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ABSTRACT 
This contribution discusses aspects and benefits from 

involving physical representations when teaching engineering 
design and Computer Aided Engineering at Linköping 
University, Sweden. 

The paper presents a syllabus for a comprehensive 
introductory CAD course. The course is populated by some 300 
students on the Mechanical Engineering Master’s and 
Bachelor’s programs, as well as the Design and Product 
Development Master’s program. Assessment is made via a 
project where the students are assigned to model and optimize a 
small catapult. The catapult is then produced, using cheap 
materials, by the hands of the students who modeled it. Finally, 
the catapult is validated by entering a contest, where it is 
judged in respect of accuracy, weight, and cost. The catapult 
assignment is constructed in such a way that the students are 
forced to seek individual ways of applying their newly acquired 
knowledge of the CAD tool. Some 100 catapults are produced 
but the material cost for each catapult is only about €4.  

The low-cost nature of the catapults originates from 
research conducted at the Division of Machine Design at 
Linköping University, where the concept of Low-Cost-
Demonstrators for enhancement of the conceptual design phase 
has been developed over the past decade. The results from this 
research point towards several benefits from using physical 
representations alongside the common digital tools during the 
early stages of the product development process. Furthermore, 
evaluation of parameters such as the students’ performance and 
their own opinions of the course show notable enhancement 
compared to previous courses. 

1 INTRODUCTION 
Before the academic year 2010/2011, the board of studies 

responsible for the Mechanical Engineering program and the 
Design and Product Development program ordered a new 

course in CAD, called Introduction to CAD [1], hereafter 
referred to as the new CAD course or the new course. The 
board explicitly called for elements of hands-on activities 
without further specifications. The reason for this was partly a 
desire to “ease-up” the first semester’s curriculum in order to 
avoid dropouts. The phrase “Design-Test-Build” was 
mentioned. Also, the course was scheduled to run throughout 
the whole semester, instead of over the first or second half, 
enabling a slower pace. 

Before 2010, teaching basic CAD had been done without 
any particular reference to the physical world, except via 
geometrically constraints when working with well-known 
products. Typically, an assignment would consist of modeling a 
common product with 10-15 components of medium 
complexity, usually also featuring some kind of simple and 
easily understood mechanism. This had been the case since the 
early nineties when teaching 3D-CAD first began.  

However, concerns about the efficiency and justification of 
this teaching model began to grow as freshmen students 
showed some basic pre-knowledge from upper secondary 
school, where the focus had been solely on the features of the 
software rather than the effects and usefulness of using them, 
when, why, and so forth. Some students consequently said that 
they expected more from their university studies. 

There are also other documented problems when learning 
3D-CAD tools for embodiment design. For instance, Ottosson 
made early observations regarding students’ ability to relate to 
size, especially when modeling large products using CAD [2]. 
In relation to this, previous research at the Division of Machine 
Design has suggested that the presence of physical 
representations, parallel to the corresponding digital model, 
may improve the outcome of the CAD tool [3]. 

Furthermore, the CAD tool along with advanced 
functionalities, such as feasibility and optimization studies, has 
traditionally been introduced with little, if any, connection to 
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real applications. The reason for this has been the intensive 
nature of the syllabus and the fact that freshmen students lack 
engineering experience and references thereof. 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. There are, however, several 
downsides to this approach. One is that the students tend to 
forget about advanced, but critical, functionality when the CAD 
tool is picked up and applied later in the curriculum, typically 
in final year project courses. Another is that efficient handling 
of the tool is hard to teach without the presence of a context and 
an actual problem. 

From a didactic point of view, the absence of physical 
representations during basic CAD courses has thus been 
identified as an issue of concern. However, previous and 
ongoing research that promotes increased presence of physical 
representations during the early stages of the product 
development process has resulted in the introduction of hands-
on activities in such courses. This paper will present and 
discuss both this research as well as a new undergraduate 
course that was designed with the research findings in mind. 

