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Preface

With a background in mechanical engineering and ICT solutions, my wish was
to combine these two fields in a way that could be beneficial to others. Learn-
ing 3D printing and further deepen the knowledge about graphical user interface
programming were also concrete goals for the thesis. In addition, with an under-
standing of how games can influence behavior and motivation, as well as a passion
for creating physical devices, the focus quickly became exploring how game de-
sign concepts could be incorporated into a physical device to enhance an existing
solution.

A preliminary study was conducted prior to this thesis. The main goal of this
study was establishing requirements, and creating design suggestions for a mecha-
tronic system working as an exercise tool for fine motor skills. The system was
explored based on research on fine motor skills along with concepts related to gam-
ification. This thesis further delves into this system and focuses on prototyping
one of the solutions presented in this study.

I would like to thank my supervisor Amund Skavhaug for his guidance and help
during this project. A thank you is also in order to Håkon Jarand Dugstad Johnsen
and Lars Tingelstad for lending me an Arduino Uno board and a Raspberry Pi.
They were also a huge help with giving insight and tips to the boards, and the
field of mechatronics in general. Last, but not least, I would like to thank Håvard
Vestad for his help in laser cutting the needed parts.



Summary

This thesis describes the creation of a prototype that works as a gamified mecha-
tronic training system for exercising cognitive and muscular skills. The work is
based on a preliminary literary study where design solutions to the system are
justified, discussed, and presented. In this thesis, the designs from the prestudy
are brought to life by implementing electronic components combined with a phys-
ical box that works as a training system. The prototype is made to benefit those
that struggle with fine motor skills and those that could benefit from exercising
and maintaining these skills. In addition, by implementing gaming logic the goal
is also to further develop, or exercise logical thinking.

A game is therefore made with three levels that increase in difficulty, giving the
user specific tasks that make exercising fun. This game is made as an enhanced
version of the children’s toy where you put different shapes into corresponding
holes. The box and its physical components are customized by using 3D printing
and laser cutting techniques. A display with a graphical user interface showing
the game is made by sending sensor values from an Arduino Uno located within
the box underneath the board with holes to the display via a Raspberry Pi. This
is done in order to register the user’s moves and provide correct feedback per the
tasks given.

The prototype is also evaluated using a qualitative usability test mixed with in-
spection methods in a controlled environment. The goal is to say something about
how the system feels in use and how it can be improved for further testing. Even
though missing functionality and faults were discovered, feedback from the partic-
ipants concludes that the system was intuitive and responsive, making it a good
concept for further development.



Sammendrag

Denne oppgaven tar for seg prossessen av å lage en prototype som fungerer som
et spillifisert mekatronisk system for å trene kognitive og muskulære ferdigheter.
Arbeidet er basert på et litterært forstudie hvor designforslag til systemet ble
argumentert, diskutert og presentert. I denne oppgaven blir tegningene fra dette
forstudiet bragt til live ved å implementere elektroniske komponenter i en fysisk
boks som fungerer som et treningssystem. Prototypen er laget for å være til nytte
for de som sliter med finmotoriske evner og de som kan ha nytte av å trene, og
opprettholde de. I tillegg, ved å implementere spillogikk er målet å videre utvikle
og trene logisk tenking.

Et spill er derfor laget med tre ulike nivåer som øker i vanskelighetsgrad, disse gir
brukeren spesifikke oppgaver som skal gjøre treningen mer gøy. Spillet er laget som
en mer avansert versjon av den populære barneleken hvor man putter ulike klosser
i hull. Selve boksen og dens fysiske komponenter er laget og tilpasset ved å bruke
3D printe- og laserkutting teknikker. Et display med et grafisk brukergrensesnitt
som viser spillet er laget ved å sende sensor verdier fra en Arduino Uno under et
brett med hull, til en Raspberry Pi. Dette gjøres for å registrere brukerene sine
trekk, og for å gi riktige tilbakemeldinger tilknyttet de spesifikke oppgavene.

Prototypen er også evaluert ved å gjennomføre en kvalitativ brukertest blandet
med inspeksjons metoder i en kontrollert setting. Målet er å kunne si noe om
hvordan systemet føles i bruk, og hvordan det kan forbedres til videre testing.
Til tross for at manglende funksjonalitet og feil var oppdaget under testing, var
tilbakemeldingene fra testbrukerne at systemet var intuitivt og responsivt. I tillegg
ble det konkludert med at systemet er et godt konsept for videre utvikling.
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Chapter 1.

Introduction1

1.1. Motivation
This thesis is motivated by the use of mechatronics to make a difference and
improve the everyday lives of individuals that struggle with independence due
to a handicap. In particular, it explores the potential of a mechatronic system
that can work as a new and innovative way of cognitive and muscular learning
for those that struggle with fine motor skills and make training fun, rewarding,
and motivating in a creative and entertaining way. To achieve this, concepts
from mechanical toys and principles from computer games, such as skill level and
challenges, are combined to create a gamified training system.

