automatically, including the specification of 
design views, in order to maximize downstream understanding 
and use. Central storage and management for product and 
process-related information in turn allow common access to that 
which has been captured. Information can then, once captured, 
be compiled in any number of views [6] based on the individual 
needs of the diverse set of potential users downstream. 
Capturing a set of design decisions or decision points can, when 
presented chronologically, provide process insight, 
understanding and a step-by-step method for future design.  

An important distinction to make is that effective 
communication is not necessarily extensive documentation. The 
authors instead view effective communication as maximized use 
with minimized efforts. Different stages and actors during the 

product development process have different needs, and the 
context in which one actor understands information may not be 
appropriate for the next. Re-purposing information today is 
essentially equivalent to having to rewrite information, which 
leads to a gradual resource allocation shift from, for example, 
design work to design documentation. This is not necessarily 
wrong, at least as long as the positive implications outweigh the 
additional efforts required to ensure contribution. But any time 
spent re-purposing design information is time not spent on 
design. The view of documentation of actors within product 
development also needs to go beyond an external means of 
transferring information. It can and ideally should be an integral 
part of design work and design reasoning, captured in the 
environments where such work is carried out. Documentation 
should be promoted and used as a design tool, integrated into 
design activities and ideally embedded within design 
environments. It should be a compliment to what has already 
been done, rather than a means to rewrite it. 

Integral pieces in the approach and the set of tools 
presented in this paper are consequently, automation, support 
embedded within design environments, Product Lifecycle 
Management (PLM), and process insight and understanding. 
Methods and tools should not replace the pursuit of process 
insight and understanding, nor should it replace purposeful 
decisions in terms of design and communication. Methods and 
tools should support and simplify the process, making it more 
intuitive, effective and efficient. Methods and tools should be 
natural extensions of users, environments and the tasks which 
ultimately build up the product development process. 

 
5 A SET OF TOOLS FOR INFORMATION EXCHANGE 
AND DESIGN SUPPORT 

The first part of this section describes a proposed set of 

tools for design decision capture and representation. The set of 
tools intend to provide designers with the means to capture their 
work process and design decision made, including any relevant 
product information, in the context of the design and the design 
environment. The second part of this section describes a set of 

implemented tools for information exchange and design support 
which, consequently include the so far implemented aspects of 
what is proposed in the first part. 
 
A proposed set of tools for design decision capture 
and representation 

The intention with the set of tools presented here is to 
provide designers with the means to capture their work process 
and design decision made in the context of the design and the 
design environment. The input process is simplified, integrated 
in the design environment and partially automated to make sure 
that efforts required are minimized. Examples of information 
available for automated capture are geometrical entities of the 
design, UDF definitions, built-in design logic, dependencies 
within features (or operation) of the design and the design 
history itself. The CAD-embedded design tool then provide 
simple ways to complement that which has been capture 
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automatically, including the specification of design views 
relevant to decisions made, in order to maximize downstream 
understanding and use. Captured decisions and the information 
associated with these decisions, such as design intent and design 
rationale, can then be interactively replayed within the confines 
of the CAD system or be automatically recompiled in a CAD-
external representation suitable for the purpose at hand. A PLM 
system ensures information management and is the basis for 
automated CAD-external representation and access. 

The CAD-embedded tool, depicted in Fig. 2, has a decision 
navigator which functions as a checklist, a previously captured 
and agreed upon decision sequence similar to step-by-step 
design methods. Each check point will gradually be completed 
as the design progresses, and each decision made can be 
complemented with, and associated to, design-specific 
information, reasoning and descriptive views of the design 
decision.  Any information captured could be used as a 
continued decision foundation, for evaluation of potential reuse, 
for education or as a means to gain an understanding into the 

design process. An integrated tool such as this will not only 
make support available, it can potentially remind designers of 
what they need to consider in the context of the design itself. 

The proposed CAD-internal tool, as depicted in Fig. 2, 
allow capture, management and visualization of design 
decisions, both future and past, and can be executed as any 
other native tool in the CAD environment. The tool facilitates 
capture and representation of design decision through: (i) a 
single model view visualizing the design implications; (ii) a 
feature or set of features in the part design history; (iii) any 
number of 3D annotations which serve to visually highlight and 
complement specific aspects of the geometry; (iv) a general 
textual description of the decision itself and; (v) a number of 
external documents that further detail the decision itself and the 
foundation for it. 

The mockup tool dialog developed in Siemens PLM 
Software NX [17] includes from the top, general metadata for 
each decision. The decision navigator is the second dialog 
block, allowing overview and management of decisions made 

Figure 2. A mockup of the CAD embedded tool dialog for design decision capture and representation, 
highlighted in red. 
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and future check points. Consecutive dialog blocks allow 
association of a specific time step in the design history to a 
specific decision and association of required input to, and 
expected outputs from, each decision. The dialog also includes 
a simplified interface for managing model views, 3D 
annotations associated and visually linked to geometric entities 
of the design and a general textual description, each related to 
individual decisions. The primary purpose for integrating design 
decision capture (documentation) into the CAD system itself is 
to ensure that the designer has the means to capture design 
decisions as these are made and where these are made. The 
CAD environment can, however, be limited in terms of 
presentation. A single model view with 3D annotations and free 
form textual input field in a dialog may not be enough to clearly 
visualize the full extent and reasoning behind a decision. A large 
portion of the collective knowledge at the company today is 
also stored in documents spread over various repositories. The 
tool therefor allows the user to associate any number of 
documents that they consider pertinent to the decision itself. 
The mockup tool dialog depicted in Fig. 1 also provides a 
separate view (top right) for each historical design state 
captured in order to ensure that a captured sequence of design 
steps can be visualized and used as a checklist for new 
development. 

Stepping through past decisions within the tool should, 
once implemented, effectively update the tool-internal 
information, the model view shown, any 3D annotations 
associated with it and the specific design history state (feature). 
To solely rely on the CAD systems native functionality for 
stepping though the design history of the part in its final form, 
however, limits the amount of historical design decisions that 
can be accessed, at least in terms of stepping back into an 
alternate branch of the design which has since been discarded. 
The representation of the decision can, however, still be 
presented with associated information and external 
documentation within the tool. A more visual description of 
design states from alternative design branches could be 
captured and presented in images or lightweight representations 
such as the JT format, which support both model views and 
annotations. The viewer of captured historical design states 
serve to ensure that a captured sequence of design steps can be 
visualized and used as a checklist for new development. 

 
A set of implemented tools for information exchange 
and design support 

A platform, based on the approach for information 
exchange proposed by Lejon et al. [14], has been implemented. 
The implementation so far includes a custom-made CAD 
embedded tool which facilitate capture of (i), (iii) and (iv) of 
the proposed set of tools. The tool has been implemented in 
Siemens PLM Software NX [17], as depicted in Fig. 3 (left). 
Information is to an extent automatically extracted from the 
authoring context or CAD environment, where examples so far 
include automated capture of reference geometry and named 
geometrical entities. Automatically captured information is also 

complemented by explicit user input in the form of model view 
specification, geometrically associated 3D annotations and 
general text input. The model views are the base to which 3D 
annotations and general text input is associated. Each model 
view can in principle describe a decision, design rationale or the 
product itself. Views of the design and any associated 
information are managed by a PLM system, in this case 
Siemens PLM Software Teamcenter [18]. Views can be stored 
and managed in three ways; within the native NX part file, as 
static images captured by the tool, and as a lightweight 
representation in the form of a JT file. Information storage is 
based on attributes. Attributes can essentially be associated to 
everything from the part itself and its individual features to 
geometrical entities, model views and 3D annotations. 
Attributes are a common denominator in between the part and 
the PLM data model. Bi-directional capture, management and 
presentation of information in between NX (CAD) and 
Teamcenter (PLM) is realized through the use of attributes, a 
one-to-one mapping of part attributes and attributes in the data 
model. Information is shared through the use of the PLM 
systems service oriented architecture (SOA). The SOA of the 
PLM system allows interaction with the data model and 
information within the system through HTTP requests/responses 
that can be accessed by programming libraries provided with 
the PLM system. While these programming libraries provide 
access to the information it is still not easily accessible since it 
requires skills in programming as well as an understanding of 
the underlying architecture to exploit them. To reduce the 
complexity these programming libraries were used to create 
web applications providing both input and output services for 
accessing information in the PLM-system. The output service 
provides customized views of the information requested by 
compiling the requested information into XML and applying an 
EXtensible Stylesheet Language Transformation (XSLT) which 
can generate for example a PDF or a HTML-document that 
displays in a web browser. The information managed by the 
PLM system can as such be automatically retrieved and 
assembled in different CAD external view-points [6] of the 
product model through the use of a web application. Figure 3 
illustrates the implemented platform described above, including 
the CAD-embedded tool dialog for design capture (left) and one 
example of an asynchronous web page, allowing information 
presentation and capture (right). The platform in its current 
form could be a foundation for upstream and downstream 
information exchange and, if extended with (ii) and (v) as 
proposed, better support process related insight, understanding 
and reuse. A core principle is simple and contextual support 
which balances the use of automated capture against manual 
completion in order to minimize required efforts and maximize 
potential gains. The authors have utilized Siemens PLM 
Software in order to exemplify the approach proposed in 
section 4. The set of tools does consequently rely on the 
functionality and integration capability of said software. This 
should however not be considered the only software with which 
the approach presented in section 4 can be implemented. 
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6 DISCUSSION AND CONCLUSIONS 
The challenges presented have specifically highlighted the 

perspectives of different functions within product family 
development, their reasoning and the implications that 
variations in these decisions may have on downstream use and 
reuse.  A common denominator in all these challenges is focus, 
specifically, how focus on short-term design efforts should be 
balanced against efforts to gain process insight and adjust to 
implications that decisions could have on downstream use and 
reuse. Balance and compromise is a natural part of any product 
development process, exemplified in prioritized and weighted 
needs which serve as a foundation for the generation and 
selection of optimal solutions. Although compromise and 
balance of needs may seem a common element in certain 
aspects of product development, other aspects such as 
downstream product development consideration in design, and 
the deliverables that serve to maximize design (re)use, show 
signs of being less open to compromise. Meanwhile, product 
development is getting increasingly integrated, and by the 
accounts of the study, more complex. Actors are required to 
make decisions from which the downstream implications are 
uncertain. To place the responsibility of developing, 
consolidating and communicating processes, methods and tools 
on functions such as process-, project-, system- and method 
management will most likely continue to be effective, to a 
degree. It would, however, seem unreasonable to assume that 

these functions ever could explicitly direct every decision, 
which in and of themselves need to consider an ever changing 
set of requirements. Actors within the product development 
process have to be able to adapt to the specific circumstances 
available and be able to contribute to not only the development 
of products, but the development of processes, methods and 
tools that in the end should support them. In order to do that, 
actors within the product development process need to 
understand the purpose of the demands put on them, understand 
their role in the product development process, the product 
lifecycle and the implications that their decisions inevitably will 
have. In light of the challenges identified, it is the belief of the 
authors that actors need the opportunity and responsibility of 
making decisions within the realm of their expertise, an 
understanding of how their decisions will impact others, the 
resources to carry out their work based on downstream 
implications and the support to see it through as effectively and 
efficiently as possible. 

The study indicates that there are limitations in terms of 
motivation, resources and support for insight, understanding 
and consequent consideration to downstream implication of 
design decisions made. This being said, there are company-
internal examples today which show that purposeful and 
considerate information exchange is achievable without any 
additional resources or support. Ongoing method development 
efforts to improve module documentation are in fact based on 

Figure 3. CAD embedded tool for automated and supported design capture (left) and an automatically 
generated web browser view of the current design (right). 
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designer initiatives to improve their own process. There are also 
examples of driven engineers willing to gain a better 
understanding and actively consider the implications of their 
decision. It is the opinion of the authors that the motivation to 
contribute, to acquire insight and understanding of downstream 
product development needs, the reasons for these needs and the 
implications of choosing to adhere to these needs or not, ideally 
should come first. Methods, systems and tools should, once 
there, support design and information exchange by making it 
more effective, efficient and intuitive. Support in terms of 
methods and tools should not replace the pursuit of process 
insight and understanding. Nor should it replace purposeful 
design decisions and communication. It should, instead, support 
and simplify the process itself.  

The question is whether methods, systems and tools, which 
are integral aspects of the process already, might serve to 
further illuminate the process, justify efforts made, maximize 
purposeful support and thereby minimize the efforts required to 
better consider downstream implications of decisions made. It is 
the opinion of the authors that it can. The set of tools for 
information exchange and design support presented in this 
paper serves as one example of how the authors believe that this 
can be approached. The primary purpose of integrating design 
decision capture into the CAD system itself is to ensure that the 
designer has the means to capture design decisions as these are 
made and where these are made. Once captured, the sequence 
of design decisions can serve as a foundation for future 
understanding, as educational material or as a step-by-step 
instruction for future design, available within the design 
environment or represented in other suitable formats. One 
should, however, not underestimate the time required to develop 
and maintain customized methods and tools tailored to specific 
users and use cases, nor the importance of having users with the 
commitment and resources to actively participate in method and 
tool development. This much is clear from the experience of 
tool and method development at the company, as well as from 
on-going implementations highlighted in section 5. Future work 
will continue the exploration, implementation and evaluation of 
methods and the set of tools for information exchange and 
decision support. 
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ABSTRACT 

New business models and more integrated product development processes 
require designers to make use of knowledge more efficiently. Capture and reuse 
are means of coping, but support, techniques and mechanisms has yet to be 
sufficiently addressed. This paper consequently explores how Computer-Aided 
technologies and a CAD model-oriented approach can be used to improve the 
efficiency of design module capture and representation for product family reuse. 

The first contribution of this paper is the investigation performed and a set of 
identified challenges related to design capture and representation for reuse in 
product family development. The second contribution is a demonstrated and 
evaluated set of systems (CAD and PLM) and tools (CAD toolbox, Web-
application) which exemplifies how these challenges can be approached. Efficient 
design capture is achieved by a combination of automated and simplified design 
capture, derived from the design implementation (CAD model definition) to the 
extent possible. Different design representations can then be accessed by the 
designer using the CAD-internal tool interface. A web-application is an example 
of more general purpose representation to tailor design content, all of which is 
managed by a PLM system. Design capture is based on a modular view block 
definition, stored in formal information models, management by PLM, for 
consistent and reliable design content. It was, however, introduced to support the 
rich and expressive forms of capture and representation required to facilitate 
understanding, use and reuse of varied and increasingly complex designs.  

A key element in being able to describe a complex design and its 
implementation has been capture and representation of a set of design states. The 
solution has been demonstrated to effectively be able to capture and represent 
significant portions of a step-by-step design training material and the 
implementation of complex design module through a set of design decision taken. 
The validity and relevance of proposed solution is strengthened by the level of 
acceptance and perceived value from experienced users, together with the fact 
that the Company is implementing parts of it today. 

INTRODUCTION 

Information exchange is becoming more and more important as modern manufacturers 
increasingly rely on integrated product development (Rauniar et al. 2008) and Concurrent 
Engineering (Eppinger et al. 1994). This would generally imply overlapping activities, both 
frequent and bilateral exchange of preliminary information (Krishnan et al. 2011; Clark et al. 
1991) and gradually refined work. Chandrasegaran et al. (2013) point out that “Designers are no 
longer merely exchanging geometric and mathematical data, but more general knowledge about the design and the 
product development process, including specifications, design rules, constraints, and rationale. At the same time, 
the perception of what constitutes a product, product development and the product lifecycle has 
been and still is gradually changing. The Functional Product (FP) is only one example of such a 
change, in this case providing an agreed upon function to a customer, while guaranteeing an 
agreed upon level of availability (Lindström et al. 2014) or productivity. The result is an even 
more complex development process and a greater need than before, “... to coordinate, monitor, control 
and share information as well as to communicate properly among the parties involved in the process.” (Lindström 
et al. 2012). Heisig et al. (2010) similarly argue that, changes in business models towards life-long 
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product support and service, together with continuous pressure for efficiency improvements 
require designers to make use of knowledge and information more effectively and efficiently. 
Capture and reuse is a means of coping, but support, techniques and mechanisms has yet to be 
sufficiently addressed (Heisig et al. 2010; Camba 2014). Significant aspects of product 
development and the product lifecycle are, however, supported by Computer-Aided technologies 
(CAx) today. In addition to increasing out-of-the-box capabilities, these technologies increasingly 
provide APIs and open object models (Elgh et al. 2005), which in turn enable users to tailor them 
to their unique requirements. Still, Salehi et al. (2011) argue that, “although very accomplished, many 
modern and capable CAD-systems are not able to capture the intention of the design experts totally and 
unmistakably.” This might be one reason as to why “approximately 90% of organization memory exist in 
the form of text-based documents” (Kim et al. 2007). Information management could as such arguably 
be considered document management. Issues which such a view arise when, as studies show 
(Lundin et al. 2014), requirements and formal review is placed on a specific documents existence 
rather than the information it should contain and the purpose it should serve. 