The remainder of the paper has the following outline. 
Section 2 gives a brief overview of the relevant theoretical 
references and research related to the subject. Section 3 
presents the outline of a new undergraduate course that has 
benefitted from the research presented in chapter 2. Section 4 
discusses the results of and lessons learned from the new course 
and the research connected to it. 

2 FRAME OF REFERENCE 
This section provides a frame of theoretical references 

relevant to this contribution. 

2.1 LITERATURE 
At the Division of Machine Design, research is being 

conducted to explore ways of enhancing the early stages of the 
design process by using so called low-cost demonstrators. From 
a methodological viewpoint, this is an attempt to find a 
complement to the general design methodology described in 
literature, such as Cross[4], Pahl and Beitz[5], Ulrich and 
Eppinger[6], Ullman[7], etc.  

When defining his view of the design process, Cross 
describes the differences between descriptive and prescriptive 
models of the design process. […the latter 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.] [4] 

A schematic view of a purely descriptive 4-stage model of 
the design process can be seen in Figure 1. Other descriptive 
models are all more or less variations of this “generic” 
principle. 

 
Figure 1. A purely descriptive, 4-stage model of the 

design process (Cross,[4]). 

Prescriptive models can be viewed as descriptive models 
with “add-ons”, making them more effective in terms of time to 
market, cost-effectiveness, etc. or just more suitable for specific 
design problems. Cross states that complex prescriptive models 
[…often tend to obscure the general structure of the design 
process by swamping it in the fine detail of the numerous tasks 
and activities that are necessary in all practical design 
work…], but points out the design process model by Pahl and 
Beitz, as one that still retains a reasonable amount of clarity. 
This model of the design process is based on four design stages 
[5]: 
 

• Clarification of the task: collect information about 
the requirements to be embodied in the solution and 
also about the constraints. 

• Conceptual design: establish functions structures; 
search for suitable solution principles; combine into 
concept variants. 

• Embodiment design: starting from the concept, the 
designer determines the layout and forms and develops 
a technical product or system in accordance with 
technical and economic considerations. 

• Detail design: arrangement, form, dimensions, and 
surface properties of all the individual parts finally laid 
down; materials specified; technical and economic 
feasibility re-checked; all drawings and other 
production documents produced. 

 
According to this model, physical outcomes of the design 

process are thus first considered within the Embodiment Design 
stage. We will later refer to these stages when describing our 
proposed instrument for enhancing the design process. 

2.2 RELATED RESEARCH 
Below follow some examples of explicit consequences of 

introducing physical representations in otherwise theoretical 
contexts. 

Wood et al. outline a new teaching approach after 
recognizing “the pendulum of engineering education”, 
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swinging from an emphasis on theoretical material to a balance 
between theory and hands-on activities [8]. It is also stated that 
instead of a tinkering background with the dissection of 
machines and use of tools, students are now entering higher 
studies with a background in computing, video games, and 
other ‘virtual’ experiences. This focus has left a void in the 
ability to relate engineering principles to real-world devices and 
applications. Wood concludes that the introduction of hands-on 
activities when teaching machine design has enhanced students’ 
ability to design and analyze mechanical systems, resulting in 
students being better prepared to enter their senior capstone 
design courses. 

Relevant to the reasoning about hands-on activities, and the 
benefits thereof, an obvious question is: What is to be 
considered hands-on and what is not? The activity of running 
and learning 3D-CAD software could hardly be considered a 
purely theoretical activity, nor is it a practical hands-on activity. 
Sianez et al. conducted a survey of engineering education 
students’ perceptions of hands-on and hands-off activities [9]. 
The outcome of the survey suggested that students perceive 
traditional activities (e.g. rebuilding an engine or using a screw 
driver) as more hands-on than modern activities, which 
included Computer Aided Design and 3D-printing. 

