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Abstract 

Information exchange is becoming more and more important as modern 
manufacturers increasingly rely on integrated product development. Research 
shows that designers may not be aware of existing information or be willing 
to disrupt their work to search for the relevant information. One part of the 
answer to issues related to understanding, availability and actual consideration 
is context. The research trend in knowledge sharing seems to be moving 
towards integration of additional platform-independent applications and 
lightweight product representations to accommodate contextual 
communication, even though findings suggest user reservation to additional 
applications. The part Computer Aided Design and Engineering systems play 
in the product lifecycle however continues to expand, as is the concept of 
Simulation-Driven Design as a means of ensuring downstream product 
lifecycle consideration. The underlying purpose of the research presented in 
this thesis is essentially to, enable and ensure awareness, access and 
understanding of product and process related information, for relevant actors, 
during relevant activities and within relevant environments. 

The proposed approach serves to enable, and to an extent ensure, contextual 
decision support within the early stages of product development, thus 
increasing the foundation for continued understanding and overall 
development. The approach has been implemented, and the resulting 
demonstrator includes but a few examples of how heavyweight technologies 
can, and to an extent should be used to ensure a better foundation for design 
decisions. The presented approach is a general way of not only enabling 
Simulation-Driven Design capabilities, but ensuring that they in fact have the 
desired impact. Investigations and demonstrator evaluations show that access 
to supporting tools and relevant information has to be made readily and 
contextually available. These have to be intuitive, integrated into the 
environment where they are needed, and ultimately be perceived as a natural 
part of daily development in order for them to be accepted and used. 

It is important to realise that the tools themselves are no cure-alls, nor are 
they replacements for purposeful communication and conscious 
consideration to all aspects of the product lifecycle. Still, transparency and an 
educational approach to tool development could be a catalyst, an entry point 
towards ensuring insight and understanding, so that each actor in turn can act 
with consideration to the product lifecycle as a whole, instead of just the task 
at hand.  

Keywords 

Simulation-Driven Design, Knowledge-Based Engineering, Decision Support, 
Computer-Aided Engineering, Contextual Communication 
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1. Introduction 

The following chapter present the premise for the conducted research, including background, 
motivation, delimitations and the overall structure of the thesis.  

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 and Fujimoto 1991) and 
gradually refined work. The automotive development process may, for 
instance, involve thousands of actors and millions of decisions (Eppinger et 
al. 1994), each decision resting on the foundation available to the actor(s) 
responsible. Information relevant to a decision may include decisions leading 
up to the decision at hand, the constraints imposed by these decisions 
(Ullman 1997), the (design) rationale behind them (Lee and Lai 1991) and the 
effects that variations of a decision will have on later stages in the 
development process, and ultimately the product lifecycle. As 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 (Ellis et al. 1991). These decisions and the information related 
to them is what in the end determine downstream aspects such as lead time, 
cost and final product quality. Predicting the downstream effects of potential 
decisions and communicating them back to those in charge of making these 
decisions, is an integral component in Simulation-Driven Design (SDD). 
Communication, whether synchronous or asynchronous, is however but a 
means to an end. The end being to ensure that information is available, 
understandable and in fact considered by those who need it. Understanding is 
a complex issue in itself, but essential in order to ensure proper use of 
gradually refined deliveries within concurrent product development. One part 
of the answer to issues related to understanding, availability and actual 
consideration is context, the lack of which (Kim et al. 2007; Ding and Liu 
2010) is considered a major issue in the research community. Bracewell et al. 
(2009) reach a noteworthy conclusion in 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 the proper context. Proper context could, for instance, include 
consideration to the intended user(s), their respective viewpoints (Ding et al. 
2009), performed activities, used environments and other relevant 
information. This means that availability, still being a prerequisite for (re)use, 
is not enough in itself. Research (Kim et al. 2007) shows that designers may 
not be aware of existing information, or for that matter, be willing to disrupt 
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their work to search for it, findings which are corroborated by investigations 
performed at a subcontractor to the automotive industry (Lundin et al. 2010). 
Investigations show that designers see themselves as already having to 
maintain proficiency in, and switch in between, enough applications and 
systems. Designers are therefore reluctant to add additional, albeit supportive 
applications. The user environment is as such another important aspect in 
realising awareness of, access to and understanding of information relevant to 
a decision at hand. 

1.1. Research motivation 

The research trend in knowledge sharing seems to be moving towards the 
integration of additional, platform-independent applications and lightweight 
product representations, even though findings suggest user reservation to 
additional applications for communication. Examples of efforts made to 
achieve contextual communication by use of platform-independent 
applications, lightweight product representations or both, include but are by 
no means limited to; LIMMA (Ding et al. 2009), an approach combining 
Computer Aided Design (CAD) internal and, through lightweight product 
representations external, retention of product data associated to the 
geometrical entities of the product representation; DRED (Bracewell et al. 
2009), a lightweight application where decisions and their rationale are 
contextually and dependently retained with the decisions they relate to, as 
design proceeds; SAT (Hisarciklilar and Boujut 2007), 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 (Leake and Wilson 2001), a design framework 
utilising case-based reasoning to achieve capture and context-sensitive reuse 
of expert knowledge, prior design and rationale. 

Issues pertaining to the opposite, the use of Computer Aided Design and 
Engineering (CAD/CAE) systems for communication, and in particular the 
use of CAD/CAE models to communicate and transfer information have 
been raised by (Ding et al. 2009). The capabilities of these systems and the 
role they play in the product lifecycle however continue to expand, in part 
through Simulation-Driven Design principles and the inherent potential of 
ensuring early and integrated downstream product lifecycle consideration. 

The research presented consequently came down to; (1) investigate the extent 
to which Knowledge Based Engineering (KBE), native CAD/CAE 
functionality and 3D models, all with a heavy nature, can and should be used 
to increase the foundation upon which decisions are made; (2) enable and 
ensure the presence of SDD capabilities in product development, allowing 
early development stages to base decisions upon predicted product lifecycle 
outcomes, rather than best practice and trial-and-error alone; (3) ensure that 
available support is in fact considered, understood and properly used. 
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1.2. Research Questions 

The formal research questions guiding the research presented are: 

RQ1: To what extent can and should CAD/CAE systems, Knowledge Based 
Engineering and CAD/CAE models be used to ensure purposeful and considerate 
knowledge retention and reuse? 

RQ2: How should product and process information be retained and reused in 
Simulation-Driven Product Development, in order to maximise the foundation upon 
which design decisions are made? 

Even though these questions as they now stand, have undergone changes 
during the course of this research, the fundamental principles however remain 
the same. 

1.3. Delimitations 

Research has so far been limited to the early stages of design, as this is 
perhaps the stage during which design decisions have the most significant 
impact on aspects such as quality, lead time (Ullman 1997), reliability, safety, 
environmental aspects and the final product cost (Hsu and Liu 2000). The 
early stages of development correspond, for the particular case selected, to 
the proposal process of vehicle safety components. This focus aside, the 
intention has continuously been to illuminate general challenges in 
communication and to propose methods and support applicable to an 
arbitrary product lifecycle stage. 

The primary purpose of the research has so far been to investigate and 
improve the ways in which knowledge is retained and reused, little or no 
consideration has as such been given to the underlying informational model 
and actual storage. 

1.4. Thesis Disposition 

The introduction is followed by a brief overview of the theoretical foundation 
and research relevant to the work performed, in Chapter 2. Chapter 3 then 
describes the research methodology, with the purpose of clarifying the 
approach taken and why. The results are presented in Chapter 4, including the 
proposed approach and the way in which it has been implemented. Chapter 5 
then sum up the appended papers, how these contribute to the thesis and 
how the author in turn has contributed to each of the papers individually. 
Chapter 6 highlights the most important findings and discusses their 
implications. The summary part of this thesis is then concluded with 
recommendations in terms of future research, Chapter 7, only to be followed 
by the three appended papers. 
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2. Theoretical foundation 

The following chapter describe the theoretical foundation and premise for the conducted 
research, including different approaches and methodologies to product development.  

2.1. Product Development 

Product development is defined by Ulrich and Eppinger (1995) as, “… the set 
of activities beginning with the perception of a market opportunity and ending with the 
production, sale and delivery of a product”. An early decomposition of the product 
development process into its basic building blocks was made by Simon 
(1962), who defined it as a "sequence of processes that will produce the goal state from 
the initial state". The product development process is in other words a set of 
activities or stages that, if performed, would yield the desired outcome. Lee 
and Melkanoff (1993) argue that all those developing products have some sort 
of product development process, whether implicit or explicit. In interpreting 
Krubasik (1988), Smith and Reinartsen (1992) and Unger and Eppinger 
(2011), there is however no single, one-size-fits-all process that can be 
generally applied. Instead, each company should design its product 
development process, the set and sequence of activities to performed, based 
on the particular case at hand. Eppinger (1991) describes three ways in which 
activities or stages may relate to each other. They can be dependent, 
independent or interdependent; how process stages are related eventually 
determines how they can and should be executed. Two components shared 
by all product development processes, according to Unger and Eppinger 
(2009), are design reviews and iterations. Design reviews involve assessment 
of progress, and a decision as to whether or not to continue to the next stage. 
Iterations, whether unplanned or scheduled, could be explained as the return 
to an earlier stage in development with the intention of performing a set of 
activities once more, this time based on new information and insights. The 
staged or sequential development process is one example of a process in its 
traditional form, where all activities need to be finished before the review or 
gate, and where evaluation is performed to verify that the previous stage was 
successful (Smith & Reinertsen 1992; Unger and Eppinger 2009). 
Competition within modern product development however, constantly 
demands shorter time to market and more efficient product development, 
factors as to why “product development has evolved from the traditional 
sequential scheme into concurrent engineering” (Eppinger 1991). 

2.2. Concurrent Engineering 

Winner et al. (1988) define Concurrent Engineering as “a systematic approach to 
the integrated, concurrent design of products and their related processes”. Concurrent 
engineering builds upon the principle of overlapping or concurrently 
performed stages or activities (Krishnan 1996). There is naturally a difference 
in complexity between the parallel execution of independent and 
interdependent stages. The fragmented and preliminary information exchange 
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taking place between interdependent stages executed in parallel (Clark and 
Fujimoto 1991; Smith and Reinertsen 1992; Krishnan et al. 1995), is by nature 
more complex. Other aspect of Concurrent Engineering include earlier use of 
downstream information, cross-functional information exchange and the use 
of cross-functional or interdisciplinary teams (Sprague et al. 1991). Winner et 
al. (1988) finally state that concurrent engineering “is intended to cause the 
developers, from the outset, to consider all elements of the product life”. 

2.3. Product lifecycle engineering 

A concept of the product lifecycle was introduced in 1950 by Joel Dean, who 
made an analogy to the biological lifecycle: “Before birth, at birth, in childhood, in 
adulthood, in senescence”. Lee and Melkanoff (1993) define the product 
development lifecycle as “an explicit model of the stages a product goes through during 
its life history and the interaction of information and decisions between these stages”. The 
idea is to consider the entire lifecycle of a given product from the start, 
ensuring that no issues arise and that the product in fact is optimised with 
regard to all aspects of its lifecycle. Product lifecycle consideration naturally 
requires access to a larger knowledge foundation and does, in extension, 
demand more in terms of information exchange and cross-functional 
collaboration. Design For eXcellence (DFX) is a collection of sorts, and can 
be implemented as a set of guidelines (Pahl & Beitz 1996), generally allowing 
non-experts the means to consider and optimise development for 
downstream product lifecycle aspects. DFX includes variations specific to a 
range of lifecycle aspects, including but not limited to manufacturing (DFM), 
assembly (DFA), recycling (DFR), cost and quality. Another approach 
towards ensuring consideration to product lifecycle aspects is through SDD. 

2.4. Simulation-Driven Design 

Shepard (Shephard et al. 2004) defines the concept of simulation-based 
design as “a process in which simulation is the primary means of design evaluation and 
verification”. SDD could from Wall et al. (2007) be considered an extension of 
this concept, as SDD "rather than only verifying solutions that are already decided 
upon, support dialogues with customers, stimulate creation of new concepts and provide 
guidance towards more optimised designs, especially in early development stages". An 
integral part of SDD is the use of simulations to further the knowledge 
foundation upon which decisions are made. A notion supported by Sellgren’s 
(1999) definition of SDD as "a design process where decisions related to the behavior 
and performance of the artifact are significantly supported by computer-based product 
modeling and simulation". Distributing this capability from simulation experts to 
design engineers (Larsson 2001),(Bylund and Karlsson 2004), would allow 
designers the means to directly relate simulation-generated information to 
design decisions and, in extension, allow them to understand the effects 
decisions have on downstream aspects. One approach to realising the 
Simulation-Driven Design capabilities mentioned above is through the use of 
KBE. 
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2.5. Knowledge Based Engineering 

KBE systems can be assets in enabling and ensuring SDD processes, since 
these “aim to capture product and process information in such a way as to allow businesses 
to model engineering design processes, and then use the model to automate all or part of the 
process” (Chapman and Pinfold 1999). Stokes (2001) defines KBE as the “use of 
advanced software techniques to capture and re-use product and process knowledge in an 
integrated way”. An example of KBE within the context of SDD would be the 
coupling of generative modelling and simulation to optimise a design within a 
given design space, using simulation-generated data to drive modelling 
towards an optimum. Chapman and Pinfold (1999) further elaborate on the 
product model in terms of how it could be used to represent the engineering 
intent behind the product design.  

Established KBE methods and tools for design automation, optimisation and 
prediction have been presented over the years with regard to different stages 
of the product lifecycle. These include, but are by no means limited to, early 
stage consideration to performance (Chapman and Pinfold 1999), 
manufacture (Shehab and Abdalla 2001), (Ramana and Rao 2005), and post-
manufacturing stages such as maintenance (M. Sandberg et al. 2005). 
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3. Research methodology 

The following chapter describe the research methodology and the overall approach taken, 
including theoretical foundation and a short description of the selected study. 

The research methodology used has been inspired by the Design Research 
Methodology (Blessing & Chakrabarti 2009), and in particular the concept of 
alternating studies of a descriptive and prescriptive nature. Data of a 
predominantly qualitative nature were gathered in order to identify, gain 
insight into, and understand the underlying needs at the case company, during 
the initial descriptive study. Analysis based on data from multiple sources, as 
recommended by Yin (2009), ensured an accurate view of the current state of 
practice. These sources included archived documents, workshops, 
observations and interviews with relevant functions at the case company. The 
initial descriptive study essentially followed the principle put forward by 
Blessing and Chakrabarti (2009), in that 

“development of support that is intended to improve design is likely to be far more efficient 
and effective if design is better understood.” 

As the descriptive study came to an end, so began the prescriptive study, 
realised through approach and demonstrator development. Continuous 
evaluation and user input have been essential, especially with respect to 
demonstrator conception, as its aspects ultimately served to simplify and 
support users in the early stages of design. Demonstrator evaluation was held 
on a weekly or a monthly basis with R&D personnel representing design, 
manufacturing simulation and quotations. Evaluations have been conducted 
at the working station of the users involved and have involved tasks designed 
to resemble those regularly performed. What could be interpreted as 
descriptive and prescriptive studies, albeit less rigorous, were at this point 
iterated, ending with formal and more extensive evaluation. Future users of 
these implementations were as such allowed to contribute and direct 
development to the point where the demonstrator was determined to have 
the desired characteristics and impact. 

3.1. Case study 

The case study in question focused on the proposal process of safety 
components at Gestamp HardTech, a supplier to the automotive industry.  
The proposal process begins with a customer request for the development 
and production of a component, and ends with the delivery of a proposal, 
including a feasible concept. The purpose of this case study was twofold; (1) 
to attain a deeper understanding of the product development process of the 
company in question, their issues in terms of communication and the impact 
these have on the decision making process; and (2) to implement and evaluate 
the prescribed approach, targeting uncovered issues and challenges.
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4. Results 

The following chapter highlights major results from the underlying research, including the 
overall approach and the demonstrator implemented. 

4.1. Supporting engineering decisions in Simulation-Driven 
Product Development 

Product development is essentially a long line of decisions. It therefore stands 
to reason that the lead time, cost and quality of any given product ultimately 
depend on the decisions that are made. The general idea is to enable and 
ensure faster and more informed decisions at any given point of a Simulation-
Driven Product Development Process, as depicted in figure 4.1. A  
Simulation-Driven Product Development Process whereby, simulation and 
generated data ensure insight and an understanding, which can and will be 
used to drive the development of the product towards its optima. 

The proposed approach, as depicted in figure 4.1, serves to enable and to an 
extent ensure contextual decision support, both within individual businesses 
and in a Business-to-Business (B2B) setting. Figure 4.1 highlight three aspects 
of enabled and ensured decision support at an arbitrary decision point (DP). 
Decisions should be made with respect to past design experience and 
organisational knowledge, with respect to prior decisions and their rationale, 
and all be provided in proper context during the life cycle of a product, as 
discussed in Chapter 4.4. Exploration and evaluation of decisions, as 
discussed in Chapter 4.2, and access to the effects these decisions have on 
downstream product and process aspects, as discussed in Chapter 4.3, are also 
vital aspects in proper decision support. All aspects should then be assured 
without ever taking users’ focus from their activity, their primary work 
environment and the product representation to which information may refer. 