Investigations (Lejon et al. 2013) show that a company may produce a considerable amount of 
product information (documentation), spread over multiple and heterogeneous sources. The 
documentation process might constitute a recompilation of already existing information, whether 
from another document or from the CAx-model definition itself. Re-purposed documentation 
might serve different users and use cases, but it is generally not considered value-adding. 
Documentation as an activity tends to be performed once the design is finished, and will, together 
with the digital design definition (CAx-model definition) at this point be the primary foundation 
for design understanding. Camba et al. (2014a) similarly argue that designers need proper 
documentation to remember all model changes. This all means that lack of information or 
limitations in documentation effectively could limit the use and potential reuse of the designs to 
which it refer. Nergård et al. (2009) does, however, argue that the problem may not only be a lack 
of information but the search and retrieval of that information. Research (Kim et al. 2007) shows 
that, designers may not be aware of existing information, or for that matter, be willing to disrupt 
their work to search for it. Bracewell et al. (2009) in fact argue that “answers generally make little sense 
when separated from the issue they are addressing and arguments make little sense when separated from what they 
are arguing about”. Bergmann (2002) state that, “knowledge must be integrated into the workflow and the 
task-specific context”. Elgh et al. (2005) argue, in similar fashion, for “a user interface tailer-made for the 
specific company, task and product”. Chandrasegaran et al. (2013) finally conclude that “there is an 
increasing need to make computer support tools more designer-centric”, and to capture knowledge more 
effectively. Capture of such knowledge can be automatic or based on some degree of user 
intervention. Shum et al. (2006) argue that automated capture of, for instance, design rationale is 
very challenging. Szykman (2001) on the other hand argue that the success of manual or user 
intervention-based design rationale capture has been limited, and point to a reluctance to spend 
time annotating their designs. The answer might, as it so often does, be balance of the two, and 
would arguably have to consider both the efficiency of such capture and motivate the level of 
user intervention required. Chandrasegaran et al. (2013) argue that “CAD systems of today have 
evolved to an extent that they no longer are restricted to a geometric rendering of the design, but are capable of 
supporting richer and more diverse data associated with the product.” These technologies or environments in 
which users perform their tasks should therefore hypothetically serve as the proper context for 
such tailored support. The question is not necessarily what Computer-Aided technologies provide 
in terms of support out-of-the-box, or necessarily alone. The question these authors pose is, what 
role can and should these play, given proper customization, in order to support modern product 
development needs for efficient design capture, representation and reuse? There is, a range of on-
going research efforts, which in their own rights and ways can be argued to address this question. 

RELATED RESEARCH 

DRed (Bracewell et al. 2003) is a stand-alone tool for design rationale capture. It relies on a tree 
or directed graph model where nodes are linked together. The fundamental node elements are 
‘issues’ which can have multiple solutions, each one with pros and cons. DRed (Aurisicchio et al. 
2013) has through the years been gradually extended to include diagram templates to support 
projects and processes. DRed also support two types of information objects, those generated in 
DRed and those created by other tool but which are linked into DRed. Links to external files, 
such as CAD, are bidirectional and can reference bookmarked content in e.g. MS Office 
documents. McMahon et al. (2006) propose an approach which should serve to facilitate multiple 
engineering (disciplines) viewpoint of a semantically marked up 3D model. Markup, defined as to 
“add extra information to an information entity” is captured using a user-defined object in the CAD 
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system. The user-defined object is effectively a holder of numeric or textual content and a non-
geometric entity which can be associated to different model entities. They also propose to 
integrate the marked up 3D model with an XML representation outside the CAD environment 
for external processing and use. The intention is to allow XML content to be repurposed or 
represented for different viewpoints. The approach was implemented in what they termed 
LIMMA (Ding et al. 2009), which include a set of CAD internal and external markup tools 
(Adobe Acrobat or implemented stand-alone tool). The CAD internal dialogs for markup does 
capture information in both the model and in external markup documents (XML), while the 
external tools rely on markup documents capture with a reference to the CAD model file. Markup 
association to geometric entities is based on entity names, and rely on either a previously 
established snapshot of the model with labelled entity names or a solution to the persistent 
naming problem in between exported lightweight representations and the native CAD file. Other 
applications of the same fundamental annotation or markup approach include; capture and trace 
of design constraints by Ding et al. (2011); and annotations managed by an ontology-based model 
(Li et al. 2013). Sandberg et al. (2007) propose the use of 3D annotated CAD models. These 3D 
annotations, generally intended for Product and Manufacturing Information (PMI) was shown to 
be able to facilitate design capture and representation of a more general and flexible nature. A 3D 
annotation could specify the design and its rationale, and it can contain plain text or be a 
hyperlink to other sources of information. Hisarciklilar et al. (2007, 2009) propose and 
demonstrate a stand-alone tool for collaboration around 3D models, facilitating view and 
annotation of VRML models. An annotation is proposed as a combination a (3D) symbol - for 
example an arrow pointing at the CAD model - and text - managed through separate interface 
dialog. Annotation meta data is captured and managed in XML files. Annotations are classified in 
either ‘solution propositions’, ‘clarification’ or ‘solution evaluation or validation’ in order to 
support effective communication. Elgh et al. (2012) propose an approach for modelling and 
management of product knowledge in design automation systems in order to, for instance, 
support reuse, expansion and management of product family building block. Key building blocks 
for the design automation are CAD models and rules, termed ‘knowledge objects’. The 
automated design process has been modelled and broken down into a set of four different 
documentation templates or ‘descriptions’, each one tailored to different sub-processes. These 
descriptions should serve to facilitate high quality documentation efforts and to define process 
outputs and its rationale. A description is a form container which relate, link and allow tracing of 
‘knowledge objects’, ‘descriptions’ and ‘meta-knowledge carriers’ (product/process 
documentation and files) generated during the product development process. The pilot for the 
approach has been implemented using a Semantic Media Wiki solution. In related, but more 
CAD-model oriented efforts, Johansson et al. (2014) propose and demonstrate a solution 
providing capture and access of design rationale across software using on a cloud-based 
approach. The implementation facilitates association and travel in between file internal content, 
such as CAD entities (e.g. a dimension), Excel cells and Word bookmarks. Selection and 
modification in a system immediately highlight and update corresponding content in others. 
Siltanen et al. (2013) present a prototype of what they call web-based 3D mediated 
communication, combining browser-to-browser exchange and synchronized 3D model 
orientation. Documentation brought up during a session will be associatively captured with the 
active component, as will any chat exchange taking place in that context. Bertoni et al. (2014) 
proposes color-coded 3D models for value visualization, and rely on the native CAD 
functionality to for its implementation. Camba (2014b) has developed an annotation-based 
approach for design intent capture and representation. He argues, based on experiments 
conducted, that annotation is a viable and effective means of communicating design intent. A key 
component in the prototype is an “Annotation Manager”, which (automatically) synchronize 
CAD model internal 3D annotations with external XML representations. Camba et al. (2014a) 
argue that “interface simplicity and integration with existing tools are crucial factors for the successful 
implementation of design annotations”. The CAD internal “Annotation Manager” does accordingly 
serve to simplify filtering of annotation based on explicit selection, classification and associative 
feature-selection. The approach still, however, rely solely on the native 3D annotation 
functionality of existing CAD-software, requiring the user to insert and properly format all 
annotation meta data in the single text string that effectively represent the annotation. 

There are stand-alone tools or management solution (Elgh et al. 2012; Hisarciklilar et al. 2009; 
Aurisicchio et al. 2013; Siltanen et al. 2013) which treat the CAD model as a file that can be 
accessed and, to which meta-data can be associated. A few (Ding et al. 2009;  Johansson et al. 
2014; Bertoni et al. 2014) associate meta data to entities of the geometric boundary 
representation, while others promote the use of 3D annotations (Sandberg  et al. 2007; 
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Hisarciklilar et al. 2009; Camba 2014b) to visually capture and represent meta data in the context 
of the 3D model geometry. There appear to be, at that, a general consensus that CAD models 
and even the CAD system, is only a part of the equation, and should therefore not be the only 
perspective from which information is captured, managed and represented. There are several 
approaches and ways of modelling and supporting the complex information needs of modern 
product development process. Each approach propose their own solutions for information 
storage, management and bi-directional links in between e.g. product and process documents, 
CAx models and a range of meta-data. Some forms of meta data are gaining increasing attention, 
including design rationale (Lee et al. 1991; Bracewell et al. 2003; Sandberg et al. 2007; Elgh et al. 
2012; Johansson et al. 2014) and design intent (Iyer et al. 2006; Camba 2014b). A conclusion 
drawn, based on the literature review presented in this paper, is that the geometrical boundary 
representation (3D model definition) together with required specifications should serve to answer 
the question of what the design is. Meta data such as design rationale and design should then 
support understanding, use and reuse by answering questions such as how it was designed and 
why. Efforts made are directed towards the design solution (form, function …) and how it relates 
to the product development process. Efforts are arguably not, at least directly, targeting efficient 
capture and representation of the implementation (CAD model) of such a design solution. An 
abstracted and functional design solution may be subject to reuse, given an understanding ideally 
provided by meta data such as previously described. This meta data can, and at times likely should 
be provided irrespective of a specific CAD model definition. The potential reuse of the design 
implementation on the other hand, without an understanding of its inherent complexity, will be 
hard to approximate and achieve, assuming it is possible in the first place. Facilitating design 
implementation reuse would arguably require an understanding of the inherent capabilities and 
limitations of the modelling approach and built-in parametric relations or dependencies. Not 
being able to effectively and clearly capture the implementation and how it is built up, will in turn 
make it even more difficult to answer the question of why a design is implemented the way it is. 
Existing solutions are therefore argued to not sufficiently support the efficient, structured, yet 
rich and expressive design capture and representation required to support understanding, use and 
reuse of complex design modules in modern product development. Research does, at that, 
emphasize simplicity, integration of tailored support in existing tools, user-centric and effective 
capture and reuse (Elgh et al. 2005; Heisig et al. 2010; Chandrasegaran et al. 2013; Camba et al. 
2014a).  

This paper features an integrated set of systems (CAD and PLM) and tools (CAD toolbox and 
Web-application), built around a CAD model-oriented approach to design capture and 
representation for reuse. The developed and evaluated solution, consequently serve to 
demonstrate how structured, yet rich and expressive design capture and representation for reuse 
can be approached. 

RESEARCH APPROACH 
The overall research approach used has been inspired by the Design Research Methodology 
(DRM), and in particular the concept of alternating stages of a descriptive and prescriptive nature 
(Blessing et al. 2009). These alternating studies should, in simple terms, serve to (a) describe the 
situation as it is, to (b) prescribe solutions which serve to improve the situation, and then (c) 
describe the new situation given prescribed solutions. Industrial investigation served to 
corroborate and complement established needs within academia, and did eventually; serve as the 
basis for implementation and evaluation of the demonstrated solution. The first descriptive phase 
was the most extensive, since the “development of support that is intended to improve design is 
likely to be far more efficient and effective if design is better understood.”  (Blessing et al. 2009). 
Investigations included data collection, analysis, dissemination, revision and verification. This 
process was iterated until those involved could stand behind the established process and 
identified needs. Process investigations in turn served as the basis for specific case selections. The 
cases included a product model and associated information (documentation) required to 
understand, use and reuse it downstream. Prescriptive stages, then in general included proposal, 
development and demonstration of solutions which serve to address identified needs. In practice, 
however, the approach is likely best described as an iterative process of shorter descriptive and 
prescriptive stages. This approach served to allow stakeholders to help revise or verify findings, 
contribute to development and evaluate solutions. Data is a prerequisite for a successful 
investigation; it serves as input prescribed solutions and it the basis for subsequent evaluation. 
The following sections therefore expand on the data types acquired and methods used to acquire 
them. 
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Data Collection 
Data of a primarily qualitative nature was gathered in order to identify, gain insight into, and 
understand the products, processes and underlying needs at the Company. Data sources have in 
addition to interviews been cross-functional workshops, documentation and participant-
observation. Accuracy and validity of gathered data related to the Company process and was 
approached through triangulation of multiple and potentially biased sources of evidence (Yin 
2009). Triangulation included various sources of information, such as interviews with personnel, 
observations and acquired documentation, but also multiple instances of each source. Cross-
functional workshops served as the starting point and the Company investigation. Cross-
functional workshops can be described as a combination of moderated group interviews and 
work meetings for individuals with different perspectives and responsibilities. Workshops served 
to inform relevant personnel of the nature and aim of the research, to explore and identify the 
problem domain and to engage those who likely are to be interviewed, observed and ultimately 
would benefit from the work. The mixture of product development perspectives and experiences 
did also served as a forum in which findings and prescribed solutions could be disseminated, 
discussed and eventually verified. Interviews were the primary data source. Each interviewee was 
initially given a short introduction to the general scope of the research and was then allowed 
relatively free rein to describe their situation and everyday challenges. The interviews had an 
open-ended nature (Yin 2009) in order to allow the interviewees to go into areas which may not 
have been previously known or considered relevant. Interview preparation and guidance fell 
somewhere between unstructured (Yin 2009) and semi-structured (Bell 2005). This essentially 
meant that there was a moderate amount of prepared questions for each interview, in order to 
encourage the dialog and gently guide it enough to stay relevant. Multiple interviews did, together 
with observations and identified documentation serve to corroborate or complement the data 
acquired from each individual interview, thereby increasing its accuracy. Documentation first of 
all served to corroborate (Yin 2009) and further clarify data received through interview. Secondly, 
documents did provide a historical account of processes and decisions, and it did by its very 
nature depict design capture and representation for reuse at the Company. Documentation ranged 
from partial and informal deliveries in-between different product development functions to, 
formal documentation made available through managed repositories. Participant-observation 
differs from ordinary observation in that the observer is no longer passive, and may even be an 
active participant of what is being studied (Yin, 2009). There are naturally both potential upsides 
and downsides with active participation, which is why Yin (2009) encourages careful 
consideration before use. On the positive side, it did allow one of the authors to get an inside 
view of events over just short of two years. It may, however, also increase the risk of bias and 
distraction. 

Data Analysis 

The approach to data analysis did align with the three principal activities outlined by Miles et al. 
(1994), in (a) data reduction, (b) data display and (c) conclusions and verification. Once collected, 
all data was reviewed and reduced. Earlier stages of the investigation arguably reduced less 
information than later stages. The reason for this was a more limited understanding of the 
Company and the value of data during earlier stages. The bases for reduction was a combination 
of perceived value, research scope, the interpreted weight of data origin, the number of sources 
verifying individual data and eventually gut feeling. Data display did constitute categorized, 
organized and visualised data. Display formats ranged from process maps to lists of; deliveries 
with author, consumers, keywords, definitions, software and applications used. Extensive 
whiteboard landscapes did, in addition, facilitate better overviews and a way to logically connect 
data of various natures. Reduced and displayed data made for a better foundation for conclusions. 
Any conclusion was, once drawn, however not yet verified. An important step throughout 
investigation has, therefore, been dissemination. Dissemination has taken place in different 
formats and forums, and included conclusions drawn together with the data gathered, reduced 
and visualized. Workshops, dissemination of documentation, individual interviews and regular 
meetings with an established reference group at the Company served as forums for such 
discussion and verification. Received feedback from dissemination activities then served to verify 
conclusions drawn, or as a foundation for revision. 