Making training fun by combining it with games is, however, not a new concept.
Early attempts at this can be traced back to the 1980s with HighCycle by Au-
todesk and the Puffer by Atari [71][Figure 1.2]. However, it was Nintendo who
truly made a breakthrough in the early 2000s with their Wii Sports and Wii Fit
[Figure 1.1] games [71]. They introduced a fun and easy way to train at home
and it was wildly popular, with Wii Sports, Wii Fit, and Wii Fit Plus having sold
roughly around 120 million units combined around the world today [91]. Never-
theless, while these games simulate exercise they are not a replacement for the real
thing. It has, however, been shown that energy expenditure during active play
could be comparable to moderate-intensity walking [29]. Making these games a
fun way to promote exercise, and a clever way of using principles from computer
games to re-invent exercising, which may make it more appealing to different
people.

1Parts of this chapter are based on the author’s own prestudy [49].



Chapter 1. Introduction 2

Figure 1.1.: Wii Fit [1].
Figure 1.2.: Puffer by Atari [12].

Although these games and the mechatronic system presented in this thesis are
very different in ways of what they want to achieve, it is the underlying concept
of mixing activity with technology they have in common.

Mechatronics is the term used to describe an interdisciplinary field that combines
mechanical, and electronic components to develop intelligent devices and systems
that can perform a wide range of tasks. As a consequence of Moore’s law [21],
which predicts that the processing speed and capability of computers steadily
increase with time, a general demand for automation in various industries today
is growing. Mechatronics has therefore emerged as one of the fastest-growing
fields in engineering, with robotics being a sub-discipline in very high demand.
As a result, mechatronic devices are found more and more in everyday life, from
robotic lawnmowers to anti-lock braking systems (ABS) in cars. These two wildly
different examples show just a fraction of the endless possibilities for innovation
the field of mechatronics has to offer, and how it can better our lives in very
different ways.

1.2. Problem description
The main objective of this thesis is to create a prototype demonstrating a system
for exercising cognitive and muscular skills for those that could benefit from such
training. The goal is to specifically target fine motor skills and logical thinking
in a fun way by creating a mechatronic gamified system. The prototype is based
on the work done in a preliminary study [49] done prior to this thesis. Whereas
the prestudy merely presents a conceptual system, the goal of this thesis is to
bring the drawings and discussions to life by looking at more specific solutions
and developing a functional prototype as a proof of concept. This includes identi-
fying hardware and software, designing a graphical user interface (GUI), creating
blocks, and putting the different parts together to create a cohesive system. The
system should also be made easy to use, where the goal is to create a system for
anyone without the need for specialized knowledge, rare equipment, or a substan-
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tial amount of money.

The main focus during prototyping is to make the system per the requirements
developed by the author in their own prestudy. These requirements are summa-
rized in section 2.3. Limitations to these requirements are however implemented
to make the workload adapted to the limited time available. As the goal is to have
a functional prototype, only the necessary parts for creating a working system are
made, for instance only one board and a limited number of blocks. In addition,
to showcase the ability of the board and its potential, no more than three distinct
levels with increasing difficulty are needed.
To further limit the workload, and have the work focus on the objectives, the
system is made with a specific user group in mind to better adapt the size and
the features of the system to something more specific. For this prototype, the
system is adapted to children.

In order to evaluate the success of these requirements, determine how the proto-
type can be improved further, and get an understanding of how it is to use, an
objective for the thesis is consequently also to conduct user test evaluations.

1.3. Reading guidance
Subsequent to this introduction and the objectives of the thesis, a background
chapter (Chapter 2) follows where the preliminary study and its findings are
summarized. This chapter includes an overview of who the system is intended
for, previously made systems that also targets fine motor skill, the requirements
for the intended system, and lastly a summary of the discussion from the prestudy.
These parts are meant to give a better understanding of how and why this system
is further developed, and work as a guide for prototyping.
After this, some theory needed to understand how the system is made is presented
in Chapter 3. Concepts like Gamification, Additive manufacturing, embedded
systems, and GUI programming are explained, along with how it is used and
why. The different electronic components are also presented here along with their
abilities and features.
Chapter 4 dives into the work done in this thesis. In this chapter everything
that has been done is explained and discussed in detail, with the blocks, box, and
display. The methods that have been used are explained and justified, and the
results of each part are presented.
The next chapter (Chapter 5) describes the evaluations that were carried out
with the system. The methodology of the evaluation is presented along with
an explanation of how they were conducted and who participated. The results
are presented in two tables, problems that occurred are in one, and suggested
solutions with a prioritized order of execution in the other. These results are then
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discussed more in detail and the different problems are categorized. After that, a
summary of the evaluations of how it achieved its goals is briefly discussed. Lastly,
some improvements done to the system after the evaluations are presented and
explained.
The last chapter in this thesis (Chapter 6) is a general discussion of how the
entire process has been and includes reflections on how it could have been done
better. In addition, a section covering potential future work is also included,
before finishing with a conclusion of how the finished prototype is in accordance
with the objectives of the thesis.

Appendix A is the script made for each evaluation, where the whole process is
written down in order to make sure the experience is similar to each participant.
Appendix B is a collection of supplementary figures included for illustrative
purposes.
Lastly, Appendix C includes parts of the code made for the system.



Chapter 2.