 

Figure 4.1: An approach to general decision support, including efficient exploration of potential 
decisions (4.2), access to downstream effects of these decisions (4.3) and continuous information 

exchange (4.4). 
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All aspects of this approach can essentially be divided into the traditional 
pursuit of enabling and the, in the author’s opinion even more important 
pursuit of ensuring. It is one thing to make capabilities and support available 
to the user in need, it is an entirely different thing to ensure that it is in fact 
considered, understood and used properly.  

The idea is to, at any given decision point, enable: 

 Efficient exploration of all potential variations of a decision; 
 Access to the effects these decisions will have on downstream 

product and process aspects; 
 Continuous retention and reuse of product and process-related 

information, including decisions made and their rationale. 

The key to ensure consideration, understanding and proper use is, in the 
opinion of the author, proper context. In light of this thesis and its primary 
focus, information relevant to a particular design decision should be 
communicated in the context of other relevant information, the product 
representation to which it pertain, and the environment relevant to the 
activity at hand. 

The proposed approach, aimed towards increasing the decision support in 
Simulation-Driven Product Development, has been implemented in the early 
stages of development. It has been implemented using a combination of 
heavyweight technologies, technologies such as commercial CAD/CAE 
systems, KBE extensions and 3D model-oriented communication. The 
demonstrator implemented and described in the following chapters, is based 
on established industry best practice, already proven KBE methods and a 3D 
model-oriented approach, presented by Sandberg and Näsström (2007) and 
extended by Lundin et al. (2010). 

4.2. Efficient exploration of potential decisions 

Efficient exploration of potential decisions has been applied to design space 
exploration and, for the sake of realisation, broken down into rapid concept 
generation and performance optimisation. The CAD/CAE software, within 
which users already consider themselves proficient, seemed the natural choice 
of foundation for the development of KBE extension. All user interaction is 
now however, essentially confined to a customised and CAD integrated 
Graphical User Interfaces (GUI), as depicted in figure 4.2. The intention was 
to make all additional support into natural and integrated parts of the primary 
environments already used during design activities.  

Repetitive tasks have been formalised and replaced with assisted and 
simplified concept generation, whilst maintaining traditional best-practice 
design procedures and customisation capability. What used to be a manually 
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performed and a highly iterative process of concept simulation, is now 
replaced with user-controlled optimisation. The additional support enable the 
exploration of a larger design space without ever having to manually interact 
with the simulation software, all simplified so as to allow non-expert usage. 

 

Figure 4.2: A GUI used to customise the start model, visible in the back, accessible as any other 
tool within the CAD environment. 

The tool presented allows simulation-driven concept design and optimisation 
without explicit user intervention in between analysis iterations, enabling 
overnight analysis and longer uninterrupted time for other tasks. Evaluation 
feedback is made available over an entire product range, including insights 
into how concept parameters and characteristics affect final performance. 

4.3. Access to the effects decisions will have on downstream 
product and process aspects 

Access to the effects decisions will have on downstream product and process 
aspects is closely connected to exploration of potential decisions, and ensures the 
foundation for evaluation and selection. The tool is consequently integrated 
closely with the one described in Chapter 4.2, as per the GUI depicted in 
figure 4.3. However, where the tool in Chapter 4.2 requires a formalised 
model for the specific component in development, this tool can actually be 
applied to any geometry. The tool provides the designer with the effects of 
design decisions made, as these are made, based on downstream process 
information. Users are in this case made aware of whether or not the 
component can be manufactured using available production capabilities, and 
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if so, how and to what cost. The CAD system is by no means the primary 
work environment for all functions involved in the development of a product, 
which is why the rule set and process related information behind the 
evaluation is stored in an external database. Functions responsible for other 
aspects of the process are as such given the means to manage relevant 
information without proficiency or access to the CAD software itself. 

 

Figure 4.3: GUI showing the predicted cost and suggested production setup based on analysis of 
the current design. 

Process breakdown and overview has been a necessary aspect in ensuring 
insight and understanding. The effects of potential decisions are not only 
provided as complete product of all aspects involved, but are broken down 
over each process step individually. Providing designers with the effects of 
decisions made based on downstream product and process aspect, is another 
component of Simulation-Driven Product Development. With access to this 
kind of insight, the designer can make earlier, more informed decisions and 
potentially evaluate a larger solution space without having to wait for and rely 
on feedback given by experts in later stages. This information is now 
delivered in the context of a given component design and the design 
environment used.  
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4.4. Knowledge exchange in Simulation-Driven Product 
Development 

The following aspect covers knowledge exchange in the context of the 
product representation. The idea is essentially to ensure access, consideration 
and understanding of product-related information, information such the 
design intent, the design rationale, simulation results and what is generally 
confined to product specific documentation. The approach suggests the use 
of common built-in functionality of modern CAD software, and has in this 
case been implemented in part through 3D annotations, associated and 
visually connected to the product representation, as depicted in figure 4.4. 
The actual act of retention can as such be performed by designers while they 
work on the current component, integrating design and documentation in the 
same workspace. Product specific information such as the design intent and 
the design rationale can consequently be contextually retained and made 
available through the product representation.  

 

Figure 4.4: Illustrating how product related information can be presented within a GUI, 
generated as 3D annotations and if relevant, associated to the product representation. 

Implementation and evaluation have shown that storage of information that 
is not necessarily unique and isolated to the product representation, within 
CAD models as 3D annotations, is not feasible. This applies especially to 
information which needs to be retained, retrieved or managed by users 
without proficiency or access to CAD/CAE software. The use of 3D 
annotations should preferably be limited to information which is directly 
related to, and gain from association and spatial proximity to the product 
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geometry. This information could as such be conveyed using 3D annotations, 
but should be stored in a central repository. These issues aside, the approach 
does however illustrate the benefits of communicating product information 
related to specific aspects of the geometry, in the context of the product 
representation to which it pertains. 

Exchange is however rarely confined to individual businesses. The case 
company has introduced a variation of model-oriented exchange in a B2B 
setting, as they provide their customer, the automotive manufacturer, with the 
ability to accurately consider the effects that case company’s process have on 
individual components. The impact that the manufacturing process has on 
material properties is in this case mapped onto a CAE model. This 
information is in turn essential for the automotive manufacturer to accurately 
perform structural analyses on complete systems, systems where the delivered 
component is included. This has enabled the studied case company to sell a 
virtual model together with the physical product, not only allowing a 
Simulation-Driven Product Development Process in-house, but also enabling 
one for the case company’s customers. 
 
Continuous retention of product related data and information, within the 
context of the design environment and the product in development, 
constitutes a necessary part in laying the foundation for future decisions. The 
contextual nature of its implementation should improve understanding, as 
information such as design intent, design rationale and simulation results in 
fact remain, and continue to be available with the product representation. 
Proper consideration to what should and should not be made available during 
B2B exchange, is however a prerequisite when associating information to, or 
storing information with, the product representation. A business’s process 
and all work conducted within, should build upon knowledge established in 
prior in-house projects. Each aspects of the product development process 
should be supported to the extent it is possible, and in a manner which for all 
intents and purposes are adapted for the needs at hand. Results and 
knowledge generated should then be retained and communicated in a manner 
ensuring understanding, subsequent reuse and a continued Simulation-Driven 
Product Development Process, both for the business itself and those with 
whom they in turn do business with.  
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5. Summary of appended papers 

The following chapter provide a brief summary of the appended papers, including their 
contribution to the thesis and how the author has contributed to each of these individually. 

Paper A: 

Knowledge retention and reuse: Using CAD models as carriers of knowledge  
M. Lundin, S. Sandberg, and M. Näsström. 
In proceedings of the ASME International Design Engineering Technical Conferences 
& Computers and Information in Engineering Conference. 2010. Montreal, Canada. 

Brief summary: 
Paper A is a conference paper exploring and depicting a variety of ways in 
which CAD/CAE systems, Knowledge Based Engineering extensions and 
3D models, all with a heavy nature, can and should be used to support 
knowledge retention and reuse in early stages of product development. It 
describes a holistic approach to contextual retention and reuse, an approach 
which has been implemented and undergone initial evaluation at a case 
company. 

Author contribution: 
The author has contributed to the underlying case company investigation, the 
development of the overall approach and the implementation and evaluation 
of the demonstrator aspects termed downstream knowledge access and continuous 
knowledge retention and reuse. This work was performed under the guidance of, 
and based on, prior work and ideas established by Stefan Sandberg and Mats 
Näsström. The author was also responsible for writing the paper, with 
feedback from the other authors. 

Paper B: 

State of the Art in Simulation Driven Design  
M. Karlberg, M. Löfstrand, S. Sandberg, and M. Lundin. 
Submitted to journal for publication. 

Brief summary: 
Paper B is a chronological and categorical state of the art journal paper, 
covering some of the more prominent contributions related to Simulation-
Driven Design. The paper describes the field of Simulation-Driven Design 
and how research related to the concept has evolved over the years. It ends 
with a summary of what could be considered criteria and desired effects of 
successful applications. 

Author contribution: 
Author involvement in this paper began after the essential literature review. 
The author’s contribution included turning the acquired material into a paper 
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together with the co-authors. The author had an individual responsibility for 
the discussion, which as with all other aspects of the paper in the end was 
discussed and finalised among the authors. 

Paper C: 

Supporting engineering decisions through contextual, model- oriented communication and 
Knowledge-Based Engineering in Simulation Driven Product Development: An automotive 
case study 
S. Sandberg, M. Lundin, M. Näsström, L-E. Lindgren, and D. Berglund. 
Accepted to the Journal of Engineering Design. 

Brief summary: 
The approach and demonstrator presented in Paper A has been extended and 
evaluated in the context of Simulation-Driven Product Development, thus 
merging and extending the content presented in Paper A and Paper B. The 
paper presents a general approach to how engineering decisions in 
Simulation-Driven Product Development can, and to a certain extent should 
be enabled and ensured. 

Author contribution: 
The author was responsible for the development and implementation of the 
aspects termed Early access to the effects of design decisions made based on downstream 
process information, and Contextual retention and retrieval of product-related information 
with the product representation through 3D annotations. In addition, the author was 
responsible for the overall approach to decision support in Simulation-Driven 
Product Development, and thus the context in which the developed 
demonstrator was refined and discussed. Author responsibility also included 
the writing of the paper together with Stefan Sandberg, with contributions 
from Mats Näsström, Lars-Erik Lindgren and Daniel Berglund. 
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6. Discussion 

The following chapter conclude the research conducted and discuss issues relevant to the 
implementation of Simulation-Driven Design capabilities and the use of tools as means to 
ensure decision support. 

The presented approach is a general way of not only enabling Simulation-
Driven Design capabilities, but ensuring that they in fact have the desired 
impact. The demonstrator aspects presented constitutes but a few examples, 
so far confined to the early stages of design. Examples of how heavyweight 
technologies can and to an extent should be used to ensure a better 
foundation for design decisions. The ambition being the realisation of an 
approach that enables and ensures contextual retention, reuse and 
bidirectional communication of product-related information at any given time 
and place in Simulation-Driven Product Development. 

It is important to realise that the tools themselves are no cure-alls, nor are 
they replacements for purposeful communication and conscious 
consideration to all aspects of the product lifecycle. Still, transparency and an 
educational approach to tool development could be a catalyst. It could be an 
entry point towards ensuring insight and understanding, so that each actor in 
turn can act with consideration to the product lifecycle as a whole, instead of 
just the task at hand. Insight into other stages of the product lifecycle and the 
processes involved may lead to more than a direct focus on product quality 
alone. It could lead to a unified understanding and common pursuit for a 
quality process, a process that in turn can and will continuously generate 
quality products. 

A general simulation-driven approach to product development, proven as it 
may be, has to be more than enabled to truly make a difference in the 
development process and life cycle of a product. Simulation-driven principles 
need to be considered early and ensured continuously, so that capabilities 
made available at one point, continue to be available. This must be ensured, 
both within businesses and between businesses, especially as B2B 
collaboration is becoming more and more common. Investigations and 
demonstrator evaluations show that access to supporting tools and relevant 
information has to be made readily and contextually available. These have to 
be intuitive, integrated into the environment where they are needed, and 
ultimately be perceived as a natural part of daily development in order for 
them to be accepted and used. 

It is the belief of the author that the approach presented and implemented, 
constitute another step towards ensuring faster and more informed design 
decisions in Simulation-Driven Product Development. 
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7. Recommendations for future research 

The following chapter provide recommendations in terms of the direction future research 
effort could and should be directed. 

Research efforts have so far been focused on knowledge retention, reuse and 
the interfaces actors would use to accomplish this. Further research should 
encompass the underlying informational model and its semantics relations, 
ensuring that information can be exchanged, understood and used in between 
systems just as in between systems and users. Another aspect to focus on is 
the actual storage of interrelated, multipurpose information, while still 
maintaining the benefits of contextual communication with respect to the 
work environment and the product representation. The scope should also be 
extended, from the early stages of product development to an arbitrary stage 
in the product lifecycle. 

Another subject that does warrant further concern is that of the interfaces 
used for cross-functional exchange. Are traditional approaches such as 
adaptations for one function over the other or the least common 
denominator, really the only ways to go? Or is there a way to ensure that all 
those involved have interfaces and capabilities adapted to their specific needs 
at hand? 

Finally, too many research efforts seem to stop once they reach verification of 
capability, of what is possible. All too few actively pursue what, in the mind 
of the author, is and always should be the ultimate pursuit; Making sure that 
methods and tools are more than capable of having a positive impact within 
an industrial context, that they in fact are continuously ensured of having it. 
The research for this thesis has so far been performed with this mind set, 
there is still however more to do in this respect. The intention is consequently 
to continue with development, implementation and evaluation in an even 
closer collaboration with the industry.  
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ABSTRACT 
In order to ensure competitive advantage, manufacturers 

need to reduce the time and resources spent on development 
without affecting the quality and performance of the final 
product. Studies show that designers are likely to change both 
job and company several times during their career. The loss of 
experience and expertise implies that new methods for efficient 
knowledge retention and reuse need to be developed. Results 
presented in this paper include development and 
implementation of a previously proposed method suggesting the 
use of CAD models as carriers of knowledge. The method has 
been further developed and realised in a three-part 
demonstrator, each part addressing one aspect of a holistic 
approach to efficient knowledge retention and reuse. The 
approach presented here does not require the use of any 
additional applications during product development and it 
ensures that the designer has access to necessary information, 
where and when it is needed. This approach also resulst in less 
time spent on documentation, data conversion and information 
retrieval. 

1 INTRODUCTION 
Competition is high within the manufacturing industry. In 

order to ensure competitive advantage, manufacturers need to 
reduce the time and resources spent on development without 

affecting the quality and performance of the final product. For 
many manufacturing industries, the proposal process is where 
the competition is most apparent. The vision is a rapid proposal 
process built around fast and educated design decisions. 
Meanwhile, studies [1] show that trends in career patterns have 
changed. Instead of having the same job for their entire careers, 
designers are more likely to change both job and company 
several times. Consequently, designers have generally less time 
to build up experience and fewer experts will be available to 
consult within companies. This loss of experience and expert 
knowledge must be handled and one way is an efficient means 
of capturing knowledge and design rationale. As stated by [2], 
design rationales are important tools because they can include 
not only reasons behind a design decision but also the 
justification for it, the considered alternatives , the evaluated 
tradeoffs and the argumentation that led to the decision. Recent 
studies [3] show that the problem is not only the lack of 
information but also the search and retrieval of that 
information. Accessing information scattered over extensive 
databases, digital and paper-based, without knowing exactly 
what to look for can in itself be challenging, not to mention 
time consuming. This makes storing, managing and accessing 
knowledge efficiently a growing challenge for all disciplines in 
the design team. The DRAMA framework [4] is one approach 
for the capture and reuse of expert design knowledge by means 
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of case based reasoning and concept maps. An approach to 
knowledge retention and reuse using CAD systems and 
external XML-based knowledge storage is proposed in [5]. 
Another method supporting communication in a 3D 
environment (VRML) is presented in [6]. 

This paper addresses efficient knowledge retention and 
reuse, initially, by illuminating issues with communication of 
knowledge and rationale among peers and divisions involved in 
the early stages of design. An issue revealed in previous 
research [7] was the need for an easy-to-use system or tool 
integrated in the current design environment, i.e., the designers 
already had too many systems and tools to handle. The 
previous case resulted in a method for addressing the latter of 
the aforementioned issues, a method proposed by the authors 
suggesting the use of CAD models as carriers of knowledge 
[7]. CAD/CAM/CAE systems and 3D CAD models are both 
integral parts in modern product development, ensuring a 
common element throughout the majority of the development 
process. This paper builds on the previously proposed method, 
extending the basic idea towards a three-part holistic approach 
to knowledge retention and reuse, as illustrated in Fig. 1. The 
idea is to ensure a comprehensive knowledge base at any given 
time and stage in the development process. 

