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For the things we have to learn before we can do them,  
we learn by doing them. 

   - Aristotle 



Abstract 

Ever since the early nineties and the advent of affordable and comprehensive 
3D-CAD systems, companies have striven to take advantage of cost-effective 
Virtual Prototyping, gradually moving away from activities involving physical 
representations of the evolving product. There are, however, aspects of the 
product development process that are less suitable for virtual exploration. Thus, 
there are limits to what extent it is effective to rely on digital modeling of 
physical products. Instead, this thesis argues that a deliberate combination of 
physical and virtual modeling offers numerous efficiencies that deserve further 
investigation. 

By studying and combining four domains; product development theory, 
traditional prototyping, computer aided engineering and learning theory, the 
concept of low-cost demonstrators are identified as a potential means for 
further enhancement of the product development process. Especially when 
developing products involving new and unfamiliar technologies, this approach 
has proven particularly relevant and beneficial. Furthermore, a low-cost 
demonstrator can potentially serve as a catalyst for innovation and creativity 
among the members of the design team operating in a CAE intense 
environment. 

In order to verify the validity of the concept of low-cost demonstrators, several 
undergraduate courses at Linköping University have been studied and 
evaluated.  

  





Sammanfattning 

Under första halvan av 1990-talet blev verktyg som 3D-CAD allmänt 
tillgängliga inom tillverkningsindustrin. I och med det påbörjades även en 
strävan efter effektiviseringsvinster genom att i större utsträckning utveckla 
virtuella prototyper istället för fysiska dito, en trend som alltjämt fortgår. Det 
finns dock aspekter av produktutvecklingsprocessen som blir lidande då den 
fysiska representationen av en produkt under utveckling uteblir. Således finns 
det gränser för i hur stor utsträckning digitala modeller kan bidra till 
effektivisering av produktutvecklingsprocessen. Den här avhandlingen 
argumenterar istället för en kombination av virtuella och fysiska 
representationer som en möjlig väg till ytterligare effektivitetsvinster. 

I avhandlingen introduceras begreppet lågkostnadsdemonstrator. Genom att 
kombinera och studera fyra olika teoriområden - produktutvecklingsmetodik, 
prototypframtagning, datorstödd konstruktion samt pedagogisk teori – 
identifieras denna typ av demonstratorer som möjliga medel för att nå 
ytterligare effektivitetsvinster. Vidare visar sig lågkostnadsdemonstratorer 
särskilt användbara då produktutvecklingsprocessen innefattar ny och obekant 
teknologi. Lågkostnadsdemonstratorer kan potentiellt agera katalysator för 
kreativitet och innovation i datorintensiva utvecklingsmiljöer.  

Till grund för utvärdering och validering av begreppet lågkostnads-
demonstratorer ligger flera kurser i grundutbildningen vid Linköpings 
universitet.  
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1  
Introduction 

This work deals with the so-called design process and how to improve it by 
using physical representations of an evolving product. Ever since the early 
nineties, with the advent of affordable 3D-CAD systems, there has been a clear 
tendency for companies to seek effectiveness and cost-reduction by trying to 
avoid expensive physical prototypes in favor of digital substitutes, also known 
as Virtual prototyping. 

Product development of today is a mix of several complex activities. The 
demands for cost effectiveness and efficiency are always present as 
competition increases. A reduced cost, shortened lead-time and improved 
product quality come down to finding new approaches to product development. 
Virtual or physical prototypes, demonstrators, mock-ups and other product 
representations are important when developing products as they are used for 
testing, verifying and communicating ideas between developers and customers 
as well as reducing the risk of costly iterations. Figure 1 shows an example of a 
physical prototype. 

 
Figure 1. Example of a prototype (left) and the 
finished product, displaying a tablet PC for the 
Windows 8 operating system [11].  
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When the use of digital prototypes became common during the mid-nineties it 
had a major impact on the product development processes [7]. Over the last 
decade, industry has been working hard to implement various digital tools, 
such as CAD and PLM systems, for use in their daily work on developing 
products. And obviously, the digital prototype promised savings in time and 
money compared to the expensive physical prototype or mock-up.  

However, as affordable virtual prototyping is today widely used even among 
smaller companies, the tools and methods used can be considered mature, not 
really promising any significant gains in effectiveness in the future. So a 
natural question would be - what kind of prototyping could improve (cost) 
effectiveness for product development processes even further? 

This thesis explores one plausible answer to that question. Within research and 
education at the Division of Machine Design at Linköping University, the 
concept of low-cost demonstrators has been developed and studied. Generally, 
a demonstrator is viewed as a physical representation of specific parts of an 
evolving product, and thus not necessarily representing the final product as a 
whole. Such demonstrators are commonly used in the aerospace industry, 
where the products are characterized by extreme complexity, very high costs 
and long development time - conditions that force developers to validate 
concepts early in the design process. 

But besides these obvious reasons for developing demonstrators (complexity, 
cost, time), there are also other benefits of doing so. When applying the 
concept of demonstrator development to a more general context, it opens up for 
discussions about how the product development process in general is affected, 
and how it may be enhanced. 

1.1 Aims and limitations 

The aim of this thesis is to define a new approach to prototyping during product 
development – the low-cost demonstrator. The following questions serves as a 
starting-point for the thesis. 

 What distinguishes a low-cost demonstrator from a conventional 
demonstrator or product? 

 What role does the low-cost demonstrator play during the product 
development process? 

 What are the benefits of using low-cost demonstrators during the 
product development process? 

 Can a low-cost demonstrator be an effective means to increase learning 
in the engineering curriculum?  

Furthermore, the findings in this work mainly relates to four domains – product 
development theory, computer-aided engineering (CAE), prototyping and 
learning theory, as illustrated by Figure 2. 
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Figure 2. Thesis domains. 

Product development theory deals with the tools and methods of bringing 
products (or services) from idea to market. 

Computer Aided Engineering is used here as the generic term for processes 
involving computer based tools and methods supporting engineering activities. 

Prototyping is the term generally perceived as validation of a forthcoming 
product by producing a model, virtual or physical. 

Learning theory refers to the conceptual frameworks that describe how 
information is absorbed, processed, and retained during learning. 

In this thesis, the concept of low-cost demonstrators will be discussed in 
relation to these four domains. Consequently, the boundaries of these domains 
should also define the limitations of the thesis. 

1.2 Method 

Within philosophy and theory of science, epistemology deals with the nature of 
scientific knowledge and the processes that lead to new knowledge. Two pairs 
of contradictive branches form the basic theory – empiricism vs. rationalism 
and atomism vs. holism [13]. 

Whereas empiricism means that we can only achieve new knowledge by 
observing our surrounding reality (through induction), rationalism claims that 
the best way is to make logical assumptions followed by reasoning (so-called 
deduction). Rationalism therefore does not need to involve studying the reality, 
one can make conclusions about it anyway. 

Atomism claims that facts can be found by studying isolated parts of the 
reality, and that the reality is the sum of these parts. Holism, on the other hand, 
means that the reality cannot be defined by summarizing results from 
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individually studied parts of the reality, and that there is therefore something 
more than the sum of these parts. 