Background1

In this chapter, the most important parts from the preliminary study are sum-
marized to further give a better understanding of the intended system. The ideas
and discussions presented in this chapter are the overall goals for the system, and
what the prototyping process is based on.

2.1. Who the system is intended for
The target user group for the system presented in this thesis is those that struggle
with fine motor skills. Motor skill or motor control is the ability to move your
body in specific ways in order to perform certain tasks. It can be divided into
two different subgroups, fine and gross motor skills. Gross refers to when the
larger muscles are in use, for example when jumping, walking, or waving. Fine
motor skill is smaller more controlled movements in hands [96]. Having trouble
with either one of them can have a significant impact on people’s daily lives and
how much assistance one might need to perform simple tasks. It is therefore very
favorable to try to prevent deterioration or improve motor skills as it can help
people become more independent. It can however be hard to aid everyone with
the same tools, as the aid has to be adapted to different age groups and needs.

The development of motor skills starts already in infancy and further develops
during childhood. This time is critical for both physical and cognitive growth and
research have shown several links between the development of fine motor skill and
other abilities. For example, it has been shown that fine motor skills can have a
direct effect on mathematical performance [94], and difficulty with motor control
in general can also affect a child’s popularity amongst peers, and their self-esteem
[39]. The importance of developing fine motor skills at an early stage can therefore

1Parts of this chapter are based on the author’s own prestudy [49]
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help children with their cognitive learning, and help them grow and adapt better
through childhood.

Problems with fine motor skill is, however, not only found amongst children.
Adults may experience damage to their fine motor skills at a later point in life.
This can be due to an accident, injury, disease, age-related regression [63], or it can
be an indication of certain neurodegenerative diseases [27]. Luckily it is possible
to improve affected skills and develop them again with exercises specific to fine
motor skills and the individual’s skill level [65]. This can for example be, drawing,
folding clothes, or using scissors as these activities target the smaller muscles in the
hands in different ways. But doing activities you used to excel at before, with much
struggle now can be very demotivating and feel like a perpetual project. Instead,
giving other types of exercises where you can later see the effects of them in daily
activities can be very rewarding and give motivation for continued training. The
new system presented in this thesis achieves this by making training different and
fun while targeting fine motor skills and training them with its use. The goal is
to make the user think of exercising their fine motor skill as something they want
to do, rather than something they have to do, which again could contribute to
the overall motivation for its use.

As this shows there are many different people, of almost all ages, who could benefit
from a system like the one presented in this thesis. The problem is making a
system that can be beneficial to everyone. Fine motor skill is in itself a very general
skill but it is how much each individual struggle to use that skill that defines the
purpose and execution of exercises. A child just beginning to show signs of late
development have more control over their fine motor skill than people who just
suffered a stroke for instance. The motivation for exercising and using the system
also varies, as a 40-year-old may not be motivated by the same things as a 1-year-
old. But by making the system as general as possible without compromising its
intended use it is however possible to make the system appealing to many different
people at the same time, which is discussed and looked at later in this thesis.

2.2. Previously made systems
When it comes to systems that exercise motor skills there exist several different
products on the market today. You have everything from physical games and
digital solutions to a mix of them. To properly get an understanding of how a
new system can be made, the individual benefits of already existing solutions are
looked further into.

As mentioned in section 2.1, it is children who can benefit the most from training
fine motor skills in the long run, as it would not only benefit their physical aspects
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but also their cognitive development. That is why there exist several different
systems that are specifically designed for them on the market today.

Figure 2.1 and 2.2 show two examples of different toys that have been made for
children. They are made with the intention that the skills gained by them are
transferable to everyday activities that require fine motor skills. Take for instance
the lacing cards toy [Figure 2.1], the purpose here is to move a string in and out
of holes on a board or an object. This requires a lot of control and is the same
skill used when lacing shoes. So by using this toy, a child could be able to learn
the basics of tying their shoelaces without it being a complicated task. The same
goes for the Peg toy [Figure 2.2] where having to be precise in the placing of the
blocks, the user challenges their fine motor skills. The toys manage to take a
rather complicated activity and make it simpler in order for the children to train
their fine motor skills at their own level.

Figure 2.1.: Lacing cards toy
[2]. Figure 2.2.: Peg toy [3].

Figure 2.3 shows one of the more popular toys when it comes to the training of
fine motor skills for children. Here you are supposed to grab different shapes and
get them into the corresponding holes. By doing this, a child can train their fine
motor skills, but also their cognitive skills as they have to use their logic to match
one shape to a hole and figure out how to put them in. With it being a specific
toy for fine motor skill and also having the ability to benefit other areas, it is
inspiring and can be a solid foundation for further development, which is what
this thesis show.
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Figure 2.3.: Box toy [4].

Other types of toys and games that are not necessarily made with the purpose of
training, but rather for pure enjoyment also exist on the market today. Many of
them can however be used as tools for exercising fine motor skills, for example,
puzzles. They are made to be a fun activity and something challenging for people
to do together. But with pieces being very small it requires fine motor skill to
pick them up and put them in the right places. This way you are able to exercise
or maintain your fine motor skills whilst having a good time.