(1) By providing downstream process knowledge to earlier 
stages of product development [8] each stage during 
development will have access to knowledge about the stages to 
come, ensuring that educated decisions can be taken even faster 
than before. A Knowledge Based Engineering (KBE) tool 
addressing this has been presented in [9]. 

(2) Continuous retention and reuse of knowledge and 
design rationale during development should provide a 
knowledgeable foundation and ensures that information and 
experience from previous work is available and traceable 
throughout the product development process. DRed [10] is one 
existing tool allowing retention of design rationale during 
development. 

(3) Captured knowledge from the development process 
itself can aid users in this process, automating or simply 
supporting development. MOKA [11] constitute a methodology 
for the development of KBE systems. [12, 13] are two 
approaches based on KBE principles. 

 

 

 

Figure 1. HOLISTIC APPROACH TO KNOWLEDGE RETENTION AND 
REUSE FOR ANY STAGE DURING THE PRODUCT DEVELOPMENT 

(PD) PROCESS 

2 BACKGROUND 
The research presented in this paper, carried out together 

with an automotive subcontractor, focuses on the proposal 
process of vehicle safety components. The proposal process 
involves design, simulation, feasibility study, process 
preparation and final design review, a process iterated until the 
design is approved and sent to the customer. 

A designer initially receives specifications and 
requirements from the customer. This information is compiled 
into a document subsequently referred to as Customer 
Requirements (CR). The information received can include, e.g., 
additional geometry, component placement, previous design, 
weight target, preferred material and tolerances. The first 
design is established and simulated based on information 
provided in this document. Simulations are performed in LS-
DYNA, an explicit FE solver [14], and aim to verify 
components in terms of crash-worthiness. After verification, 
the design is specified in a document referred to as the 
Development Specification (DS). These two documents both 
function as internal documents and are, as such, only utilised 
by designers. The process of design is carried out in a CAD 
system corresponding to the one used by the customer. 
Currently supported CAD systems are NX, CATIA and IDEAS. 
File transfers, both in-house and between subcontractor and 
customer, are generally carried out by means of neutral formats, 
regardless of the CAD system used. For designers working in 
NX there is currently a supporting application in use, enabling 
faster concept generation and design optimisation, described 
further in section 4.1. 

After verification, the product design is sent forward to the 
product engineer. It is the responsibility of the product engineer 
to make sure that the design is ready for production and that the 
production of the design is cost efficient. Their work primarily 
includes development of tools for the manufacturing process, 
optimisation of the manufacturing process and simulation of 
the design according this process. The production feasibility of 
a product design is analysed according to an excel template. 
The template, further referred to as Production Remarks (PR), 
contains a predetermined list of production criteria. Each 
criterion in the PR list is methodically addressed by the product 
engineer. The status of the evaluated design is determined for 
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each criterion, noted and illustrated with a commented screen 
capture on a subsequent sheet. The fourth and final document 
used during the proposal process is the Product Specification 
(PS). The PS includes production aspects specific for the 
design and a specification of the design itself. Product 
engineers have CAD systems and simulation software in line 
with those used by the designer.  

The final decision of whether a design is ready to be sent 
back to the customer as a proposal rests upon the design review 
committee. Design reviews are weekly meetings with 
representatives from each area of development, accompanied 
with those currently responsible for design and evaluation. The 
PR document acts both as the agenda and the primary source of 
product information at this meeting. Participants in the design 
review see the current design through embedded screen 
captures of the model only. If necessary, each criterion is 
discussed and commented upon before a decision is made. The 
design is then prepared and sent as a proposal, assuming that it 
is approved. The proposal sent to the customer includes both 
the PS and PR document. However, if something needs 
revising, the responsibility falls back on the designer. The 
revised PR document functions at this point as the basis for 
redesign and a new iteration is initiated. Reiterations of the 
proposal process require both time and resources that could 
have been spent on other projects or to allow designer to 
evaluate a larger solution space for a more optimised design. 

During the proposal stage a total of four separate 
documents are used. CR and DS are only used by the designer. 
PR is used to some extent by everyone involved. PS finally acts 
as a collective specification for both design and production. 
These documents are revised as the development progresses, 
each one with its own specific information and references. 
References usually include models, simulation results and 
descriptive images. Common to all documents is general 
information in terms of who issued the document, most recent 
modification date, project number, project name and revision 
tracking. For the design stage alone there are potentially three 
different documents, leaving the designer with multiple sources 
of information, each one with references. Communication of 
information between peers within divisions and between 
divisions is aside from design reviews generally carried out 
face-to-face or through the aforementioned documents. 

3 THE CASE 
The research presented in this paper has been carried out 

together with an automotive subcontractor with the purpose of 
development and implementation of a previously proposed 
method [7]. The ambition was to ensure that those involved in 
the development process have the knowledge and tools they 
need in order to make fast and educated decisions.  

The case study was carried out as two separate parts. The 
first part focused on providing the earlier stages of design with 
a more knowledgeable foundation on which to base decisions. 
Data collection of a qualitative nature relied on observations 
and interviews carried out with employees responsible for 
design, evaluation and quotation. Designers represented the 
target group in need of more knowledge, and those responsible 
for evaluation and quotation represented those in possession of 
resources and knowledge, potentially beneficial to the 
designers. Issues uncovered during interviews were 
documented and analysed in light of observations made, thus 
ensuring a view of the current state of practice from multiple 
sources of evidence [15]. Collected and analysed data 
constituted the basis for the development of a method and the 
corresponding demonstrator. To ensure that the prescribed 
method actually addressed uncovered issues, the demonstrator 
was subject to continuous evaluations with designers as 
development progressed. The second part focused on ensuring 
continuous knowledge retention and reuse throughout the 
proposal process. The procedure during the second part was, as 
previously mentioned, similar to the previous one with the 
difference of utilising workshops instead of observations and 
individual interviews. These workshops consisted of 
discussions and, for the purpose of evaluation, demonstrations. 
In order to illuminate communicational issues from the point of 
receiving a request for a proposal to the delivery of that 
proposal, representatives from all aspects of the proposal 
process participated. Two demonstrations during the course of 
this case study allowed workshop participants to comment 
upon and direct the development of the demonstrator. The 
second part of this case study came to an end during an 
emulated design review session, carried out for the sole 
purpose of verifying the prescribed demonstrator and the 
method it represents. 

4 DEMONSTRATOR 
Results presented in this paper include development and 

implementation of a, by the authors, previously proposed 
method [7], suggesting the use of CAD models as carriers of 
knowledge. The method has been further developed and 
realised in a three-part demonstrator, each part addressing one 
aspect of a holistic approach to efficient knowledge retention 
and reuse. 

 Siemens NX was selected as the primary environment for 
demonstrator development. Versions 5 and 6 were both used for 
reasons that will be made clear below. Even though NX was 
utilised for this particular case, the underlying method will still 
hold for the same kind of implementation towards CATIA and 
the knowledge-enabling solution Knowledgeware. The 
importance lies within the functionality and promise of the 
method represented, not the tools themselves. 
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In order to minimise the number of tools users need to 
handle, all tools in this demonstrator are incorporated in the 
currently used CAD system, NX. The tool development was as 
such carried out with the toolkits available for NX, the object-
oriented language Knowledge Fusion (KF) and the Common 
Application Programming Interface (API), NX Open for .NET. 
Even though this is considered one single demonstrator, two 
tools were individually developed in addition to the one already 
implemented by the subcontractor. The first tool, ensuring 
access to downstream knowledge in earlier stages of design, 
was developed in NX 5. It was developed in KF, integrated in 
the Graphical User Interface (GUI) of the existing tool for 
concept generation and optimisation, but is for all purposes 
functionally independent. The older version of NX was selected 
to coincide with the native environment and the tool in use at 
the subcontractor. KF is essentially an object oriented 
programming language build on programming elements as 
attributes, classes and functions. These are at run-time stored 
within the part itself. Dependencies or rules governing these 
elements can be defined directly for each element in NX or, as 
in this case, defined in a class file. All information is, as such, 
stored in the part. The dependencies are, however, defined in a 
separate file. The second tool, ensuring knowledge retention 
and reuse throughout the product development process, was 
developed in NX 6 through the NX Open for .NET API. The 
tool was developed in VB .NET and does, unlike the tool 
developed in KF, not rely on elements previously stored within 
the part itself. The only objects stored in the part file are those 
the application serves to generate, as will be made clear in 
chapter 4.3. For further information in the areas of KF and NX 
Open, refer to [16]. Though separate, these tools are all 
complementary to each other, each one accessible in the same 
manner as any other native tool in NX through menus and 
icons. 

Figure 2 visualises the demonstrator. Each stage in the product 
development process utilise a GUI, controlling tools for 
concept generation, optimisation and downstream knowledge 
access. Knowledge is continuously retained throughout the 
development process with a common tool. Retained knowledge 
is then accessible at each stage through 3D viewer. 

 

Figure 2. AN OVERVIEW OF THE DEMONSTRATOR 

4.1 Concept generation and optimisation 
For designers at the subcontractor working in NX5 there is 

a supporting application in use, developed in-house in 
collaboration with the authors, enabling faster concept 
generation and design optimisation. With the help of a simple 
and intuitive GUI, rough designs are established in less time 
than through modelling from scratch and with respect to a 
number of restrictions in production. The application allows 
designers a means to customise a pre-existing start model, 
visualised in Fig. 3, to the specific requirements and needs for 
the job at hand. The design process is aided rather than 
automated in the sense that complex geometric variations are 
reached through simple user inputs. A new design is as such 
realised through manipulation of a pre-existing model and not 
automatically created. The optimal design is obtained through 
an embedded, automatic optimisation function, working from a 
set number of design variables and customisable intervals. 
Knowledge about the design process and some aspects of the 
production has been collected, turned into controlling rules and 
built into a tool. The tool architecture for the generative aspect 
is illustrated in Fig. 4 and the GUI, along with the 
corresponding start model, is depicted in Fig. 3. 

 

Figure 3. START MODEL AND GUI FOR CONCEPT GENERATION, 
OPTIMISATION AND DOWNSTREAM KNOWLEDGE ACCESS. 

4.2 Downstream knowledge access 
Product development generally involves several stages, 

usually with multiple divisions, each having responsibility for 
different stages of development. To ensure an efficient 
development process, each stage needs to be aware of the ones 
to come in order to be able to anticipate complications that 
could otherwise arise later on. An issue this tool aims to 
address. This tool is, as mentioned, incorporated in the GUI of 
the aforementioned tool for concept generation and 
optimisation. It relies on an underlying model of the production 
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process and is primarily governed by a number of inputs, 
including an external database, the model representation of the 
current component and user input. It has, as such, no 
connection to the previously developed tool other than the 
common GUI. This ensures the standalone nature and a field of 
application extending that of components made with the tool 
for concept generation and optimisation. Figure 4 illustrates the 
underlying structure. 

 

Figure 4. A MODEL REPRESENTATION OF CONCEPT GENERATION 
AND DOWNSTREAM KNOWLEDGE ACCESS 

The primary purpose of this tool is to provide the designer 
with the production cost of the component, thus ensuring more 
cost efficient designs. Applications range from relative 
comparisons between designs to accurate representation of the 
final production cost, the latter of which requires up-to-date 
parameters and prices.  Production costs are located at the base 
of the GUI, as shown in Fig. 5. Informational feedback is 
accessible as a total and, if desired, divided over different 
aspects of production. This makes the tool a seamless addition 
during design as shown in Fig. 3. 

The areas central to this particular part of the demonstrator 
are the last two tabs and corresponding section under the 
design tab, as depicted in the top right corner of Fig. 5. The 
first section provides a thorough overview of the production 
process. It includes every operation the component is subject to 
and provides detailed feedback as to if and how the current 
component design is supported by each operation.  Each 
section contains product specific information, process specific 
information or both. This approach allows designers to 
visualise each operation within the production themselves, to 
actually learn about different aspects of the production, its 
restrictions and how component design influences production 
options. Providing enough information in the right context can 
potentially ensure that the original knowledge is conveyed and 
fully retained by those accessing the information. The tool 
automatically suggests the appropriate production setup from 
the current model. While automatic by default, this tool 
provides the designer with the option to override automated 
decisions. The option to override decisions helps to ensure the 
viability of the tool, should the designer have information 
unavailable to the application. Geometric analyses of the model 

are performed either through predefined KF functions linked to 
model components or through custom functions. 

 

Figure 5. GUI SECTION FOR PRODUCTION PROCESS 
INFORMATION AND CUSTOMISATION 

 

The second area central to this tool is the maintenance 
section. Nearly everything in the production process is subject 
to change, whether it is done once every year, twice a week or 
on a daily basis. Regularly changing parameters can, for 
instance, include production parameters and restrictions, 
material prices, operation costs and currencies. A potential 
issue is that the person responsible for maintaining the 
application and the underlying code might not be the same one 
that generally handles this kind of informational update. This is 
addressed with a server-located database, a simple Excel file 
accessible to anyone authorised. This database allows those 
with process knowledge a means to modify parameters without 
having to access the application code, removing the need for 
knowledge of the CAD system and application itself. 
Calculations are made at run-time from an internal 
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representation of the database. Updates of the internal 
representation are carried out manually. The application will, 
however, let the user know when new information is available. 
The maintenance section also provides means to reset tool 
parameters and to specify the geometry on which analyses are 
performed. The ability to specify which geometry to include is 
what makes the field of application extend beyond the 
functionality of concept generation and optimisation. This 
ensures that any component can be analysed in light of the 
current production process, regardless of whether it is 
developed in-house, by a customer or by a competitor.  

4.3 Continuous knowledge retention and reuse 
Product development is generally a step-wise process, 

building on that which has already been done. Such a process 
requires information as to, e.g., the reasons behind a design 
decision, the justification for it, alternatives considered, 
tradeoffs evaluated and the argumentation that led to the 
decision [2]. These are all contained within what is commonly 
known as design rationale. The method utilising CAD models 
as knowledge carriers originate from previous research [7]. The 
idea is to incorporate all product-related knowledge as Product 
Manufacturing Information (PMI) within the model itself. PMI 
may convey information such as geometric dimensioning and 
tolerancing (GD&T), 3D annotation, surface finish and 
material specifications [17]. For the purpose of this 
demonstrator, PMI is simply textual information in 3D space 
that can be placed near and linked to the actual model. PMI can 
be linked to certain points, faces or other types of geometry, 
making this a very intuitive and visually expressive means of 
communicating product-related information in the right 
context. Information can as PMI be stored on both part and 
assembly level, allowing for simultaneous work within entire 
assembly structures. The procedure of generating PMI in CAD 
environments is not hard in itself. The developed tool simply 
ensures that retention, management and retrieval of all relevant 
information is structured and accounted for. The development 
itself was carried out in the NX Open .NET API.  

This tool is built on four simple principles. (1) All 
information is stored as PMI. (2) Information is structured in 
model views in order to ensure intuitive access and a less 
cluttered work environment. The model views also give the 
user tools to filter what information to visualise on the screen. 
(3) General, non-geometry-specific information such as project 
information, versions and customer requirements are located in 
3D space, distanced from the model itself and in a format 
roughly equivalent to that of a 2D drawing. (4) Product 
information relating to specific parts of the geometry is 
manually inserted and linked to the model. This kind of 
information is located close to the model and visually 
connected to the geometry to which it refers. The associated 
geometry of the model is highlighted when the information is 
marked. 

 
All general knowledge is, as mentioned, by default inserted 

through the GUI of the developed tool. The application is 
divided in five separate sections, two of which are expanded in 
Fig. 8. The section for general project information is followed 
by one section for each of the four documents currently being 
used during the proposal process. A simplified model 
representation of this tool is illustrated in Fig. 6, showing a 
separation of the included sections representing the four 
documents. The separation is due to an issue of simultaneous 
access and modification of models, raised during evaluations. 

  

Figure 6. AN OVERVIEW OF THE TOOL FOR CONTINUOUS 
KNOWLEDGE RETENTION AND REUSE 

A PDM system should be utilised to make sure that 
multiple designers or multiple product engineers do not work 
on the same model. To ensure that product engineers can 
evaluate models as they are being developed by the designer, 
all part files or assembly files will be embedded in a top 
assembly. The top assembly is simply another layer in which 
the product engineer can insert both general product 
information and geometry-specific product information, 
reserving the actual product model or assembly for the 
designer. This ensures that design and evaluation can take place 
simultaneously. 

All information entered through the GUI will upon 
dialogue confirmation be structured in separate model views 
located some distance from the model itself. Figure 7 is an 
example of the model view structure in NX. Each model view 
will be structured in-line with any information provided in the 
GUI, thus height and width of any text input will affect the 
structure of created or updated PMI. To further ensure an 
intuitive functionality, information can be modified either in the 
tool GUI or directly through the corresponding PMI. 
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Figure 7. MODEL VIEW STRUCTURE AND PMI ASSOCIATION 

An advantage with this application is the possibility to 
predefine input choices, thus speeding up the process. Input 
fields can include previous input, most commonly used inputs 
or parameters from existing databases. As Fig. 8 shows, inputs 
can for demonstrational purposes be made in terms of author, 
modification date, project number, project name and customer. 
To ensure traceability during product development, progress 
needs to be tracked as revisions are made. This is managed 
through version handling. Each input will upon dialogue 
confirmation be retained within a newly generated PMI or 
inserted within an existing PMI, depending on whether or not 
PMI corresponding to this input already exist. The inserted 
PMI consequently carries input values for each stored version 
number respectively, a functionality which here relies on NX 
and the native ability to store what is called attributes with all 
manner of objects.  