This work is mainly based on observations from the author’s research 
environment; the research method can thus best be described as induction. 
Furthermore, the findings are based on four domains (specified in section 1.1) 
that from a methodological perspective contribute in different ways. Figure 3 is 
an attempt to illustrate the general research method of this thesis by placing the 
two methodological principles of epistemology on separate axes in a diagram, 
followed by positioning of the research domains. However, with reference to 
the scope of this thesis, all four of the related domains fall within the 
Atomism/Empiricism quarter of the diagram. 

 
Figure 3. General description of the research 
method for this thesis. 

However, the applied research method for this thesis should be seen as a 
mixture of different approaches. Tarkian [26] describes this as a procedure 
where different research paradigms complement each other during the work to 
achieve new knowledge. 

1.3 Linguistic issues 

Although the title of this thesis uses the concrete noun Demonstrator in its 
plural form, referring to a physical manifestation of some kind, it will also be 
necessary to term the actual activity of interacting with the demonstrator, thus 
the abstract noun Demonstration will be used. Consequently, the two following 
terms will be frequently used throughout the thesis. 
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 Low-cost demonstrator – A physical object whose purpose is to 
support a product development process. 

 Low-cost demonstration – An activity aiming to enhance the product 
development process by interacting with a low-cost demonstrator. 

1.4 Thesis outline 

The outline of this thesis is mainly based on the relevant domains seen in 
Figure 2. A frame of reference is presented for each domain in sections 2.1 
through 2.4. Section 2.5 provides an overview of relevant findings from the 
research environment at Linköping University and the Division of Machine 
Design. Chapter 3 proposes a definition of the concept of low-cost 
demonstrators. A summarizing discussion and conclusions can be found in 
chapter 4. 
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2  
Frame of reference 

This section provides an overview of the theoretical (from literature) and 
practical references (from research environment) in relation to the domains 
specified in section 1.1. 

2.1 Product development 

Within the scope of this thesis, the term Product Development refers to all the 
activities at a manufacturing company that leads to the generation of business, 
i.e. market research and business planning, development of the actual products, 
production and sales planning, and ongoing production and sales. Seen from 
this perspective, the product development process is a highly multi-disciplinary 
phenomenon relying on different resources, both intellectual and physical, from 
inside and outside the company. 

Generally, increased cost effectiveness is the obvious and most often referred 
to reason to why anyone adopts, or seeks refinements of, an existing product 
development process. Recent years have also seen sustainability and 
environmental considerations become subjects for design process 
enhancements. Ulrich and Eppinger [30] give us a good summery of the basic 
characteristics of a successful design process refinement. These are: 

 Product quality: How good is the product resulting from the 
development effort? Does it satisfy customer needs? Is it robust and 
reliable?  

 Product cost: What is the manufacturing cost for the product being 
developed? 

 Development time: How quickly did the team complete the product 
development effort? Development time determines how responsive the 
firm can be to competitive forces and to technological developments. 

 Development cost: How much was spent on developing the product? 
Development cost is usually a significant fraction of the investment 
required to achieve the profits. 

These characteristics are fundamental when arguing for low-cost demonstration 
as a proposed instrument for design process enhancement.  
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A central element in product development theory, and also highly relevant to 
this thesis, is the so-called design process paradox. Ullman [29] expresses this 
concisely as [… the more you learn the less freedom you have to use what you 
know…], together with the classical diagram shown in Figure 1. Throughout 
the literature this paradox serves as a central standpoint for seeking refinements 
of the design process in order to avoid costly mistakes.  

 
Figure 1. The design process paradox, Ullman [29]. 

Furthermore, it is also a good idea to ask oneself who the participants of a 
product development process are. Again, Ulrich and Eppinger declare the three 
most important disciplinary areas to be the following: 

 Marketing: The marketing function mediates the interaction between 
the company and its customers. Marketing often facilitates the 
identification of market opportunities, the definitions of market 
segments, and the definitions of customer needs. 

 Design: The design function plays the lead role in defining the physical 
form of the product to best meet customer needs. In this context, the 
design function includes engineering design (mechanical, electrical, 
software, etc.) and industrial design (aesthetics, ergonomics, user 
interfaces). 

 Manufacturing: The manufacturing function is primarily responsible 
for designing and operating the production system in order to produce 
the product. 

The engineering design literature offers different views of and ways of defining 
the term Product Development. A more or less meta-description is presented by 
Cross [6] who begins by distinguishing between descriptive and prescriptive 
models of the design process, where descriptive models simply try to describe 
the sequences in a design process. A schematic view of a simple and purely 
descriptive 4-stage model of the design process can be seen in Figure 2. Other 
descriptive models are all more or less variations of this “generic” principle. It 
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is characterized by four phases, beginning with exploration of the design space 
followed by generation of plausible solutions which undergo evaluation in an 
iterative manner until ready for communication with the customer or 
manufacturer. The process is said to be heuristic, i.e. uses previous experience 
to improve and evolve the design of the product. 

 
Figure 2. A purely descriptive, 4-stage model of the 
design process (Cross, [6]). 

Prescriptive models, on the other hand, […are models that are concerned with 
trying to persuade or encourage designers to adopt improved ways of working. 
They usually offer a more algorithmic, systematic procedure to follow, and are 
often regarded as providing a particular design methodology] [6]. Thus, such 
models try to implement activities that aim to make the process more efficient, 
but consequently they often lose in clarity. Cross, however, points out the 
design process model of Pahl and Beitz as fairly comprehensive. See Figure 3. 

Typically, prescriptive processes like the one devised by Pahl and Beitz are 
characterized by division into stages that are initiated and concluded with 
“gates”, where each stage includes a set of tasks that need to be performed. 
Three main stages of a prescriptive design process are distinguished [21]: 

 Problem definition. Identification of a need, a problem definition and 
set of requirements is specified. 

 Conceptual design. Essential ideas and principles for how the need can 
be fulfilled are sought and combined into a total solution. 

 Detailed design. A complete product description is specified. 

Stage/gate product development models have had a great impact on the 
practical management and organization of the development task, increasing the 
chances for business success through the promotion of clarity, eased planning 
ability, reduction of risk and allowance of greater control over the development 
process [25]. 
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Figure 3. Prescriptive model of the design process 
(Pahl and Beitz, [21]) 
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Other views of product development are discussed with a reference to the life 
cycle of a product. According to Ullman [29] (and others), the life of a product 
can be divided into four main areas – Development, Production and Delivery, 
Use and End of Life. Each area can then be divided into different phases. 

Within the Product Development area in Figure 4, two phases serve as natural 
targets for this thesis – Develop engineering specifications and Develop 
concepts. The reasoning about the concept of low-cost demonstrators was first 
aimed at these two areas, and especially the conceptual design phase, which is 
best described in paper [I]. However, it later became obvious that the approach 
may very well be discussed in other areas if seen as a support platform for 
continuous evaluation of evolving and/or existing products. 

 
Figure 4. The life of a product according to Ullman [29]. 

Product development processes of today, at least the ones that are actually 
implemented in organizations, are more or less characterized by concurrency, a 
trend also known as Concurrent Engineering [14]. The motivation for 
Concurrent Engineering originates from the idea that product development is 

Identify needs

Plan for the
design process

Develop engineering
speci�cations

Develop concepts

Develop product

Product
development

Manufacture

Assemble

Distribute

Install

Production
and delivery

Use
Operate in sequence 1

:
Operate in sequence N

Clean

Maintain
Diagnose

Test
Repair

:

Use

Retire

Disassemble

Reuse or recycle

End of life



30 | Low-Cost Demonstrators 

not only an engineering activity, but also a market/business/production-related 
activity of substantial importance for managing a manufacturing company [1]. 