Prescription and Implementation 

The prescription process has been an iterative process of prescribing gradually refined solutions 
based on established challenges and end-user input. Implementation has essentially served to 
realize principle approaches proposed to the extent that they could be demonstrated and 
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evaluated. The demonstrated set of tools are built around a CAD model-oriented approach to 
design capture, representation and reuse, and has been realized using customization of 
Commercial-Of-The-Shelf (COTS) Computer-Aided technologies (CAD and PLM). 

Evaluation 

The process of evaluation could be argued to correspond to a descriptive study applied to a 
situation now changed by prescribed a solution. It has been a process that relies heavily on user 
involvement. An iterative process of prescription and user feedback, both with users individually 
and in cross-functional workshops, allowed the solution demonstrated to gradually emerge. Tool 
evaluations have always been conducted at the workstations of the users involved and have to the 
extent possible involved tasks designed to resemble those regularly performed. The primary 
measurement of a prescribed solution’s success in the DRM approach (Blessing et al. 2009) is a 
set of initially established success criteria. Criticism of success criteria as advocated in DRM has 
been presented by Eckert et al. (2004), argue that, “first, that designing studies around success criteria is a 
mistake, and second, that qualitative metrics and success criteria are of limited utility in evaluating the success of 
introducing new tools, methods and procedures into design processes in industry.” Buur (1990) raise similar 
concerns related to verification, in that; “the classical verification of design methods demands that their 
application to the practical design of artifacts be successful. Two factors make such design experiments unrealistic: 
The first is that the design process is stochastic in nature, i.e. a new design method may raise the probability of 
success, but does not guarantee it. The second is that the number of influencing factors is extremely large, which 
makes precise repetition of an experiment virtually impossible”. Eckert et al. (2004) argue that the 
perception of value and acceptance by the users in industry is the most useful success criterion 
for procedures and methods. The solutions proposed in this thesis have consequently been 
evaluated based on the principles of verification by acceptance and perception of value (Buur 
1990; Eckert et al. 2004). It is, however, important to realize that acceptance of a prescribed 
solution, and likely also its perceived value, can depend on a user’s willingness to accept an 
approach, the complexity of the approach, and the pedagogic presentation of that approach (Buur 
1990). 

AN AUTOMATED PRODUCT FAMILY DEVELOPMENT PROCESS 
The Company studied is a developer and manufacturer of tools and tool holders for the metal 
cutting industry. The Company develops to a large extent product families. A product family is 
essentially a range in which specific product instances of similar nature can be derived. Jiao et al. 
(2007) review the concept and state-of-the-art of product families. Studies have focused on 
product family development process, as depicted in Figure 1. The employees consulted during the 
investigation represented, but was not limited to; product (portfolio) management based on 
business plan and market insight; project management; development and prototyping of product 
solutions; preparation and formalization for automated design, manufacturing and measuring; 
development of the programs that govern automation; and system development. Figure 1 present 
an overview of the product family development process coverage of the investigation, 
highlighting process stages, activities, repositories and deliverables. Stages in figure 1 denoted as 
(1-4) represents the stages of a product family development project, which is managed by a 
project manager. Multiple deliveries of similar nature to and from activities in stage (3) and (4), as 
depicted in Fig. 1, does not necessarily represent the actual number of deliveries, nor their relative 
size or importance. It is simply a representation of the fact that multiple deliveries take place over 
time, to some extent with a gradually refined nature. The process is also becoming increasingly 
concurrent, for instance resulting in more and more preparation and formalization for automation 
(3) during the prototyping (2) stage. Knowledge development projects (X) are initiated if the 
knowledge foundation is not deemed enough to initiate a product development project. The 
output from a knowledge development project is input for one or several product development 
project(s). 
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Figure 1: Product family development process, highlighting process stages, activities, 

repositories and deliverables. 

Each product family has its own application range. The range is governed by a set of parametric 
design modules and, in extension, the range of application for each module and the way in which 
these can be combined. The Company rely on automated product instantiation, a process which 
at run time selects, modifies and combines design modules based on customer-specified input 
parameters. The process generates a complete tool just as if it had been created interactively. It 
can in addition generate 2D drawings and 3D representations for sales and customer evaluation, 
along with complete specifications and programs for subsequent manufacture, measurement and 
marking. Once the product family development is done, the customer can, through a sales-
person, specify a product and automatically get a quotation based on their particular needs. The 
complete foundation for subsequent manufacture and measurement is generated if and when the 
quotation is accepted, or in order to build up stock. This automated process is an essential 
component in realistically providing customers with an entire product space to choose from. The 
alternative, developing each unique product instance on demand would not be feasible in most 
cases, given the variety and number of unique orders. This makes the development process longer 
than that of a single product. It will, however, ideally be shorter than the cumulative time required 
to develop all product variations that customers are expected to request over the life of the 
product family.  

The automated process naturally places higher demands on the design modules that are to be 
combined into products, and it often results in a two-part design phase. The first phase generally 
includes functional concept development, prototyping and essentially serves to verify the 
performance over the product family range. The second phase serves to break down the product 
space into design modules and make sure that these all support downstream programs for design 
(CAD), manufacturing (CAM) and measurement (CMM). Design modules are typically classified 
or grouped by general functionality, and could for example include; the coupling geometry 
towards the machine, screws, pockets or coolant channels. A design module class can in turn 
require a number of design module variations to cover the entire product space. Design rules are 
then the means by which designers effectively specify which design modules to use, when to use 
them (select), how these should be parametrically modified (modify) and where to position them 
(position). The combination of design modules and design rules should effectively be able to 
describe every single product family instance in the product space. 

 Design Modules: Supporting modular reuse 

Design modules can effectively be seen as means by which complete designs can be packaged 
into manageable and reusable design elements. Elgh et al. (2012) identified what they consider 
three tasks essential to product family building blocks, such as the design modules in question, 
namely Reuse, Expansion and Maintenance. Expansion and Maintenance could, in turn, be argued to 
be enablers for maintained or even expanded reuse. There are two types of design modules in use 
at the Company today, depicted in Figure 2. They are both at their core CAD model parts, with 
the extension .prt in the CAD system used (Siemens PLM Software NX, 2015). Their respective 
implementation will, however, affect how each in turn can be used and reused. 

The first type of design module is the standard design ‘Part’. Although parametric, it is used as a 
component in assembly structures without any parametric modification over the product family 
space. All components are instances, pointing back to the same original part, which effectively 
would means that changes made to the original part would also be populated to every other 
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instance. The second type of design module, defined as a User-Defined Feature or ‘UDF’ in the 
CAD system (Siemens PLM Software NX, 2015). The User-Defined Feature can be explained 
as a set of design features with built-in logic and external dependencies. This type of design 
modules can be modified as it is instantiated in order to serve the specifics of the reuse case. Both 
types of design modules can naturally be parametric, this type however, severs its connection to 
the original part once instantiated, as depicted in Figure 2. This effectively means that a design 
module can adapt to the context in which it is placed, without affecting every other instance, past 
or future. 

 
Figure 2: The two types of Design Modules used at the Company, and how their characteristics 

vary with use. 

The Company uses a combination of these types of design modules today. The trend, however, 
goes towards User-Defined Features. An ordinary feature within a parametric design can have 
dependencies to other features and may allow some for user input in the form of feature 
parameters, as depicted in Figure 3 (left). 

 
Figure 3: Comparing standard features and User-Defined Features in terms of dependencies and 

parametric control. 

Modifications made to F1 or F2 in Figure 3 (left) could consequently have implications on Fn, 
based on the modifications (parameters) made and the specifics of the dependency chain. The 
User-Defined Feature, represented on the right hand side in Figure 3 (right) essentially rely on the 
same principles. It is defined through its content, which in turn could be “any” number of 
features. Each feature included in the User-Defined Feature during definition can in turn have 
dependencies outside, as well as controlling parameters. Dependencies to outside features will 
automatically be translated to input requirements for future instantiation (reuse), while internal 
parameters are available for user-defined exposure during the User-Defined Feature definition 
process. User-Defined Features is arguably the one with the highest reuse potential. It is however 
also the most challenging to create, understand, use and reuse. This parametrically used design 
module will consequently be the primary focus for the remaining discussion. 

IDENTIFIED CHALLENGES: DESIGN MODULE CAPTURE AND 
REPRESENTATION FOR PRODUCT FAMILY REUSE 
This section presents a set of identified challenges which relate to the complexities of design 
capture and representation for reuse in product family development at the Company. The design 
module definition, its corresponding documentation and its implications in terms of 
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understanding, use and reuse in product family development has been the core focus during later 
stages of the investigation. It will consequently also be the stand-point from which the following 
challenges are discussed and exemplified. 

Design module reuse is a cornerstone in the automated and product family oriented process at 
the Company. There is, however, a difference between reuse within product families and in 
between product families. Reuse can in practice vary over degree of completeness (Bergmann et 
al. 2002) and level of abstraction (Busby 1999). In other words, from complete to partial reuse 
and, from higher levels of abstraction (concepts/solutions) to lower levels of implementation, as 
depicted in Figure 4. 

 
Figure 4: Reuse space in terms of degree of completeness and level of abstraction 

The design module documentation is, together with the design module (CAD model definition), 
effectively how a designer ensures that the potential use and reuse of a design module is 
understood and consequently realized. Design modules and the product families which these 
modules serve to build up, each have their own respective documentation. The design module 
documentation should describe the module, its internal logic, required input, generated output 
and essentially its solution-neutral application range. The informational content is, however, to a 
large extent already available within the CAD model definition. The product family 
documentation on the other hand contain and describe the design rules and design modules 
required to build every single product instance of the product family. The product family 
documentation is the formal delivery and foundation from which design programmers establish 
the programs that the automated process relies on. Documentation serves an apparent need, it 
does however require designers to spend a considerable amount of time creating and managing 
external documents for design modules and product families.  

Investigations conducted at the Company identified five specific challenges related the efficiency 
of capture, representation and reuse in product family development. 

● When design for application specific use impedes reuse, elaborates on the implications that design 
efforts directed towards direct use can have on potential reuse. 

● Flexibility in design for automation - a double edged sword, elaborates on the needs and risks 
with designer flexibility in design and documentation. 

● When guidelines turn into absolute restrictions, address the risks that, even conscious efforts to 
guide or support future reuse might have. 

● Consideration to use and reuse - contribution or waste of time, address how reuse return is not 
necessarily validated against the efforts required to facilitate it. 

● Insight and understanding - downstream implications of decisions made discusses issues related to 
insight and understanding. 

These challenges, listed below, where originally presented by Lundin et al. (2014), but have since 
been extended. The following sections will discuss each challenge in more detail. 
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Challenge 1: When design for application specific use impedes reuse 

This challenge refers to the potential implications that design efforts made to support direct use 
(product family internal reuse) can have on potential reuse (product family external reuse). Use 
can, in the context of design for automated product families at the Company, be considered 
intended and product family internal reuse. Reuse would then, be potential future product family 
external reuse. Design modules are primarily developed for individual product families, even 
though general guidelines dictate consideration to reuse in-between product families. The primary 
justification for designing modules to the point of impeding reuse is to support immediate use. By 
embedding more family-unique rules and logic within the design modules themselves, the 
designer minimizes what needs to be captured, exchanged and effectively what has to be rewritten 
in a subsequent design program for automation. Since the designer is the one establishing the 
rules governing how these modules should be used over the product family space, it is also argued 
that the designer is better suited to implement these rules. Decisions made in favour of either use 
or reuse is to a degree made by individual users, and consequently varies with them. Investigation 
does show that there are clear dependencies between the modular design approach taken, 
documentation required and implications in terms of reuse, as depicted in Figure 5. The graph 
should serve to visualize the observed dependency in between design module complexity, 
documentation and, in general terms, how these affect reuse. 

 
Figure 5: The relative dependency between the level of built-in design module complexity (left-vertical), the number of 
design modules (bottom-horizontal), product family internal reuse (left-vertical) and product family external reuse (top-

horizontal). The diagonal line, which effectively also represent the relative document distribution, is used to map one axis 
value to the others. 

The first step to finding the implications of, for example, a high level of built-in design module 
complexity (vertical axis, left hand side) is to trace it at a right angle until we cross the diagonal line, 
as depicted in Figure 5. The diagonal line then serves two purposes, and it is important to note 
that it should not be used to derive anything but general (relative) dependencies. The first 
purpose is to depict the relative requirements distribution in between design module 
documentation and product family documentation. The second purpose is to map values from 
axis to axis, by tracing towards the diagonal line and then back out at right angles. 

A high level of built-in complexity will, as the graph depicts, likely reduce the number of design 
modules (bottom horizontal axis) required to represent the complete product family space. It can 
simplify and effectively increase product family internal reuse (right vertical axis) and 
communication (product family documentation). It will in practice, however, also reduce the ease 
and likelihood of product family external reuse (top horizontal axis). In other words, highly 
specific and complex design modules may be harder to fully understand, requiring more extensive 
documentation (design module documentation), and will likely require significant modification for 
wider application and product family external reuse (top horizontal axis). On the opposite end of 
the spectrum we have design modules with little to no built-in complexity. These design modules 
tend to be generic and are as a principle more applicable for reuse. Having said that, a very 
generic design module does not necessarily mean that a user will be able to easily see how it can 
be reused. This approach requires a significantly higher number of design modules (lower 
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horizontal axis) in order to cover a similar product family range. It will therefore, also, correspond 
to less product family internal reuse for each design module. A less complex design module will, 
however, be easier to understand and require less extensive design module documentation. The 
extent and combination of design rules and design modules that needs to be documented 
(product family documentation) for the design programmer on the other hand increase 
significantly. 

Bergmann (2002) highlight similar issues for electronics design, where design reuse, partial or 
complete design reuse, has become a must, but where the growing complexity of reusable designs 
is making them increasingly difficult to understand. This does, according to Bergmann (2002), 
make the reuse process more knowledge intensive, and in turn require general design knowledge, 
awareness of existing designs and an understanding of how existing designs can be adapted to 
current needs. In a study (Elgh et al. 2010) similar to the one conducted behind this paper, they 
find that a company likely could improve their reuse through improved documentation, and 
highlight the importance of such documentation being easily done. Investigations (Busby 1999) 
list a number of engineering factors, such as constraints imposed by other components, and 
conclude that; “Part of the reuse problem was that these factors made solutions unique, the more constraints a 
component received, the less likely it could meet constraints in different applications.” 

There is likely no ideal point in the graph at which the design modularization can be said to be 
optimal. Experience users at the Company at least agree that it does not lay at any of the 
extremes. The ideal level of built-in logic will likely vary from design module to design module 
and product family to product family. The choice should ideally, however, be made with regard to 
likely downstream implications. 

Challenge 2: Flexibility in design for automation - a double edged 
sword? 

The view on flexibility in design module definition and documentation differs between the 
creator and the recipient, for example, between the designer and the programmer. Interviews with 
designers show that a richness and flexibility is considered valued aspects of, in part the 
development, but even more so in how it is communicated (documented). It allows adaptation to 
the specific circumstances surrounding the actual module or product family, while allowing each 
one to adhere to the format and way of working that they are proficient in. Interviews suggest, 
however, that flexibility in design and documentation decrease the likelihood that a module will 
be generally understandable, usable for programmers and be reusable for designers in other 
product family development projects. Design for automated product instantiation is one example 
where flexibility in the design can complicate or even hinder subsequent use and reuse. The 
complexity of the program for automation traditionally increases with an increase in modular 
flexibility. Designer initiatives, which require at least some degree of flexibility, are on the other 
hand a large factor in the development of the modular approach promoted and used today. 
Traditional Office documentation, which is the primary form of communication at the Company 
today, can be argued to allow rich, expressive, simple and flexible capture. At the same time, 
however, such flexibility could increase the risk of the module not being understood, used or 
reused effectively downstream. Capture and representation, somehow, needs to be structured for 
consistent and reliable content, yet support the rich and expressive forms of communication 
required in order to facilitate understanding, use and reuse of varied and increasingly complex 
design modules in product family develop. 

Freedom, as mentioned, not only lies in modular design, but in the documents produced during 
product family development. Whether by own initiative or demand, consideration to use and 
reuse should ideally support understanding, use and ideally reuse. However, even a conscientious 
act of trying to support and simplify future reuse can turn out to be detrimental to actual reuse. 