 

Figure 8. GUI FOR CONTINUOUS KNOWLEDGE RETENTION AND 
REUSE 

The first document represented in the demonstrator is the 
one pertaining to CR. General product information is inserted 
through the GUI, as shown in Fig. 8. Contextual images 
previously found in the original document should here, instead, 
simply be replaced with information connected directly to the 
model. Aside from CR there are also sections for DS, PR and 
PS, each one with layout and inputs matching the information 
found in the original documents. 

 

Figure 9. AUTOMATICALLY GENERATED AND STRUCTURED PMI  
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The DS section is functionally similar to the CR section, 
apart from one aspect, external file referencing. Another 
advantage with this application is the possibility for intuitive 
file browsing when referencing external files. The validity of 
file paths can, as such, be secured within the application, a 
functionality which, has yet to be implemented. The idea is as 
[18] states to provide a comprehensive representation of all 
design knowledge sources, ensuring a single point of access. 
For certain information e.g. simulation result and reference 
models, comprehensive representation may not be possible. 
These should then be easily located for a more detailed 
description [18]. Such information is in this tool, however, 
easily referenced and as URLs simple to follow, a feature 
ensured through NX’s ability to create and follow URLs within 
the system itself. 

The PR section act as a template for the feasibility study 
and a basis for discussions during design reviews. The product 
engineer responsible for the feasibility study addresses each 
criterion, verifies the model accordingly and notes the status. 
This can be done without ever having to switch between the 
CAD environment and the Excel environment. The status for 
each remark is changed through drop-down menus, as shown in 
Fig. 10. All menus are predefined with three different options, 
options which affect the annotation text field next to them. The 
option ‘not ok’ will generate a default comment then 
customisable by the user. The other two will simply clear the 
field. Each remark is easily generated as PMI by means of 
individual buttons. The result is product remarks located in the 
vicinity of the model, as shown in Fig. 10. These are then 
manually connected to the geometry of the model.  

 

Figure 10. SECTION FOR PRODUCT REMARKS AND GENERATED 
PMI 

The PR section also generates general information. Each 
criterion and corresponding status is generated in the model 
view reserved for PR, as depicted in Fig. 11. 

 

Figure 11. PMI LIST OF PRODUCT REMARKS 

4.4 Third-party applications for information retrieval 
The combination of assisted and manual knowledge 

incorporation in structured model views ensures an intuitive 
and user-friendly approach to knowledge retention and reuse. 
The approach so far limits its application to the NX 
environment. Even though delimitations to a specific 
commercial CAD system for this case study enabled a tighter 
integration and adaptation of the method in question, 
knowledge sharing will still benefit from a lesser dependency 
to any specific system. There are naturally cases where 
employees without access to a commercial CAD system might 
need access to product information. Third-party applications 
offer a convenient solution to this problem. There are several 
applications allowing user access to models and embedded 
PMI, some of the more prominent are Acrobat 3D [19] and 
JT2Go [20]. Acrobat 3D is used in [5] for both retention and 
retrieval of knowledge. For the purpose of this demonstrator, 
JT2Go however, turned out to be the most suited. JT2Go is a 
free 3D viewer supporting the JT format. The viewer allows 
models to be oriented and inspected in 3D space while 
supporting knowledge representation as PMI, structured in 
model views. Information retained as PMI cannot be changed 
using JT2Go. It can, however, be hidden, visually customised 
and even followed, assuming that a PMI constitutes an URL. 
JT2Go additionally includes a means to embed an ActiveX 
viewing window referencing a JT file in Word, Excel and 
PowerPoint. Embedded files ensure the same functionality as 
previously described in JT2Go, allowing essentially anyone 
with a computer the means to retrieve previously retained 
information. 
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5 EVALUATIONS 
Evaluations constituted a common element throughout the 

development of the demonstrator. Continuous evaluations 
served to confirm the direction as development progressed, 
eventually ending with a verification of the final result. 

5.1 Tools for concept generation, optimisation and 
downstream knowledge access 

The final tool evaluation was carried out with three 
designers individually. They got two tasks each, design a basic 
component and customise the production for the established 
design, all according to instructions. NX served as the primary 
choice of CAD-system for one of the three participants. The 
already implemented tool was not something they were 
accustomed to at the time. They all, however, felt that both the 
tools for design generation and downstream knowledge access 
were intuitive and easy to use. The optimisation functionality 
was not evaluated. Previous evaluations made at the 
subcontractor show that the optimisation works. It allows 
multiple designs to be considered without the designer having 
to intervene between simulations and optimisation of rough 
designs overnight. 

 
The designers could with ease produce a rough design, 

detail it for the specific case and evaluate the possibilities in 
production. The detailed overview of the production was 
appreciated, allowing insight into the production and 
parameters governing it. It was said to provide feedback during 
design without taking focus from the development. Integrated 
cost feedback ensured that they could weight the effect each 
design choice had on the production cost. A small but 
appreciated functionality was the possibility to export 
numerous concept specification for comparison in excel. 

5.2 Continuous knowledge retention and reuse 
A final design review, designed to emulate those regularly 

carried out, served as a verification of the developed 
demonstrator and the method it represents. In addition to the 
regular procedure focusing on the PR section, each of the other 
sections was individually highlighted. The review then 
proceeded to the PR section, methodically addressing each 
criterion. The general response was optimistic, in that the 
participants could see the promise and potential gain from the 
proposed method. The person operating the demonstrator 
during the design review could, with limited prior experience 
of the CAD environment, retain and retrieve information with 
little assistance. Suggestions for further improvement did of 
course arise. The version-handling functionality ensuring 
traceability and the method for simultaneous work were later 
implemented as a direct result of this session. In addition to 
these, participants asked for the possibility to insert and 
manage multiple remarks referencing the same criteria, for an 
export functionality of retained knowledge to, for instance, 

Excel documents, and to extend traceability toward actual 
model history and not just for informational history. 

6 CONCLUSIONS 
As a part of the demonstrator, the two developed tools 

together with the already developed tool for design and 
optimisation constitute a comprehensive approach to 
knowledge retention. It is one step towards a CAD-system-
embedded approach to ensuring that every stage at any time 
during product development has access to information from 
previous work, upcoming stages and the current stage itself. 
The included tools are specifically implemented for certain 
stages of product development, and are as such limited in their 
nature. By generalising, these tools could just as well have been 
implemented throughout the larger parts of the product 
development process. There is a point to be made here. Why 
divide information over multiple external databases when there 
already is a common, digital element present within major parts 
of the development process? There is still some hesitation on 
the part of the involved subcontractor when faced with the 
possibility of storing everything digitally with the model. 
Allowing exportation of information stored within the part file 
to external documents could be a solution until the method has 
been completely established. Easy access to information 
regardless of the available software should be the vision. At 
this point, third-party application ensures a means of retrieving 
information. The next step will be to just as easily incorporate 
information without access to a CAD system. 

This approach does not require the use of any additional 
applications during product development and it ensures that the 
designer has access to necessary information, where and when 
it is needed. This approach provides a more accurate solution 
space, based on the current process, its restrictions and work 
already carried out, thus ensuring a better knowledge 
foundation from which to base decisions. Better decisions can 
as such be taken faster, ensuring shorter development times and 
better end results. By having personnel committing a little more 
time on retaining decisions and valuable knowledge during 
development, this approach promises to save a lot more down 
the line in terms of unnecessary rework while at the same time 
increasing the potential use of past designs. Information is, as 
stated in [7], bound to the company instead of to any individual 
employee. Endless possibilities to customise tools and 
applications through knowledge enabling support ensure that 
knowledge retention and reuse can be implemented for the 
specific needs of companies, departments and end-users 
respectively. A tool can be more than just a black box limited to 
support and automated decisions. A black box can create a false 
sense of security [21] and even worse, a loss of knowledge 
simply because the user does not see what is actually 
performed. It should instead provide a transparent aid serving 
to educate users in all underlying aspects involved in the tool. 



Copyright © 2010 by ASME 
 

ACKNOWLEDGMENTS 
This work was financed by the Faste Laboratory, a VINNOVA 
(the Swedish Governmental Agency for Innovation Systems) 
Excellence Center, and carried out in close collaboration with 
Gestamp Hardtech, a partner company within the Faste 
Laboratory. 

REFERENCES 
[1]  Ahmed, S., 2005. “Encouraging reuse of design 

knowledge: a method to index knowledge”. Design 
Studies, 26 (6), Nov, pp.565-592.  

[2] Lee, J., 1997. “Design Rationale Systems: 
Understanding the Issues”. Intelligent Systems, 12(3), 
May-June, pp. 78-85. 

[3] Nergård, H., Larsson, T., 2009. “Challenges for 
experience feedback in engineering design”. In 
Proceeding of the ASME International Design 
Engineering Technical Conferences & Computers and 
Information in Engineering Conference, San diego, 
California, USA. 

[4]  Leake, D.B., Wilson, D.C., 2001. “A Case-Based 
Framework for Interactive Capture and Reuse of Design 
Knowledge”. Applied Intelligence, 14 (1), Jan-Feb, pp. 
77-94. 

[5]  Ding, L., Ball, A., Patel, M., Matthews, J., Mullineux, 
G., 2009. “Strategies for the collaborative use of CAD 
product models”. In Proceeding of the ICED 
International Conferences Engineering Design, 
Stanford, California, USA. 

[6] Hisarciklilar, O., Rasoulifar, R., Boujut, J-P., Thomann, 
G.., Villeneuve, F., 2009. ”User-designer collaboration 
in the design process of surgical instruments: New 
aspects for annotation as a communication tool”. In 
Proceeding of the ICED International Conferences 
Engineering Design, Stanford, California, USA. 

[7] Sandberg, S., Näsström, M., 2007. “A proposed method 
to preserve knowledge and information by use of 
knowledge enabled engineering”. In Proceeding of the 
ASME International Design Engineering Technical 
Conferences & Computers and Information in 
Engineering Conference, Las vegas, Nevada, USA. 

[8] Johansson, C., Larsson, A., Larsson, T., and Isaksson, 
O., 2008. “Gated Maturity Assessment: Supporting Gate 

Review Decisions with Knowledge Maturity 
Assessment”. In Proceeding of the CIRP Design 
Conference, Twente, The Netherlands. 

[9] Sandberg M., Boart P., and Larsson T., 2005. 
“Functional product life-cycle simulation model for cost 
estimation in conceptual design of jet engine 
components”. Journal of Concurrent Engineering: 
Research and Applications 13(4), pp. 331-342. 

[10] Bracewell, R., Wallace, K., Moss, M., Knott, D., 2009. 
“Capturing Desing Rationale”. Computer-Aided Design, 
41 (3), Mar, pp.173-186. 

[11] Stokes, M., 2001. “Managing Engineering Knowledge. 
MOKA: Methodology for Knowledge Based 
Engineering Applications”. Professional Engineering 
Publishing Limited, London. 

[12]  Chapman C.B., Pinfold M., 2001. “The Application of a 
Knowledge Based Engineering Approach to the Rapid 
Design and Analysis of an Automotive Structure”. 
Journal of Advances in Engineering Software, 32 (12), 
pp.903-912. 

[13]  Bylund N., 2005. “ADRIAN: A software for computing 
the stiffness of joints and its application in product 
development”. Journal of Computation in Science and 
Engineering, 5 (4), Dec, pp. 388-393. 

[14] LS-DYNA. See also URL http://www.ls-dyna.com 
[15] Yin, R.K, 2009. “Case Study Research: Design and 

Methods”, 4th ed., Sage Publications, Inc. 
[16] Siemens PLM Sofware Inc. See also URL 

http://www.plm.automation.siemens.com/ 
[17] Product and Manufacturing Information (PMI) 

management, Simens PLM Software, 2007-11-07, See 
also URL http://www.plm.automation.siemens.com/ 

[18] Brandt, S.C., Morbach, J., Miatidis, M., Theißen, M., 
Jarke, M., Marquardt, W., 2008. “An ontology-based 
approach to knowledge management in design 
processes”. Computers and Chemical Engineering, 32, 
April, pp. 320–342. 

[19] Adobe Acrobat 3D. See also URL  
http://www.adobe.com/products/acrobatproextended/ 

[20] JT2Go. See also URL http://www.jt2go.com/  
[21] Sandberg, M., 2003. “Knowledge Based Engineering – 

In product development”. Luleå University of 
Technology, Luleå, May. 

 
 



 

 

 

 

 

 

 

Paper B 
 

  



  



   

 

   

   
 

   

   

 

   

       
 

 
1 
 
 
 
 
 
 
 
 

 
 

State of the Art in Simulation Driven Design 

Abstract: During the last few decades, and in order to increase product development 
efficiency, simulations strategies have been developed to guide designers towards better 
solutions rather than to verify suggested and basically unevaluated solutions. Such 
approaches are often called Simulation Driven Design (SDD), which is of interest in this 
review. The objective of this paper is to show the research evolution of SDD and identify 
the state of the art in SDD methodology. The literature review comprises several hundred 
references, of which 79 are included in this paper. The results comprise the state of the art 
in simulation driven design including the history, various definitions, criteria and effects 
of using SDD approaches. 
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1. Introduction and background 
In several scientific areas (aerodynamics, mechanics, economics, biology, etc.) 

mathematical models have been used for predictions. Before computers were available, 
such predictions had to rely on analytical closed form solutions. For many systems, 
closed form solutions cannot be derived, since such models are too simplified. Hence, in 
parallel with the development of computers, new methods were derived enabling 
numerical predictions i.e., simulations. By these methods, outcomes of much more 
complicated systems i.e., systems to which analytical closed form solutions are difficult 
to derive, could be predicted. Enabling predictions of complicated system outcome led to 
an increase in simulation usage. For product development situations, simulations were 
useful, since different ideas could be evaluated numerically and expensive physical 
testing could thereby be avoided. In a product development context, different solutions 
were proposed by designers, where the simulations were used to verify fulfilment of 
certain requirements. This resulted in a traditional “over the wall” method of operation, 
where calculation divisions were assigned simulation jobs and returned results which the 
designers had to interpret. To further increase the product development efficiency, 
simulations should be able to guide the designers towards better solutions rather than to 
verify suggestions i.e., Simulation Driven Design (SDD), which is of interest in this 
paper. The literature review comprises several hundred references, of which 79 are 
included in this paper. 

In 1996, ORTECH Corporation claimed that they had “seen up to a 75-percent 
reduction in development time and less costly prototypes” by use of an SDD 
methodology including integrated CAD/CAM software (SDRC, 1996). Additionally, 
developers at ANSYS state that an SDD approach “leads to fewer, but better, hardware 
prototypes that serve to verify a refined design at greater levels of sophistication. This 
can result in significant time reductions, cost savings, quality improvement, and product 
design innovation” (ANSYS, 2003). LMS International, Research park (2005) further 
highlights benefits of a simulation-driven approach by describing a successful 
development project where physical testing could be completely avoided by use of such 
an approach (Innovation, 2005). Hence, SDD is foreseen as critical to be competitive in 
the future. Although a lot of research regarding modelling and simulation has been 
conducted, there exists no report showing the SDD progression and research frontier. 
Therefore, the aim for this paper is to:  

Show the research evolution of Simulation Driven Design and identify the state of the 
art in Simulation Driven Design methodology. 
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2. Research approach 
The review of research has been carried out through continuous literature review on 

the subject of simulation-driven design and related topics during a period of 
approximately one year. The authors have, within their individual and parallel research 
activities, carried out reviews, including articles concerned with simulation-driven 
design. Formal feedback meetings have been held 15 times to gauge progress and for 
general discussion. In addition, the research process and collaboration among authors 
have been ongoing. 

The research has been conducted through a process of four somewhat overlapping 
phases i.e.; collecting, categorising, analysing and harmonising (see Figure 1). In the 
collection phase, using a broad perspective, literature addressing SDD was sought. The 
search was conducted by use of various databases, books, conference proceedings, 
reference lists, etc. In search engines, general search words, for example, simulation-
driven design, product development and engineering design were used. Every seemingly 
relevant research document found was then stored in a database, to which all authors had 
access. The Analysing phase of the research approach was then carried out through 
analysis of results from the literature reviews and re-examination of results from the 
collection phase. Here, the researchers have focused on finding patterns to ascertain the 
direction in which the research area is evolving. For every pattern found, additional 
collection was carried out with more specific search words, thereby decreasing the risk of 
missing important research documentation. When the refined search within a pattern no 
longer resulted in identification of new relevant research literature, the categorisation 
phase started. In it, the collected and analysed literature were categorised into logical 
categories, providing the basis for this review. Finally, the literature within every 
extracted category was harmonised, meaning that the essence of the research results was 
summarised and documented within the results chapter of this paper. 