Among the more renowned attempts to formulate a model based on concurrent 
engineering we find the work of Andreasen and Hein - Integrated Product 
Development [2], also shown in Figure 5.  

 
Figure 5. An “Integrated Product Development” 
model displaying the different stages of a development 
process and the parallel execution of tasks related to 
marketing, product design and production (Andreasen 
& Hein 2000). 

Models like Integrated Product Development are closely related to the fields of 
management and production, but they are still relevant since the concept of 
low-cost demonstration shows potential benefits if utilized efficiently within 
these areas. 

2.2 Computer Aided Engineering 

Computer Aided Engineering or CAE is the umbrella term for computational 
tools and methods used for developing products. However, modern CAD-tools 
(Computer Aided Design) are often capable of integrating simulation and 
process modeling tools that were previously used separately [4]. There is thus 
no longer a clear distinction between CAE and CAD, and the two terms are 
often used to describe the same thing. Sometimes the term CAx is used instead 
of CAE, where “x” stands for whatever domain the computational tools are 
applied on. Despite this, the term CAE is preferred in the context of this thesis 
with reference to its more general meaning i.e. “Engineering using computers”. 

A good way of defining CAE is to look at the joint development of engineering 
and capabilities of computer technology. Burgess [3] speaks about CAE and 
the progress of digital product development from the mid-eighties until the 
present day. His approach to examine the concept of CAE is to divide it into 
three different categories. 



 2 Frame of reference | 31 

 How technologies are modeled - the scientific principle on which a 
design is based. 

 How geometry is modeled - thus representations of the physical product. 
 How processes are modeled - the manufacture or use of a product. 

Before the advent of computational engineering tools, these modeling tasks 
were carried out by hand and more or less separate from each other. The 
refinement of a design usually progressed through trial-and-error. Eventually, 
during the early eighties, computers allowed more advanced and iterative 
calculations, but modeling technologies, geometry, and processes were still a 
matter of single-discipline analysis. Increased computational power soon 
enabled multidiscipline analysis of engineering problems and also modeling 
tasks overlapping multiple categories, for instance human interaction modeling. 
An overview of key CAE paradigms can be seen in Figure 6, which illustrates 
the progress made over the last three decades. 

 
Figure 6. The development of CAE, Burgess [3]. 

Furthermore, Burgess holds up the level of accuracy among different kinds of 
model representations as a way to describe how the possibilities of CAE have 
evolved. For instance, early representations (before 3D-CAD) described 
geometric properties using multiple 2D views, consequently with a high risk of 
misinterpretation. The first 3D wireframe models almost eliminated such 
misinterpretations but held very little, if any, information about geometric 
properties between nodes (e.g. surfaces), thus to be considered inaccurate with 
modern standards. However, with the advent of surface modeling and 
eventually solid modeling, the accuracy in geometric properties has evolved 
dramatically. The same reasoning goes for the accuracy in models of physics 
moving from discrete event modeling towards hi-fidelity real-time analysis. 
With increased capabilities of computing over time, the trend has been that 
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capabilities in accuracy in different categories (geometric/physics) can be 
allowed in combination with greater quantity. Moreover, Burgess states that 
continued growth in computational power will allow increased accuracy in 
representations of the functional characteristic of products, thus allowing for 
CAE as an even more capable resource for enhancing the design process. 

 
Figure 7. Level of accuracy among different 
categories of model representations up until today 
(right) and a possible future development with an 
increasing accuracy in the representations of functional 
characteristics [3].  

In relation to the expected increase in accuracy among representations, Burgess 
also speculates on the future of CAE. The integration between modeling 
domains will continue to evolve where CAE will support simultaneous 
modeling/analyzing of technologies, geometry and processes (see Figure 8). 
Consequently, CAE will be applied from a much more holistic perspective 
compared to present ways of utilizing its tools and methods. If this trend is 
allowed to continue, Burgess predicts the advent of self-designing parts and 
eventually even complete products. 
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Figure 8. The future of CAE according to Burgess [3]. 

So the question is in what way CAE relates to activities of physical 
prototyping, such as developing demonstrators. A traditional pre-production 
prototype is generally used for validation of a digital model with a considerable 
maturity, close to production. On the other hand, crude hardware-in-loop set-
ups usually involve hardware with low maturity, at least from an end-product 
perspective. One such set-up can be seen in the work done by Tarkian [27]. 

The term virtual prototyping is of course also relevant here. Virtual prototyping 
refers to efforts to move away from traditional physical prototypes for 
economic reasons. Virtual prototyping naturally makes use of CAE. The 
number of domains that can be studied through virtual prototyping is constantly 
increasing as computers become more powerful. However, properties of 
physical prototypes cannot automatically be translated into virtual counterparts. 
The way innovation happens is one such thing that has been proved to differ 
between virtual and physical prototypes [32]. And naturally, since “being 
innovative” is a very human-specific capability, it is not expected to be 
provided by computers in the near future. 

2.3 Prototyping 

Throughout the engineering design literature, the concept of prototyping is 
commonly presented as part of the later stages of the design process.  

The well-referenced work of Pahl & Beitz – Design Engineering [21], actually 
says very little about prototyping. But when discussed, prototyping is referred 
to as a very costly and time-consuming activity. At the same time, prototyping 
is considered potentially beneficial throughout the design process, thus not only 
preceding product launch. Prototyping as a mean for sub-system evaluation, 
somewhat related to the concept of demonstrating, is recognized by the 
following statement. 
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[… However, it is possible to test parts of the proposed plant or equipment by 
building partial prototypes within existing plant or equipment or by using 
specific test facilities. …] 

Ullman refers to prototyping and prototypes as representations of design 
information that describe the evolving product [29]. Seen as a set of 
deliverables, the prototype fulfills two purposes; […they are the embodiment of 
information that describes the product and they are a means to communicate 
that information to others…]. Ullman also specifies four categories of 
prototypes: 

 Proof-of-concept or Proof-of-function prototypes focus on developing 
the function of the product in respect to the list of requirements. They 
are viewed as learning tools, where exact geometry, materials and 
manufacturing processes are of less importance. 

 Proof-of-product prototypes are developed to refine components and 
assemblies where geometry, materials and manufacturing processes are 
as important as function. 

 Proof-of-process prototypes are used to verify both the geometry and 
the manufacturing process. Exact materials and manufacturing processes 
are used to manufacture samples of the product. 

 Proof-of-production prototypes are used to verify the entire 
production process. They are also called preproduction prototypes, 
products manufactured just prior to launch. 

Ulrich and Eppinger define a prototype as […an approximation of the product 
along one or more dimensions of interest…], which may include anything from 
sketches and mathematical models to fully functional preproduction versions of 
the product [30]. The process of developing these approximations is called 
prototyping. Furthermore, Ulrich and Eppinger classify prototypes along two 
dimensions, the first being physical as opposed to analytical. Physical 
prototypes are typically tangible artifacts built as approximations of the 
forthcoming product. Aspects of interest are built into this artifact for testing 
and experimentation. Purely analytical prototypes are non-tangible and 
typically consist of computer simulation models, spreadsheet models or 3D-
CAD models, where interesting aspects of the product are analyzed. 