Deconinck [10] describes yet another example where the 
introduction of hands-on activities has proven to be much 
appreciated by the students, resulting in enhanced results and 
increased motivation. 

2.3  LOW-COST-DEMONSTRATORS 
The term demonstrator is strongly associated with the 

aerospace industry. As described by Holmberg, the term 
demonstrator traditionally refers to a method used with the 
intention to clarify a concept or to reduce the risks with a 
certain technology [11]. Holmberg continues [... A prototype is 
commonly understood in aerospace to consist of solutions that 
with a limited effort could be progressed to a product, while a 
demonstrator demonstrates a limited set of 
properties/functionalities and does not have constraint to be 
directly applicable in a product. The demonstrator could be 
seen as an earlier and less complete solution than the 
prototype. ...].  

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 for exploration of the double delta-
wing concept in 1952 [12]. 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 
relatively large budgets. 

In cases of development of new products or technologies, 
the role of the demonstrator is generally speaking to 
demonstrate a limited number of properties or functionalities 
related to the product being developed. There are also other 
roles. The most important of these, and also the ones that 
distinguish a demonstrator from a traditional prototype, can be 
summarized as follows [14]. 

 
• To demonstrate the viability of a new concept 
• To demonstrate the viability of a new technology 

• To validate parts of the digital model 
• To spot potential problem areas in the final product, 

thus defining the requirement as to what technical 
areas have to be incorporated in a digital model and 
subjected to further analysis and development 

• To refine the requirements on the product itself, since 
some requirements are not obvious until a physical 
manifestation of some kind has been realized 
 

The initiative to introduce hands-on activities during CAD 
education, as described in section 3, originates from research 
aiming at defining a method for rapid concept exploration by 
using so-called low-cost-demonstrators. This contribution is 
thus part of that research and aims to clarify the role of low-
cost-demonstrators in different phases of product development. 
The goal is to define strategies for how to use demonstrators 
during these different stages and find proof of their usefulness. 

Since 2004, the Division of Machine Design has been 
conducting product development projects aimed at developing 
functional motorcycle demonstrators, also known as the ELiTH 
projects [3]. This is done within extensive project courses on 
the Mechanical Engineering Master’s program. The ELiTH 
projects focused on sustainability and robustness of future 
personal transportation. The project also gave birth to the 
concept of low-cost-demonstrators. 

Figure 2 illustrates the fundamental role of the low-cost-
demonstrator. As the traditional product development process 
moves on, the low-cost-demonstrator serves as a platform 
available for the design team to swiftly conduct studies in order 
to achieve vital information necessary for the development of 
the product. This “platform-for-low-cost-demonstration” should 
be available to all disciplines of expertise within the company 
or design team during all stages of the development process. 
For instance, the marketing department may use one part, or 
sub-system, of the demonstrator to conduct early customer 
studies, while the same sub-system is subjected to concept 
validation by the design department, where it may co-exist with 
other, less mature, sub-systems.  

 
Figure 2. A product development process supported by 

a parallel demonstrator being developed. 

Note that the arrangement of the activity bubbles in Figure 
2 is an example. It is also understood that the evolving product 
involves new and/or unfamiliar technology. The arrows 
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indicate exchanged information between the demonstrator and 
the corresponding product development process.One of the 
most beneficial aspects of working with a low-cost-
demonstrator is arguably the possibility to identify problematic 
interactions between sub-systems, interactions that first become 
obvious when the sub-systems are put together in the 
demonstrator. This is illustrated by the exclamation mark in 
Figure 2. For instance, circumstances that are difficult and/or 
costly to model digitally, such as heat transfer between 
components in a geometrically complex product, might be 
much more easily explored using the low-cost-demonstrator. 
The low-cost approach also allows for such explorations during 
the earliest stages of the product development process [3]. 

In the next section, we will show that there is a close 
connection between the proposed method for rapid concept 
exploration by using low-cost-demonstrators and the hands-on 
activities within the syllabus of the new course. 