 

Figure 1. Research methodology 
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3. Definitions of Simulation Driven Design 
Over the years, researches have defined SDD in different ways. In 1993 Glidden 

(Glidden, 1993) defined simulation-driven board design as illustrated in Figure 2. 
Glidden stated that “The traditional "prototyping" approach to board design which relies 
on a physical prototype for verification is rapidly becoming obsolete. Board design in the 
’90s continues to shift toward a more automated "simulation-driven" process utilizing a 
breadth of well integrated design tools. Use of simulation to thoroughly test the board 
prior to layout is a key difference in this emerging approach”. Glidden claimed that, by 
his proposed approach, design correctness can be tested before any physical hardware has 
been prototyped and, since the entire design is in software, it should be much easier and 
less costly to make design changes. Glidden further claims that by his proposed approach 
the final hardware should reach the market faster and require fewer redesigns.  

 

Figure 2. “Simulation-driven” Board Design Process according to Glidden (Glidden, 1993).  

In 1995, Sellgren (Sellgren, 1995) defined Simulation Driven Design as “a design 
process where the major functions and related processes are verified and optimised with 
simulations on computer-based product models”, which in his doctoral thesis (Sellgren, 
1999) was refined to “a design process where decisions related to the behavior and 
performance of the artifact are significantly supported by computer-based product 
modeling and simulation.” Sellgren also states that, to be competitive, “cross-functional 
development teams, parallel processes and integrated CAE" are necessary. Therefore, 
these elements are the basis of his proposed SDD strategy. In 1995, Makkonen 
(Makkonen, 1995) presented a process model for an integrated simulation-driven product 
development process (ISDDP) according to Figure 3. Makkonen’s model is based on 
Hubka´s (Hubka and Eder, 1988) General Procedural Model of the Design Process to 
structure the time scale of the Integrated Simulation Driven Design Process. 
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Figure 3. Integrated Simulation Driven Product Development Process according to Makkonen 
(Makkonen, 1995) 

In 2001, Larsson (Larsson, 2001) identified the need for arriving at a simulation-
driven design, thereby avoiding traditional simulation-verified design. Larsson stated that 
“The prototype system facilitates the idea of distributing analysis possibilities from 
simulation experts to engineers, thereby increasing the usage of simulation in product 
development. The purpose is to arrive at a simulation-driven design rather than a 
simulation-verified design”. Hence, according to Larsson, in order to arrive at SDD it is 
important to also focus on the usability of modelling and simulation tools, so that a larger 
network of people can conduct simulation activities.  

Through analysis of a wheel loader system, Filla and Palmberg 2003 (Filla and 
Palmberg, 2003) state that “simulation-driven design implies using analysis to provide 
insight for synthesis” Further developing the understanding of the SDD area, Filla and 
Palmberg add multi-objective optimisation as an enabler to manage several overlapping 
and partly contradictory goals, thus decreasing cost and duration of product development.  

In 2004, Shephard et al. (Shephard et al., 2004) discussed the related area of 
simulation-based design, stating that “Simulation-based design is a process in which 
simulation is the primary means of design evaluation and verification”. The same year 
(2004) Bylund and Karlsson (Bylund and Karlsson, 2004) stated that “Getting the 
development process more simulation-driven means that more of the simulation has to be 
done by the actual design engineer. This is possible by making the simulation tools more 
user-friendly and adapted to the problems at hand, as shown in this paper”. 
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In 2006, Goldak et al. (Goldak et al., 2006) suggested that “Designer-driven analysis 
implies that the designer should be able to do the analysis by simply specifying the design 
of the welded structure. In other words, the designer specifies the problem to be solved 
but does not specify how to solve the problem”. 

In 2007, Wall (Wall, 2007) further extended the definition of SDD with the statement 
that “rather than only verifying solutions that are already decided upon, support 
dialogues with customers, stimulate creation of new concepts and provide guidance 
towards more optimised designs, especially in early development stages.” In 2007, 
Löfstrand (Löfstrand, 2007) stated that “the SDD approach is referred to as such, since 
simulations are used before development of the product as a predictive tool rather than 
after development as a verifying tool. The SDD approach further allows identifying a set 
of solutions that meets the criteria, thus, in engineering terms supplying evaluated, 
accepted concepts for the designer”. In 2007, Goldak (Goldak, 2007) discussed a related 
concept: “designer-driven analysis minimizes user time to prepare input data for 
analysis; it minimizes training time to learn to use the software and it minimizes the 
expertise the user requires in finite element analysis and mechanics” . 

In 2009, Lockwood (Lockwood, 2009) stated that “the goal of simulation-driven 
design is to converge on optimal solutions as rapidly as possible. By exploring diverse 
concepts early in the process, engineers can quickly understand the design approach that 
will best meet performance objectives and use that concept to specify detailed design”. 
Bocchieri et al. (2009) (Bocchieri et al., 2009) claimed that “the concept of a Simulation-
Based Design (SBD) system is to apply numerical simulation methods that allow for the 
rapid iterative evaluation of various concepts in the design process. Such a system would 
allow the user to manipulate features of the design and get rapid feedback on the effects 
of changing these features”. 

Analysing the SDD definitions, it is clear that they have been under development for 
some time and have recently converged. Compiling the definitions given above, some 
components, necessary for a simulation approach to be simulation-driven, can be 
identified.  Glidden (Glidden, 1993), Sellgren (Sellgren, 1995), Makkonen (Makkonen, 
1995), Shepard et al. (Shephard et al., 2004) introduce simulation-driven design in a 
general way by focusing the approach on computer-based simulation and integration, 
thus reducing the need for physical prototypes. Other authors including Larsson (Larsson, 
2001), Filla (Filla and Palmberg, 2003), Bylund and Karlsson (Bylund and Karlsson, 
2004), Goldak et al. (Goldak et al., 2006) and (Goldak, 2007), Bocchieri (Bocchieri et al., 
2009) discuss simulation-driven design as a tool to enable faster and better engineering 
work by engineers. In contrast, Wall (Wall, 2007) and Löfstrand (Löfstrand, 2007) 
discuss SDD in terms of how the simulations should be carried out. Finally, 
Lockwood(Lockwood, 2009) and the Spaceclaim Corporation introduce an aggregated 
view of the SDD area by saying that the goal for SDD is to converge on optimal solutions 
as rapidly as possible. 
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4. Applications of SDD 
In this chapter, the authors have chosen to categorise the identified SDD references in 

five research areas: Mechanical Engineering, Product Development, Electronics, 
Material Science and Other. Within these five areas, the references have been ordered 
chronologically to show the development of each research area with regard to SDD. 
Since the paper is structured according to definitions of SDD early on, followed by 
discussions of applications of SDD in this chapter, it follows that some references, by 
necessity, will be repeated in order for the authors to show the chronological progress of 
the field. Naturally, in some way all areas other than product development itself can be 
seen to support areas within product development as a whole. The reason for the product 
development classification in this paper is that the references included in that section 
address the development process in general or product development methodology issues. 

4.1 Product development 
As early as in 1987, Smith et al. (Smith et al., 1987) proposed a simulation approach 

which allows identification of specific signal values, thus speeding up the execution time. 
They stated that "Where traditional event driven simulation propagates signal values 
forward through a circuit in response to input pin events, demand driven simulation 
propagates requests for simulation values backwards both through the circuit and 
through time. In this manner, only those evaluations required to obtain “watched” signal 
values are performed”. In 1988 Hubka and Eder (Hubka and Eder, 1988) published their 
Theory of Technical Systems, including the General Procedural Model of the Design 
Process. In general terms, this theory of technical systems was for long a basis for 
simulation usage in product development. Furthermore, Sellgren (Sellgren, 1995) claimed 
in 1995 that cross “cross-functional development teams, parallel processes and 
integrated CAE" is necessary in order to be competitive. These elements therefore serve 
as a basis for the SDD approach presented by Sellgren in his licentiate thesis. In 1997, 
Perumalswami et al. (Perumalswami et al., 1997) presented a product development 
process “to substantially reduce the number of design-analysis-build-test iterations. This 
Upfront Analysis Driven Design process incorporates several state-of-the-art 
technologies in finite-element structural analysis, optimization, and Computer Aid 
Design. This process ensures a near optimum design in the first design level itself”. 

Bossak (1998) (Bossak, 1998) speculated that simulation-based design “will evolve 
into a shared, highly flexible, information based, responsive design environment with 
plug-and-play interoperability across dispersed and dissimilar organizations. The 
integrated design environment will allow separate groups to work together, in a 
synergistic manner, to develop efficient virtual prototypes of products. It will expand the 
scope of marketing analysis; allow multicriterial evaluation of design and manufacturing 
variants, optimize the product characteristics for quality, reliability manufacturability, 
ease of assemble, schedulability and maintainability; and quickly prototype. This will 
significantly reduce the development times, lower lifecycle costs and improve the quality 
and performance of future products”. Further, Bossak refers to simulation based design 
as “simulation of the entire life cycle of the product, from concept development to 
detailed design, prototyping, testing, manufacturing operations, maintenance and 
disposal. It can be realised through implementation and integration of new computer 
technologies and tools". Introducing somewhat of a new development in 1998, Rova 
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(Rova, 1998), demonstrated the usefulness of providing engineers with the possibility of 
evaluating different design concepts within a single CAD system. Also in 1999, 
Makkonen (Makkonen, 1999) suggested a basis for efficient modelling and software use 
in simulation-driven product development. In addition, in his 1999 doctoral thesis 
(Sellgren, 1999), Sellgren defined a SDD process as a process where decisions related to 
the behaviour and performance of the artefact are significantly supported by computer-
based product modelling and simulation. In 2000, Sinha et al. (Sinha et al., 2000) became 
an additional proponent for integrating CAD tools and simulation tools. In 2001, Larsson 
(Larsson, 2001) differed between a simulation driven methodology and simulation 
verifying methodology. In 2001, Paredis et. al. (Paredis et al., 2001) presented an initial 
step towards an integrated framework for simulation-based design and stated that “To 
support simulation-based design, we have developed a simulation and design 
environment in which design and modeling are tightly integrated. This integration is 
based on component objects that combine descriptions of both form and behavior of 
system components. By composing component objects into systems, the design team 
simultaneously designs and models new artifacts”. 

Also in 2001, Sinha et al. (Rajarishi et al., 2001) reviews the state of the art in 
modelling and simulation of engineering systems and examines to which extent (then) 
current simulation technologies support the design of engineering systems. The authors 
mention simulation-based design without actually stating their definition. Sinha et al. 
were followed in 2003 by ANSYS (ANSYS, 2003), who claimed that "The aim in virtual 
prototyping is not to entirely eliminate physical testing but rather to use a simulation-
driven product development approach to guide the design and reduce the dependency on 
physical testing for troubleshooting problems late in development. This approach leads to 
fewer, but better, hardware prototypes that serve to verify a refined design at greater 
levels of sophistication. This can result in significant time reductions, cost savings, 
quality improvement, and product design innovation”. 

Filla and Palmberg (Filla and Palmberg, 2003) described in 2003 how the usage of 
MBS dynamics applied on a wheel loader relate to the product development process in 
the context of SDD. They stated that “Simulation-driven design implies using analysis to 
provide insight for synthesis. [...] These goals are at the same time overlapping and 
partly contradictory. In order to solve this conflict, techniques for multi-objective 
optimisation will be needed”. In 2004, Bylund and Karlsson (Bylund and Karlsson, 2004) 
reported that “Getting the development process more simulation-driven means that more 
of the simulation has to be done by the actual design engineer. This is possible by making 
the simulation tools more user-friendly and adapted to the problems at hand”. At the 
same time (in 2004), Shephard et al. (Shephard et al., 2004) defined SDD as “a process 
in which simulation is the primary means of design evaluation and verifcation”. Also in 
2004, Bylund (Bylund, 2004) applied SDD in the automotive industry. Related to SDD, 
in 2005 Riitahuhta et al. (Riitahuhta et al., 2005) presented a general product 
development paper that more powerful simulation tools will be necessary in the future. 
This relates to the 2005 Hamri et al. (Hamri et al., 2005) paper, where the authors suggest 
a new software architecture to combine CAD, FEM and digitized models in order to save 
time in the product development process. In 2005, Panchal (Panchal, 2005) presented a 
related framework for integrated design of products and design processes. In 2005, 
Starling and Shea (Starling and Shea, 2005a) suggested a four-tier approach to driving 
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development: "First, choose and investigate a particular design domain, e.g. mechanical 
gear systems. Second, create a production system capable of generating existing and 
novel designs within the design domain, called a “design language”. Third, create 
automatic mechanisms for evaluating the performance of designs to interpret and 
quantify the “goodness” of designs within the language defined. Fourth, mediate, i.e. 
reason about the evaluated design language so as to explore, compare and choose among 
alternatives”. In 2005, Stolt (Stolt, 2005) proposes a method for reducing the time 
required for idealizing thin-walled CAD models to surfaces suitable for meshing. Also in 
2005, Cho and Eppinger (Soo-Haeng and Eppinger, 2005) presented a simulation model 
to support engineering design that "computes the probability distribution of lead time in a 
stochastic, resource-constrained project network where iterations take place among 
sequential, parallel, and overlapped tasks. The model uses the design structure matrix 
representation to capture the information flows between tasks”. 

In 2006, Kruger and Cross (Kruger and Cross, 2006) presented strategies other than, 
and related to, SDD, aiming to support task outcome. They identified "four different 
cognitive strategies employed by the designers: problem driven, solution driven, 
information driven, and knowledge driven design strategies. These strategies were then 
related to task outcomes such as solution quality and creativity and to process aspects 
such as iterative activity". In addition, in 2006 Bolognini et al. (Bolognini et al., 2006) 
presented an algorithm enabling design synthesis by automatically generating several 
suitable solutions. In 2008, Löfstrand (Löfstrand, 2008) presented an activity-based 
modelling and simulation approach to Functional Product Development (FPD), suggested 
as part of a simulation-driven CWE approach to meet the new demands that are placed on 
tools and methods used in industrial product development due to FPD requirements. 
Furthermore, in 2011 Löfstrand et al. (Löfstrand et al., 2010) presented a simulation-
driven design framework for optimising availability and cost of functional products. 

4.2 Mechanical Engineering 
In 1974, within the field of mechanical engineering, Hansen (Hansen, 1974) 

presented early ideas of going from verifying simulations to more driven simulation by 
use of optimisations. He stated that "Various tasks performed by us have shown clearly 
the value of the automated design (or optimization) programs based on stress analysis. 
They make possible evaluation of a number of alternatives otherwise unobtainable", In 
1981 Gero (Gero, 1981) stated that "CAD in this second category is based on axiomatic 
paradigms of design, most of which assume that design is a goal-directed decision-
making activity. The early design paradigms were based on mimicking some aspects of 
manual methods. These form simulation-based design where the designer takes the 
decision which provides the design and uses the computer to simulate the effects of those 
decisions by predicting the future performances of the design”. Additionally, in 1995, 
Makkonen (Makkonen, 1995) presented an approach for mapping the domain model to 
the source parameters of design, customer requirements and manufacturing constraints of 
the manufacturing process. Thus, Makkonen developed the integrated simulation-driven 
design process (ISDDP), see Figure 3. 

In 1996, Nair et al. (Nair et al., 1996) presented work on Java-based query-driven 
simulations over the web. The authors thereby make the simulation tools more accessible. 
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In 1997, Campbell (Campbell, 1997) gives some practical tips on simulation-driven 
design in the context of virtual prototyping.Subsequently, in 1997, Papalambros et al. 
(Papalambros et al., 1997) presented an analysis and foresaw that "The organizational 
management issues remain daunting. However, speed, accuracy and complexity of 
model-based system design will improve dramatically, and the internet paradigm will 
force truly distributed product design to become commonplace. Organizational structures 
will have to adapt or risk obsolescence. Current design and computational environments 
typically treat simulation or analysis software (SAS) as stand-alone tools, conceived for 
component or subsystem analysis and executed on a single computing platform”. 
Papalambros et al. also stated that “even at the component level, SAS are typically 
designed for a single iteration instead of several consecutive ones needed in an 
optimization study. For example, model building or initialization of all design parameters 
is not needed after the first optimization iteration, and its obligatory execution in 
subsequent iterations is a wasted, substantial, computational burden". In 1999, Pinnick  
(Pinnick, 1999) identified that the “Use of dynamics analysis software enabled Lockheed 
Martin to quickly find several solutions by allowing engineers to evaluate many 
alternatives without testing prototypes”. Also, in 1999, Makkonen (Makkonen, 1999) 
proposed what he refers to as an integrated simulation-driven design process (ISDDP) 
wherein various CAE tools are related to different parts of the product development 
process. Furthermore, in 2000 Du and Chen (Du and Chen, 2000) presented a 
methodology for managing the effect of uncertainty in simulation-based design. In 2001, 
Simpson et al. (Simpson et al., 2001) found in the context of SDD “that the kriging 
models, which use only a constant “global” model and a Gaussian correlation function, 
yield global approximations that are slightly more accurate than the response surface 
models".  