Even though these types of games are not intended as exercise tools they still
highlight the concept mentioned earlier with the Nintendo games [section 1.1,
Figure 1.1], being able to enjoy something without realizing that you are exercis-
ing. In other words, by transforming the exercise into more of a game you could
be able to take the focus of exercising away.

Even though these physical objects, or toys, are very beneficial to training fine
motor skills, we live in a digital era where smartphones or tablets are, in Norway,
introduced to children already in primary school [56]. The toys presented above
are almost too old-fashioned for the world we live in today, where many hobbies
or replacements for physical activities are found online or digitally. There exist
for example many different apps you can download on your phone or tablet that
mimic activities for fine motor skill exercises, puzzle apps for instance.

However, when it comes to some of these, they cannot substitute the real thing,
similar to that of the Nintendo games [section 1.1, Figure 1.1]. Take for instance
a puzzle app. In reality, you can grab the pieces and move them around. On
a tablet, all you do is drag the piece from one place to another using just one
finger. Even though that still requires some fine motor skills it does not give
the same benefits as doing a puzzle in real life. Computer technology however
does have other advantages as it has been shown to help support learning and
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is especially useful in developing skills of critical thinking, analysis, and scientific
inquiry [50]. Technology is therefore able to teach and support learning differently
than physical toys.

It is the use of mechatronics that gives the system in this thesis the benefits
from both the physical toys and the digital solutions and lets it be a versatile
multifunctional tool. One mechatronic product available today that targets fine
motor skills is the Robotic rehabilitation glove from Syrebo [Figure 2.4].

Figure 2.4.: Syrebo glove [5].

It is a glove that can "...help patients master fingers flexion and extension, reduce
hand muscle tension, relieve edema and stiffness, promote rehabilitation of brain
nerve injury through exercise, improve hand activity and accelerate the rehabilita-
tion of hand function." As Syrebo website explains [5]. With the use of mechanical
parts, the glove moves your fingers for you to achieve these results. It can also
mimic movements from a different glove on another hand so that you can get
your disabled hand to move in different ways. Because the use is so general, and
the fact that they have made different sizes to fit smaller hands as well, makes it
adaptable to almost everyone. Also, by being so general, easy to use, and small
it is a great device to have at home and with you wherever you want. On the
other hand, the functionality of the device is rather limited as to how the user
can contribute, and learn on their own. This limits its potential to be a fun way
to exercise.

Another mechatronic system that focuses more on the fun part is the Amadeo
from Tyromotion, [6], seen in Figure 2.5. The goal here is more specific training
of fine motor skills by being able to have movement in each finger. It is a heavily
sensor-based device where it can measure how you use it and give this feedback
to the user for further improvement. You move your fingers to play a game on
the screen that is made to consider age, as motivation can be very individual and
age-dependent.
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Figure 2.5.: Amadeo from Tyromotion [6].

The glove from Syrebo has an elegant design solution when it comes to its porta-
bility, as it is rather small, but lacks in its overall functionality. The Amebo is
the other way around, where it is a rather large and complex system, but a user
can benefit greatly from its functionality in many ways. A system that is a com-
bination of these two can therefore be seen as a more user-friendly and fun way
of exercising, which is what the system in this thesis aims to be.

2.3. Requirements
An overall goal is to make the system as general as possible. By having adaptable
skill levels and exercises, you are able to reach a broader user group, and more
people could benefit from it. Generalization could also remove the need of making
a specialized system for each individual, which can help with self-esteem as the
users are treated just like everyone else, and not as a special case that needs to be
solved. This is something that could also help with motivation for the user, and
contribute to the system being something fun they would want to do, rather than
something they have to do. It also makes economic sense to make it very general
as it would target a larger audience, and therefore possibly also make more money.

Making the system general should however not compromise its intended use. Hav-
ing a specific user group in mind, and rather add more general traits as you go
along could therefore be beneficial. Based on the arguments made in section 2.1 it
can be concluded that children may benefit the most from the intended system in
the long run as training of fine motor skills can have other effects. Because of this,
children are also a larger group as they could benefit from this type of training
independently of their level of fine motor skills. With that in mind along with the
system’s intended use, some non-functional requirements can be presented and
discussed.
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• Universal design

– Because fine motor skill is a characteristic known to be shared by the
users of this system, it is designed with mainly this skill in mind. How-
ever, it is important to also have universal design principles in mind for
the prototype to accommodate different needs and other challenges peo-
ple may face. Additionally, applying universal design rules strengthens
the case for the generalization of the system, as it ensures accessibility
for a broad range of users. The seven principles of universal design [87]
are therefore taken into consideration and discussed more later in this
thesis.

• Not feel like a test

– As the system aims to be a fun way of exercising and a tool for develop-
ment, it should not feel like a test for the user. A testing environment
can be stressful and take the joy out of doing something, as they often
take place outside of familiar places, with an observing second party
present. It could also contribute to the feeling of something you have
to do, rather than something you want to do. By making the system
intuitive and easy to use, in addition to being portable so you can use
it in your own home, you make the users feel safer in its use and avoid
having it feel like a testing environment.