The second dimension is the degree to which the prototype is comprehensive as 
opposed to focused. A comprehensive prototype corresponds closely to the 
everyday use of the word prototype and usually implements most of the 
attributes of the product it represents. Such comprehensive prototypes are, for 
example, given to customers in order to identify any remaining design flaws 
before production and launch. Focused prototypes explore one or a few 
attributes of a product. For example, a foam model could be used to explore the 
esthetics of a product, while an experimental circuit board could be used to 
investigate electronic performance. Ulrich and Eppinger speak about “looks-
like” prototypes and “works-like” prototypes, both to be considered focused, 
that are often built separately in order to answer critical questions much earlier 
than a comprehensive prototype. 
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Ulrich and Eppinger also plot the two dimensions, physical-analytical and 
comprehensive-focused, along two separate axes in a diagram. An example 
product, a trackball for a laptop computer is used to point out where different 
types of prototypes fit into the diagram. Figure 9 is a generalization of the same 
diagram. Notably, according to Ulrich and Eppinger, a focused prototype can 
be either physical or analytical, while a fully comprehensive prototype usually 
cannot be considered analytical. 

 
Figure 9. Types of prototypes according to Ulrich 
and Eppinger [30]. The diagram is a generalization of 
an example. 

2.4 Learning theory 

If viewed as a platform for creating information, utilized by members of a 
design team, it is possible to apply different aspects of learning theory when 
discussing the role and functioning of the low-cost demonstrator. 

The theories of Kolb [17] are fundamental when discussing learning, or 
creation of knowledge, by interacting with the surrounding environment, which 
is obviously the case when working with a demonstrator. Kolb defines learning 
as the process whereby knowledge is created through the transformation of 
experience, also known as experiential learning. This model is composed of 
four elements; concrete experience, observation of and reflections, on that 
experience, formation of abstract concepts based upon the reflection and finally 
testing of these new concepts. The process then starts over with the concrete 
experience, followed by observations of the testing. Kolb calls this the learning 
cycle, which can be seen in Figure 10. 
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Figure 10. Kolb’s learning cycle. 

This spiral of learning can begin with any one of the four elements, but 
typically begins with a concrete experience. 

Säljö [22] explains how the ways of learning, in the sense of creating new 
knowledge, is strongly connected to the actual context where the learning 
activity takes place. Although the word context varies in its definition, it is safe 
to say that working with a physical demonstrator in collaboration with others is 
a context well distinguished from working individually on digital models. 
Furthermore, by referring to a sociocultural perspective on learning theory [31], 
commonly used to describe processes of knowledge creation catalyzed by 
interaction between people, one can look at the low-cost demonstrator as a 
“learning platform” for creating new information, i.e. team members learning 
by interacting with each other while working on different areas of the 
demonstrator. Consequently, this approach is closely related to engineering 
education when conducted in the form of projects or collaborative laboratory 
exercises. One such example is described in paper [IV], which discusses the 
connection between the low-cost demonstrator approach and hands-on 
activities within a computer aided design course.  

Furthermore, Problem Based Learning, PBL, often serves as the standard 
didactic model for design education. Dym et al. [9] give us a thorough 
declaration of the mechanism of PBL when utilized in different learning 
situations. The effectiveness of PBL is, from a pedagogical viewpoint, due to 
the students learning design by experiencing design as active participants. 
Consequently, the concept of low-cost demonstrators fits well with PBL, not 
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only because of its low-cost nature (that can suit tight course budgets), but due 
to one of its main purposes, i.e. fostering a high presence of physical 
representation. 

In connection to this, but with an industry perspective, other sources also 
conclude the importance to more extensively interact with the physical world in 
order to foster creativity and learning during product development. MIT 
research associate Schrage [23] tells the story of several companies that have 
had the good sense to realize that playful exploration is the best way to learn. 
Basically he claims that a lot of cheap rough prototypes are much more 
effective than a few beautifully-finished ones. Examples are given where 
companies secretly spend years and huge amounts of money on developing one 
single (thought-to-be promising) prototype. But upon launch the product has 
become obsolete, requirements may have changed or were not correctly 
understood. Instead, Schrage argues for plenty of low-risk models that 
continuously communicate the ideas that evolve, both pushing them at the 
audience (i.e. stakeholders, designers, customers etc.) but also the other way 
around by pulling ideas from the market in order to shape the requirements. An 
interesting aspect of this is that Schrage argues for low-cost rather than high-
fidelity, and diversity rather than uniformity. 

2.5 Research environment 

Many of the ideas and much of the reasoning about low-cost demonstrators 
originate from undergraduate activities at Linköping University. The following 
examples stand out as significantly important for the conclusions drawn in this 
thesis. 

2.5.1 Freshman’s first hands‐on encounter 

Paper [IV] includes a description of a syllabus for a basic CAD course at 
Linköping University [18]. The syllabus connects to the concept of low-cost 
demonstrator due to a final hands-on assignment where the students build a 
catapult, which has been modeled and analyzed using CAD software. This 
example also fits well into the learning theory domain, see sections 1.1 and 2.4. 



38 | Low-Cost Demonstrators 

 
Figure 11. Course participant about to fire a 
catapult as a part of a basic CAD course. 

2.5.2 Final year project courses 

Annually since 2004 several sustainable vehicles have been developed at the 
division of Machine Design, known as the ELiTH projects. Designed by final 
year mechanical engineering students as part of project courses, the vehicles 
was produced with an outspoken low-cost demonstrator approach. The reason 
for introducing the low-cost demonstrator approach, besides the intention of 
exploring and develop the concept, has been the restricted time frame of project 
courses that run over a single semester. Since the hands-on experience is 
considered very important from an educational point of view, the low-cost 
demonstrator approach offers a way to squeeze-in a motivated embodiment 
activity without bypassing other phases of the design process. Prior to 2004, 
corresponding project courses (usually run over 18-20 weeks) often ended with 
a preliminary design, far from any embodiment efforts. 

Papers I-III are related to these vehicles, but from different standpoints 
covering various aspects of the concept of low-cost demonstrators. In relation 
to this thesis, the ELiTH projects mainly fall into the domains of CAE, product 
development and prototyping. 

A notable project is the ModuLiTH project, conducted during the spring 
semester of 2007 [12]. See Figure 12. A small company, Syllermarks Pressar 
AB [24], who intended to explore the market for small sustainable vehicles 
intended for emerging markets, sponsored the project. A potential business 
model was introduced to the students upon project launch, which involved 
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modularity for enabling affordability as well as sustainability. However, the 
concept of vehicle modularity was highly unfamiliar both among the 
participating students and the company. Consequently, this was an aspect of the 
problem that proved to be very suitable for exploration via a low-cost 
demonstrator. 

 
Figure 12. 4-wheeled variant of the ModuLiTH 
vehicle. 

A more recent final year project involves the conversion of a SMART City-
Coupé automobile (see Figure 13). The aim is to develop a demonstrator for a 
parallel electric hybrid vehicle based on a used car. The students are set to 
completely redesign the front of the car in order to install two electric motors, 
one for each front wheel. The trunk serves as battery compartment. To date the 
project has included reversed engineering, mechanical and structural design, 
electric system design, and also user interface design. 

This is a continuous project where new design teams are formed each fall 
semester. The annual budget is about 5,000 Euro for material, and 10,000 Euro 
related to personnel. 
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Figure 13.  A Smart City-Coupé similar to the one 
being converted into a parallel electric hybrid. 