In 2002, Sinha et al. (Rajarishi, 2002) presented a framework for automatically 
connecting design and simulation. The authors focus especially on how the interaction 
between the components can be carried out. The authors refer to their approach as 
“simulation based design”. In 2003, Chen et al. (Chen et al., 2003) presented an SDD-
related optimisation method based on perturbation applied in the field of sheet metal 
forming, aiming to achieve the correct form. In 2004, Sirisup et al. (Sirisup et al., 2004) 
presented a paper called “Wave–structure interaction: simulation driven by quantitative 
imaging” discussing complicated physics of the wave–structure interaction dynamics 
which could be modelled accurately with relatively few (10) degrees of freedom. 
Furthermore, the 2005 LMS Engineering Innovation Whitepaper (Innovation, 2005) 
highlights the benefits of a simulation-driven approach by describing a successful 
development project where physical testing could be completely avoided by use of such 
an approach. Also in 2005, Starling and Shea (Starling and Shea, 2005b) presented a 
simulation strategy for establishing a larger design space. The authors propose use of 
multi-objective optimisation to find pareto optimal solutions. In addition, Löfstrand et al. 
(Löfstrand et al., 2005) 2005 presented a schematic representation of a simulation support 
tool for functional product development based on simulation-driven design. Furthermore, 
in 2006, Sinha and Haas (Sinha and Haas, 2006) suggested a framework (IMDOS) 
working in conjunction with PDM systems. The proposed architecture relates design 
optimisation to numerical simulations, leading to a possibility of doing “first time right”. 
As previously stated and to indicate the chronology of SDD development, Goldak et al. 
(2006) (Goldak et al., 2006) suggested  that “Designer driven analysis implies that the 
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designer should be able to do the analysis by simply specifying the design of the welded 
structure. In other words, the designer specifies the problem to be solved but does not 
specify how to solve the problem”. In 2006, Jackson (Jackson, 2006), through the 
Aberdeen network, presented an important work with his SDD benchmark report. The 
report suggests steps companies can take to implement and improve their use of 
simulation to improve product development cost, revenue, quality, and time-to-market 
performance. In 2007, Goldak (Goldak, 2007) showed that “designer driven analysis 
minimizes user time to prepare input data for analysis; it minimizes training time to learn 
to use the software and it minimizes the expertise the user requires in finite element 
analysis and mechanics”. In 2007, Wall (Wall, 2007) describes what he refers to as a 
simulation driven methodology. Wall carries out case studies of mechatronic systems, 
connecting control systems with mechanics and running simultaneous simulations.  
Further during 2007, Löfstrand (Löfstrand, 2007) referred to SDD as such since 
“simulations are used before development of the product as a predictive tool rather than 
after development as a verifying tool. The SDD approach further allows identifying a set 
of solutions that meets the criteria, thus, in engineering terms supplying evaluated, 
accepted concepts for the designer”. Also in 2007, the NAFEMS, Aberdeen Group 
(NAFEMS, 2007) SDD report (webinar) highlighted the industrial interest in SDD 
through findings and a benchmark. Supporting the rapid development of the SDD field in 
2007, Karlberg (Karlberg, 2007) presented an SDD methodology for the development of 
rotor dynamical systems within the context of functional product development. Showing 
a focus on general simulation within engineering analysis, Novak and Dolsak (Novak and 
Dolšak, 2008) suggested in 2008 that: "Every proposed design should be verified during 
the embodiment phase of the design process. The purpose of engineering analysis in the 
design process is to simulate and verify the conditions in the structure, as they will 
appear during its exploitation. If the structure does not satisfy the given criteria, it needs 
to be improved by applying certain design optimisation steps." 

As stated in Chapter 3, in 2009, Bocchieri et al. (Bocchieri et al., 2009) presented a 
paper on simulation-based design and claimed that “the concept of a Simulation-Based 
Design (SBD) system is to apply numerical simulation methods that allow for the rapid 
iterative evaluation of various concepts in the design process. Such a system would allow 
the user to manipulate features of the design and get rapid feedback on the effects of 
changing these features.”. Also in 2009 Lockwood (Lockwood, 2009) summarised some 
of the core features in SDD by saying that “The traditional engineering process saw an 
engineer creating a design, testing it, and iterating prototypes until the design performed 
as desired. Although this workflow predates CAD and CAE technology, many 
manufacturers’ design processes continue to follow it. The first wave of simulation 
technology reduced the need to test physical prototypes, but now the role of simulation 
has evolved beyond just validating CAD models. Finally, the laws of physics are starting 
to drive product design”. The environmental importance of SDD was highlighted in 2009 
by Meda et al. (Meda et al., 2009) who gave “an overview of the development work for a 
diesel after-treatment system, used in heavy duty trucks to fulfil the new US emissions 
limits. The paper starts with the description of design evaluation and optimization studies 
on heavy duty diesel exhaust after-treatment system using numerical simulation”. In 2010 
Pahkamaa et al. (Pahkamaa et al., 2010a) derived a strategy to improve the efficiency of 
welding simulations aiming at a simulation-driven design methodology. Further in 2010, 
Löfstrand and Isaksson (Löfstrand and Isaksson, 2010) discussed the usefulness of the 
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SDD approach by saying that "the modelling and simulation approach supports users in 
evaluating the cost of future business before costs are incurred, evaluates product 
development ability and links company technology and business processes further. It also 
increases the user understanding and knowledge concerning the product development 
process and its limitations and allows for comparison of alternative versions of the same 
design process well before the actual development work has been carried out". Also in 
2010 Pahkamaa et al. (Pahkamaa et al., 2010b) combined variation simulation with 
welding simulation for prediction of deformations, using a SDD approach.  

In 2011, Karlsson et al. (Karlsson et al., 2010)  showed how tools for modelling and 
simulation of mechanics of materials and structures shall be designed and used to enable 
simulation-driven product development. 

4.3 Electronics 
In 1993, Glidden (Glidden, 1993) presented a paper on the benefits of using SDD in 

board design compared to the old prototyping approach. He stated that "The traditional 
"prototyping" approach to board design which relies on a physical prototype for 
verification is rapidly becoming obsolete. Board design in the '90s continues to shift 
toward a more automated "simulation driven" process utilizing a breadth of well 
integrated design tools. Use of simulation to thoroughly test the board prior to layout is a 
key difference in this emerging approach". 

In 1994, within the application area of microprocessor simulations, Nagle et al. 
(Nagle et al., 1994) employed a collection of analysis tools including hardware-based 
monitors, trace-driven simulators and kernel-based simulators to determine the 
performance benefit of different memory structures. 

In 1999, Diaz-Calderon et al. (Diaz-Calderon et al., 1999) indicated that expert 
knowledge is often necessary for modelling and simulation of mechatronic systems. Thus 
they present a framework for composable simulation. They stated that "By composable 
simulation we mean the ability to automatically generate simulations from individual 
component models through manipulation of the corresponding physical components in a 
CAD system. This form of virtual prototyping will reduce the design cycle significantly by 
providing immediate feedback to the designer with minimal intervention of simulation 
and modeling specialists".  

In 2000, Chakrabarti and Chatterjee (Chakrabarti and Chatterjee, 2000) proposed a 
partially simulation-driven transient test generation methodology for analogue circuits, 
aiming to increase the flexibility of the testing process. In 2005, McConaghy and Gielen 
(McConaghy and Gielen, 2005) proposed what they referred to as a “Simulation-Driven 
Numerical Performance Technique” for optimisation of analogue circuits. Chadha et al. 
(2007) (Chadha et al., 2007) described methodologies and issues involved in analysing a 
virtualised workload on an existing simulator, including symbol annotation to 
differentiate the various components in the software stack. They also demonstrated the 
feasibility and initial results of using this extended simulation environment to evaluate 
the profile of cache and TLB misses in a representative I/O workload. In 2007, Lijun and 
Tropper (Lijun and Tropper, 2007) developed a “design-driven” methodology for 
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designing electronic systems. This work was continued in 2009 by Lijun and Tropper 
(Lijun and Tropper, 2009). 

4.4 Material Science 
As seen in other areas of research, Guillermin and Luby (Guillermin and Luby, 2002) 

also showed in 2002 how integrated CAD tools can be used in a composites application.  
In, 2002 Moon et al. (Moon et al., 2002) stated that “the lack of robust analytical tools 
and design environments capable of modeling the complexity of steered fibers in the 
preliminary design phase are prohibiting optimal design solutions” . Hence, they 
proposed a strategy to integrate design and analyses to be able to take into account 
several different design criteria for fibre-steered composites. 

4.5 Other 
Within the area of weather simulations, as early as 1979, Anand and Deif (Anand and 

Deif, 1979) proposed a method of prediction, loosely related to simulation-driven design. 
Then, in 1998, Ortiz et al. (Ortiz et al., 1998) presented a paper on Monte Carlo 
simulations driven by restraints. Also in 1998, Cassandras et al. (Cassandras et al., 1998) 
evaluated what-if scenarios using neural networks and surrogate models. Kamat and 
Martinez (2002) (Kamat and Martinez, 2002) presented an automated simulation-driven 
method for the building industry. They stated that “The work focuses on designing 
automated simulation-driven methods to visualize, in addition to evolving construction 
products, the operations and processes that are performend in building them. In 
addition..., the effort is concerned with visalizing who builds it and how by depicting the 
interactions between the various involved machines, resources and materials”. Naturally 
as always ongoing and exemplified by April et al. (2003) (April et al., 2003) general 
simulation and optimisation research work continues. Later, in 2004, Demirtas (Demirtas, 
2004) published “Simulation driven inferences for multiply imputed longitudinal 
datasets”, demonstrating other approaches to simulation. Also in 2004, Pestana et al. 
(Pestana et al., 2004) presented a simulation-based approach to address the problem of 
finding networks on chip instances that balance the cost (e.g., area) and performance 
(e.g., latency and throughput). In 2006, Prommer (Prommer, 2006) presented a 
simulation-driven approach for developing procedure models for automatic strategy 
learning, tailored for application within task-oriented human/robot dialogue systems. 
Further, in 2006, Sarabia et al. (Sarabia et al., 2006) presented what the authors of this 
review paper consider important aspects of SDD through decision support models for 
automating transportation planning and scheduling. In 2007, Tannock et al. (Tannock et 
al., 2007) stated that “In a data-driven simulation, the simulation computer model is 
constructed (coded) automatically by a model-builder software program based on pre-
existing user data”. The work relates to simulations of the supply chain to achieve 
throughput, cost, delivery reliability and variability and risk. In addition, the authors 
discuss using developed tools for decreasing the workload for industrial experts. 
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5. Discussion and conclusions 
This paper comprises a review of several hundred academic papers, white papers, 

theses, books, etc. From the review 79 publications strongly related to the area of 
Simulation Driven Design, by definition or by general approach, are included in this 
paper. Most of the reviewed authors address this issue. Some authors explicitly define 
SDD (Glidden, 1993), (Sellgren, 1995), (Filla and Palmberg, 2003), (Löfstrand, 2007). 
Furthermore, some, predominately early publications concerning the area of SDD, make 
it clear that the reviewed authors have considered the principles of SDD while not using 
that particular nomenclature or creating a related definition (Bocchieri et al., 2009), 
(Gero, 1981). 

From the review presented in this paper it is clear that a pattern can be identified. This 
pattern has partly been used in the categorisation of references used in this paper. 
Looking at the distribution of SDD research and development, it is apparent, setting 
general product development aside, that mechanical engineering is the one area in which 
SDD is evolving the most. Still, this shows that other areas are breaking ground and SDD 
is not a methodology reserved for certain areas, but for product development in general. 

The above classification of SDD references is subjective. Given this classification, 
most of the current applications of the SDD methodology were found in the area of 
mechanical engineering (33 out of 79 references). In addition, other applications were 
found in the area of product development (29 out of 79 references). It can be concluded, 
based on the definitions above that the clarity and scope of the SDD definitions improve 
with time. 

The reviewed publications include some of the criteria below as part of the SDD 
related strategies presented:  

 Defining quantitative measures with which to create mathematical rules 
 Establishes relations between design characteristics and downstream process 

and life cycle effects 
 Well integrated CAE tools for design and simulation 
 Ability to predict downstream (life cycle) effects of decisions made 
 That downstream process knowledge and effects of design decisions are fed 

back to the user 
 A simulation methodology as an integral part in product development, acting 

as a driver rather than as a verifier 
 Allows identification of a set of solutions which all meet the specified 

requirements 
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The reviewed publications include some of the following effects of using a SDD 
approach 

 Decrease the need for experts by making the simulation tools more available 
to (regular) engineers 

 Allow fewer persons to do more, minimising iterative exchange during 
development 

 Make the design space search more efficient i.e. enable exploration and 
evaluation of larger design spaces or decrease time consumption 

 Reduce the need for unnecessary iterations and prototyping 
 Increases the user understanding and knowledge base concerning the product 

development process, its possibilities and limitations, ensuring faster and 
more founded decision making 

 Simplified and intuitive means of making the effects of design decisions on 
downstream processes and the product life cycle accessible early on and 
throughout the product development process 

 Enable reduction of cost and time-to-market while increasing revenue, 
quality and innovation. 

 
Simulation-verified design certainly has its place within product development. 

Simulation-driven design, however, as opposed to simulation-verified design, through a 
focus on driving development in early stages of design, enables evaluation (verification) 
of concepts/designs continuously as development progresses. In doing so, the SDD 
approach ensures a better foundation on which to base decisions. SDD further enables 
prediction of downstream processes, lifecycle properties and other effects to be accounted 
for.  
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Modern manufacturers rely increasingly on overlapping activities and 
frequent, bilateral exchange of preliminary information, adding to the 
complexity of information exchange and general reuse. The approach 
presented in this paper relies on a reuse process, embedded in the design 
environment already used, to avoid disrupting the design process and to 
increase the foundation upon which decisions are made. The proposed 
approach relies on Knowledge Based Extensions to commercial CAE 
systems and 3D CAE models to enable and ensure Simulation Driven 
Design capabilities and contextual communication within the early stages of 
product development. The approach has been shown to increase the 
simulation-driven capabilities in a business-to-business scenario, and in 
extension, increase the foundation upon which decisions are made and the 
likelihood of reaching a feasible and optimal final design. In conclusion, a 
simulation-driven design approach to product development has to be more 
than enabled to truly make a difference in the development process. 
Investigation and evaluations show that supporting tools and relevant 
information must be made readily available, intuitive, integrated into the 
environment where they are needed and, ultimately, be perceived as a 
natural part of daily development in order for them to be accepted and used. 

Keywords: Design Decisions, Design Reuse, Information Representation, 
Knowledge-Based Engineering, Simulation-Driven Design 
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1. Introduction 

Modern manufacturers rely increasingly on integrated product development  (Rauniar 
et al. 2008), one aspect of which is concurrent engineering (Eppinger et al. 1994). 
Concurrent engineering implies overlapping activities, frequent, bilateral exchange of 
preliminary information (Krishnan et al. 1997; Clark and Fujimoto 1991) and gradually 
refined work. This adds to the complexity of information exchange, potentially resulting in 
development rework, (Krishnan et al. 1997) and generally requires faster decisions based 
on preliminary and potentially even unverified information. The automotive development 
process may, for instance, involve thousands of actors and millions of decisions (Eppinger 
et al. 1994), each decision resting on the experience and knowledge foundation available to 
the actor(s) responsible. Every design decision will in turn affect the lead time and the 
quality of the final product. It is therefore of major importance that every engineer has 
access to a comprehensive knowledge foundation upon which to base decisions. Important 
aspects to consider in the process of making a design decision are relevant decisions 
leading up to the decision at hand, the design rationale (Lee and Lai 1991) behind them, 
and the consequences that variations of a decision will have on later stages in the process 
and, ultimately, the product lifecycle. Feeding effects of decisions made back to the party 
responsible for making those decisions is an integral component in Simulation Driven 
Design (SDD), and one which can be realised through Knowledge Based Engineering 
(KBE) methods and tools with regard to different product lifecycle aspects such as 
performance, manufacturability and cost. 

The research trend in knowledge sharing, however, seems to be moving towards 
integration of additional platform-independent tools and lightweight product 
representations to accommodate contextual communication. Issues pertaining to the 
opposite, the use of CAE/PLM systems for communication and in particular the use of 
CAD models to transfer information, have been raised by (Ding et al. 2009), including; (i) 
the heavy nature of CAD models in collaborative product development; (ii) the sharing of 
select information without risking sensitive intellectual property; and (iii) the sheer volume 
of  CAE software used by collaborating businesses as well as by each business internally, 
all of which make exchange more challenging. Research (Kim et al. 2007) shows, 
however, that designers may not be aware of existing information or be unwilling to 
disrupt their work to search for the relevant information. Investigations at a case company 
show that designers feel they already have to maintain proficiency in enough applications 
and systems, in addition to continuously having to switch in between them, and are 
therefore reluctant to add any more for the sake of bettering their situation. The approach 
taken in this paper consequently relies on the directions best described by Kim et al. 
(2007),  

“embedding a reuse process within design environments eliminating the need to 
disrupt the design process”. 