3 NEW COURSE OUTLINE AND 
ORGANIZATION 

This section presents a new course intended to introduce 
tools and methods for Computer Aided Engineering - CAD. 
The course is held within the first semester of the Mechanical 
Engineering Bachelor’s and Master’s programs and also on the 
Design and Product Development Master’s program during the 
third semester. The general purpose of giving this course at 
such an early stage in the programs – although the subject must 
be considered very applied compared to other parallel 
theoretical courses – is that the CAD tool is expected to be 
easily picked-up on the courses later in the program. The course 
also serves as a diagnostic element for both students and 
teachers, where basic skills can be ensured. 

3.1 OVERVIEW 
The normal full-time workload at Swedish universities is 

30 ETCS credits per semester or 60 ETCS credits per year. At 
Linköping Institute of Technology, a semester is divided into 
two periods, each six to seven weeks long. In-between, there is 
a week of exams. 

Students taking the new CAD course are awarded a total of 
six ETCS credits, three for each period of the semester. Credits 
are achieved by passing assignments in four different modules 
(UPG1-3, see Figure 3), three individual and one project 
assignment in groups of three students (PRA1). Grades are 
given as Pass or Fail. 

 
Figure 3. Outline of the new CAD course. 

The course starts with the UPG1 assignment being handed 
out to the students, closely followed by UPG2. Consequently, 
the two modules overlap and assignments are dealt with in 

parallel. Regarding UPG3, the students are encouraged to 
complete it before starting the project.  

The students follow the assigned course literature – a 
textbook with step-by-step tutorials and exercises – as well as 
video tutorials [15]. When working in computer rooms, the 
students have access to assistance from teachers and senior 
students. 

The software used during the course is PTC’s Creo 
Elements/Pro (formerly Pro/ENGINEER). Below follows a 
short description of each module with emphasis on the hands-
on project module. 

3.2 HANDS-OFF MODULES (UPG1-3) 
This section briefly presents the modules preceding the 

project module that involves the hands-on assignment. 
The first module, UPG1, introduces the basics of 3D 

modeling and the basic functionality of the software. It is a pure 
monkey-see-monkey-do activity where the students work with 
step-by-step tutorials. At the same time, the basic theory of 
drafting is introduced, as well as technical documentation and 
its related standards. The examination task for this assignment 
consists of modeling a single component of medium 
complexity and making a proper drawing of it.  

Due to the vast diversity of previous knowledge among the 
course participants, this assignment is deliberately designed to 
meet the ones with little or no experience of working with CAD 
software. The more skilled students rapidly move on to the next 
module but are encourage to support their less skilled 
classmates.  

UPG2 is where the majority of the students are expected to 
become comfortable working with basic solid modeling. 
Efficient modeling techniques are emphasized. The concepts of 
Top-Down and Bottom-Up design are explained and discussed. 
Further on the concept of parametric modeling is introduced 
along with possibilities of programmed models and conditional 
states. 

The examination task is to model a complete hole puncher 
for standard office paper. The puncher consists of fifteen 
modeled parts. The examination task not only involves 
modeling each component and completing the assembly, but 
also arranging for the puncher model to be able to switch 
between two states, resulting in different hole patterns – the A4 
European 4 ring (3x80 mm) and the Swedish native standard 
Trio (21-70-21 mm, see Figure 4). Adjusting an integer of a 
single parameter should accomplish the switch and all affected 
components must consequently contain conditional parametric 
relations that drive relevant dimensions and alter the design.  

 
Figure 4. The two different states of the puncher model  

- ISO888 and Trio hole pattern. 

The Top-Down-driven model requirement forces the 
students to model and assemble with a strict intent in mind. In 
addition, the task includes assembling for a working 
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mechanism where the lever drives the punchers up and down. 
The mechanism must be sustained when altering states. 