• Size and usage

– With children being mostly in mind for the use of the system, it is
important to think about making it robust. It has to endure that it
could be treated without the love it may deserve, as children may not
be as careful and considerate as perhaps an adult would be.
Additionally, the size of the system should not be too large as a child
should be able to use it on its own. With it being a medium to small
size it can easily be placed in a home, kindergarten etc. without taking
up too much space.

• Inexpensive and basic

– Even though robustness and durability are already taken into consid-
eration, something can always go wrong and parts may break. It is
therefore favorable to make the system in a general manner so that it
could be easily reproduced. This can be achieved by using tools and
parts that are common, available, and simple. In addition, by making
a basic foundation it is easier to modify and further develop it at later
stages, making it more versatile.

In addition to these points, the most important thing the system needs is a proper
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function. This should be a physical activity for the user to exercise their fine
motor skills beneficially. As the user group, independent of age, are people who
struggle with fine motor skills to different degrees, the activity should not be
too complicated or too intricate. This also coincides with point three from the
seven universal design principles [87] which states that a design should be easy to
understand and intuitive to use. The toys in Figure 2.1, 2.2 and 2.3 are examples of
different activities to exercise fine motor skills, the box having the most potential.
With it, you can adjust and adapt to different skill levels by simply changing
the size of holes and using different shapes. By also training cognitive skills the
system is more versatile and appealing to children. In addition, an advantage of
basing the system on something familiar is that it can help make the system seem
less frightening and complex in the minds of new potential buyers and users. By
having the overall concept of the system in place, more specific requirements can
be looked at for the intended mechatronic playtoy.

• A removable board with holes

– Having a board you can remove from the system makes it more versatile
as you then can design multiple different boards that each can have
different features and be adapted to different skill levels. This also
opens up the possibility of making more advanced and different boards
in the future.

• Extraction of blocks

– With putting blocks through holes, it is natural to want a way to re-
trieve them again. An elegant way to extract the blocks should there-
fore be incorporated as this could make the system more intuitive and
easy to use, as specified by design principle three of universal design
[87].

• Electrical components

– Electronic components are a crucial part of making it a mechatronic
system. With sensors registering how the user interacts with the board
you can create innovative and fun ways to use it, for instance in the form
of games or challenges. It can also be a tool, making it more intuitive
as it can guide the user and make sure they exercise in the right way.
Speakers or a way to connect headphones can also be incorporated for
giving feedback to users not dependent on sight, conforming to principle
four of the 7 design principles of universal design [87].

• Display and GUI

– With sensors registering how the system is being used, a display along
with a GUI can be incorporated for showing the progress, as well as
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relevant feedback and reward mechanisms. This could also help guide
the user, as well as motivate them. It also opens up many possibilities
for different designs. A GUI can be designed to better adapt the system
to its user group and is an essential part of making the system fun and
motivating.

Based on these requirements, Figure 2.6 illustrates what the system could look
like.

Figure 2.6.: A first draft of how the system could look.

2.4. Design suggestions
From the preliminary study [49] it is concluded that having different design so-
lutions is favorable as physical installment can lead to unexpected problems. In
addition, by having different designs you could be able to adapt to unexpected
events and overcome them more easily. However, generalization in the designs is
taken into consideration to eliminate most of these types of problems. With this
in mind, a summary of the discussed parts from the prestudy follows.

When it comes to placement of the display there are three main points to take
into consideration.

1. Visible to the user while the system is used.

2. Large enough so that it can be seen.

3. Be a robust part of the system to avoid breaking it.

4. Not compromise the boards and their use.

Figure 2.7 show a solution that satisfy point 3, and to some degree point 2 as you
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have the whole front to use. It does, however, not satisfy point 1 as the focus of
the user would be on the top and therefore maybe miss important information
from the screen. With sound, you could be able to catch the user’s attention back
to the screen. This would, however, not support principle four of the seven design
principles for universal design [87] as the user would be solely reliant on sound to
catch the given information. Figure 2.8 improves a little on point 1 as the screen
now is easier to see, but is still not an ideal placement when it comes to being
seen by the user. The design also makes the system less fragile, compromising
point 3, with the screen sticking out. With these two solutions, the display would
have to be a less significant aspect of the system as the user would not view the
display and its contents at all times. They would however both satisfy point 4 as
the display does not interfere with the boards in any way.

Figure 2.7.: How the system could look with the display in
front.

Figure 2.8.: How the system could look with the display
sticking out in the front.

Regarding point 1, Figure 2.9 and 2.10 are better solutions as the user’s attention
already are in the eyesight of the screen at all times. With Figure 2.9 however,
point 3 is not satisfied as the screen is now a loose part, which should be handled
with care. Figure 2.9b would be a little more robust as it is a more integrated
part, but are still more exposed and fragile than for example Figure 2.7. Point 2
however, is more than satisfied as the screen can be as large or small as you would
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want it to be.

(a) Display attached on top of box. (b) A more robust attachment of display.

Figure 2.9.: How the system could look with the display
above the box.