The purpose of the research behind this paper has been to: (i) investigate to what 
extent KBE extensions to native CAE functionality and 3D models, both with a heavy 
nature, can and should be used to increase the foundation upon which decisions are made; 
(ii) enable and ensure the presence of SDD capabilities in the product development 
process, allowing early development stages the ability to base decisions upon predicted 
product lifecycle outcomes rather than best practice and trial-and-error alone. Focus lay on 
the early stages of design, where Hsu argues that design decisions significantly impact 
performance, reliability, safety and environmental aspects and could well exceed 75% of 
final product cost. This paper will discuss multiple ways in which information can and 
should be retained and reused in order to increase the decision foundation, including 
automation, effect prediction, suggestions and information dissemination. A general 
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pursuit for all aspects of this approach is contextual communication and information 
utilisation as a natural and integral part of performed work and the environment in which it 
is performed. The demonstrator implemented and described in this paper is based on 
established industry best practice, already proven KBE methods, a 3D annotation-oriented 
approach presented in (Sandberg and Näsström 2007) and further extended in (Lundin et 
al. 2010), and the needs uncovered at the case company in focus. The authors believe that 
the aspects implemented and presented together constitute another step towards ensuring a 
holistic approach to the betterment of decision foundations in Simulation Driven Design 
processes. 

This paper initially explores and discusses possibilities in the areas of simulation-
driven design, knowledge-based engineering and the context-driven information exchange 
based on related research, section 2. Section 3 then covers the research methodology used, 
while section 4 describes the industry state of practise at the selected case company, and 
thus the results performed investigations. Focus is then shifted towards the proposed 
approach and the demonstrator implemented to illustrate its principles. The approach 
presented in section 5 consists of four different aspects individually ensuring: Increased 
product space exploration through rapid concept generation and optimisation, section 5.1; 
Early access to the effects of design decisions made based on downstream process 
information, section 5.2; Contextual retention and reuse of upstream product related 
information with the product representation through 3D annotations, section 5.3; Transfer 
of product specific information using computational models, section 5.4. The demonstrator 
description is followed by evaluation, section 6, and conclusions in section 7. 

2. Related research areas 

This section briefly describes the main areas related to the research behind this paper 
and the research conducted within these relevant to the work presented. 

2.1. Simulation Driven Design 
Shepard defines simulation-based design as “a process in which simulation is the 

primary means of design evaluation and verification” (Shephard et al. 2004). Wall et al. 
(2007) extend this concept when stating that SDD can, "rather than only verifying 
solutions that are already decided upon, support dialogues with customers, stimulate 
creation of new concepts and provide guidance towards more optimised designs, 
especially in early development stages". Wall et al. build upon Sellgren’s (1999) definition 
of SDD, "a design process where decisions related to the behavior and performance of the 
artifact are significantly supported by computer-based product modeling and simulation". 
The approach taken in this paper relies on a variation of the definitions so far described, in 
the sense that simulations are distributed from simulation experts to design engineers 
(Larsson 2001, Bylund and Karlsson 2004), thus allowing the designer the means to 
directly relate simulation-generated information to design decisions and the potential for an 
increased knowledge base. Additional research related to simulation-driven product 
development includes the ISSPD process as established by Makkonen (1999) and 
simulation-driven principles as these are applied to automotive design (Bocchieri et al. 
2009), welding and rotor dynamics (Karlsson et al. 2011). 

2.2. Knowledge Based Engineering 
KBE systems can be assets in enabling and ensuring SDD processes as these “aim to 

capture product and process information in such a way as to allow businesses to model 
engineering design processes, and then use the model to automate all or part of the 
process.” (Chapman and Pinfold 1999). Stokes (2001) defines KBE as the “use of 
advanced software techniques to capture and re-use product and process knowledge in an 
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integrated way”, an example of this in the context of SDD would be the coupling of 
generative modelling and simulation to optimise a design within given design space, using 
simulation-generated data to drive modelling towards an optimum. Chapman et al. (1999) 
further elaborate on the product model in terms of how it could be used to represent the 
engineering intent behind the product design. The principles of integration and product 
model representation have been taken to heart in the approach presented in this paper, 
enabling integration and communication of product and process knowledge, both 
structured and semi-structured knowledge as Mountney et al. (2007) term them, 
contextually with the representation of the product in development. 

Established KBE methods and tools for design automation, optimisation and prediction 
have been presented over the years with regard to different stages of the product lifecycle. 
These include, but are by no means limited to, early stages of design with consideration to 
performance (Chapman and Pinfold 1999) and manufacture (Shehab and Abdalla 2001, 
Ramana and Rao 2005), and post-manufacturing stages such as maintenance (Sandberg et 
al. 2005). 

2.3. Context-driven knowledge exchange 
Understanding is a complex issue, but essential in order to ensure proper use of 

gradually refined deliveries within concurrent product development. There are certain 
aspects that do need to be considered to ensure understanding. Communication should be 
carried out in the proper context, bearing in mind the intended recipients and their 
viewpoints (Ding et al. 2009), the information itself and the circumstances surrounding its 
(re)use constitute a few of these. One of the main issues of understanding raised in the 
research community is the lack of context (Kim et al. 2007, Ding and Liu 2010). Specific 
emphasis should be placed on the contextual communication within the environment in 
which an activity is performed, in the context of other relevant information and, if possible, 
in relation and visual connection to the product representation to which it pertains. 
Bracewell et al. (2009) reach a noteworthy conclusion in 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”. 

 
Relevant approaches to contextual communication by use of platform-independent 

applications, lightweight formats or both, include but are by no means limited to: LIMMA 
(Ding et al. 2009), an approach combining CAD internal and, through lightweight product 
representations, external retention of product data, associated to the geometrical entities of 
the product representation; DRED (R. Bracewell et al. 2009), a lightweight tool where 
decisions and their rationale are contextually and dependently retained with the decisions 
they relate to as design proceeds; Tighter coupling of communication to the 3D models as 
can be found in the SAT (Hisarciklilar and Boujut 2007), where the authors’ approach has 
rendered CAD external tool capable of viewing and annotating VRML models, and 
DRAMA (Leake and Wilson 2001), a design framework utilising case-based reasoning to 
achieve capture and context-sensitive reuse of expert knowledge, prior design and 
rationale. 

3. Research methodology 
The research methodology used to conduct this case study is inspired by the Design 

Research Methodology (Blessing and Chakrabarti 2009), in particular the concept of 
alternating studies of descriptive and prescriptive nature. Data of primarily qualitative 
nature were collected during the first prescriptive study through workshops, observations 
and interviews with appropriate functions at the selected case company. Information, 
insights and needs attained through documentation, interviews and workshops were 
documented and analysed in light of observations made, all to ensure an accurate view of 
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the current state of practice based on multiple sources of evidence, as recommended by 
Yin (2009). 

As the first descriptive study came to an end, collected and analysed data constituted 
the basis for the presented approach and demonstrator developed. To ensure that the 
different parts of the demonstrator actually addressed uncovered needs and had the desired 
impact, each part was subjected to continuous evaluation with the intended users as 
development progressed. Continuous user evaluation and consideration was essential in the 
parts’ respective conception as they all aimed to simplify and support users in the early 
stages of design. Evaluations where held on a weekly or a monthly basis with R&D 
personnel representing design, manufacturing simulation and quotation. These evaluations 
were conducted with personnel at their regular working stations and involved tasks 
designed to resemble those regularly performed, all to ensure user friendliness and that the 
tools continued to address the needs of the intended user. Descriptive and prescriptive 
studies were at this point iterated, allowing the future user of these tools the means to 
contribute and direct development to the point where each demonstrator was perceived to 
have the desired characteristics and impact. In order to verify the approach and that the 
corresponding demonstrator parts developed in fact served their purpose, all but one were 
subjected to final and more extensive evaluation. 

4. Case study 
A case study on the proposal process of a subcontractor to the automotive industry has 

been conducted.  The proposal process can be described as the time from where a customer 
requests an offer for the development and production of a component to the delivery of a 
proposal, including a feasible concept. The purpose of this case study is twofold: to attain a 
deeper understanding of the product development process of the company in question, their 
issues in terms of communication and the impact these have on decisions in the industry 
today, and to evaluate and demonstrate a proposed approach through the implementation of 
a demonstrator. 

4.1. State of practice at case company 
The company selected for the conducted case study is Gestamp HardTech, a supplier 

of safety components to the automotive industry. Their proposal process, the primary focus 
of this study, starts when the supplier receives a request for a proposal. Development 
generally starts when a requirement specification from the customer is received. This 
specification may contain information such as the volume into which the component must 
be fitted, maximum component weight and minimum energy absorption. Additional 
deliverables may include surrounding geometry, reference components and placement 
curves, all depending on the component and the customer in question. It then falls to the 
R&D department to design the component. There are currently four main CAE software 
packages in use: Siemens NX (Siemens PLM Software NX), Dassult Systems CATIA 
(Dassault Systems CATIA) and I-DEAS for component design, and LS-Dyna (LS-Dyna) 
for process simulation. Which of these three systems is used for component design is 
governed by the customer and, in turn, the software they use. 

Designing a component today includes manually defining the geometry with respect to 
both in-house requirements and customer requirements. From this point on, verification 
and analysis is performed on a neutral format representation of the concept CAD model. 
Concept design and revision is the part of an iterative verification process where the 
geometry is analysed with respect to energy absorption and crashworthiness until a feasible 
solution is found. When a concept has been verified in terms of performance, it is sent on 
to the product engineer in charge of a general feasibility check with respect to its 
manufacture. Once the feasibility check is complete, forming simulations of the component 
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follow, the established concept model then constitutes the foundation for forming tool 
development. The results from the feasibility check and the forming simulations are 
retained within a document named Product Remarks. This document acts as the foundation 
for the design review meeting, which is held to assess risks and verify that the geometry 
meets current manufacturing and cost requirements. If the component design is deemed 
feasible, then a proposal including the geometric model can be established. If, however, 
during a design review meeting, either manufacturing requirements or costs are not 
satisfactorily met, the process is iterated starting with concept design or tool design. This is 
determined by the extent of the revisions required, as revisions to the tool could be deemed 
enough to attain a feasible result. Figure 1 illustrates the proposal process at the case 
company. 

Reiterations are common practice and can as such have a profound impact on the total 
lead time. During a design review meeting, which is conducted once process simulations 
have been performed, the designer in charge is notified of the impact a particular design 
has on its manufacture and cost. Insights into the effects of the decisions made are 
separated from the design activity and generally limited to verification, i.e. whether or not 
a particular design meets manufacturing and cost requirements, rather than to improve 
component performance and development efficiency. Early-stage access to the impact the 
component geometry has on downstream processes is a crucial part of the decision 
foundation and, in turn, for avoiding unnecessary iterations and rework. 

 

Figure 1 State of practice at studied company.

The bulk of knowledge and information found and considered in this study, in part 
through the documents depicted in Figure 1, includes but is not limited to: requirements, 
in-house requirements and customer requirements, best practices, process knowledge, 
design review remarks based on downstream processes, design specifications, design intent 
and design rationale for the components and sub-systems designed and manufactured by 
the case company. All this knowledge and information generally needs to be shared.  As 
stated in the Groupware Time Space Matrix (Ellis et al. 1991), there are two types of 
sharing: synchronous sharing, where people are the agents for the instantaneous exchange 
of knowledge and information, and asynchronous sharing, where an intermediary 
technology carries the knowledge and information for retrieval at some time in the future. 
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The studied company currently uses a mix of synchronous and asynchronous sharing. 
The asynchronous sharing is based on a series of rich, text-based documents that do not 
always fulfil their intended role, the role of sharing important knowledge and information 
required for the designers to efficiently perform their tasks. The case company is not alone 
in primarily using text-based documents. Kim et al. (2007) state that 90% of organisational 
memory in fact generally exists in this form. These text-based documents are static 
representations of the relevant information at the time of writing. This may, however, 
inadvertently result in several documents with the same basic content, including both 
printed copies and digital copies, stored on local, divisional and company designated 
repositories. For obvious reasons, this presents a challenge for the employees, leaving them 
to question on which document to rely. The four types of documents analysed in this study 
are text or spreadsheet documents, including rich content such as text, annotated images, 
revision history and references to other documents and files such as working parts and 
neutral formats, which may or may not include search paths.  By browsing through all of 
the documents and their referenced material respectively, key information is easily 
overlooked, in turn making employees rely a lot more on synchronous sharing, e.g. face-to-
face meetings, telephone calls, videoconferences and emails in order to get answers for 
questions raised during the design process. The observed synchronous communication is 
time-consuming and it is far from certain that the correct answers will be found. 

For proposals, the main factors in product design are performance, cost and 
manufacture. Sharing information related to these factors is mainly done in-house. The 
company would, however, also be able to share performance-related information with its 
customers without divulging sensitive company information. Automotive companies 
generally need to perform their own crash-worthiness simulations of the component as a 
part of a partial or complete car structure. Not taking changes in component performance 
after processing into consideration can produce erratic results, reducing the accuracy and 
thus reliability of downstream, complete system simulations. This is a new business 
opportunity, as simulation models with pertinent results can be made part of the business 
offer. The simulations generally include both performance analysis and process analysis. 
Performance analysis includes aspects such as energy absorption and the manner in which 
components are deformed. Process analysis, on the other hand, primarily involves the 
combined forming and hardening process. The process itself changes the microstructure of 
the component considerably, in turn leading to significant changes in end performance. 
This microstructural information is something that most car manufacturers are currently 
unable to use. Having covered the theoretical framework, the state of the art in current 
research and the current state of practice at the case company, focus shifts towards the 
proposed approach addressing uncovered needs. 

5. Proposed approach 
The proposed approach, as depicted in Figure 2, serve to enable, and to an extent 

ensure, SDD capabilities and contextual communication within the early stages of product 
development, increasing the foundation for continued understanding, decision making and 
overall development. The objects depicted in blue constitute prescribed and implemented 
additions the original process, each one associated by number to one of the following 
subsections. The proposed approach relies on and has been implemented using 
heavyweight technologies such as knowledge-based extensions to existing CAE systems 
and 3D CAE models. It allows design decisions to be made with respect to past design 
experience, best practice, prior design decisions and decision rationale, along with 
downstream process knowledge. An integral aspect of the approach is that it should not 
take user focus from their primary work environment and the product representation to 
which communicated information may refer. 
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Repetitive tasks are formalised and replaced with assisted and simplified concept 
generation while maintaining traditional best-practice design procedures, user 
customisation and transparency. Iterative, manually performed concept simulations are 
replaced with user-controlled optimisation to enable the exploration of a larger design 
space. The optimisation application is simplified as to allow non-expert usage, still 
providing evaluation capabilities over an entire design range and the effects of design 
decisions based on downstream knowledge, as depicted in Figure 3. 

 

Figure 2 Schematic of the described approach, where objects in blue represent additions to
the previously described state of practice.

In order to ensure consideration to the rationale behind design decisions made and a 
broader knowledge base throughout development, the proposed approach provide 
continuous knowledge retention and subsequent reuse, Figure 3, by means of Graphical 
User Interfaces (GUI) and 3D annotation. This knowledge includes but is not limited to 
product specifications, design review remarks, design rationale and simulation results. 

 
Figure 3 Knowledge sharing in a B2B oriented product development process.



9 
 

In order to allow the subcontractor’s customer in a B2B scenario to accurately consider 
the effects that the manufacturing process of delivered products, the results from 
manufacturing simulations are mapped onto a FE model based on the geometric model 
developed. This information is in turn essential for the customer to accurately perform 
structural analyses on complete systems where the delivered product is included. The 
supplier proposal process should, as depicted in Figure 3, build upon knowledge 
established in prior in-house projects and customer work leading up to a project. Its result 
should be retained and communicated in a manner ensuring understanding, subsequent 
reuse and a continued simulation-driven development process, both for the supplier and 
their customers. 

5.1 Increased product space exploration through rapid concept generation 
and optimisation 

This part of the approach, pertaining to assisted concept generation and optimisation, 
has primarily been implemented using KBE extensions of the CAE software NX. The 
implementation governs a rule-driven start model, supporting designers in the proposal 
process through a GUI as depicted in Figure 4. The start model is driven by Knowledge 
Fusion (KF), which is one of the ways in which KBE principles can be implemented in 
Siemens NX. The start model consists of a parametric beam design with a number of cross 
sections matching the manual design practice previously used. The GUI lets the designer 
generate an initial concept by altering both parameters for the component in general and 
each cross section including material thickness, material type and individual cross-
sectional parameters such as cross section type, dimensions and angles throughout the 
beam. This start model acts, together with user-defined parameter inputs and mathematical 
formulas for the transitional surfaces, as the basis for concept generation. Mathematical 
formulas for transitional surfaces help ensure manufacturability and performance and are 
based on established best practices and experience. The original start model has been used 
by the company for years, but has never been automated. By using the start model and this 
tool, the designer does not have to start designing a new beam from scratch every time they 
offer a new proposal. For each parameter, the designer is allowed to alter driving rules, 
rules which in turn are based on experience and limitations in terms of, for instance, 
feasibility or manufacturability. Positioning the beam relative to the surrounding 
geometries and specific requirements, which used to be a time-consuming task for 
designers, is also automated in the application. 