Challenge 3: When guidelines turn into absolute restrictions 

Design rationale (Lee et al. 1991) is a key enabler for modular reuse but it is generally only 
accessible through direct exchange with the original designer. Accessing the rationale behind a 
design module is as such contingent on that individual being available and able to recall. Not 
knowing the rationale can potentially increases the risks associated with reuse, as the 
circumstances surrounding the original design will not necessarily match those of later reuse. 
Even a conscientious act of trying to support and simplify future reuse by design guidelines can 
end up being detrimental to effective reuse. A guideline that is intended to ensure that a designer 
leaves enough material to preserve the physical integrity of a design, useful as it may be, could 
effectively become an absolute restriction from this point on without any available rationale. 
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Factors such as product demands, intended application ranges, materials or manufacturing 
capabilities ideally go into the design decisions and guidelines made. Without the reasoning 
behind such guidelines, guidelines which are common practice at the Company today, designers 
either rely on established guidelines, knowing that the foundation for it may not be valid, try to 
recreate the foundation for it or start from scratch. 

Design intent (Iyer et al. 2006) is another type of information which is being increasingly 
highlighted in academia and in industry. Design intent, and the extent to which it directly affects 
the parametric dependencies and modelling approach of a design will naturally impact the degree 
to which that design can be reused. Depending on the design implementation, however, there can 
be a difference between how a design is intended to be used and how the actual limitations of 
design in reality limit reuse. Design intent at the Company is implicitly shown in the 
implementation of the design module, by the modelling approach taken. It is, however, also 
shown through classification of design modules, where e.g. file names, repository structures and 
associated documentation are used to indicate intended application. Where the intended 
application of a design module at the Company ideally serve to support reuse, it might also 
effectively reduce the potential reuse if a suitable future reuse scenario fall outside of the intended 
scope or application for which it was originally designed. Classification of design modules is 
based on application area first and the type of design module second. This will effectively limit 
the reuse, since designers in a specific application area tends to focus on “their own” design 
modules, assuming that others are not applicable. Design intent that as such serve to suggest and 
support future application, but not necessarily limit the application, is as such of questionable 
value. It should, either way, be clearly distinguishable from the actual limitations of the 
implementation, which effectively limit application. 

Both design rationale and design intent can prove vital to future understanding and reuse. The 
development process could potentially include millions of decisions (Eppinger et al. 1994). One 
cannot, however, be expected to capture extensive rationale and intent for each one of these. The 
question is what design decisions serve from and likely will require design rationale and design 
intent downstream, as well as how and to what extent such meta data needs to be captured in 
order to support proper use and reuse. It is, in a sense a matter of balancing invested efforts 
towards reuse against downstream value gained. 

Challenge 4: Consideration to use and reuse - contribution or waste? 

The results from the investigation performed paint a picture of documentation as an activity that 
is not appreciated or generally prioritized by designers during development. At least part of this is 
grounded in the view or experience of documentation as a subsequent and separate activity 
following the actual design work. Busby (1999) does, based on investigation confirm this view, 
and conclude that writing and reporting are to easily labelled as ‘non-value-adding activities’. 
Document recipients, such as those responsible for programming for automation, on the other 
hand emphasize the importance of such documentation for their work. Interviews show that 
designers are, at least at the time of the interviews, aware of the purpose and potential benefits of 
documentation, both for direct use and possible future reuse. Questions are, however, raised 
about whether or not potential gains in terms of reuse of modules during consecutive 
development projects and product families in reality will occur. The main rationale for reuse at 
the Company is to reduce efforts required and risk associated with new design, both for designers 
and for downstream processes which are dependent on and continue to build upon design 
deliverables. Reuse is, however, a broad and difficult to measure phenomenon (Busby 1999). The 
first step in the MOKA (MOKA Consortium, 2001) approach is to justify efforts made, before 
these are made. It is generally applied to system- and tool development, as for whether or not a 
product family should be automated or not, knowing either one generally requires a significant 
investment initially. The same kind of reasoning does not, however, appear to be applied for 
modular design reuse efforts. 

Reuse is generally considered good practice and is encouraged at the Company. The actual or 
likely return is, however, not necessarily validated against the efforts required. The graph in Figure 
6 is an attempt to visualize effective and efficient reuse practice. Effective and efficient reuse 
practice could be argued to be where the hypothetical reuse curve, as a result of invested reuse 
efforts, exceed the break-even line (return/investment=1). Reuse return/investment (y-axis) 
represent the ratio of how invested resources (x-axis) yield measurable reuse returns. 
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Figure 6: A graph depicting effective and efficient reuse practice. Effective and efficient reuse practice could be argued to 

be where the hypothetical reuse curve, as a result of invested reuse efforts, exceed the break-even line 
(return/investment=1). 

Resource investments for design reuse include author investments (design, documentation ...), 
consumer investments (efforts required for use and reuse) and any investments required to 
support reuse (systems, processes, methods, review …). Resources spent can, however, naturally 
be allocated more or less effectively. The return should be seen as a cumulative measurement of, 
for example, resources saved, lead-time reduction and quality of work, all of which collectively 
could serve as foundation for profit. One could argue that factors such as work consistency, 
understanding, knowledge transfer, and so on also should be included. If we, however, assume 
that this ratio cover all future return, then such factors should if relevant yield results in terms of 
resources saved, lead-time reduction or quality of work. The principal diagram in Figure 6 
highlight three reuse areas ‘a’, ’b’ and ‘c’, defined by two points ‘p1’ and ‘p2’ at which perceived 
returns can be said to be equal to investments made. The area marked ‘a’ represent the area where 
author and/or consumer investments for reuse doesn’t generate and equal or better return. It 
could be, for example, that the investments made is not enough to understand a reusable element, 
that an element is understandable but the investment required to acquire this understanding is 
greater than the return or, that a reusable element is too specific for broad reuse and/or require a 
disproportionate re-purposing investment. However, efficiently generated content which 
effectively support reuse, with a high investment-to-reuse potential, could be hampered by an 
ineffective support structure. If systems, practices, general direction and support does not 
facilitate effective and efficient reuse, then the investments made by authors and consumers may 
be in vain. At some point, however, represented by ‘p1’, the return actually outweighs the 
investment made. This is the area in which efforts made towards reuse could be argued to be 
justified. The hypothesis is then that there is a point ‘pOpt’ following ‘p1’ at which, given a specific 
set of circumstances, an increased investment no longer yield a higher return-to-investment ratio. 
The return-to-investment ratio will then decrease until we get to the point, ‘p2’, where the reuse 
return no longer exceed or equal the investment made. The area ‘c’ succeeding this point could for 
example be a result of a gradually increasing proximity to the maximum reuse potential, thereby 
resulting in increasingly smaller reuse return from investments made. Finding the area, and ideally 
peak point ‘pOpt’, at which reuse returns compared to investments made are favourable will likely 
come down to long-term experimentation, gradual refinements and a measure of consideration to 
the specifics at hand. The challenge here is to be able to directly and accurately correlate returns 
to specific investments made. It is especially challenging since the cumulative return of 
investment might take years, assuming that they ever truly stop. 

The primary means of support for designers today are established processes, methods, systems, 
tools and documentation. These should all be used to minimize the investments required in order 
to ensure effective and efficient downstream reuse, both for authors and consumers. These 
should, at the same time, serve to maximize the reuse return from efforts made, effectively raising 
the curve (support) in Figure 7. 
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Figure 7: A graph depicting effective and efficient reuse practice. Introduced support should ideally minimize the 

investments required in order to ensure effective and efficient downstream reuse. It should, at the same time serve to 
maximize the reuse return from efforts made, and effectively raise the curve (support). 

Design and documentation for reuse, including design rationale, is an example of a directive 
which may be perceptively easy to set, apparent at the Company. It is relatively easy to justify as a 
principle, but harder to justify on a case-by-case basis, and perhaps even more so to actually 
measure the true value of in the end. There are, in reality, factors which tend to supersede such 
efforts, assuming that the basal requirement for intended use and reuse are met. Such factors 
include short-term resource allocation and lead-time, which in contrast are easy to measure and 
might seem harder to compromise. Company reuse is in practice limited and typically involves 
highly generic modules in their entirety or, partial reuse of existing modules. Partial reuse does, 
however, require an understanding of the module’s internal logic and structure. Consideration to 
downstream use and reuse (author), which is a general directive, just as actively trying to reuse 
(consumer), require efforts made. They will arguably also require a measure of insight and 
understanding of downstream implication of any decision made. 

Challenge 5: Insight and understanding - downstream implications of 
decisions made 

The investigation shows that there is limited insight and understanding as to how individual 
actors and their work within the development process relate to others. This is strengthened by 
other research (Jarrett et al. 2004; Eckert et al. 2004) which find that designers may lack an 
overview of both complex products and processes, and especially struggle in assessing the 
implications that decisions or changes will have downstream.  Resources that potentially support 
insight, understanding and consequent consideration include e.g. established processes, methods, 
cross-functional project teams, dedicated process resources and explicitly defined stage interfaces 
or deliverables. The question is to what extent all available resources for process insight and 
understanding in practice contributes to the everyday decision made. Inquiries reveal that there 
would be individual motivation for gaining a better understanding of the process, methods and 
overall downstream implications of decisions made. The primary arguments against putting it in 
practice are lack of time, not knowing where to turn and not being able to justify additional effort 
required against other pending tasks. Given the uncertainty of downstream gains and a lack of 
understanding as to why efforts should be made, then it is not inconceivable that users and 
managers may choose to focus on short-term proficiency in the area which they know.  

There are several process-oriented functions responsible for development, education and to an 
extent promotion of design processes, design methods and tools for maximized downstream use 
and reuse, at the Company. A core motivation behind design methods is to ensure that design 
modules developed are applicable to in downstream product family automation. Promoting reuse 
in and between product families and application areas is another objective from methods 
established. An established design method is, based on discussion with both developers and 
experienced users comprehensive and effective, given proper application and the investments 
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enough to become proficient. However, certain issues with or reasons for hesitancy in using 
established methods exist. There are indications that the choice to go outside of the established 
design method can be grounded in a limited understanding as to why a standardized and, to a 
degree unified method should be followed. Recent efforts at the Company have, however, been 
made to clarify the purpose behind the method and to support in its application during initial 
stages of product development projects. The design method itself is documented as a structured 
html library with search capabilities, combining text and imagery. Designers however, especially 
less experienced designers, state that they have difficulties finding and understanding what is 
relevant for specific application areas and individual design tasks. There is an inherent complexity 
to the product family development process and consequently to the requirements placed on 
design work for such a process. The design method established to support this process is argued 
to mirrors the process in terms of complexity. Experienced designers in fact state that there has 
to be a certain level of understanding of the process and application area in question before the 
design method can be properly understood and applied. The design method documentation, 
which should be a support and guide, in particular for less experienced users, does not seem to be 
designed for less experienced users.  

In related research, a study conducted by Heisig et al. (2010) suggests that designers (and 
managers) need support systems providing “one single place from which to retrieve knowledge and 
information; visual aids like maps to support navigation from the ‘big picture’ as high-level overview to component-
specific details; multi-format importing; and applications supporting the traceability of information and the evolution 
or history of the design”. 

EFFICIENT DESIGN MODULE CAPTURE AND REPRESENTATION FOR 
PRODUCT FAMILY REUSE 
The challenges presented in the previous section relate to the complexity of everyday decisions 
that employees within product family development make, in particular in terms of effective and 
efficient design capture and representation for reuse. It is an effective balancing act of 
determining when, what, how and why to capture design content, which in turn cannot be made 
without an acquired understanding of the implications. Any effort made should, ideally, generate 
an equal or greater return of that investment. It is a balanced equation which could be undertaken 
by each stakeholder in the product development process individually. Efforts towards efficient 
capture and representation for reuse should then ideally be supported by a combination of 
process, methods, systems and tools. Support for effective and efficient capture and 
representation for reuse likely cannot, nor should it fully be embedded in tools. Processes and 
methods, together with awareness of the challenges associated with efforts to support reuse 
should ideally serve to determine a justifiable level of reuse efforts, in general and on a case-by-
case basis. Reuse efforts should once justified however, be supported by tools in order to 
facilitate effective and efficient capture and representation in accordance with establish processes 
and methods. Capture and representation needs to be structured for consistent and reliable 
content, yet support the rich, flexible and expressive forms of communication required in order 
to facilitate understanding, use and reuse of varied and increasingly complex designs. Finally, 
capture and representation of a set of design states, as opposed to the final design specification 
commonly found, could in addition facilitate increased insight and understanding of both designs 
and design processes. 

The solution presented here set out to improve the efficiency of design module capture and 
representation for product family reuse, using Computer-Aided technologies (CAD, PLM) and a 
CAD model-oriented approach. 

Integration of a set of systems and tools for design module capture and 
representation for product family reuse 

The effective value of a design module is a direct reflection of the extent to which it is can be 
(efficiently) used and reused. Understanding is a prerequisite for reuse, and the basis for 
understanding is the design itself and any associated meta-data. The design module should, 
ideally, be as self-explanatory as it can be, relying on available design elements and CAD internal 
functionality developed for this specific purpose. Purposeful support, integrated in the 
environment already used for design implementation, should then facilitate efficient design 
capture and representation for reuse. 

This paper features a proposed, demonstrated and evaluated solution, composed of an integrated 
set of systems (CAD and PLM) and tools (CAD toolbox, Web-application) for efficient design 
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module capture and representation.  The tools presented provide the end-user with a 
complementary set of CAD internal and external interfaces for design capture and representation 
for reuse. Efficient design capture is approached by a combination of automated and simplified 
design capture, derived from the design implementation (CAD model) to the extent possible in 
order to increase data accuracy and minimize the efforts required. Efficient representations can be 
accessed by the designer using the CAD-internal tool interface. The custom-built web-application 
is an example of general purpose access to tailored design content, all of which is provided on-
demand from content managed by the PLM system, as depicted in figure 8. 

 
Figure 8: An overview of different views (representations) that can be generated based on captured and managed 

design content. 

Design capture is based on a modular view block definition, stored in formal information models, 
management by PLM for consistent and reliable design content. The modular view block 
definition was, however, introduced to support the rich, flexible and expressive forms of capture 
and representation required to facilitate understanding, use and reuse of varied and increasingly 
complex designs. The user can capture any number of view blocks, each capable of containing a 
combination of: 

(i) A model view visualizing the design state; 
(ii) A feature representing the active design state; 
(iii) Any number of 3D annotations which serve to visually highlight and 
complement specific aspects of the geometry; 
(iv) A general textual description; 
(v) A number of external resources (e.g. documents) that complement the 
design. 

This design content, packaged as view blocks, is once captured managed by a PLM system as 
depicted in figure 9. Managed design content can then, in turn, be retrieved and compiled 
according to different viewpoints (McMahon et al. 1996). The solution for generation of such 
views, outside of the CAD environment, is a web application which provides both input and 
output services for PLM managed content. The output services provide customized views of the 
product by compiling the requested content subset into Extensible Markup Language (XML) and 
applying an Extensible Stylesheet Language Transformation (XSLT). The result can, for example, 
be a PDF-document or a dynamic webpage that allows for the representation, extension and 
revision of existing content, in part through the input service. Capture and representation is as 
such bidirectional, which means that any changes made from the web application are effectively 
pushed back to the CAD system and the corresponding CAD model definition. 
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Figure 9: Principal implementation of demonstrated solution. 

Capture and representation should ideally derive from the design implementation (CAD model 
definition) directly and be considered a natural part of the design process. Support should 
minimize the investments required for design capture and representation, while maximizing the 
likely use and reuse. The CAD system was therefore the natural choice for toolbox 
implementation aimed towards efficient design module capture and representation for reuse. 