2.5.3 Student driven projects 

The Institution of Mechanical Engineers (IMechE) is a London-based 
engineering society representing mechanical engineers. It has over 100,000 
members in 139 countries in such industry sectors as rail, automotive, 
aerospace, manufacturing, energy, medicine, and construction. Among the 
activities organized by IMechE, Formula Student aims to inspire the next 
generation of engineers by challenging university students to design, build and 
compete as a team with their own single-seat racing car [10].  

Formula Student is an annual year-round competition. At the beginning of the 
academic year, participating teams start designing and producing a prototype 
car for the non-professional autocross or sprint racer sales market. To 
encourage innovative thinking, very few restrictions are put on the overall 
vehicle design. Successful teams produce a fast, reliable, low-cost, easy-
maintenance car. Its marketability is enhanced by factors including aesthetics, 
driver comfort and the use of common parts. The overall competition is 
finalized at a racetrack event at the end of the spring semester. In a series of 
static and dynamic events, the students demonstrate their car and also present a 
business plan that sells their concept to potential investors. 

With the academic year of 2011 a group of students from Linköping University 
decided to enter the contest, starting off by founding a team – EliTH-racing. 
The team also received initial funding from the faculty. Furthermore, during 
the competition and the corresponding activities, the teams are obliged to 
follow a set of organizational rules supplied by IMechE. One such rule is that 
there must be a connection between the team and the university that houses the 



 2 Frame of reference | 41 

team, in the form of a so-called Faculty Advisor. Since the start of the project, 
the Faculty Advisor of the ELiTH-racing team has been the author of this 
thesis, who has consequently been able to follow the project closely. 

The Formula Student initiative and its outcomes of students designing and 
building race cars from scratch serves as an interesting study object when 
discussing the concept of low-cost demonstrators.  

 First, the car is built relatively quickly with a tight budget, thus “low-
cost” in a sense. 

 A new car is built every year, which allows for exploration of high-risk 
solutions. Failure only affects the result once. 

 The evolving car does not claim to be the “finished product” ready for 
sale, but merely a platform for displaying innovative solutions (often 
separate from each other). 

 Conducted in an educational environment by young and inexperienced 
students, one can argue that the problems faced during the project are 
perceived as challenging, and the technology involved as “new and 
unfamiliar”. 

 
Figure 14. Students working on the 2012 Formula 
Student race car of Linköping University. 

Although the largest and most well-funded, the ELiTH-racing project is not the 
only student-driven project relevant to the low-cost demonstrator approach and 
this thesis. Besides the ones mentioned in section 2.5.2, similar projects are 
constantly being conducted in various contexts, e.g. Master’s or Bachelor’s 
thesis projects, industry collaboration projects, student clubs, etc. 

2.5.4 Concept Realization Laboratory 

The newly formed Concept Realization Laboratory, CRL, at Linköping 
University is a joint effort by the Machine Design, Fluid and Mechatronic 
Systems and Applied Thermodynamics and Fluid Dynamics divisions. This 
presents the capability to produce physical demonstrators for functional 
verification and model validation. All three divisions have a long tradition of 
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incorporating hardware in the early processes of product development. The 
low-cost demonstrator approach has been practiced (and studied) in recent 
years, successfully boosting projects involving new and unproven technologies 
and concepts, and it is also one of the drivers behind the laboratory. 

The laboratory also aims to strengthen education, and experimental research, in 
the above areas, by enhancing and maintaining a capability to produce physical 
demonstrators, for functional verification and model validation. It is also of 
great value for training the skills and craft of engineering, needed as 
experience, to produce science in product realization. 

The Concept Realization Laboratory hosts several state-of-the-art rapid 
prototyping machines, scanners, computer resources, plotters and collaboration 
facilities. 

2.5.5 Rapid prototyping 

The cost of rapid prototyping has fallen drastically during the second half of 
the last decade. The now established term 3D-printing refers to techniques that 
offer fast and affordable models with a reasonable accuracy [8]. The current 
trend is to move towards actual manufacturing using basically the same 
technique, also known as rapid manufacturing [16].  

An example of rapid prototyping equipment is the Dimension 3D-printers 
supplied by market-leading Stratasys, featuring fused deposition modelling 
with ABS plastic. One such machine is installed and used in the Concept 
Realization Laboratory. At the time of writing, Stratasys offers professional 
3D-printers for less than 5,000 Euros and material costs of about 300 Euros per 
litre. One could expect that prices will keep falling when such techniques 
become commonly available as consumer products. 3D-printing therefore fits 
well with the concept of developing low-cost demonstrators, allowing for “trial 
and error” with actual hardware during concept generation and evaluation.  
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3  
The Low-Cost Demonstrator 

This section aims at describing the nature of low-cost demonstrators (seen as an 
object), but will also use and discuss the term low-cost demonstration (seen as 
an activity). The purpose here is to take the first steps towards a general 
definition of the concept of low-cost demonstrators by exemplifying situations 
where the approach fulfills a crucial component of the design process. 

3.1 Motivation and justification 

The so-called design process paradox, mentioned in section 2.1, alone serves as 
motivation for exploring the concept of low-cost demonstrators. Every aid that 
helps the design team to gather vital information earlier in the design process is 
naturally considered interesting. 

Another motivation for developing the concept of low-cost demonstrators 
could be argued when referring to the common classification of different types 
of prototypes, described in section 2.3, according to which prototypes generally 
cannot undergo analytical investigations, while at the same time amounting to 
comprehensive perception in the eyes of the designer. However, this is exactly 
one of the main features of the low-cost demonstrator. Figure 15 illustrates this 
reasoning.  

The importance of creativity is yet another reason for developing the concept of 
low-cost demonstrators. For instance, one report identifies the important need 
to foster creativity in seeking solutions to design problems [19]. 
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Figure 15. Low-cost demonstrators have the 
potential to serve as both comprehensive and 
analytical. 

3.2 The devil in the details 

Perhaps the most potential aspect of exploring the concept of low-cost 
demonstration is its ability to cost-effectively validate critical concepts early in 
the design phase. The saying “The devil is in the details” fits well within this 
reasoning. Usually “the details” are subject to exploration during the later 
stages of a design process. Nevertheless, such details may prove absolutely 
critical for the validity of a concept that otherwise looks very promising. 

Several examples that describe this can be found in the research environment of 
this thesis origin. For instance, section 2.5.3 described an ongoing project 
involving the conversion of a conventional SMART car into a parallel hybrid 
vehicle. Upon validation of the chosen configuration (with the two electric 
motors driving the front wheels), the electric motors overheated during a test 
drive at low speed. This happened unexpectedly and equally dramatically when 
molten tin released from the windings dripped onto the ground. Later 
investigation showed that the motors’ internal cooling was insufficient at low 
speed due to their position just behind the radiator (which were also radiating 
more heat due to the low speed). The thermal properties of a system such as the 
SMART hybrid are a good example where demonstration is an absolute 
necessity. On one hand, digital modeling of these properties is just too costly 
and time-consuming compared to the cost and time put into the demonstrator. 
On the other hand, by omitting thorough investigations of the interaction 
between components and sub-systems, there is a high risk of costly surprises 
later in the project. 
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Figure 16. Conversion of a SMART car into a hybrid 
with front wheel electric drive. The placement of the 
electric motors unexpectedly proved problematic due to 
thermal interference with the radiator. 