UPG3 is the final module before the project begins and 
introduces the students to the necessary analysis tools that are 
offered by the CAD software. Besides the simple commands 
(measure length, weight, COG, etc.), special focus is laid on the 
tools for making sensitivity, feasibility, and optimization 
studies, since deeper understanding of these tools is required 
for the project assignment later. The examination task in UPG3 
involves studying a fixed wall-mounted beam and optimizing 
for low weight with sustained stress constraints. However, yield 
stress constraints are not ensured using the Finite Element 
Analysis capabilities of the software. Instead, the maximum 
stress is defined as a parameter, using the elementary case for a 
rectangular cross section. FEM, besides being obviously 
unnecessary, is considered to be too advanced, hence time-
consuming, and is therefore a subject for intermediate courses. 

3.3 HANDS-ON MODULE (PRA1) 
The final module of the course is a project assignment, 

which aims to summarize the previous individual modules, 
UPG1-3. This section will explain and discuss the steps of the 
assignment in detail. 

3.3.1 Overview 
The students are divided into groups of three. Each group 

is set to design and develop a catapult that conforms to a given 
list of initial requirements. The list of initial requirements is as 
follows: 
 

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 5. 

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 the 
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 the launch of the catapult. 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. 

 
Figure 5. Targets and variables 

Some of the requirements refer to a “list of available 
materials”. This rather sparse list specifies a few basic building 
materials, such as 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 are invited to enter a contest at the end of the 
course, where they can prove the excellence of their design by 
gathering points according to a certain formula. 

 

𝑆𝑐𝑜𝑟𝑒 = 150000−
15(𝑚 + 10𝐶)

1+ 𝑇! + 2𝑇! + 4𝑇!
 

 
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 there is a fictitious price specified. 
For instance, a stud with a 1x1ʺ″ cross section are 6 times more 
expensive to use (per meter) compared to a 2x2ʺ″. 

Note that positions of the three targets are given as a range. 
The exact positions are not known until the day of the contest. 

3.3.2 Preparations 
In connection with the launch of the project, the role of the 

CAD-tool in the product development process is discussed. The 
majority of the students attend a parallel course called 
Introduction to Product Development [16], where they study 
product development theory, mainly according to Ulrich and 
Eppinger. [6].  

Furthermore, the students are told to hand in a time plan 
for the project and decide on roles for the group members. 

3.3.3 Concept generation 
Eventually, the group decides on one or two concepts that 

qualify for further analysis using the CAD tool. Note that 
previous to this, the students are advised not to use the CAD 
tool for concept generation at all, but are strongly 
recommended to use pen and paper.  

Each group is also required to hand in a hand-drawn sketch 
of their chosen concept, together with its corresponding model 
tree (see Figure 6). The main purpose of this sketch is to avoid 
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using the CAD tool for conceptual design, and thereby risking 
models without well thought-out structures regarding design 
intent and/or Top-Down capabilities. 

 
Figure 6. Hand-drawn concept sketch with proposed 

model structure. 

3.3.4 Modeling and analyzing 
The geometry modeling of the chosen concept is now 

started. Different aspects of setting up the model structure are 
discussed and alternative techniques suggested to be tried out 
by different group members. The students are constantly 
reminded of the fact that they will produce the catapult using 
their own hands.  

In order to make use of the model to predict the initial 
velocity of the ball when it leaves the catapult, the students had 
to estimate the coefficient of stiffness for the rubber bands. A 
measuring set-up was made available to the students for this 
purpose, see Figure 7. The set-up consisted of a digital luggage 
scale placed over a ruler. 

 

 
Figure 7. Set-up for measuring the coefficient of 
stiffness of the selected rubber bands, to be used in the 

catapult CAD model  

3.3.5 Building, testing, and adjustments 
After analyzing and adjusting the digital model, the 

students start building their catapults according to their CAD 
models and corresponding drawings. This is done in a 
workshop made available to the students, where they have 
access to different hand tools, including a drill. 