CAD internal tool for efficient design module capture and 
representation for reuse 

The capture process is integrated into the design environment (CAD) and relies on a combination 
of automated and simplified design capture. Both automatic and manual capture derives from the 
design implementation (CAD model) to the extent possible, in order to increase data accuracy 
and minimize the efforts required. The CAD-embedded design tool then provide simple ways to 
complement that which has been capture automatically, in order support the rich and expressive 
forms of capture and representation required to facilitate understanding, use and reuse of varied 
and increasingly complex designs. Captured design states and the meta data associated, such as 
design intent and design rationale, can then be interactively replayed within the confines of the 
CAD system. It could also be automatically recompiled in a web-application based on PLM 
managed content. Captured design content could be used to describe the design implementation 
and its potential for reuse, as an educational material or to provide an understanding of the design 
process. An integrated tool such as this will not only make support available, it can potentially 
remind designers of what they need to consider in the context of the design and the design 
decisions made. 
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Figure 10: The CAD internal toolbox for efficient design capture and representation, here representing a simple set of 

blend operations with associated design content. 

The CAD system does provide a range of native functionality for filtering, management and 
representation of design content, together with an API for customization and automation. These 
have been leveraged into a tool which allows simplified definition, placement, reorientation, 
management and association of 3D annotations to both geometrical entities and model views. 
This part is primarily controlled from using tool section termed Decision view, as depicted in figure 
10. These are then easily associated to a design history state, a description and finally linked 
documentation. The tool sections termed Decision navigator and Record and replay will then facilitate 
capture and representation. They both provide means for stepping through captured design 
states. Changing design states, using the tool interface, will effectively update the tool-internal 
dialog information, the model view shown, any 3D annotations associated with it, a new set of 
filtered geometrical entities and the specific design history state (feature). The tool interface, as 
depicted in Figure 5.10, does consequently facilitate capture and representation through, from the 
top: 

● Meta data in terms of timestamp and creator; 
● A description, both name and a longer text string 
● A feature representing the active design state 
● The view definition, including; 

○ Any number of 3D annotations which serve to visually highlight 
and complement specific aspects of the geometry, including aligning 
them to the view based on user reorientation. 

○ Filtering capabilities based on native geometrical entity types (solids, 
surfaces, curves …). 

○ Changing the visual properties of the view (Opaque or see-through 
geometries) 

● Linked (associated) external resources. The implementation is this far, 
however, confined to external documents. 

● A conceptual and customizable section view, providing additional means 
of filtering and focusing on content. 

● A decision navigator outlining all previously captured design states or 
decisions. 

● A record and replay section which facilitate capture, update and 
representation of design states, step-by-step if desired. 
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However, to solely rely on the CAD systems native functionality for stepping through the design 
history of the part in its final form is not enough. It would limit the historical design states or 
decisions that can be accessed, at least in terms of stepping back into an alternate branch of the 
design which has since been discarded. The representation of the design state can still, however, 
be represented with associated information and external documentation within the tool. A more 
visual description of design states from alternative design branches is at this point captured as a 
still image. The CAD internal tool does not, however, at this point facilitates visuals of design 
states which are no longer a part of the existing design history. Such design states are only 
represented by general dialog descriptions and associated documentation through the tool 
interface. The design state content is still, however, visually capture by annotated still images from 
the time of capture, which means that it can be represented in full using the web-application. 
Once captured, the sequence of design decisions should serve as a foundation for future 
understanding, as educational material or as a step-by-step instruction or checklist for future 
design. All of which could be made available within the design environment or be represented in 
other suitable formats, facilitated by the web-application and based on PLM managed design 
content. 

EVALUATION AND DISCUSSION 
Evaluation has so far been based on two workshops and application of the demonstrated solution 
on two different design modules. 

Evaluation workshops 

The proposed solution has been evaluated over two different workshop sessions. Each session 
included different participants, both however, consisted of a tool demonstration and subsequent 
discussion. The first session included a researcher, together with managers representing CAD 
methods, Design Automation, CAM methods and CMM methods. The second session included a 
researcher, together with a designer, a systems engineer and a design programmer. The purpose 
of each session was to gain input of perceived value and limitations. The solution, demonstrated 
as an integration of a set of systems (CAD and PLM) and tools (CAD toolbox and web-
application) was, in both sessions argued to be what the Company wanted for capture and 
representation of design modules, their implementation and rationale. This is strengthened by the 
fact that the Company has initiated a project specifically aimed towards its implementation. Being 
able to capture and represent design states well received, and additional application suggestions 
for the solution included “educational material”, “ways of working” and “documentation of how complete 
tools (products) are built”. An unintended but potential future application was argued to be the use 
the set of tools to document the measurement order during CMM preparation. Being able to step 
through operations, to capture or visualize them together with meta data seemed promising, but it 
should be noted that these are early and hypothetical thoughts. Another application suggested for 
the set of tools was documentation of product families, including the design modules and rules 
used to generate product family instances. The CAD model-oriented approach was, however, 
based on subsequent discussions determined to be insufficient for describing entire product 
spaces including all design module and parameter combinations. Still, it was said to potentially be 
able to replace more generic product family flowcharts which serve to describe a principle 
sequence of design modules. Another application was argued to be representation of individual 
product instances and the decisions that was taken during automated instantiation. The design 
program would, in this case, generate a specific product instance and at the same time prepare it 
with data about the choices made, based on design rules, as these are made. The set of tools could 
then, hypothetically, be used to visualize this information as a set of design states. The interactive 
tool functionality for capture was also argued to potentially be a complement to automatically 
generated product instances, at times when these are generated as a foundation for customization 
into special designs. The tool set might here serve to clarify how an automated product instance 
has been modified and why. Although functional and perceived to be promising, the 
demonstrated solution still requires efforts towards a smoother and friendlier user-experience. 

Workshop evaluation served as a foundation for general application and perceived potential. The 
set of tools was, however, also evaluated through application. 

Evaluation through application 

The set of tools was demonstrated to effectively be able to capture and represent significant 
portions of a step-by-step design training material and the implementation of complex design 
module through a set of design decision taken. Each application case does show that there is 
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room for improvements in terms of tools support and user-friendliness, and will be used as a 
foundation for continued efforts. However, a designer was still, in both cases able to capture a 
design module effectively and without difficulty. The captured design module could, in addition, 
now be manipulated, reoriented and inspected in the context of captured content, further 
increasing the richness of the CAD internal representation. Subsequent sections describe each 
application case. 

Using the set of tools to capture and represent a training document which serve to explain how to create a particular 
design module. 

The first case served to evaluate the set of tools for capture and representation of an existing 
training material. It did as such serve to recreate old content using new functionality, a means of 
comparing generated content. The training material is effectively a description of how the design 
module should be created step-by-step. It is a long list of design steps to take, including geometric 
entity creation, naming, layer management and parametric relations. Several of these steps have 
the support of a descriptive and potentially annotated screen shots related to each step. The tool 
was able to capture the original set of step, and could, within the CAD system, allow inspection, 
reorientation and investigation of the design more closely based on the training content. The 
CAD internal tool facilitated review of the training content, but was not however, suitable as a 
reference for design according to the set of instructions. Design by instruction generally requires 
parallel views of what is and what should be, and the CAD internal approach would in this case 
require two parallel CAD sessions. The web-application and generation of captured content 
through a web-browser, however, did serve to support parallel material reference and design 
(CAD) activities. The design module and tool interface (left) and generated instruction 
documentation (right) is depicted in Figure 11. 

     

 

Figure 11: The CAD internal toolbox for efficient design capture and representation (left) and a set of design steps 
generated by the web-application, from PLM managed design content (right). 

Limitations of the tool was perceived to be the fact that the simplified 3D annotation support so 
far only apply to for text, not 3D dimensions. These could still, however, be manually added 
using the native functionality. Dimensions will be supported as a part of the CAD internal tool in 
the future. A number of the training material steps did also depict the CAD system and tool 
interface, e.g. what to input and where to click in a specific dialog, which is not support using the 
proposed solution. A potential addition could here be to allow custom image capture and 
association as a part of the capture process. 

Using the set of tools to capture and represent the design implementation for use and reuse 

The second case focused on capture and representation of new design module, in this case a chip 
flute for generic reuse over various drilling tools. In this particular case, the designer of the design 
module was not the one which will be using it to produce a complete drilling tool. It was 
therefore important that the implementation, its built-in complexity and effectively how it can be 
modified, used and reused was made explicitly clear. The evaluation of the tool could therefore be 
divided into (1) capture of the design module using the CAD internal interface and; (2) 
representation for understanding, use and reuse by the intended drilling tool designer. 
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The designer was able to capture each step important to the implementation, using a combination 
of design (history) states, section views and filtering of geometrical entities, quickly and without 
difficulty. The captured design module is depicted in Figure 12. 

 
Figure 12: The CAD internal toolbox for efficient design capture and representation, here a step in the design module 

implementation. 

Although the set of tools was determined to be able to facilitate capture and representation of the 
design module implementation well, there are still room for improvement. The lack of 3D 
annotation support for the type dimension through CAD internal tool has already been mentioned. 
The existing solution does support filtering of geometrical entities, and as such the isolation of a 
selection of geometrical entities for each design state. This filtering is based geometry types 
(Solids, Surfaces, Reference geometry, Curves  ...) and section views. It would, however, be useful to 
extend such filtering to e.g. “named entities” and to meta data that can be derived from the User-
Defined Feature definition, such as “required inputs”. Other ideas for extension included visual 
indications of the normal of a reference plane. Additional improvements noted were being able to 
automatically generate and/or layout 3D annotation for each view block based on for example 
associated entity names or feature dependencies/parameters which could be visualized as 
dimensions. From an implementation perspective, there is also still a question of how the 
demonstrated (principal) solution should be effectively integrated with existing systems, 
repositories, processes and methods at the Company, questions which the on-going 
implementation project should serve to answer with the support of continued research. 

CONCLUSIONS 
The challenges presented, based on Company investigation, have specifically highlighted the 
complexities of effective and efficient design capture and representation for use and reuse.  A 
common denominator in all these challenges is focus, specifically, how focus on short-term 
design efforts should be balanced against efforts to gain process insight and adjust to implications 
that decisions could have on downstream use and reuse. Balance and compromise is a natural part 
of the product development process, exemplified in prioritized and weighted needs which serve 
as a foundation for the generation and selection of optimal solutions. Compromise and balance of 
needs may seem a common element in certain aspects of the product development process. The 
same kind of reasoning does not, however, appear to be applied for modular design reuse efforts. 
Meanwhile, new business models and more integrated product development processes require 
designers to make use of knowledge more effectively and efficiently. Actors within the product 
development process are required to make decisions for which the downstream implications are 
uncertain. These decisions are ideally supported by processes, methods, systems and tools, and in 
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extension, those responsible for the development, consolidation and communication of this 
support. This is, and likely will be effective, to a point. It would, however, seem unreasonable to 
assume that functions, responsible for such support, ever could direct every decision, which in 
and of themselves need to consider an ever changing set of requirements. Actors within the 
product development process have to be able to adapt to specific circumstances and could, 
ideally, be able to contribute to more than the development of products. They could contribute to 
the development of the processes, methods, systems and tools that in the end should serve to 
support them. In order to do that, actors within the product development process need to 
understand the purpose of the demands put on them, understand their role in the product 
development process, the product life cycle and the implications that their decisions inevitably 
will have. There are, at the same time, company-internal examples which show that purposeful 
and considerate information exchange is achievable without any additional resources or support. 
On-going method development efforts to improve module documentation are in fact based on 
designer initiatives to improve their own process. There are also examples of driven designers 
willing to gain a better understanding and actively consider the implications of their decision. The 
authors argue that the motivation to contribute, to acquire insight and understanding of 
downstream product development needs ideally should come first. Processes, methods, systems 
and tools should then so make efforts, such as design module capture and representation for 
reuse, more effective, efficient and intuitive. One should, however, not underestimate the time 
required to develop and maintain customized methods and tools tailored to specific users and use 
cases, nor the importance of having users with the commitment and resources to actively 
participate in method and tool development. 

This paper has featured an integrated set of systems (CAD and PLM) and tools (CAD toolbox 
and Web-application) for design module capture and representation for reuse. The developed and 
evaluated solution, has serve to demonstrate how structured, yet rich and expressive design 
capture and representation for reuse can be approached. This solution has, so far, been 
demonstrated to effectively be able to capture and represent significant portions of a step-by-step 
design module instruction and the implementation of a complex design module through a set of 
design states. The validity and relevance of the proposed solutions is strengthened by the level of 
acceptance and perceived value from experienced users at the Company. The principle solution 
for design module capture and representation is, in fact, already the focus of Company 
implementation efforts today. The extended filtering capabilities (geometrical entities, design 
states and section views) and association to external resources (e.g. documents) presented are at 
this point argued to likely be included in the implementation scope. 

Future work will continue the development and implementation efforts, based on evaluation 
input. Efforts are also placed on a custom-built web browser-based 3D-viewer, which could 
facilitate CAD external views, based on annotated lightweight 3D models. A web-browser could, 
hypothetically then manage and visualise 3D model views, with annotations, while providing 
relevant design content next to it. The scope for the solution should also be extended, from 
efficient capture and representation for reuse, to formally address long-term storage and 
management in a life cycle perspective. Finally, related to the challenges discussed. The tools 
presented serve to support efficient capture and representation for reuse. Reuse has not, however, 
been quantitatively measured. In the pursuit of efficient capture and representation for reuse, it 
would naturally be interesting to look more closely into quantifiable measures of reuse. 
Companies, needs to be aware of their reuse potential before any efforts towards it can be 
justified. They need to be able to approximate reuse potential and the resources required to attain 
it. It would be interesting to look closer into how potential investments made can and should be 
evaluated, what factors would go into the equation and how early it is possible? 
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ABSTRACT
This paper features the implementation and evaluation of a

proposed approach for information capture and representation
integrated into the existing design environments at two manu-
facturing companies. A tool has been developed that automat-
ically derives information from the CAD system during design
and provides users with the means to capture product informa-
tion that has previously been documented outside of the CAD
system. Product information is managed in a PLM data model
and becomes, once stored, the foundation for providing tailored
views of information.

Feedback from the evaluation shows that the prescribed ap-
proach was preferred to the current one and that it would likely
provide value to users, both authors and consumers, of product
information. This approach can reduce the time required to cap-
ture the pertinent product information. However, the primary

⇤Address all correspondence to this author.

savings are likely to be indirect as a result of increased consis-
tency, understanding, and the potential (re)use of product infor-
mation.

The approach and tools presented constitute another step
toward providing each stakeholder with more efficient, intuitive,
contextual, and purposeful support for information capture and
representation in computer-aided product development.

INTRODUCTION
This section briefly describes the problem domain, the in-

dustrial and academic background, and the specific contribution
of the research presented in this paper.

Modern manufacturers rely increasingly on integrated prod-
uct development [1], one aspect of which is concurrent engineer-
ing [2]. Concurrent engineering involves overlapping activities,
frequent, bilateral exchange of preliminary information [3, 4],
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and gradually refined work. This process adds to the complexity
of information exchange, it can potentially result in development
rework [3], and it generally requires faster decisions based on
preliminary and potentially unverified information. Product de-
velopment can be described as a set of decisions; the automotive-
development process may, for instance, involve thousands of ac-
tors and millions of decisions [2], each decision resting on the
experience and knowledge foundation available to the actor(s) re-
sponsible. Every design decision will, in turn, affect the lead time
and the quality of the final product, just as it will impact product-
lifecycle aspects, such as use, maintenance, and sustainability.
It is therefore important that every engineer have an awareness
of, access to, and an understanding of the information required
in order to make decisions in increasingly concurrent product-
development processes.