Yet another example of the same kind can be seen in paper [I], which describes 
the development of the first generation ELiTH demonstrator (see section 2.5.2) 
- an electric sports motorcycle built during a final year project course on the 
Mechanical Engineering master’s program. A demonstrator was produced by 
conversion of a conventional motorcycle. See Figure 17. Eventually, the 
demonstrator was to be assembled. At that point the students somehow 
“discovered” that the fuel tank of a conventionally motorcycle has an 
additional purpose besides storing fuel, i.e. act as support for the driver’s legs 
for better maneuverability when driving the motorcycle. This probably seems 
like a banality for the experienced motorcycle designer. But the fact is that this 
very much emphasizes one important role of the demonstrator. In an 
educational context like the one described in paper [I], the demonstrator 
delivered crucial information to the project about previously unknown 
ergonomic properties of the vehicle that was developed. As a consequence of 
this ascertainment, the original fuel tank of the original motorcycle underwent 
some minor modifications before being fitted to the demonstrator. 
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Figure 17. The first generation ELiTH demonstrator [I]. 

3.3 Fostering innovation, creativity and collaboration 

Again with reference to paper [I] the process of producing the demonstrator 
naturally included a lot of hands-on effort from the members of the project, 
something that clearly had a stirring effect as initiatives regarding styling and 
ergonomics were taken spontaneously without involvement from the tutors. 
This constitutes yet another feature of low-cost demonstration. In the absence 
of expensive components, and despite being a one-off product, the crudeness 
and swiftness that characterizes the building process seems to have the effect of 
fostering innovation and creativity, both of which are usually considered highly 
valuable for companies developing products under strict competition. 

Furthermore, over the years several supervisors have expressed the great value 
of the presence of the demonstrator as a catalyst for collaboration. The 
demonstrator is an excellent playground where different design teams are 
forced to learn efficient collaboration and project planning. 

Paper [II] addresses the need for radical measures in order to rapidly transform 
the transportation sector, from fossil fuel to renewable energy driven vehicles. 
The paper identifies the low-cost demonstrator approach as a possibly 
beneficial complement for the automotive industry, enabling rapid exploration 
and validation of large numbers of new technologies, combinations of 
technologies and vehicle concepts. Furthermore, by suggesting the low-cost 
demonstration as an innovation booster it is stated that the traditional waves of 
innovation could be “short-cuts”, allowing for advanced paradigm shifts. This 
reasoning is illustrated in Figure 18. 
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Figure 18. The expected paradigm shift from today’s 
internal combustion engine propulsion to a future 
dominant and sustainable alternative. An advanced 
shift (dotted line) may be achieved by utilizing low-cost 
demonstration [II]. 

3.4 Systems engineering and service development 

Paper [III] is focused on product development from a systems engineering 
perspective. An account is given of the design and development of a 
sustainable modular vehicle system aimed at emerging markets that are not yet 
motorized. 

Due to the designated market, the project started off with a high degree of 
uncertainty regarding customer requirements. Also, the prerequisite of a 
modular system meant a great deal of uncertainty among the members of the 
design team. It thus became necessary to explore and model these requirements 
by utilizing a low-cost demonstrator.  
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Figure 19. Variations of the ModuLiTH vehicle 

The ModuLiTH project is a good example where early demonstration is 
necessary in order to fully understand the customer requirements. Furthermore, 
this particular project was supervised by an experienced project manager from 
Saab Aerosystems who decided on a thorough information generation process 
that eventually defined the requirements for the demonstrator. Among the 
different sustainable vehicles that were annually developed between 2004 and 
2009, the ModuLiTH project is considered one of the more successful. One 
reason for this was the development of the low-cost demonstrator, which 
helped to clarify of the task and served as a learning platform for issues of 
systems engineering and project management. 

3.5 Rapid prototyping and hardware‐in‐the‐loop 

The Rapid Prototyping and Rapid Manufacturing techniques are a natural part 
of working with low-cost demonstrators. In respect to this, the work of 
Lundström et al. serves as a clarifying example where 3D-printing techniques 
is suggested, and exemplified, as a means to achieve real “all the way” design 
automation of mini/micro aerial vehicles, MAVs [19]. See Figure 20. This is a 
good example where low-cost rapid prototyping is incorporated in the early 
stages of the design process. Research conducted at Linköping University 
concludes that the recent evolution in electronics and sensor techniques allows 
for realization of MAVs, explicitly referring to the usage of off-the-shelf 
components (another key component of the concept of low-cost 
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demonstrators). It is also stated that, in order to obtain an optimal solution 
regarding MAVs, and due to the complexity of and rapid changes in 
electronics, an automatic or semi-automatic design process needs to be 
developed. Although closely related, further investigations are needed to 
determine how the development of the low-cost demonstrator approach can 
benefit from these kinds of projects. 

 
Figure 20. MAV fabricated using 3D-printer 
technique [19]. 

Yet another example is the research performed by Tarkian et al. who utilizes 
3D-printing for rapid concept realization during industrial robot design [28]. 
Scaled-down physical prototypes are used to verify pre-optimized CAD 
models. See Figure 21. In this case the physical manifestation of a concept is 
tightly integrated into the development process. Tarkian states [.... As it is a 
rather novel robot concept the fact that the designer could feel and rotate the 
links on a physical prototype has increased the confidence of the proposed 
robot concept. ...]  

 
Figure 21. Example of physical low cost 
demonstration with an industrial robot application [28]. 

The term Hardware-in-the-loop simulation (HIL) refers to a method used for 
development and simulation of complex real-time embedded systems [14]. One 
of the main reasons for using HIL is to achieve efficiency in the design process, 
and consequently a shorter time to market. The usage of hardware, or 
demonstrators, during early product development is attributable to the same 
reasons. One may adopt the HIL abbreviation and discuss whether “Hardware-
in-the-loop design” or development could become an extension to general 
usage of physical demonstrators. Again, it must be stressed that the low-cost 
approach is a critical prerequisite if such a method should be considered. 
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3.6 Validation of digital models, concept familiarization and more 

Paper [IV] contains a description of a syllabus for a basic CAD course at 
Linköping University [18]. The course and in particular its elements of hands-
on assessment fulfill several purposes when discussing the usefulness of low-
cost demonstration. A more thorough description therefore follows below. 

The course was populated by first-year students from the Mechanical 
Engineering Bachelor’s and Master’s programs and also from the Design and 
Product Development Master’s program. The final module of the course aimed 
at summarizing the previous modules, which included basic solid modeling, 
parametrically controlled models and automation, sensitivity analyses, and 
feasibility and optimization studies. 

The students were assigned to develop a catapult that would meet the following 
list of requirements. 

1. The catapult should be able to throw six balls and hit a target at 7-10 
meters, 1-6 meters above the ground. The "Shooting range" is 
horizontal. See Figure 22. 

2. The assembled catapult must fit in a box measuring 500x1200x1500 
millimeters. 

3. The mass of the catapult is expressed exclusive of the balls, and must 
not be changed between shots. 

4. The energy required to fling the ball must accumulate through the 
rubber bands that are specified in the list of available materials. 