Figure 2.10 on the other hand, would eliminate the faults Figure 2.9 have with
point 3 as it now is an integrated part of the system. Point 4 would, however,
be an issue with both of the designs, as the display now takes up a third of the
board, making it smaller and limiting its potential with the sizes and quantity of
holes. Point 2 would also be compromised as the screens here would have to be
as small as possible to allow the boards to have their functionality.

(a) A smaller display not dividing
the board.

(b) Display dividing the board into two
pieces.

Figure 2.10.: How the system could look with the display on
top of the box.

Figure 2.11 shows a solution that to an extent satisfies all of the points above.
The screen is placed in a better position to get the user’s attention, and can be
adaptable in size with a larger surface area to use. In addition, it would be a more
robust part of the system and not in the way of the board. The biggest drawback
of this design is that the size of the system would be larger. This can however
open up for the possibility of storing additional future boards in the back.
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Figure 2.11.: The most optimal placement of display with an
integrated solution.

With the display being one of the most essential parts of the system, its placement
must be prioritized. The other features of the system are therefore looked at with
Figure 2.11 in mind. Without compromising point 4 as this still applies for other
parts, and having Figure 2.11 as a basis, the logical placement of for example
speakers and extraction of blocks is having them on the sides, or the front of
the box. The backside is ruled out as an option with generalization in mind so
that the system can be placed against a wall without compromising its use. One
solution is therefore to have the extraction of blocks as a hole in the front so that
the user could easily grab them. With the extraction being in front, to give it the
needed space, the speakers would then have to be on the sides.

The blocks are an essential part of exercising fine motor skills with the system.
They would therefore have to fulfill some requirements for the training to be
efficient.

• Customizable

– Since the system has a very specific intention of how and why it should
be used, the blocks would benefit the system if they were able to be
made specifically for the holes.

• Light

– For the blocks to be easily picked up they need to be fairly light so as
not to make the exercise unnecessarily hard.

• Universal design

– One possible solution to the game is that the blocks can have different
colors to indicate where the blocks should go. If the user is short of
sight, however, this would not work very well. In order to conform to
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universal design, texture could be added to the blocks, where a specific
texture would correspond to a color for instance.

• Not too small, not too large

– Size is an important thing to consider when training fine motor skills.
The smaller they are more precise fine motor skill is needed to pick
them up and place them in the hole. If they are too big on the other
hand, it would be a struggle for those with small hands to pick them
up at all, limiting their ability to even use the system as intended.
Another important point to make here is that they should not be so
small that a child would swallow them.

The most important point to take away from this list is the ability to customize
the blocks, as this would fulfill the other requirements as well.

An important part of many games is the use of levels. The implementation of
levels and increasing difficulty could contribute to motivation and give the user
a natural training progression [52]. In addition to being a device that exercises
fine motor skills, it can also work to train cognitive skills simultaneously as these
two skills are very closely tied to one another [42]. By increasing the difficulty in
a physical and cognitive aspect level by level you can obtain a natural training
progress and learning in both skills.

When it comes to actual implementation of levels there are three main aspects
that need to be considered.

• The blocks. By changing size, adding texture, and/or changing their
shape.

• The boards. By reflecting the shape and sizes of the blocks in different
ways. For example by placing them far away from each other, having tighter
holes, etc.

• The display. By guiding the user, and showing them how different boards
can be played.

With the training of fine motor skills, grabbing the blocks is what mostly trains
the muscular abilities in the hands. It is when mixing the blocks with the boards
you are able to include training in both skills. For example, if the user is presented
with several holes on the board and one block, it requires logical thinking to figure
out which hole it belongs to. In addition to feedback, the user could be able to
learn from their mistakes further practicing cognitive skills.

An intuitive thought when implementing levels and having the possibility to use
more than one board is that each board can be one level. With a requirement
being that the system should be as small as possible it is, however, not favorable
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to make too many boards. Therefore it is important when designing the different
boards to make them as general as possible so that they can be used in more
than one way. An example of doing this is to implement several levels in just one
board. One board could then for example be level 1 to 3, the next 4 to 6, and so
on.

Figure 2.12 and 2.13 show two different ways of doing this with the display being
what separates the levels. In figure Figure 2.12 an easy task is illustrated where
the user has to put the green ball in the green hole in order to finish the task. In
Figure 2.13 a harder task can be seen, where the user has to first place the red
ball in the red hole, then the blue triangle in the blue triangular hole. If the user
then manages to do this in the correct order the task is completed.
This design utilizes the advantages of the different parts, as discussed, and would
all in all give the most benefits to the system as a whole.

Figure 2.12.: Example of an
easy level with the system.

Figure 2.13.: Example of a
harder level with the system.



Chapter 3.

Theory

3.1. Gamification1

To begin grasping the concept of game logic and implementation of it, there should
first be an explanation of gamification.

Gamification is the concept of adding game elements, mechanics, and game-based
thinking to non-game environments like a website, classroom, or business to create
similar experiences to when playing games [54]. This could be the inclusion of
levels, feedback, progress or rewards systems, etc. Gamification first entered the
mainstream vocabulary around 2010, making it a relatively new concept. One of
the reasons for its growing popularity lies in the belief in its potential to foster
motivation [20].