Computer-aided product development
Product development and management of the product life-

cycle today are supported with computer-aided technologies
and tools. A product may, for example, be designed with a
Simulation-Driven Design (SDD) approach utilizing CAx sys-
tems, with product information handled by a Product Lifecycle
Management (PLM) solution. Managed information can, for ex-
ample, be used for new-product development, to improve exist-
ing product designs, or as a basis for the management and opti-
mization of product-lifecycle implications, such as use and main-
tenance. The product is gradually defined during the develop-
ment process, and the Computer-Aided Design (CAD) system is
a core environment in which this definition is carried out. Prod-
uct information captured by CAD systems generally consists of
a virtual geometrical product representation and other types of
information that the CAD system supports, such as annotations,
attributes, parameters, and so on. The CAD system product in-
formation is often accompanied by other information sources re-
siding in other systems, for example, office documents. There is
a difference between the CAD-system-generated product infor-
mation, generally intended for CAD users, and other associated
documentation, generally intended for CAD and non-CAD users
alike. The informational needs of different roles throughout the
development process are traditionally met outside the design en-
vironment using rich and static documents without persistent as-
sociation with the CAD-system-generated product information.
Rich documents like these provide creative freedom and allow
authors to compile a range of information that has been gener-
ated in multiple systems and during multiple stages of the devel-
opment into a single document with a specific purpose. Inves-
tigations [5] show that documentation is commonly established
after the design is finished and that it could be considered non-
value-adding in the sense that it is a recompilation of existing
information, albeit for different users and use cases. Documen-
tation may reside in multiple repositories, lacking an associative

connection to its original source, and this in turn can lead to in-
formation inconsistencies and redundancies.

Product development can be described as a set of decisions
that in terms of design are made or realized within the CAD sys-
tem. The product information generated in CAD systems does
not, however, include the basis for these decisions. Integrating
the process of capture and reuse of such information into the de-
sign environment could facilitate such a basis, without having to
disrupt the design process [6].

Integrated information capture and representation
A range of proposed approaches and developed computer-

based tools relates to information capture and representation.
Examples that utilize software-platform-independent tools and
lightweight product representations to accommodate contex-
tual capture and representation include, but are not limited to
LIMMA [7], an approach combining CAD-internal and, through
lightweight product representations, CAD-external capture of
product data associated with the geometrical entities of the de-
sign; DRED [8], a lightweight application in which decisions and
their rationale are contextually and dependently retained, along
with the decisions they relate to, as design proceeds; and SAT [9],
an approach that has been rendered into a CAD-external applica-
tion capable of viewing and annotating VRML models, providing
communication capabilities more tightly coupled with 3D mod-
els. Research by Kim et al. [6] shows, however, that designers
may not be aware of existing information or may be unwilling
to disrupt their work in order to search for the relevant informa-
tion. The capabilities of CAx systems and the role they play in
the product lifecycle continue to expand, in part through SDD
principles [10], through the inherent potential of ensuring early
and integrated downstream product-lifecycle consideration, and
through the integration of customized computer-based tools. The
growing application range of computer-based systems and tools
is, along with the importance of proper context [6, 11], the pri-
mary justification for exploring the CAD systems capabilities in
terms of product information capture and representation. In order
to maximize understanding and ensure that available information
is used efficiently, we contend that the environment already used
for a particular design decision is the environment in which cus-
tomized and purposeful support, including information capture
and information representation, should be provided.

Scope and contribution
This paper features the implementation and evaluation of an

approach proposed by Lejon et al. [5] to information capture and
representation integrated into existing design environments. A
CAD-embedded tool automatically derives information from the
CAD design as far as possible while providing users with the
means to customize, extend, and make sense of information al-
ready captured. The product information is stored in a PLM data
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model and, once stored, becomes the foundation for providing
views of information tailored to particular roles, functions, and
needs. The process of supporting and partially automating cap-
ture and reuse builds on principles proposed by Lejon et al. [5].
The overall approach and implementations also build upon prin-
ciples such as the generation of multiple annotated viewpoints
[7], both CAD-internal and CAD-external capture and represen-
tation [7], and the context in which information and support are
made available [6, 7, 11]. The contribution, presented here as a
developed and evaluated system and tool integration, specifically
includes the following:

1. A custom CAD-internal tool that minimizes required efforts
and maximizes potential gains by providing a combination
of automated and manual design and decision capture.

2. The association of product data not only with the geomet-
rical form but also with its representation in a PLM data
model.

3. The means by which information managed by a PLM sys-
tem can be made available and assembled in different CAD-
external viewpoints.

Automating, simplifying, and supporting activities related
to traditional documentation, such as capture of product visuals,
annotation, formatting/compilation, and information retrieval,
should increase the degree to which developers can focus on
product development, as well as the foundation for the contin-
ued use and reuse of information. Capturing information from
within the CAD system as design progresses would also make
it possible to directly and associatively relate it to the product
throughout its lifecycle. The tools and system integration devel-
oped and evaluated is a prescribed solution to challenges identi-
fied together with two international developers and manufactur-
ers based in Sweden.

Paper outline
The introduction is followed by a brief overview of the re-

search methodology. The next section presents the established
Industrial cases for investigation and implementation. These
cases, two in total, form the foundation for the challenges identi-
fied, the prescribed approach, and implementations for the In-
tegrated capture and representation of product information in
computer-aided product development. The evaluation of the pre-
scribed approach and implementation is presented in procedure
and implications of the evaluation. The last sections, discussion,
conclusion, and Future work, summarize the primary contribu-
tion of this study, discuss the implications of the presented re-
sults, and suggest further work in this area.

RESEARCH METHODOLOGY
This section describes the fundamental research methodol-

ogy that has guided the research behind this paper.

The basis for this paper is an investigation conducted at two
Swedish manufacturing companies that share an interest in im-
proving information management in their product development
processes. Initial phases of the investigation were directed to-
ward acquiring an understanding of the product-development
process at each company. A better understanding also served
to minimize the risks associated with the introduction of new
systems or procedures [12]. A case was selected at each com-
pany for in-depth study, the prescription of user support, and a
final evaluation. The cases focus on the process and the means
by which product-related information is captured, represented,
and used. Each case thus constitutes a single product, its corre-
sponding product documentation, and a number of stakeholders
involved in its development. The research approach has relied on
an iterative process of investigation and implementation similar
to the Design Research Methodology (DRM) [13], especially the
concept of alternating studies of a descriptive and a prescriptive
nature.

An understanding of the companies’ respective product-
development process and of each case has been acquired primar-
ily through data collection of a qualitative nature. Data sources
are in-depth interviews, archived documents, cross-functional
workshops, and the firsthand work experience of the authors. The
sources used were selected in order to ensure an accurate view of
the case through the triangulation of multiple and potentially bi-
ased sources of evidence [14]. Each case investigation started
with a workshop, the sole purpose of which was to identify
and describe the problem’s domain and the investigation’s scope.
Employees from relevant functions of the product-development
processes were then identified and interviewed. The intervie-
wees were allowed to freely describe their situation and everyday
challenges in a format similar to that of semi-structured inter-
views [15]. Observations were used to witness the design process
firsthand, to corroborate any information gained from interviews,
and to uncover aspects and issues that interviewees simply had
not reflected upon or had forgotten to mention. Existing doc-
uments were identified from the interviews, and constituted the
basis for further study and the verification of data gathered dur-
ing interviews.

Collected data and tentative conclusions were continuously
disseminated within the companies in order to share and verify
the findings. The overall investigative process led to the identi-
fication of a specific company case, one at each of the two com-
panies, for further investigation and implementation. An iter-
ative process of implementation and user feedback, both with
users individually and in cross-functional workshops, allowed
the approach and implementation presented in this paper to grad-
ually emerge. User involvement has been essential throughout
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the entire process of investigation, implementation and evalua-
tion in order to maximize the use and provided value of tools
and methods to users and to the product development process.
The primary measurement of a prescribed solution’s success in
the DRM approach [13] is a set of initially established success
criteria. Criticism of success criteria as advocated in DRM has
been presented by Eckert et al. [12], which state “first, that de-
signing studies around success criteria is a mistake, and second,
that qualitative metrics and success criteria are of limited utility
in evaluating the success of introducing new tools, methods and
procedures into design processes in industry”. Buur [16] fur-
ther highlighted challenges in terms of successful verification,
in that “the classical verification of design methods demands that
their application to the practical design of artefacts be successful.
Two factors make such design experiments unrealistic: The first
is that the design process is stochastic in nature, i.e. a new design
method may raise the probability of success, but does not guar-
antee it. The second is that the number of influencing factors is
extremely large, which makes precise repetition of an experiment
virtually impossible”. Eckert et al. [12] argued that the percep-
tion of value by the users in industry is the most useful success
criterion for procedures and methods, presenting an approach to
assess the utility of new tools by looking for acceptance in in-
dustry. The approach presented in this paper, it can be argued,
follows the principles of verification by acceptance [16]. For the
purpose of the evaluations conducted, verification by acceptance
is the acceptance of the prescribed approach and consequent im-
plementation by experienced users. It is, however, important to
be aware of the fact that acceptance also can depend on users’
willingness to accept an approach, the complexity of what is pro-
posed, and the pedagogic presentation of what is proposed [16].

INDUSTRIAL CASES FOR INVESTIGATION AND IM-
PLEMENTATION

This section presents two cases selected from the processes
of two international developers and manufacturers based in Swe-
den.

Each case focuses on the process and means by which
product-related information is captured, represented, and
(re)used. The term (re)use refers to both (i) intended and often
direct use and (ii) potential reuse in, for instance, other prod-
ucts or projects. Each case constitutes a single product or part
of a product, its corresponding documentation, and a number of
users familiar with each product. Focus is primarily placed on
product-development engineers and their documentation in the
early stages of product development.

Case A
Company A develops and manufactures steel components

for the automotive industry, and the case focuses on the product-

development process used by an R&D center during quotation.
Product development in this case is initiated by responding to
a request for quotation from an automotive OEM. This devel-
opment for quotation is similar to a concept-development phase
in the generic product-development process defined by Ulrich
et al. [17]. The finite element simulation of product perfor-
mance is a driver of this product development. The products
often have complex shapes that require forming simulations to
verify and develop manufacturing processes. The center uses a
product-development process common to all R&D centers within
the company. The process is managed using documents wherein
product information is gradually stored and revised. Information
is manually duplicated from the product information created in
the CAD system to office documents. These documents are later
used as information sources for other activities, such as design
review and pricing.

Case B

Company B develops and manufactures tools and tool hold-
ers for the metal-cutting industry, and the case focuses on the
early stages of product-family development. This company has
a strong foundation in design automation and develops to a large
extent product families. A product family is essentially a range
within which specific products of a similar nature can be de-
rived. Each product family has its own application range gov-
erned by a set of parametric design modules, by the application
range of each module and the way in which these modules can
be combined. Documentation is the primary means by which
understanding, use and reuse of design modules are supported.
Documentation also serves to describe how design modules to-
gether with rules define each product family. The company uti-
lizes an automated and generative product instantiation process,
a process that at run time selects, modifies, and combines de-
sign modules based on customer-specified parameters and prod-
uct family rules. The automated process then generates the tool
design just as if it had been created interactively. It can, in ad-
dition, generate drawings and 3D representations for sales and
customer evaluation, along with complete specifications and pro-
grams for subsequent manufacture, measurement, and marking.
This essentially means that once the product family development
process has been completed, the customer can, through a sales-
person, specify a product matching his or her needs and automat-
ically obtain a quotation. Compared to the on-demand quotation
of Company A, Company B implements a lengthy process of de-
velopment, verification, and preparation for the automation of an
entire product space.
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IDENTIFIED CHALLENGES ASSOCIATED WITH IN-
FORMATION CAPTURE AND REPRESENTATION

This section summarizes findings from the investigations
conducted at the two case companies. A more detailed review
of additional issues outside the scope of this paper is presented
in [5, 18].

Both companies produce a considerable amount of prod-
uct information. This information is spread across several dis-
connected heterogeneous sources, including the mind of the
developer, personal data sources, divisional data sources, and
company-wide data sources. Information outside the CAD sys-
tem is primarily confined to static documents. Those involved
in the development process do not need, nor do they desire, the
static representation (document) in which relevant information
resides. They simply want the information itself, the relevant, up-
to-date, and redundancy-free information presented in the most
suitable context at that time. Documentation requires the manual
entry of information that might already exist, either in the CAD
model or in one or more documents. The same fundamental in-
formation can potentially be repurposed or rewritten in differ-
ent documents during essential parts of the product-development
process. Instead of being continuously reused and extended, in-
formation is rewritten and formalized for each purpose individ-
ually. Repurposing already performed work takes time that oth-
erwise could be spent on value-adding development activities.
Documentation is the primary means of understanding earlier
products today, and this effectively means that limitations in doc-
umentation limit the understanding, use and reuse of those prod-
ucts. The consequence is a higher degree of redundancy, rework,
and lost knowledge.

The challenge lies in ensuring that pertinent product infor-
mation can be efficiently captured and, once stored, can be un-
derstood, used and reused by systems and individuals under both
certain and uncertain future circumstances.

INTEGRATED CAPTURE AND REPRESENTATION
OF PRODUCT INFORMATION IN COMPUTER-AIDED
PRODUCT DEVELOPMENT

The approach and tools presented in this section have been
developed to address a set of challenges identified through litera-
ture review and industrial investigation, the foundation of which
is more extensively described in [5, 18].

The purpose of the implementation has been to improve the
information capture and representation practice of designers at
the case companies. The working hypothesis is that support for
information capture, management, and representation, embedded
within the designers’ primary working environment, simplified,
and to some extent automated, will (1) increase awareness and
understanding of available and relevant product information; (2)

encourage information capture and retrieval as an integrated as-
pect of the design work; (3) increase the degree to which the
designer captures what needs to be captured in order to facilitate
downstream understanding, use, and potential reuse; (4) decrease
time spent on information capture and repurposing; (5) increase
the relevance and consistency of captured information for better
understanding and exchange; and (6) ensure that information is
up to date and free from redundancy.

The approach behind the implementation
The CAD system is the primary environment for product

development and the generation of product information at both
companies. Some information can be derived directly from the
design itself and the decisions taken, such as product thickness,
materials, geometric specifications, module dependencies, and
the built-in logic of the design. This information can be cap-
tured and represented automatically. However, “In design, a
large fraction of context-relevant information cannot be inferred
from the environment because the context resides outside the en-
vironment, it is unarticulated, or it exists only in the head of
a designer” [19]. Such information can range from the ratio-
nale [20] for design decisions and the product’s intended use to
downstream limitations and assumptions about the product. This
information may in turn be based on formal or informal material,
such as results from simulations, physical tests, guidelines, rec-
ommendations and experience. This type of information needs
to be captured through user-explicit input.

The approach explored within this paper is that of captur-
ing and representing product information in the context of the
systems used in the product development process. Core princi-
ples are to minimize what the end users are exposed to and to
tailor their experience to their needs. We propose that informa-
tion should be automatically extracted from the authoring con-
text as much as possible while the product is being developed.
Automatically extracted information should then be easily com-
plemented through explicit user input. The information, once
captured, should be managed by a PLM solution. Product in-
formation is stored in a data model that is based on interrelated
objects with properties. Documents, the static and rich repre-
sentation of what at the time of conception was considered rele-
vant information, have essentially been broken down into smaller
building blocks, or objects, which are then managed by a PLM
solution. The information captured can be retrieved and com-
piled according to different viewpoints, as outlined by Ding et
al. [7], in order to accommodate a diverse set of needs within
product development. Each view can in principle be generated
without having to rewrite information. The extent to which these
views can be generated on demand, based on up-to-date infor-
mation will effectively govern the reliability of the content itself.
The document, or static representation, albeit a natural part of
daily activities today, should ideally be avoided. Static represen-

5 Copyright © 2015 by ASME



tations could be used if it is not possible or desirable to access the
actual repository. Views are available both within the CAD sys-
tem and outside it, supporting the representation, extension, and
revision of existing product information to the extent that each
view is designed to allow.

Information architecture
Information is stored in a main source, a PLM system, while

information requiring storage elsewhere is tightly integrated to
ensure that it is up to date and free of redundancies. These tightly
integrated information sources together form a PLM solution.
The data model of the PLM system becomes the canonical data
model for the product information. The development of the data
model and the integration of information sources are, however,
beyond the scope of this paper. Information is, as depicted in
Figure 1, shared between sources and views through the PLM
system’s Service Oriented Architechture (SOA). This allows for
the loosely coupled bidirectional integration of the product in-
formation. SOA enables systems that are extensible and flexible
and that fit well with an existing legacy system [21].