5. The ball must not alone possess kinetic energy during launch. 
Slingshots are therefore not allowed. 

6. The catapult may only be built from the materials specified in the list 
of available materials. A cross-section of wooden studs used must be 
maintained; they may therefore not be cleaved lengthwise. 

7. Each ball must weigh between 50 and 100 grams and consist of two 
party balloons, a piece of plastic wrap, and the required quantity of 
uncooked yellow peas. 

8. The catapult must be equipped with a reliable firing mechanism. 
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Figure 22. Targets and variables that are to be used 
and analyzed during the CAD course. 

Some of the requirements refer to a “list of available materials”. This rather 
sparse list specified a few basic building materials, for example two kinds of 
screws, M10 threaded rods, M10 bolts and washers, two kinds of rubber bands, 
and wooden studs of four different dimensions. 

The students were invited to enter a contest at the end of the course, where they 
would prove the excellence of their design by gathering points according to a 
certain formula. 
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where m is the weight of the catapult in grams, C is the material cost, and T1-3 
is 0, 1 or 2 depending on the number of hits for each target. The material cost C 
is not calculated from the retail price for the material used, but for each item on 
the list of available materials a fictitious price is specified. For instance, a stud 
with a 1x1 cross-section is 6 times more expensive to use (per meter) than a 
2x2 stud. The positions of the three targets were given as a range. The exact 
positions were not revealed until the day of the contest. 

Relevant to this thesis are the introduction of the hands-on module and the 
actual building of the catapults. From that perspective a number of important 
observations can be pointed out. 

 The students experienced the real size of the product they have modeled 
digitally. Very few said that the size corresponded to the one in mind 
during the modeling phase. 
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 The meaning of Design-For-Assembly became much clearer and easy to 
discuss. 

 The students’ abilities to produce accurate and useful drawings were 
inevitably exposed.  

 Tolerance became a factor. 
 Unnecessary features, such as too many screws or too many 

components, were revealed. 
 Stability, robustness, and structure issues were revealed. 

The contest rounding off the course was presented to the students as a 
challenge and an opportunity to prove their general engineering skills. Some 
interesting observations were made. First of all, the response from the students 
was not only very positive but the challenge undoubtedly pushed many of the 
students to perform better in order to beat their classmates. Secondly, judging 
from the result, teams that had taken advantage of the advanced functionalities 
offered by the CAD tool, such as optimization tools for minimizing weight, 
were rewarded on the scoreboard. It was the combination of high hit rate 
together with optimized weight and selection of materials (cost) that proved 
successful. 

It should also be pointed out that the formation of the new course was due to an 
identified lack of pre-knowledge among the students, a circumstance that 
connects the course with the reasoning about low-cost demonstrators. The 
CAD tool, along with advanced functionalities such as feasibility and 
optimization studies, had traditionally been introduced with little, if any, 
connection to real applications. The reason for this was the intensive nature of 
the syllabus and the fact that freshmen students lack engineering experience 
and references thereto. This has thus been considered a Catch 22, where 
teachers either aim for a thorough understanding of the tools’ functionality with 
poor application references or choose to let the students work in a more 
problem-based but time-consuming fashion due to their lack of engineering 
experience. However, the introduction of the hands-on module (read low-cost 
demonstrator) partly solved many of these issues. 

Several observations from the events during the course were able to be used to 
support the reasoning about the benefits of using low-cost demonstrators when 
developing new products. It is however important to point out that many of 
these conclusions would not have been possible to draw without the ability to 
compare with similar courses without the presence of physical representations 
of the models being produced.  

The solution to many of these problems proved to be the introduction of the 
above described hands-on module and since most of the other modules are 
comparable with previous “non-hands-on” courses, it was possible to use the 
university’s course evaluation system for a comparative study. One such study 
can be found in Paper [IV], and an example is shown in Figure 23. The 
conclusions from that study are evident – the introduction of the hands-on 
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module significantly improved several key measurements regarding the quality 
of the course. 

 
Figure 23. Results from course evaluation survey - 
distribution of responses to the statement “The 
assessment was a good test of my understanding of the 
course content”. TMKT94 is the course involving the 
hands-on module and the two others are its 
predecessors. 

3.7 Towards a definition 

In an attempt to approach a definition of a low-cost demonstrator, one could 
start by looking at the definition in paper [I], also illustrated in Figure 24. This 
early attempt put a focus on the first stages of a design process where the input 
was presupposed to be considered new and/or unfamiliar technology. In 
addition, the initial intent could be vaguely defined, affecting the requirement 
specification with an unwanted amount of uncertainty. A demonstrator 
development activity is shown as a supportive activity alongside digital 
modeling and requirement modeling. New and unfamiliar technologies are put 
into the demonstrator for investigation. The demonstrator then feeds the 
activity, where new requirements are formed. These new or refined 
requirements are used to update the requirement specification, resulting in 
increased awareness of possibilities and goals. The activities of digital 
modeling are defined by the use of various digital tools mainly supporting the 
embodiment design process, but this activity may very well act as support 
when modeling new requirements. The demonstrator supplies the digital tools 
with necessary information, augmented with updated requirements as shown in 
Figure 24. Besides this, during the stages of conceptual design, the 
demonstrator is used for concept evaluation. 
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Figure 24. Early definition of the low-cost 
demonstrator concept. 

This definition has both values and flaws when searching for a more general 
description, and should be seen as an early attempt to explore the concept. It 
does however capture the core intention of the low-cost demonstrator, i.e. the 
demonstrator acting as a supportive process in relation to the traditional 
product development process. After this first definition it became natural to 
expand the reasoning by trying to apply the concept to other parts of the 
product development process, and also look at its functionality in more detail. 
Figure 25 shows an attempt to make this “generalization” of the low-cost 
demonstration concept by applying it to the well-referenced design process 
devised by Pahl and Beitz [21]. The purpose of a demonstrator development 
process running in parallel to the other phases can be summarized as follows. 

 Plan and clarify the task. This phase partly corresponds to the 
definition shown in Figure 24. The demonstrator is mainly used to 
support the requirement modeling process, and planning for the 
forthcoming design process. If it is a matter of a new revision of an 
ongoing product life cycle, an already present demonstrator may be used 
to process information from the previous generation of the product, e.g. 
feedback from the market or the company’s service organization or 
customer feedback. 

 Develop the principle solution. This is perhaps the most obvious phase 
where the low-cost demonstrator would play a vital role. Being low-cost 
means that it (or several copies of it) would enable easily accessible 
concept exploration and evaluation. Customers could be brought in to 
assess whole concepts or small details thereof, without jeopardizing 
intellectual property. New and/or unfamiliar technology could also be 
evaluated using the demonstrator. 

 Develop the construction structure. Here the main role of the 
demonstrator would be to back up the evolving digital models of the 
product being developed. For instance, computer-intensive thermal 
analysis could be bypassed if performed on the demonstrator instead, 
consequently speeding up the product development process. 
Optimization studies could be performed in a hardware-in-the-loop 
manner. 
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Figure 25. The Pahl and Beitz design process 
supplemented with a supportive demonstrator 
development process. 
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 Define the construction structure. At this stage the demonstrator could 
be used for continuous validation of the detailed solutions being made 
for the developing product. Refinement and optimization of subsystems 
are other possible tasks for the demonstrator. 

 Prepare production and operating documents. At this stage, most 
likely a production prototype is being produced and naturally that 
prototype is part of the production planning process. However, by 
utilizing the demonstrator, preparations for production could be begun 
much earlier, thus gaining in time to market. 