Next, the catapult is tested to see whether it satisfies the 
model with respect to accuracy. Test results for different ranges 
are then put back into the model in order to adjust some of the 
parameters, usually the coefficient of stiffness for the spring in 
the CAD model. 

The final task is to devise a set of data that allows the 
students to adjust their physical catapult to hit any point within 
the target range: 7-10 meters away and 1-6 meters above the 
ground. This is usually solved by dividing one of the intervals 

into steps of 0.2 meters (which is said to be within the fault 
tolerance, i.e. half the width of the target baskets, see Error! 
Reference source not found.). For each step, the students 
conduct a feasibility study, usually by varying the number of 
rubber bands, and thus covering the other interval. This results 
in a matrix for the students to consult on the day of the contest, 
once the positions of the targets has been reviled. 

3.3.6 Contest 
As a round-up of the course, the students were invited to 

enter a contest. Although entering the contest was not part of 
the examination, most of the teams turned up. Many were even 
serious about their performance. There was no prize to compete 
for. 

4 RESULTS AND DISCUSSION 
This section summarizes the paper with a discussion of the 

results and lessons learned from the new course and the 
research connected to it. 

4.1 OBSERVATIONS FROM THE HANDS-ON MODULE 
After the assignment was presented for the students, the 

first matter of concern (for the students) was the limited set of 
materials available for construction of the catapults. For 
instance, there were only four different types of wood studs and 
two types of screws. Apart from being a matter of reducing 
costs for course administration, the reasoning behind these 
limitations also refers to the real-life situation where limitations 
are always present. This is something that is otherwise hard to 
simulate if the students run a project, working solely digitally 
with materials and components easily accessible from the 
Internet. 

Furthermore, by having the exact materials (along with 
fictitious prices) specified in advance, it was possible to tailor 
the assignment, and in particular the score formula, in a way 
that challenged the students and forced them to make use of 
knowledge gained in the preceding modules. For instance, a 
stud with a 1x1ʺ″ cross section were 6 times more expensive to 
use (per meter) compared to a 2x2ʺ″. But since the weight is 
only 4 times higher, the choice is not obvious at first sight, and 
the cost and weight penalty in the score formula adds to the 
confusion. Yet another question is whether the smaller stud will 
hold. The purpose of this is of course to force students to 
analyze their concept from different aspects, rather than just its 
functionality.  

This also connects to what happened during the conceptual 
design phase. Since part of the Internet virtually flourishes with 
machines that throw things, the projects usually jump-started in 
a cheerful manner, with most of the groups rushing off to 
brainstorm for catapult concepts. But their attention was soon 
drawn to the sparse nature of the list of available materials, as 
well as the initial list of requirements. This was a good 
opportunity to discuss the term design space in relation to the 
actual problem faced by the students and, consequently, the 
design space was in some cases defined after an initial set of 
concepts had been defined. Didactically, this proved to be very 
comprehensive from the students’ point of view. 

The arrangement of the hands-on assignment initiated 
discussions when, and when not, to start modeling using the 
CAD tool. For instance, the students were told to perform hand-
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drawn sketches of their concepts, before they were allowed to 
enter the CAD tool. There were several reasons to this. 
Sketching by hand has a number of practical benefits often 
overlooked, especially by young people of the “computer 
generation”. It forces the drawer to constantly consider the 
geometry he or she wants to express. And while producing the 
sketch there are usually very few things that may distract the 
process since the only tools involved are pen and paper. 
Another strong motive is that negotiation with fellow team 
members becomes much more equal. After all, computers and 
their input devices, as well as their software interfaces, are 
rarely designed to be used by more than one person at a time. 
There are (digital) collaboration tools available for product 
development, e.g. PLM systems, but they only fulfill a purpose 
when working over a distance and often lack any specific 
functionality for concept generation. 