The application additionally includes an optimisation loop, allowing the designer to 
state which parameters should be varied, their boundary values and the optimisation goal 
within the GUI. The optimisation process is henceforward automated. The process of 
optimisation requires a second external application that tracks input and output files and 
tells the different applications involved what to do and when to do it; it is, however, not 
something with which the designer needs to interact, aside from starting the application. 
The geometry is automatically meshed and pre-processed using Hypermesh (Altair 
Hypermesh) and an in-house developed script. The optimisation process is governed by 
LS-OPT (LS-OPT), while each analysis is conducted using the explicit FEM solver LS-
Dyna. After one analysis is done, LS-OPT calculate new values for the parameters that are 
to be varied. These parameters are then sent back to Siemens NX using the NX Open 
Application Programming Interface (API), i.e. changing the parameters governing the 
geometry. The geometry is then updated and consequently exported using the neutral file 
format IGES. The geometry is then yet again meshed, pre-processed and analysed, a cycle 
repeated until LS-OPT has found an optimum. 

The applications presented allow simulation-driven concept design and optimisation 
without explicit user intervention in between analysis iterations, enabling overnight 
analysis and longer uninterrupted time for other tasks. Evaluation feedback is made 



10 
 

available over an entire product range, including insights into how concept parameters and, 
thereby, properties, affect final performance. 

 

Figure 4 First part of the application for beam design with start model and its cross sections.

5.2 Early access to the effects of design decisions made based on downstream 
process information 

The second part of the approach should be seen as an extension to the predictive 
functionality previously described in increased product space exploration through rapid 
concept generation and optimisation, sharing GUI as depicted in Figure 5. However, as the 
first part requires a formalised model for the specific component in development, this part 
can be applied to any geometry, providing the designer with effects of design decisions 
made in terms of cost and manufacturing based on downstream process knowledge. The 
initial step in evaluation is geometry selection and subsequent geometric analysis, in order 
to find out its principle pre-formed blank dimensions. With this data the application has the 
information it needs to determine whether or not the component can be manufactured using 
available production capabilities, and if so, how and to what cost. The user is presented 
with differentiated process costs and the final component cost. Application transparency 
also ensures that the user can discern aspects such as blank angles and material fall off, 
contributing to the process costs and the suggested process layout. One of the strengths of 
the application is that it works with the start model as well with any other geometry. Any 
other geometry that can be imported into Siemens NX can be submitted to analysis for the 
same feedback. The rule set behind the evaluation and process adaptation is stored in an 
external database, the same structured database as used for available material, giving other 
roles in development responsible for different areas within the process the means to 
manage relevant information without proficiency or access to the CAE software. Figure 6 
illustrates the principle schematic for the demonstrator parts described in this section and 
section 5.1. 
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Figure 5 GUI for functionality providing effects of design decisions based on downstream process
knowledge, left, and application management section, right.

Providing the effects of decisions made to designers in the early stages of design, 
based on downstream knowledge, is another aspect of SDD capabilities implemented. This 
gives designers the ability to make more reliable choices about the design, since, already in 
the concept phase, they can get an estimated final cost of the component and determine 
which production lines and manufacturing process steps are available and preferable. With 
this knowledge available, the designer can make earlier, more well-grounded decisions and 
potentially evaluate a larger solution space without having to wait for the next design 
review meeting to take place, before feedback is given by experts. This knowledge is now 
delivered in the context of a design and the design environment used. 

 

Figure 6 Principle schematic for Knowledge Based Engineering extension of NX, covers parts
describe in section 5.1 and 5.2.
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5.3 Contextual retention and retrieval of product-related information with the 
product representation through 3D annotations  

The third part of the approach handles retention and retrieval of product-specific and 
geometry-related information. At the supplier, this information is traditionally stored in 
four content rich documents. Specific information about design decisions, i.e. design intent 
and rationale, is either unstructured and informal or not stored at all. This part of the 
demonstrator illustrates an approach to retention and retrieval of information in the context 
of the product representation, the CAD model itself, enabling intuitive asynchronous 
sharing and ensuring that information related to the product follows the product 
representation throughout the product lifecycle. The approach builds on a method 
presented earlier (Sandberg and Näsström 2007, Lundin et al. 2010) and suggests 
utilisation of commonly built-in functionality in all major modern CAE software, the 
ability to add and interact with 3D annotations, or as it is termed in Siemens NX, Product 
and Manufacturing Information (PMI). The choice to use 3D annotations and existing CAE 
software was made to avoid adding more applications for the designer to use in their daily 
work while keeping information contextually with the geometric representation of the 
component. The actual retention, in this case by adding 3D annotations, is carried out by 
designers while they work on the current component, allowing design and documentation 
in the same environment and workspace. 3D annotations usually consist of dimensions and 
tolerances tightly linked to the manufacture of components, but it may also include general 
text notes and hyperlinks to external files such as textual documents, spreadsheets, pictures 
and URLs. Text notes can include minor entries, such as a statement that a surface may not 
be offset more than a certain distance, or larger explanations that in detail describe why 
some features are designed in a specific way, i.e. the design rationale. These annotations 
will hover in space in close proximity to the CAD model and can be linked to features of 
the geometry, either by association, where the related geometry highlights when a note is 
selected, or by visually connecting leader arrows. All in all, this makes 3D annotations a 
visually expressive means of communication. By adding comments to the CAD model, the 
design intent and the design rationale for the component are contextually retained and 
made available through the product representation. This ensures that the design intent and 
rationale stay in the company and are not limited to a specific designer. 

To handle the knowledge sharing transition, from external documents to the use of the 
CAD models as carriers, the application GUI is built to resemble the four original 
documents used, visualised in Figure 7. At the top of the GUI, the first section contains 
general information about the project, such as status, project name and number, responsible 
designer, version and date. Following this are four sections, each representing one of the 
original documents used to communicate between functions during development. The 
information in these documents includes but is not limited to customer requirements, 
design specifications, process-related information and product remarks based on product 
feasibility. All information entered here is created as a block of 3D annotations in the CAD 
model, in this case, originating at the centre of the main coordinate system as depicted in 
Figure 8. 
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Figure 7 GUI for retention and retrieval of product related information, here depicting the
product remark section and how remark input generates 3D annotations.

GUI inputs are automatically arranged and filtered based on other information and 
current version selected by the users. Any information entered can be traced back in time 
using attributes, each PMI containing its own version history. All 3D annotations relating 
to the four original documents can be altered directly in the CAD model or from the GUI. 

 

Figure 8 Product related information automatically generated as 3D annotations
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A section worth further focus is the one pertaining to product remarks. The original 
document essentially contains a checklist used while verifying the design for manufacture. 
This document also contains the results from analysing each point on the list, which is why 
it also acts as the basis for design review meetings. A standard checklist includes issues 
such as distance from hole to radii, radii sizes, flange widths and forming results. The list 
is generally worked through from top to bottom. Every point is evaluated, determined and 
receives a colour-coded status. The functionality of this list is reproduced inside the GUI, 
so that it may have the same role as the original document. To make the remark process 
and general retention less demanding, the different status choices are picked from a 
dropdown menu. Selecting “Not Okay” generate a comment related to the most common 
reasons behind this particular issue, a text which the evaluating engineer then accepts or 
customises to the specific case. If a point in the checklist is okay, however, there is 
generally no need for a specific comment, although it is still possible to make comments. 
Each comment can by command generate a text note in close proximity to the model, 
which in turn may be manually and visually linked to the specific part of the geometry to 
which it relates. The fundamental difference between the original document and the 
application is that the application ensures retention and retrieval in the same environment 
as where manipulation and investigation of the component is performed; thus, a more 
intuitive approach during manufacturing analysis and design reviews sessions. After a 
design review the designer will have all product-related information, i.e. remarks, 
requirements, intent and design rationale, traceable and contextually available with the 
CAD model, in the design environment used and associated with product representation to 
which it pertains. 

An important aspect of intuitive retrieval of relevant information is ensuring multiple 
views (Ding et al. 2009) for different actors, roles and tasks, i.e. communicating of that 
which is relevant for the role and activity at hand. The use of 3D annotations does facilitate 
this to some extent, as it can be easily structured and filtered for a particular role or task 
through model views. Model views can be used to structure and filter 3D annotations by 
roles, activities, stage or for the needs at hand. The approach so far limits its application to 
the CAE environment. There are naturally cases where employees without access to a 
commercial CAD system might need access to product information in later development 
stages. Third-party applications offer a convenient solution to this problem. There are 
several applications allowing user access to models and embedded PMI, two of the more 
prominent are Acrobat 3D (Acrobat 3D) and JT2Go (JT2Go). The JT2Go viewer, for 
instance, allows JT models to be oriented and inspected in 3D space, while supporting 
knowledge representation as PMI, structured in model views. Information retained as PMI 
cannot be changed using JT2Go. It can, however, be hidden, visually customised and even 
followed, assuming that a PMI constitutes an URL. 

Continuous retention and access to past product-related information constitutes a 
necessary part in the foundation for future decisions, and the contextual nature of its 
implementation should improve understanding as information is readily available together 
with the product representation to which it refers. 
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5.4 Transfer of product-specific information using computational models 
The final aspect of the presented approach extends the use of CAD models as carriers 

of product-specific information to CAE models as carriers in order to ensure a continued 
SDD process, not only in-house, but in a Business-to-Business (B2B) setting. 

The established product representation or CAD model is the basis for generating the 
shape of the press tools, which in turn is used for manufacturing simulation. Tools are, 
however, modified during process development in order to accommodate for spring back 
and thermally induced deformations due to, for instance, cooling after press hardening. The 
model of the final shape itself actually starts out as a flat plate with a fine mesh, which is 
then deformed using the developed tool. The process development is carried out in steps. 
Simulation of the hot-forming process is the first step. The stress state and microstructure 
information is then transferred to a coarse model, generated from the original CAD model 
using in-house software that can handle mismatches between the geometry of the formed 
component and the ideal geometry of the model. A comparison of ferrite fractions between 
the model generated from the forming analysis and the coarse model with mapped ferrite 
fractions is shown in Figure 9. The coarse model with mapped ferrite fractions then 
undergoes an impact analysis. The computed buckling is compared with experimentally 
obtained buckling in Figure 10. The computed and measured impact forces are shown in 
Figure 11. 

The original CAD model can also be used to generate an even coarser mesh of the final 
shape for full body crash simulation by the customer. The customer does not usually have 
simulation models that can couple microstructure information with mechanical properties. 
The microstructure distribution is the base for defining regions of similar structure. The 
microstructural properties in these regions are translated into flow stress curves, which are 
then mapped to the coarser mesh. This coarser model now has the new properties from the 
manufacturing process contextually attached to it, extending the business offer and 
knowledge shared in between businesses. This is one example of considerations required in 
order to enable and ensure a continued SDD process, not only in-house but in a B2B 
setting. 

 

Figure 9 A contour plot of ferrite fractions after manufacturing simulation on the fine mesh
model, left, and these mapped to a coarser mesh, right.
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Figure 10 A controlled buckling mechanism. The computed result, left, and physical result, right.

 

Figure 11 Two measured tests and the computed force during impact.

6. Evaluation of demonstrator 
The first three parts of the presented approach and their respective implementations 

where developed and evaluated in the order in which they are presented, in close 
collaboration between the case company and the authors. The last part of the approach 
covered has not been evaluated, but is currently used as a part of the case company 
business offer. 

The part for increased product space exploration through rapid concept generation 
and optimisation was evaluated in a simulated design case based on the current proposal 
process, from the point of receiving a request for a proposal to a performance-verified 
concept. Three employees responsible for design were selected for the test group. The test 
group were given a brief introduction and walk-through of the new tools before they were 
handed their tasks. This part has been implemented at the subcontractor and designers 
responsible for the particular component in focus have undergone a training course on the 
tool. Two employees have been using it successfully in their regular work, even though it 
is currently not the main CAE software in use at the company. The application did, 
however, act as a catalyst, as a corresponding application was implemented in CATIA on 
the basis of the benefits perceived. It is hard to state an exact time savings, since each 
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product differs in design, requirements and application. The application was, however, 
perceived to allow simulation-driven concept design and optimisation without explicit user 
intervention in between analysis iterations, enabling overnight analysis and longer 
uninterrupted time for other tasks. Users were presented with a formalised design process 
and feedback over an entire product range, including insights into how concept parameters 
and, thereby, properties affect final performance. 

The second part, for early access to the effects of design decisions made based on 
downstream process information, was evaluated in the same fashion as the first one, 
through a simulated case. This evaluation excluded the optimisation procedure, but did 
include consideration to manufacturability and manufacturing cost. Evaluations were 
carried out with three designers individually, all of which were Siemens NX certified 
users, though only one of them uses Siemens NX regularly. They were each given a 
description of requirements to consider and two basic tasks to perform: (i) design a basic 
component and (ii) optimise the design in terms of cost and manufacturability. They were 
also encouraged to experiment with different manufacturing lines and options. The general 
opinion of the tool was that all aspects of the implementation were intuitive and easy to 
use. No designer had any setbacks in generating a rough design, detailing it for the specific 
case and optimising it for manufacture. The detailed overview of each step in the 
manufacturing process and their costs was appreciated, allowing insight into the 
production and how their design affected it. The general consent was that it could prove to 
reduce unnecessary reiterations, as issues are realised earlier. It was said to provide 
feedback during design without taking focus from the task at hand. The functionality of 
clearing all sensitive company-specific information stored with the model was 
implemented as a direct response to issues brought forward during these sessions, as this 
could otherwise be sent to the customer by mistake. Although the tool has been 
implemented at the case company, it has not been generally used, due to unresolved license 
issues. There are plans for a division-wide education and the reception so far looks 
promising. A large percentage of orders today require Dassault CATIA, suggesting an 
implementation of similar functionality for Dassault CATIA. 

The third part, for contextual retention and reuse of upstream product-related 
information with the product representation through 3D annotations, is still conceptual 
and under development, but a formal case evaluation has been conducted in a design 
review setting. The design review group consisted of representatives in charge of design, 
process evaluation, quotation and production. Each section in the GUI was individually 
highlighted and discussed from the perspective of the selected component. The primary 
focus for this session was the section for product remarks. The group methodically 
addressed each criterion within the GUI, making remarks visually associated with the 
product representation as they proceeded. The general response was optimistic, in that the 
participants perceived the potential benefit of the proposed approach. The individual 
operating the demonstrator during the design review could, with limited prior experience 
of the CAE environment, retain and retrieve information.  Suggestions for further 
improvement were encouraged and, as a result, the participants requested: the possibility to 
insert and manage multiple remarks referencing the same criteria; functionality to export 
retained information to documents such as Excel, and extended traceability toward actual 
model history. 
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7. Discussion and Conclusions 
The demonstrator implemented in the early stages of design and representing the 

proposed approach includes a set of tools enabling a rapid proposal process, including 
model generation and optimisation in terms of performance and manufacture. The designer 
can quickly predict the final cost of the component and whether or not the component can 
be manufactured using current process capabilities, generally increasing the efficiency of 
design space exploration, the foundation on which design decisions are made and the 
likelihood of reaching a feasible and optimal final design. The approach also enables the 
studied company to sell a virtual model together with the physical product, not only 
establishing a SDD process in-house but also enabling continued SDD for their customers. 
The integrated, intuitive tools, together with the model-oriented asynchronous knowledge 
sharing, constitute an approach that enables bidirectional communication of product-
related information for the purpose of automation, prediction, education and support in 
Simulation Driven Product Development. The approach presented has focused on the early 
stages of design, as this is the stage where decisions have the most impact on product 
lifecycle properties, e.g. cost and performance (Dowlatshahi 1992). 

Implementation and evaluation have shown that storage of information that is not 
necessarily unique and isolated to the product representation and the CAE environment, 
within CAD models as 3D annotations, is not feasible. This applies especially to 
information which needs to be retained, retrieved or managed by users without proficiency 
or access to CAE software. 3D annotations should in hindsight preferably be limited to 
information which is directly related to and gained from the association and spatial 
proximity to the geometry. This information should as such be conveyed using 3D 
annotations but stored in a central repository. These issues aside, the approach does, 
however, illustrate the benefits of information such as product-specific and geometry-
related information when communicated and made accessible in the context of the product 
representation to which it pertains. The possibility of communicating product-related 
information such as comments, design rationale, colour-coded remarks, specifications, 
simulation results and live URLs as structured and filtered 3D annotations, visually 
associated with the product representation, has been well received. 

A general simulation-driven design approach to product development, proven as it may 
be, has to be more than enabled to truly make a difference in the development process. It 
needs to be ensured, both within companies and between companies, especially as B2B 
collaboration is more and more common. Investigations show that access to supporting 
tools and relevant information has to be made readily available, intuitive, integrated into 
the environment where they are needed and ultimately be perceived as a natural part of 
daily development in order for them to be accepted and used. The ambition is not only to 
provide tools that enable Simulation Driven Design and its principles, but to impart this 
way of thinking and working to each actor within the product development process. 
Transparency and an educational approach to tool development could be the entry point to 
ensuring insight and understanding, so that each actor in turn can act with consideration to 
the product lifecycle as a whole, instead of just the task at hand.  
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