For this reason, it has been very popular in the last couple of years to implement
gamification in educational environments. Although research in this area is rather
new, meaning nothing can be said of certainty when it comes to the effects of
this long-term, promising research has been conducted. It has for instance been
shown that gamification has the potential to increase student motivation and that
students following a gamified version of learning get better scores on practical
assignments [11]. Several other studies also conclude that gamification can have
a positive effect on learning and motivation [69] [22].

However, it can also be debated whether or not there is a need for gamification
in different settings. If the goal is to use it in school and learning, many studies
also show that while it can contribute to something positive, the effects of it may
be rather small [60]. Another important point to shed light on is the use of game
elements in a system that can be used by elderly people. It is a common myth to

1Parts of this section are based on the author’s own prestudy [49].



Chapter 3. Theory 20

assume that elderly people do not play games or like to play games and therefore
will not like gamification. But according to Entertainment Software Association’s
2013 report “Gamers Over 50 Study: You’re Never Too Old to Play” 48% of
adults age 50 and older say they play video games [54]. Hence, implementing
gamification by itself is not age-limiting for its users.
In addition, it can be debated whether it is problematic or not to mix a learning
environment with something mainly thought of as a leisure activity, as it can affect
how effective gamification is in its use [48].

However, the system intended in this thesis is not meant as a pure learning tool,
but more as an exercise tool that can contribute to learning. Because of this, the
arguments that debate the necessity of gamification are not entirely applicable
to this setting. Nevertheless, the main thing to take from all of this is that
gamification is proven to have, if not small, a positive effect on motivation.

Moreover, it is important to keep in mind that when it comes to principles of
what motivates people there is no one correct answer as everyone is different and
therefore can be motivated by different things. On the other hand, feedback and
rewards systems, in general, have been shown in several settings to be a good tool
for motivation [40]. In games, they are often used in how you progress through
levels, and it is this way they are used in this system as well.

By implementing gamification in a new system, one could therefore argue that
it can have a positive effect on its users. The goal is to implement just enough
gaming logic to gain the positive effects of gamification by simulating similar
experiences to playing a game, while still keeping it simple and user-friendly.

3.1.1. Feedback, Rewards, and Progress

The concept of a reward system is commonly known when it comes to motivation.
In the real world, salary can for instance be looked at as a form of reward system
where you get paid for a job well done. In games, these rewards are often items
or tools to help you when you get to harder levels. They can also be benefits for
finding something or doing something good in a game to keep you going. Take
the classic Super Mario Bros game [Figure 3.1] for example. By completing a
level, the reward you get is to progress to the next one, which in return gets you
closer to the goal of the game, saving princess peach. In addition, you can gain
rewards throughout the levels in the form of power-ups or extra lives which helps
you complete the levels. All of this gives motivation for you to continue the quest
of saving the princess because the game makes the quest attainable by giving you
help and resources to complete it.

In addition, games can use progress as a reward in itself as they often have a
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Figure 3.1.: By getting a special mushroom Mario can grow
and destroy all in his path, making it easier to progress

through the level [7].

story they follow or a quest that needs completion. An exercise system does not
have the same opportunity for story-making in that sense. On the other hand,
one could be able to make progress in itself be the reward, by having some way of
indicating how far you have come in your training. The Wii Fit game [Figure 1.1]
for instance, uses this. After completing a level you are able to see how much
further you have come in your exercise, how many calories you have burned, etc.
Because of this, you can see the progress you are making after each session with the
system and allowing you to continuously see the goal, making it more reachable.

Feedback is a concept closely connected to that of reward systems, where rewards
can be seen as a concrete result of getting feedback. When you do something right
the game rewards you, as explained with the Mario game. However, there is also
feedback for when doing something wrong, often in the form of punishments. In
Super Mario Bros this can be walking into an enemy for instance. If you are tiny
this punishes you with death and you have to start the level all over again.

Feedback can also be explained as the underlying concept used to make players
learn how the game works, whereas rewards contribute to motivation. A big
reward may give a bigger motivation in thinking the next level could be easier,
while a smaller reward may not be that exciting and demotivate the player to
continue. By receiving punishments or rewards, the user is told what is good and
bad in the game and then learns how to play the game and progress through the
levels.
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3.2. Additive manufacturing
Additive manufacturing can be described as the process of creating an object
by building it layer by layer [97]. It typically refers to 3D printing, a technique
that started as a phenomenon in the 80s [88], where the material is layered in
successive layers to create 3D models from digital files [97]. Today, a series of
different materials and methods are used [37] in order to fit both a consumer
market and manufacturing processes [10].

The most common method of 3D printing on a consumer level is called fused
deposition modeling (FDM). It is a method that melts and extrudes thermoplastic
filaments, the most common materials being PLA or ABS. This is done through
a printer nozzle that builds the model layer by layer on a build plate [37]. FDM
is well-suited for basic models and quick prototyping parts, but not for printing
complex designs or parts with intricate features. This is because the method
has very low accuracy and resolution in comparison to other plastic 3D printing
methods [37]. However, FDM printing comes with many advantages and is more
than adequate for this thesis in regards to the blocks, as per their design and
requirements [section 2.4]. An example of an FDM printer that uses PLA is
shown in Figure 3.2, which specifically shows the original Prusa i3 MK3S+ 3D
printer [68].