Naturally, the demonstrator development process as shown in Figure 25, does 
not have to obey the rigidness of a stage/gate process such as the one by Pahl 
and Beitz. On the contrary, the low-cost demonstrator should be seen more as 
an easily accessible platform that is able to support many different 
projects/phases in parallel. 

It is also important to stress that a low-cost demonstrator should be able to live 
on after product launch. For instance, problem issues that are reviled in the 
market may be handled using the existing demonstrator. Feedback from 
customers and aftermarket organizations could be processed directly on the 
demonstrator. And by doing so, keep vital information up to date, ready to go 
into the next revised generation of the product. 
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Figure 26. Two aerospace demonstrators, the Saab 
210 (left) and the Dassault nEUROn (right) 

In Sweden, an example of an early aerospace demonstrator was the Saab 210, a 
scaled-down testbed that preceded the Saab 35 Draken, which was built to 
explore the double delta-wing concept in 1952 [15]. Another, more recent, 
example is the Dassault nEUROn project, whose purpose is to act as a platform 
for development of engineering and cooperation skills among the participating 
companies [13]. Aerospace demonstrator projects like these are highly complex 
with multi-billion dollar budgets, thus self-evident regarding high costs. 
Nevertheless they are considered cost-effective, considering the overall budgets 
usually involved in new aircraft projects, where risk reduction is first and all. 
The question, however, is if the concept of demonstrator development could 
somehow be applied to product development in general. First of all, for a 
general product demonstrator to be considered cost-effective it must have a 
much lower price than the eventual corresponding product prototype. The 
nature of a demonstrator should allow a certain amount of “trial and error” due 
to lower costs compared to a traditional prototype. Also, demonstrator 
development must become an option in other, less capital-intense fields than 
the aerospace industry. This may be achievable when using “off-the-shelf-
technologies”. Such technologies are becoming increasingly affordable, for 
example electrical components, such as motors and batteries using modern 
technologies, and also programmable controller units. Components, such as 
controllers, often feature modular properties making them very suitable for 
demonstrator purposes. 
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Although the concept of low-cost demonstrators fits mainly within the Product 
Development area, and especially the conceptual design phase, it is necessary 
to stress that the approach can be discussed in other areas if viewed as a 
support platform for continuous evaluation of evolving and/or existing 
products. 

Future technologies and methods utilizing the ever-growing potential of 
Computer Aided Engineering will undoubtedly result in changes in the way 
companies develop products. In section 2.2 a possible future for CAE was 
described, potentially involving a completely different design environment and 
different tools available. Maybe the most notable aspect of that reasoning is the 
possible advent of self-designing products due to advances in artificial 
intelligence. Although very far-fetched, it has been shown that progresses are 
being made towards such a reality. But even so, it is hard to imagine that 
validation of physical products can be done completely without physical 
representations of some kind. Perhaps the pre-production stage can be 
skipped… In any case, CAE functionalities such as self-designing parts and 
products will undeniably have to undergo a process of maturation before they 
become reliable. During that process, which has a time frame of decades, 
physical representations will be very important. Also, the cost aspects of these 
representations will also be of importance since iterative validation may 
become more common.  

Yet another aspect of the inevitable evolution of CAE is the question of 
innovation and creativity. As the great artist Pablo Picasso once said – 
“Computers are useless. They can only give us answers.” Computers may one 
day reach AI capability comparable to humans, but until then they will lack the 
ability to act innovatively and merely function as an extension of the engineer’s 
brain. To foster innovation and creativity is one key purpose of working with 
low-cost demonstrators. 

It is natural to seek support for the statements made in this thesis within the 
learning environment at Linköping University. One could argue there is a two-
way connection between the reasoning about low-cost demonstrators, seen as a 
method, and the CAD course described in section 2.5.1 and Paper [IV]. The 
method is supported by the outcome of the course, especially considering the 
improved performance of the students. Obviously, the students utilized their 
physical catapults for validation and improvement of the corresponding digital 
model. Considering the amount of improvements that originated directly from 
the actual realization of the catapults, it can be concluded that the physical 
representation of the digital model played a vital role in the performance of the 
final product. In addition, the following key conclusions can be drawn with 
reference to the concept of low-cost demonstrators: 

 The building of the catapults resulted in a better understanding of the 
corresponding digital model. 



 4 Discussion and conclusions | 59 

 The awareness of the key assignment, a realizable catapult, contributed 
to the understanding of the problem and resulted in a more focused 
performance compared to previous courses. 

 With reference to the physical model, the students were able to improve 
communication within the team. 

The introduction of the hands-on module, the events that took place during it 
and the outcomes of it serves as a good reference to the learning theory 
outlined in section 2.4. It is obvious that the students had gone through a 
process of experiential learning as defined by Kolb [17] when realizing their 
catapults. Thus, holistically put; they first conduct a reflective observation of 
the problem and the prerequisites, followed by abstract conceptualization of 
possible solutions and active experimentation through building and validating 
the catapults. This in turn resulted in a concrete experience of the results of 
their actions. Of course, the same reasoning applies for detailed studies of 
several of the learning events that took place during the course. For instance, 
one such event is exemplified when some of the students made first contact 
with the simple hand tools that was available in order to build the physical 
catapult. With reference to this, one could argue that the concept of low-cost 
demonstrators, seen as a learning platform, could be beneficial to a product 
development project, if viewed as a learning process. 

Furthermore, a key element in the proposed method of utilizing a low-cost 
demonstrator is that there is an involvement of new and/or unfamiliar 
technology. However, “new” is a relative term and when considering the 
effects of letting the students physically realize their digital models, one might 
argue that, for the students, this situation is perceived as “new and unfamiliar”. 
To some extent it can therefore be concluded that there is a relationship 
between the hands-on module and the development and usage of a low-cost 
demonstrator. Furthermore, if the building of the catapults is seen as a matter of 
verifying and validating the corresponding digital model, the nature of the 
project allows the task to be considered “low-cost”. 

In relation to the CAD course described above, it is interesting to couple the 
observations made with other sources of reference. Schrage [23] argues for 
low-cost rather than high-fidelity and diversity rather than uniformity, 
properties that are enabled by utilizing the low-cost demonstrator. This is 
something that is verified by many of the activities that take place at a technical 
university. 

4.1 Future work 

The concept of low-cost demonstrators will need to undergo further 
exploration. The research environment at Linköping University will continue to 
serve as a source of validation. However, more references from industry will be 
necessary, as well as dedicated case studies in order to quantify achievements 
of using the hereby proposed approach for product development enhancement. 
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The connection between CAE tools and low-cost demonstrators will need more 
investigation. Key questions are how the digital tools and the demonstrators 
play together and how information is generated and handled in the presence of 
a low-cost demonstrator. 

Another interesting field where the concept of low-cost demonstration can 
potentially become a valuable tool is development and evaluation of Product 
Service Systems (PSS) [25]. The term refers to an ongoing trend where 
companies try to change business focus from individual products to total 
integrated customer solutions. The use of traditional product development 
methodology has been identified as problematic when dealing with such 
products. For instance, for certain products it is necessary to connect customers 
and/or service developers to the physical hardware much earlier during the 
design process. The presence of a demonstrator platform would therefore serve 
these needs. 
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