Yet another reason for avoiding concept generation using 
the designated CAD tool is the inability to fully control the 
model structure. The maturity of the concept should have 
passed a certain level, where major changes to the structure of 
the model are considered unlikely. This is in particular the case 
when a top-down approach is intended to be used for the CAD 
model [15]. The risk is otherwise that one loses control over the 
reference pattern between the included components. The 
students were therefore advised to carefully consider the model 
structure of their concept before they started using the CAD 
tool. 

Furthermore, the tools available for production were 
clearly specified at the beginning of the project. All of them 
were simple hand tools. The effect of this was that searching 
for simplicity became an important and relevant factor, just as it 
should be. Hence, fancy commands that produced fancy 
features were perhaps explored but abandoned in favor of more 
simple solutions. Yet another issue where the initial 
requirements played an important role during the modeling 
work was the fact that both price and weight were to be kept 
down. For instance, the total number of screws used in the 
design could be relevantly questioned, something that 
otherwise might have been considered irrelevant. 

The very first actual hands-on event encountered by the 
students during the catapult project was when the coefficient of 
stiffness of the rubber bands was to be measured using the 
designated set-up. This enabled the students to not only feel the 
actual force, but also to discuss aspects of accuracy and (non-) 
linearity of the real world compared to the digital model. This 
therefore called for contemplation regarding “physical 
findings” versus their “digital counterparts”. Also, the 
coefficient of stiffness had to be estimated prior to the actual 
analysis of the model’s target capabilities, which probably 
caused the students to adopt a more critical attitude regarding 
their “digital findings” later on. 

After achieving a complete CAD-model of the catapult, the 
students moved on to analyzing and adjusting in order to meet 
the initial requirements for hitting the targets. This step was a 
good opportunity to discuss ways of simplifying the digital 
model to gain efficiency and avoid errors. Some students 
yearned to have the ball flying in the CAD model, but soon 
experienced the superfluity of doing so. Naturally, the only 
vital information is the initial speed of the ball, if the air 

resistance is disregarded. Consequently, one can measure the 
speed of the ball when the throwing arm stops, which is the 
same as the maximum speed for a fixed mounted ball during a 
throw. See Figure 8.  

 
Figure 8. The initial speed of the ball measured as the 

maximum speed of a fixed mounted ball in the CAD 
model. 

After receiving the maximum/initial speed and assigning it 
to a parameter, the students were able to let the software 
calculate and optimize to hit a target, given the range and 
height above the ground. And since each calculation only 
included the movement of the throwing arm, and not the flight 
of the ball, iterative studies (such as feasibility studies) greatly 
reduced time consumption. 

The obvious lesson from this step was that digital models 
allow for simplifications and that these simplifications must be 
carefully considered with regard to usefulness, efficiency, and 
accuracy. 

Regarding the actual building of the catapults, 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 the size corresponded to the one in mind 
during the modeling phase. 

• 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. 
 

Most of these issues can be dealt with using the CAD tool only, 
but the students simply lack the engineering experience needed. 
This is in itself an important aspect of the hands-on activity, 
since it serves as a diagnostic for both the students and their 
teachers. 
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After finishing their first versions of the catapults, they 
were immediately tested by the students to see whether they 
would satisfy the CAD model regarding accuracy. Very few did 
however, in most cases due to the uncertainty when measuring 
the coefficient of stiffness of the rubber bands. Consequently, 
many of the teams had to return to the CAD tool to let the 
software recalculate the coefficient based on test results. This 
particular element clarified the usefulness of the CAD tool. 
None of the teams that failed to adjust their CAD model to 
correspond with the physical model were successful in hitting 
the targets later on. 

The contest rounding up 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. As shown in Figure 9, it was the 
combination of high hit rate together with optimized weight and 
selection of materials (cost) that proved successful. 

 
Figure 9. Top-10 results (out of 64) from the contest at 

the end of the course. 