The SOA of Siemens PLM Teamcenter, the PLM system
used for the implementation, allows interaction with the data
model and information within the system through HTTP re-
quests/responses that can be accessed by programming libraries
provided with the PLM system. While these programming li-
braries provide access to the information, programming skills
and an understanding of the underlying architecture are still re-
quired to exploit them. In order to reduce the complexity of
accessing and adding to the information, these programming li-
braries were used to create web applications that provide both in-
put and output services. These services in turn allow access to the
product information in the PLM system. The output services pro-
vide customized views of the product by compiling the requested
subset into Extensible Markup Language (XML) and applying
an Extensible Stylesheet Language Transformation (XSLT). The
result can, for example, be a PDF or a dynamic webpage that
allows for the representation, extension and revision of existing
product information. A new customized view requires only the
creation of a new XSLT file, allowing individual users or groups
to easily generate and share views that suit their needs. The input
services receive input through the customized views generated
by the output services. For instance, when a user makes changes
or additions to the content of a generated webpage, the input ser-
vice updates the information in the PLM system. Inside the CAD
system the information from the PLM system is accessed by an
out-of-the-box integration of the CAD and the PLM systems.

CAD-internal capture and representation
A custom CAD tool for capture and representation has been

developed for Siemens PLM NX using the native NXOpen Java
API. The user interface has been designed to give users the same

3/0�V\VWHP

2WKHU�VRXUFHV

62$

3URJUDPPLQJ
OLEUDULHV

:HE�
6HUYLFH

0XOWLSOH�
9LHZV

&$'�6\VWHP
LQWHJUDWLRQ

&$'
6\VWHP

3/0�6ROXWLRQ
9LHZ

'HILQLWLRQ

FIGURE 1. THE INFORMATION ARCHITECTURE OF THE PRE-
SENTED APPROACH.

look, feel and behavior as other native functionality of the CAD
environment. This section primarily focuses on the implemen-
tation at Company B, which is more extensive and to a higher
degree relies on manual user input compared to the implementa-
tion of Company A. The general functionality is, however, sim-
ilar. An overview of Company A’s tool has been depicted for
comparison in Figure 2.

The primary purpose of the CAD-internal tool is capture and
representation of the design and any information relevant to its
use and reuse. The implementation presented relies on attribute
storage. Attributes are essentially named variables of different
data types, such as strings, integers, numbers, and boolean val-
ues. Attributes can be associated with everything from the CAD
part itself and its defining features to geometrical entities, model
views, and 3D annotations. All information captured by the
CAD-internal tool is thus captured within the CAD part as at-
tributes. This would be enough for CAD-exclusive access, but
all the information may not be explicitly derived from the CAD
system, nor should it be exclusively communicated through the
context of custom applications and the CAD system. Bidirec-
tional information exchange between the CAD system and the
PLM system is realized through the use of attributes, a one-to-
one mapping of part attributes, and the data model as the part
itself is checked in and out.

There is a potential gap between what a tool like this ideally
can provide if used effectively and how it will actually be used in
practice. How-to guides and manuals are traditionally separate
documents that may or may not be accessible from within the
design environment. Instructions on how to use the tool have, in
line with the principles presented in this paper, been embedded
within the tool itself. The tool dialog utilizes a wizard function-
ality, allowing the user to follow a step-by-step process. The first
step is a general instruction clarifying how the user can access
additional information. Hovering over an action button will, for
instance, provide the user with additional information about its
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purpose and usage. The second step serves as an overall descrip-
tion of the part in focus. It contains at the top information that
is generated and managed by the PLM system and that, in this
case, is extracted from the part itself and presented to the user.
Information presented here includes the part name, revision in-
formation, and the last modifying user. This step also contains
a field for textual input; information provided here should in the
established cases adequately describe the part and its intended
application.

One of the underlying issues with (re)use is that it requires
an understanding of that which is to be (re)used. The context in
which a subject for (re)use is presented will determine the likeli-
hood of it being understood. The ways in which annotated prod-
uct visuals and general information should be combined to serve
the varied needs of the product-development process are essen-
tially what we define as view blocks. The third step, view man-
agement, depicted in Figure 3, simplifies view block definition,
management, and selection. This section allows the user to add
and remove view blocks, which essentially constitute a defined
perspective view of the product model, 3D annotations associ-
ated with the geometry of the model, and a general description
that relates to the view block but does not require a direct con-
nection to a specific geometrical aspect of the model. The user-
interface portions dedicated to view-block definition consist of
an input field for non-geometry-specific information, a simpli-
fied interface for generation of 3D annotations, management of
annotations and an array of functions that add, remove, orient
and save individual view blocks. Allowing capture and repre-
sentation of product-related information in the context of the de-
velopment environment and the model of the product in devel-
opment should ensure a natural and more streamlined definition
process while at the same time improving awareness, access, and
potentially understanding through the contextual nature of view-
specific representation.

Isolated implementations as part of the on-going work with
Company B have shown that an array of what traditionally is
custom user input can be automatically extracted from the de-
sign module itself, including its design entities, its interfaces or
required references for use, and its underlying logic (expression).
The evaluated tool for Company B, however, automates the pro-
cess only to the extent that available entities and names are ex-
tracted for further manual user input and customization, as de-
scribed in the next step. The fourth step of the wizard does,
however, allow simplified access to available reference geome-
try, naming and adding additional information to individual ref-
erences, as depicted in Figure 3. The last wizard step shares
the functionality of reference management but instead applies to
solid and surface entities.

As depicted in Figure 2, the tool developed and implemented
for Company A shares general principles with the tool developed
for Company B, including overall description, data managed by
the PLM system, view management, and attribute mapping be-

FIGURE 2. CAD-INTERNAL TOOL INTERFACE FOR INFOR-
MATION CAPTURE AND REPRESENTATION AT COMPANY A.

tween CAD and PLM. The main function of the tool developed
for Company A is to automatically capture information from the
CAD system with only minimal manual input. The tool interface,
therefore, does not include the wizard functionality.

As a final addition to the CAD experience, implemented for
both companies, the native save functionality of the CAD system
has been extended with a call-back to a custom application. This
application, along with a configuration of the CAD preferences,
in essence ensures that the set of annotated visuals that will con-
stitute product views, both static images and lightweight repre-
sentations (JT), are always based on the latest design changes as
they are saved.

CAD-external capture and representation
Non-CAD users can access the existing product information

in the PLM system using a web application. Specific views of
the virtual product, which replace traditional documents, can be
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FIGURE 3. CAD-INTERNAL TOOL INTERFACE FOR INFORMATION CAPTURE AND REPRESENTATION AT COMPANY B. DIALOGS
FOR VIEW-BLOCK SELECTION, CREATION, MANAGEMENT, ANNOTATION AND A SIMPLIFIED DIALOG FOR ANNOTATION PLACE-
MENT AND ASSOCIATION (LEFT). DIALOGS FOR REFERENCE CAPTURE AND DESCRIPTION, BOTH IN PLAIN TEXT AND IN ANNO-
TATIONS ASSOCIATED WITH GEOMETRICAL ENTITIES (RIGHT).

compiled from the PLM system. A subset of the product infor-
mation is compiled in XML and finally transformed using XSLT.
These transformations can easily be adapted to suit the needs
of individual information consumers. Views could, for instance,
be presented in web browsers on computers, smartphones, and
tablets. The web browser supports the representation, exten-
sion, and revision of product information to the extent that each
view is designed to allow. This access is bidirectional, so any
changes made from the web application can also be pushed back
to the CAD system. Figure 4 exemplifies different viewpoints,
all based on information in the PLM system.

Use: Case examples
A product-development engineer at Company A uses the

CAD system to develop products that are optimized using var-
ious CAE tools. The product specification is extracted from in-
formation available within the CAD system during design, infor-
mation regarding material, thickness, and weight, among other
information. This information is mapped to the data model of
the PLM system when the engineer saves or checks in from the
CAD system, and it becomes available for others to use or ex-

tend. Documentation can be generated on demand from the prod-
uct information in the PLM system. Non-CAD users can ac-
cess product information in the PLM system via a web applica-
tion that generates a dynamic webpage with content that matches
their needs. The web application allows the representation, ex-
tension, and revision of existing product information, which is
pushed back to the CAD system when the part is reloaded by the
product-development engineer.

Using the developed set of tools a designer working with a
new design module at Company B can capture the design module
description from within the CAD system, including the 3D ge-
ometry and any associated information needed for downstream
activities. Capture is achieved through the custom tool in the
CAD system. The tool automatically extracts the information
available from the context of the design and the CAD system.
The tool also allows the associative capture of additional infor-
mation such as descriptions of interface references that have al-
ready been captured or the rationale behind a design decision.
The tool essentially ensures that pertinent product information is
properly captured. The information captured is mapped to the
data model of the PLM system when the engineer saves the de-
sign, and it is then available for internal and external CAD rep-
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resentation and use. A programmer could then, for example, use
another subset of the existing product information as input to the
program that governs the automated product instantiation. This
information could even be made available directly in the IDE for
the programmer. An example of information flow is illustrated
in Figure 4.
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FIGURE 4. EXAMPLE OF INFORMATION FLOW FROM THE
CAD SYSTEM THROUGH THE PLM SOLUTION TO OTHER AP-
PLICATIONS AND BACK.

PROCEDURE AND IMPLICATIONS OF THE EVALUA-
TION

This section briefly describes the evaluation procedure and
measurements used before turning to the actual feedback.

The implemented approach presented in the previous section
was developed during a highly iterative process of identifying
needs and prescribing, implementing and evaluating solutions.
Feedback was obtained from intended users and other stakehold-
ers individually and in cross-functional workshops. At a certain
point (the state presented in this paper), the implementation was
deemed able to replace the existing documentation process to a
degree that could be evaluated and compared. The prescribed so-
lution was primarily verified by acceptance and evaluated by the
perception of added value in comparison to the original methods
and tools.

General evaluation procedure
A formal evaluation, one conducted at each case company,

allowed a single end user to perform a given task in a group set-
ting. Real models and data based on each case were used for
the session. The end user performing the task was instructed
to establish the product documentation from an existing prod-
uct model, one that the user was already familiar with. The task

was to capture, format and present the information that the orig-
inal product documentation contained. The experience was doc-
umented and, after its conclusion, discussed within the group of
company representatives. Participants were encouraged to reflect
on the prescribed and implemented solution, potential future ap-
plication, and how the solution compared to current process.

Differentiation in focus and procedure at each com-
pany

The selected product and corresponding product specifica-
tion at Company A relied heavily on product data and informa-
tion that could be automatically derived from the design itself and
consequently required less manual information input. The imple-
mentation was demonstrated, evaluated and discussed during two
group sessions. During the first session a designer evaluated the
implementation live. The evaluation session was conducted to-
gether with representatives from design management (1), design
(3) and academia (4). The number of representatives from each
function is stated in parentheses (x). The second session started
out with a demonstration of functionality and ended with a dis-
cussion among representatives from product design (4), tooling
design (5) and academia (4).

The selected product module and corresponding module de-
scription at Company B relied heavily on product data and in-
formation that could not be automatically derived from the de-
sign itself and consequently required more manual information
input. During a single group session, the current documentation
was compared with the prescribed implementation in a cross-
functional group. A designer established the design module de-
scription live, first through traditional means in the form of a doc-
ument and then using the implemented tools. The designer had
been involved from the beginning of development and implemen-
tation and was prior to the group session was given a one-hour
trial run with the tools. The group session included one partic-
ipant from each of the following functions: design for automa-
tion, design methods, programming for automation and system
development.

Feedback from evaluation sessions
The average resources spent on establishing the selected

product document at Company A today vary based on the product
type, the specifics of the product, the customer, the author and the
working circumstances at the time. The users said that, based on
their experience, the time needed to establish the product docu-
ment in focus ranges from four to twenty minutes for one product
type and was twenty minutes and up for another. The automated
capture and generation of views (such as the original document)
can as such ideally minimize this time. The selected document
is one of fourteen documents for each product; they all, however,
vary in the degree to which the content can be automatically cap-
tured from the design.

9 Copyright © 2015 by ASME



The time required to establish a subset of the module de-
scription at Company B using traditional means and using the
prescribed approach was clocked, and both took approximately
twenty minutes. Feedback from the evaluation sessions shows
that the prescribed approach was preferred to the old, and the
participants from both companies agreed that the new approach
would likely provide value to both authors and consumers of the
information. To put any potential gains into perspective at Com-
pany B, then the number of registered design modules that have
or ideally should have documentation is just below six hundred.
113 of these design modules were registered between January
and May 2014 alone, which does suggest a growing trend. Dur-
ing the sessions, concerns were raised about the custom CAD-
internal tool and the fact that it could, even though it is integrated
into the existing CAD environment, be construed as an additional
tool that users need to become and remain familiar with. Discus-
sions during sessions also brought up the importance of finding
the proper balance in, for example, the ways that information
content and format are explicitly controlled and to what degree
this should depend on the author and the specific situation.

The evaluations indicate that the approach could reduce the
time required to capture pertinent product information at both
companies, taking prior tool familiarity into consideration. Both
companies agreed that the primary value is likely to be indirect.
Indirect value gained and times saved are said to result from the
following factors:

– The increased reliability of captured information, which is
now based on the design directly and should be subject to
less human error.

– Consistency and quality: reduced variation and better sup-
port for users in terms of formatting, the extent to which in-
formation should be provided, and everyday working prac-
tices.

– Increased confidence that up-to-date and accurate informa-
tion is available where and when it is needed, regardless of
view, in contrast to multiple documents with redundant and
potentially contradictory information.

– Easier maintenance of information.
– Understanding and reuse: more consistent information con-

tent presented in proper context and made available where
needed to support reuse.

DISCUSSION
Several limitations of the evaluation should be considered.

First, familiarity with the new approach and tools was limited
in comparison to familiarity with the old approach. More expe-
rience along with a more intuitive tool with fewer bugs would
likely decrease the recorded time further. Second, the imple-
mentation at each company so far has been limited to a subset
of the information in a single document, one of many, calling

into question the feasibility of general application. Third, dif-
ferences in implementation details and the evaluations between
companies potentially increase the evaluated application range
of the approach while decreasing the foundation for generalizing
findings. Close user collaboration during investigation, prescrip-
tion of solutions, development, implementation and evaluation
has likely also affected the level of acceptance among users pos-
itively.

Nevertheless, the level of acceptance and expressed percep-
tion of value among the participants does clearly support the ap-
proach and set of tools as valued additions that can and will be
used. Both companies are, in fact, in the process of implement-
ing parts of the prescribed approach. Company A is developing
a data model for its PLM system to support the automated cap-
ture of information from the CAD system in order to eventually
automate view and document generation. Company B is in the
process of extending and implementing the CAD-internal tool
for information capture and representation and will soon allow
for the automated provision of product information to the IDE
environment of programmers.

CONCLUSIONS
The proposed approach has been implemented using com-

mercially available software that has been extended using tech-
niques that are readily available, thus simplifying the potential
application at a company in general. Providing a subset of all the
information captured also allows information representation tai-
lored to specific tasks, with consideration to intellectual property
rights in, for instance, business-to-business exchange. Investi-
gation, development, implementation and evaluation show that
tools that support information capture and representation can be
made readily available and can be integrated into the environ-
ment where they are needed and, ultimately, be perceived as a
natural part of daily development and the development environ-
ment.

Both companies are confident in the results and accept the
tools, which they believe will add value to their product develop-
ment. Both companies are in fact in the process of implementing
parts of the prescribed approach. For this reason, we believe that
the approach and tools presented together constitute another step
toward providing each stakeholder, regardless of function, with
more efficient, intuitive, contextual, and purposeful support for
information capture and representation in computer-aided prod-
uct development.

FUTURE WORK
General suggestions for future work include:

– Extending the data model, the information supported and
consequently the documentation that can be replaced.

10 Copyright © 2015 by ASME



– Increasing the number of views that can be generated.
– Increasing the level of automated analysis and capture from

the design itself.
– Investigating search capabilities.
– Using captured information as a formalized foundation for

simulation or automation.
– Further investigating how information updates should take

place in practice after changes have been made from the
CAD internal tool, the CAD external view, or the PLM sys-
tem directly.

– Integrating lightweight representations to a greater extent in
the CAD-external views.

– Making the CAD-internal interface even simpler and more
intuitive.
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Abstract

Providing not only products but a combination of products and services can help add value and enable competitiveness for both the providers and
their customers. Research has suggested Functional Products (FP) as one concept to achieving this combination of products and services.