4.2 COURSE EVALUATION 
A natural question is whether introducing hands-on 

activities in an explicit CAD course, whose main objective is to 
teach specific software, has had the desired effects; for 
instance, better understanding of the software’s capabilities and 
improved knowledge of the role of the CAD tool during the 
product development process. Many such questions, and their 
answers, are yet to be explored. But to some extent one can 
make a comparative study using the university’s own tool for 
course evaluation in order to obtain a rough measure of the 
effects of the changes of the syllabus.  

KURT is a survey system for course evaluation at 
Linköping University [17]. After each completed course, the 
students are automatically asked to fill in an online survey. The 
questions are predefined (and the same for all courses) and the 
students are typically asked to answer with a figure from 1 to 5. 
The survey regarding the new course (TMKT94) had a 
response frequency of 55% (152 out of 275 students).  

The new course actually replaced two other courses, 
TMKT18 [18] and TMKT36 [19] (both last held in 2009), 
which together corresponded to the same aims and 
advancement level as TMKT94 regarding Computer Aided 

Design. Comparisons of three particularly relevant questions 
are presented below.  

The responses to the statement “I am satisfied with my 
achievements during the course” are shown in Figure 10. 
However, this measure shows no significant improvement from 
the previous courses, nor is there any indication of 
deterioration.  

 
Figure 10. Results from course evaluation survey -

distribution of responses to the statement “I am 
satisfied with my achievements during the course” 

The responses to the statement “The assessment was a 
good test of my understanding of the course content” are shown 
in Figure 11. Here there is a clear indication of an improvement 
compared to the previous courses. Furthermore, this question is 
considered particularly interesting since the assessment 
procedure of the new course differs greatly from the other 
courses. 

 
Figure 11. Results from course evaluation survey -

distribution of responses to the statement “The 
assessment was a good test of my understanding of the 

course content” 

The responses to the statement “On a scale 1-5 (5 being the 
best) I give the overall credit to this course” are shown in 
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Figure 12, and again we can see that there has been an 
improvement compare to the previous courses. 

 
Figure 12. Results from course evaluation survey - 

distribution of responses to the statement “On a scale 
1-5 (5 being the best) I give the overall credit to this 

course” 

From a didactic viewpoint the introduction of the hands-on 
module seems very promising. Judging from the comparison of 
the course evaluation surveys from the new course and the ones 
preceding it, there is a clear indication that the students are 
more satisfied with both their own engagement and 
achievements and the course as a whole. Furthermore, the way 
that the new course turned out, it is inevitable to refer to the 
CDIO framework for engineering education [20]. Linköping 
Institute of Technology has been a member of the CDIO 
framework for several years and there are numerous examples 
of successful project conducted using the CDIO approach [21], 
although the new CAD course was never developed explicitly 
to meet the requirements of the CDIO framework. The main 
reason for this was the large number of participants expected to 
attend the course – some 300 students. Nevertheless, work is 
underway to investigate whether the CDIO standards can be 
met in the near future. 

4.3 THE NEW COURSE AND LOW-COST-
DEMONSTRATORS 

One could argue there is a two-way connection between 
the reasoning about low-cost-demonstrators, seen as a method, 
and the new CAD course. The method is supported by the 
outcome of the course, especially when 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 for the 
performance of the final product. 

Yet another 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 of the 
course 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 for the task to be 
considered “low-cost”. 

5 CONCLUSION 
A syllabus for a new undergraduate CAD course has been 

presented in this paper, together with research on the concept of 
low-cost-demonstrators for rapid concept exploration. By 
examining the implementation of the syllabus and the outcomes 
of the new course, the results point towards a relationship 
between students benefiting from physical representations 
when studying digital tools for embodiment design and the 
reasoning about the benefits of using low-cost-demonstrators 
during conceptual design of products involving new and 
unfamiliar technologies. The introduction of hands-on activities 
in the new course, and the effects thereof, supports the 
statement that a product development process could benefit 
from involving low-cost-demonstrators during its early 
conceptual stages. 
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