Traditionally, when a product is sold the ownership of the product is transferred to the customer, making it di�cult for the provider to access
information from the products use phase. In the case of FP, the ownership of the product is retained by the provider, and access to use phase
information is essential to provide the function at a guaranteed level of availability. This information access also allows feedback to earlier life
cycle phases. This paper explores how information generated in the use phase of FP can be integrated with the virtual product representation in a
Product Lifecycle Management (PLM) system.

A concept was developed for capturing use phase information from a potential FP. The concept utilizes wireless sensors that makes the
information available through networks. WebSockets are used for providing real-time access and visualisation of the information. Both real-time
and historical information can be accessed in a dashboard by any device that supports HTML5. A PLM system connects relevant information
from the FP in use with the virtual representation of the FP.

The concept was implemented in a case at a producer of automotive parts. A unified solution for information management of both use and
development of FP was achieved by integrating use phase information and the virtual product representation.

c� 2015 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Programme Chair of the Fourth International Conference on Through-life Engineering Services.

Keywords: Functional Products, Product Lifecycle Management, Use Phase Information, Wireless Sensor Networks

1. Introduction

There is a shift in manufacturing companies from selling
products to providing services, and new business models such
as Functional Products (FP) are attracting increased interest [1].
In the FP business model a function is provided to a customer
with a specified availability while the ownership of the product
is retained by the provider. FP needs to be managed and fur-
ther developed by the provider throughout their entire lifecycle.
Modern Product Lifecycle Management (PLM) solutions need
to address these new ways of developing and managing prod-
ucts and services.

PLM systems are commonly oriented towards the manage-
ment of Computer Aided Design (CAD) and associated docu-
ments and processes. The poor support for activities outside
product development is the main weakness of available PLM
solutions [2]. This paper addresses this limitation by proposing
a concept that enables feedback from the product use phase to
be integrated with an commercially available PLM system.

To support information from activities outside product de-
velopment the PLM system need to manage both the class and
the instances of a product [2,3]. The class is the virtual product
representation that exists in the PLM system as an object and
the instances are the physical products that has been manufac-
tured based on the virtual product representation. The instances
di↵er from each other for example in how they are manufac-
tured, used and maintained.

There is an industrial need to have easy access to use phase
information from products. Information collected from the use
phase of the life cycle could be used for improving the product
and for the management of it. However, in most cases the in-
formation flow breaks down after delivery to the customer [4].
In the case of FP the providers access to product use informa-
tion is a requirement to be able to fulfill its commitments. This
availability of use phase information is a distinguishing feature
of FPs compared to traditional products.

Advances in sensor technology, such as wireless sensor net-
works, connects several product embedded sensors to collect
real-time information from products and processes. This infor-
mation can then be made available to both providers and cus-2212-8271 c� 2015 The Authors. Published by Elsevier B.V.

Peer-review under responsibility of the Programme Chair of the Fourth International Conference on Through-life Engineering Services.
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tomers globally.

1.1. Related Work

Related research includes, but is not limited to, integration
of product use information into PLM, product use information
for product improvement, Intelligent Products, Closing infor-
mation loops in PLM, Product Life Cycle Support (PLCS), In-
formation sharing in FP Development and Product Service Sys-
tems (PSS) support in PLM systems.

Abramovici et.al. presented a concept for integrating the
product use phase into PLM by incorporating data from con-
dition monitoring into product development [5].

Dienst et.al. presented a feedback assistance system for
management, analysis and visualisation of product use infor-
mation for product improvement [3].

Kiritsis defined Intelligent Products as as a product system
which contains sensing, memory, data processing, reasoning
and communication capabilities [6]. Intelligent Products are en-
abled by Product Embedded Information Devices (PEID) such
as RFID and Wireless Sensor Networks. The PEID links the
product instance with its virtual product representation.

Closed-loop PLM has been presented by Jun et.al. [7] as
a concept that allows all actors in a products lifecycle to ac-
cess product information, including after the delivery to the cus-
tomer. This is enabled by PEIDs that provides access without
temporal or spatial constraints.

The PROMISE project [8], an FP6 EU-project, dealt with
the information flow from product systems through all product
lifecycle phases and aimed to close the product lifecycle infor-
mation loop.

Ameri and Dutta [9] discussed PLM as an enabler for reuse
of information from di↵erent lifecycle phases to close knowl-
edge loops.

PLCS / ISO 10303-239 [10], is a standard that defines what
information that can be represented and exchanged to support a
product during its lifecycle.

Information sharing in FP development has been discussed
by Lindström et al. [1], highlighting the need for the ability to
monitor the FP and collect data from the use phase as well as
the need to share information to coordinate development of the
hardware, software and service-support systems.

Abramovici et al. [5] states that next generation PLM sys-
tems will be extended to support PSS, and provide knowledge
from the use phase of the PSS to development phases.

1.2. Virtual Product Representation

Computer aided tools are used to create and optimize a vir-
tual product representation [11]. This virtual product represen-
tation typically consists of CAD geometry with associated data
e.g. di↵erent types of analyses and o�ce documents. The vir-
tual product representation can be stored in a PLM system to
allow for it to be utilized and extended over the lifecycle of a
product.

1.3. Functional Products

FP has similarities with concepts such as PSS and Indus-
trial Product Service Systems [12]. Providing an agreed upon
function to a customer with a specified availability is the main
objective of FP [13]. Throughout the lifecycle of the FP it must
be managed, further developed and optimized to create a sus-
tainable win-win situation for the customer and the provider
[14]. FP has four main constituents: Hardware (HW), Soft-
ware (SW), Service-Support System (SSS) and Management of
Operation (MO) [12]. Each constituent has its own lifecycle
and the FP lifecycle can be mainly defined by the lifecycles of
the hw and sw [14]. The SSS is, according to Alonso-Rasgado
et al. [15], much more than maintenance, and often includes
decision-making, operations-planning, remanufacture and edu-
cation.

1.4. Motivation

Several papers have highlighted the limitations of currently
available PLM systems with regards to the use phase of prod-
ucts [2–5,16,17]. There is a need for PLM systems to support
new business models such as PSS and FP [1,5].

To support the FP business model, information from the use
phase needs to be captured and made available for the provider
so that they can monitor the condifiton of the product and take
action if required to ensure the availability. This information
could be used to optimize the performance, maintenance and
other aspects of the FP. Captured information could also be used
to get a better understanding of the customers use of the prod-
uct and to improve designs and simulations of current and next
generation of FP.

In the FP business model the ownership of the hardware is
retained by the provider. Access to sensors and monitoring of
the function is essential for the function provider. This access is
enables the provider to create value from use phase information.
Making the information accessible and integrated with the sys-
tems that are used for product development, for example PLM
systems, can help creating this value. This is something that
is often not possible for traditional products or similar product
service concepts due to the lack of information available to the
provider after the product has been delivered.

Kiritsis [6] identified a trend of more integrated software
systems that includes smart embedded systems to provide real-
time information to higher level information management sys-
tems. This paper presents a concept that utilize smart embed-
ded systems in the form of a wireless sensor network to provide
product use information to a high level information manage-
ment system in the form of a PLM system.

1.5. Contribution and limitations

This paper explores the possibilities for supporting FP using
available PLM systems and information captured from the FP
use phase provided by wireless sensor networks.

The main contribution is a concept that shows an example of
how PLM systems can support FP by connecting the use phase
information of product instances with their virtual product rep-
resentation in the PLM system. The concept has been imple-
mented for an potential FP at a manufacturing company.
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Fig. 1. Integrating use phase information and virtual product representation

The work presented in this paper is limited to use phase in-
formation automatically captured by sensors and does not con-
sider feedback manually captured by humans.

2. Information Management For Functional Products

A concept for capturing and integrating product use informa-
tion of an FP with its virtual product representation in a PLM
system has been developed and implemented. An overview of
the concept is depicted in Figure 1. The concept is modular and
can utilize readily available technologies. This allows for build-
ing systems that are easy to use, configure, extend and maintain.

The concept consists of wireless sensors, a sensor gateway ,
a real-time data provider, a database, a PLM system and dash-
boards.

2.1. Wireless Sensors

Miniature wireless embedded internet systems (EIS) that are
used in sensor nodes allows sensors to be made available in net-
works. This is achieved by connecting sensors such as pressure
sensors and accelerometers to the I/O of a sensor node. Mul-
tiple sensor nodes can connect with each other and gateways
to form a wireless sensor network. The sensor node reads the
values from its connected sensors and transmits these on the
wireless sensor network to the gateway.

To avoid major impact on the product and its surroundings
the sensor nodes should be built with small low power wireless
EIS that can be run of battery or harvest available energy.

2.2. Sensor Gateway

To make the product use information available outside the
wireless sensor network, gateways are used. A sensor gateway
is a device that has a connection to both the wireless sensor net-
work and the Internet/intranet. The gateway connects the sensor
network to a real-time data provider and a database. If possible
the gateway can connect to the provider through the customers
network. Cellular networks can be used in cases where access
to the customers network is not possible.

2.3. Real-time Data Provider

The real-time data provider is a software that consists of
a message queue and a WebSocket [18] server. The message

queue receives data from one or more sensor gateways and dis-
tribute it as messages to clients currently connected to the Web-
Socket server. Each client can choose which messages they
wish to subscribe to.

2.4. Database

The database could be any type of data storage able to store
the stream of data from the sensor network, for example a stan-
dard SQL database such as MySQL or Microsoft SQL Server.
The database receives data from one or more sensor gateways.
The database provides historical data to the Dashboard and the
PLM system.

2.5. Dashboard

To ensure that the information is easy to access, a HTML5
web application is used to provide a dashboard. This allows
the dashboard to be accessed by any device with a webbrowser
supporting HTML5, such as most modern computers, tablets
and phones. Real-time information is accessed by subscribing
to messages from the real-time data provider. The information
can be displayed as raw messages or plotted as graphs. The
geometry that is part of the virtual product representation can
be visualised in the dashboard using WebGL. This allows for
sensor data to be mapped to the 3D-geometry and displayed in
real-time. Displaying real-time temperature from several sen-
sors could be a potential use case.

Fig. 2. PLM Data model with product use information
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2.6. PLM System

The PLM system provides access to the virtual product rep-
resentation together with sensor data from the database. This
enables users to access use phase information in their context
for example in a CAx system to improve new design, validate
designs and compare physical and virtual results from testing
and simulation.

The data model of the PLM system needs to be extended
to add support for the manufactured product instances. Dienst
et.al. [3] has shown that it is possible to support product in-
stances in a commercial PLM system. They achieve this by
connecting the product data in the PLM system with the product
use data in an external system using serial numbers as unique
identifiers. In our concept the data model of the PLM system
is extended by creating a new object type that represents an
instance as shown in Figure 2. The instance object provides ac-
cess to information unique for that instance. This is achieved
by attributes that stores links to the sensor dashboard as well as
an integration with the sensor database where relevant informa-
tion can be mapped to attributes of the instance object. Other
types of use phase information such as where the instance is lo-
cated and how it has been serviced can also be made available
as attributes on the instance object. The instance object is con-
nected to the virtual product definition by a relation in the PLM
system.

3. Implementation

The implementation has been carried out together with Ges-
tamp HardTech, a manufacurer of press hardened automotive
parts. They are currently developing a potential FP business
model. The hardware part in the potential FP is a press harden-
ing tool.

The Mulle Platform [19] was used to build a wireless sen-
sor network consisting of one sensor node and one sensor gate-
way. The sensor node was installed in a press hardening tool.
Sensors for capturing the pressure in gas springs and acceler-
ation/vibrations was also installed in the tool and connected to
the sensor node. The Mulle utilizes the IEEE 802.15.4 stan-
dard for low power wireless communication [20]. Power con-
sumption can be as low as 20 µW. Due to wireless connectivity
and low power requirements of the sensor node, the installation
could be achieved without additional cables for network and
power supply. The modification needed was the addition of a
small box including the sensor node and its battery, and also the
sensors and the cables connecting the sensors with the sensor
node. The gateway device gathers information from the sensor
node and distributes it to a MySQL database and through a real-
time data provider. The real-time data provider is implemented
in Python and uses the Zero Message Queue for managing mes-
sages and the WebSocket protocol [18] to send these to clients.
The data model of Gestamp HardTechs PLM system, Siemens
Teamcenter, was extended to support product instances and pro-
vide links to the dashboard. The dashboard is implemented in
HTML and Javascript. A screenshot of one view in the dash-
board can be seen in Figure 3.

Sensor data has been collected during one manufacturing
campaign and stored in the database. The dashboard was also
used to verify that information could be visualised in real-time.

The captured information was presented using the dashboard to
managers at both Tooling design and Tooling research. They
both agree that product development benefits from access to
product use information for improving current and future prod-
ucts. The sale of press hardening tools as a function is sup-
ported to some extent by providing monitoring for optimizing
the maintenance and that it could also be used to optimize how
the customer is operating the tool. Thus ensuring that the tool
is operating as designed and agreed upon. Some other potential
uses for the information includes:

• Predict wear in the tools
• Predict tolerances of pressed components
• Predictive maintenance
• Optimization of tool performance
• Faster tool try-out

4. Discussion And Conclusions

The retained ownership and need for monitoring of FPs
bring a possibility to create value from use phase information.
One way to create this value is integrate the use phase infor-
mation with the virtual product representation. This integration
enables use phase information to be easily and contextually ac-
cessed during product development.

Traditionally, when a product is sold the ownership of the
product is transferred to the customer making it di�cult for the
provider of the product to access information from its use phase.
It is up to the customer to provide this information and there
might be a lack of motivation or ability to do so. In the case of
FP, where the the ownership of the product is retained by the
provider, access to use phase information is essential to provid-
ing the function at a guaranteed level of availability. This infor-
mation access also allows feedback to earlier life cycle phases.

The provider has the most in-depth knowledge about the
product and can ensure that it is operating and being main-
tained e�ciently. It is however important to have an agreement
with the customer about what information is available for the
provider as well as for the customer. This agreement should en-
sure that information that is not needed for providing the func-
tion and that the customer is unwilling to share is not made
available to the provider. There is a potential for the customer
to use available information to optimize other aspects of their
production.

By utilizing wireless sensor networks with low cost nodes,
use phase information can be easily captured and made avail-
able to both providers and customers. This can be achieved
without major modifications to the product or its surrounding
infrastructure. Wireless technology and energy harvesting tech-
niques requires minimum impact on existing products and pro-
cesses by avoiding additional cables for network and power
supply.

A unified solution for information management of both
product use and product development for FP can be achieved by
integrating use phase information and the virtual product repre-
sentation. The PLM system used for the implementation does
not explicitly support FP or similar concepts through predefined
data models and applications. The PLM system can however be
extended to also support instances of products.

The product used in the implementation to represent a FP
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Fig. 3. Dashboard screenshot

was developed as a traditional product and therefore the virtual
product definition does not include anything specific for FP. To
support FP in PLM systems would likely include modification
to the data model representing the virtual product definiton.

We believe that integrating the use phase information, pri-
marily generated from monitoring the HW/SW, with the virtual
product representation can aid in the development and execu-
tion of all four FP constituents.

5. Future Work

Access to use phase information can create value in the prod-
uct development process for example as feedback on designs or
uncovering needs that are unaddressed. Future research should
focus on how product development should use the information
to improve current and future products. Data mining of life cy-
cle information is one concept to provide algorithmic feedback
for product development [21]. Due to the enhanced access to
this type of information in the case of FP this would be a suit-
able subject to address. Integrating use phase information cap-
tured manually by humans could also be considered in future
work. Currently the use of the implementation has been limited
to only one manufacturing campaign. After an extended use
period the concept presented in this paper will be further devel-
oped, evaluated and validated. The wireless nodes are currently
powered by battery but due to their low energy demands they
could ideally be powered by harvesting energy from for exam-
ple motion or temperature di↵erences.

Acknowledgements

This work was financed by the Faste Laboratory, a VIN-
NOVA (Swedish Governmental Agency for Innovation Sys-

tems) Excellence Center, and was carried out in close collab-
oration with Gestamp HardTech and another partner company
within the Faste Laboratory.

References
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