Figure 3.2.: Prusa 3D printers in prototyping lab at NTNU
[68].

One of the main advantages of FDM printing is that it allows for flexible designs.
As long as you have 3D modeling software you can create models according to
your very own needs and designs. For this project Fusion 360, which is a profes-
sional 3D CAD software by Autodesk [35], is used to create the different blocks.
However, before a model can be printed from a 3D modeling software it has to be
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transformed from a digital model into printing instructions, called G-code, using
a software called Slicer [101]. The printers in Figure 3.2, along with their slicer
software PrusaSlicer [68] were mainly used for this project, in addition to Ulti-
maker printers and their slicer Cura [95].
In addition to the flexibility of 3D printing, because of the increasing popularity
of the printers, and now rather inexpensive prices [9], several tutorials on different
designs, uses, and printing exist online. This makes it easy to learn, and a fun
way of making your own parts and designs for different purposes.

However, certain downsides to 3D printing should be mentioned. Most affordable
printers have a rather small build plate, and volume, limiting the size of models.
In addition, with the FDM method where models are created by layering material,
each new layer has to be supported in some way to keep the intended shape and
form. If your model then has an overhang that is not supported by anything
below, there is a good chance the model could be ruined [25]. To avoid the issue,
support structures are usually used, where an overhang threshold is chosen in the
Slicer for when the supports should be generated. These supports then have to be
removed after printing, adding more post-processing work and risking damaging
the model’s surface. Limiting the use of supports is therefore favorable to getting
better-looking models.

3.3. Embedded systems
An embedded system can be defined as a combination of computer hardware and
software, designed for a specific function [18]. They usually consist of a processor,
power supply, memory, and communication ports that transmit data between the
processor and peripheral devices, using a communication protocol [18].
For this thesis, the electronic components that make up the mechatronic system
work together as a fully functional embedded system. Its task is to support the
display and its GUI. For doing this, an Arduino board, a Raspberry Pi, UART,
sensors, and a display are used to create the embedded system according to the
systems requirements [Figure 3.3]. Each of these, and how they are used, are
explained further in the following sections and chapters.
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(a) Sensors, Arduino, Raspberry Pi
and display.

(b) Raspberry Pi attached on the back
of the display.

Figure 3.3.: The different electronic components making up
the embedded system.

3.3.1. Arduino vs. Raspberry Pi

To choose the correct hardware for an embedded system, it is important to have
an understanding of how it is intended to function [30]. For this specific project,
a display is needed to showcase the game, and sensors are needed to register when
blocks are put into the board in order to give feedback to the game and the user.
This might seem like an easy task, but the decision of choosing hardware should
not be taken lightly.

As mentioned in section 3.3, an embedded system usually consists of a processor,
which in this case refers to either a microprocessor or microcontroller. While they
do resemble one another in that they both perform relatively similar functions,
and both incorporate a central processing unit (CPU), they are very different in
how they are used and what they can be used for [62]. A microcontroller is a single
integrated circuit where a CPU and other necessary components are all incorpo-
rated onto the same chip [62]. As a result, microcontrollers are designed to be
used for specific tasks, or any assigned tasks in loops [67], making them applicable
to control electronic devices [70]. Microprocessors on the other hand, also consist
of a CPU but use separate integrated circuits for memory and peripherals, instead
of including them on the same chip [18]. As a result, they typically require more
external connections than microcontrollers and are used for more complex tasks
that typically require higher memory and more complex coding [67].
The Arduino and Raspberry Pi boards are two very popular choices for using
either a microprocessor or a microcontroller in embedded projects.
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Arduino

Arduino is an "open-source electronics platform based on easy-to-use hardware and
software", as described on their website [98]. Their boards are microcontroller
based, made with the intention to simplify the process of working with them. In
addition, by making them easy to learn and use, the goal is to give anyone that
wishes to enhance their lives with electronics [13] an opportunity. The most used,
and best-documented board in the Arduino family is the Arduino Uno [17], which
is also the board chosen for this project. The board and some of its technical
specifications are shown in Figure 3.4 and Table 3.1.

Figure 3.4.: The Arduino Uno used for this prototype.

Features Specifications

Processor ATmega328P
Processing power
(clock speed)

16MHz

Flash memory 32 KB (ATmega328P) of
which 0.5 KB used by
bootloader

SRAM 2 KB (ATmega328P)
EEPROM 1 KB (ATmega328P)

Additional features
14 Digital I/O pins (6 provide
PWM output)
5V operating voltage

Table 3.1.: Technical specifications for The Arduino Uno [17].

To program the board, the Arduino integrated development environment (IDE)
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is used, which can either be downloaded or used online with an account on the
Arduino website.
In addition to the board’s specifications and simple interface, a lot of different
modules are made specifically for the Arduino, making them a great fit in most
electronics projects. Concerning this thesis, the Arduino is an excellent choice for
controlling sensors underneath the boards with holes to keep track of the user’s
moves. However, making the rest of the system with a display and corresponding
GUI could be more challenging by only using the Arduino board.

Raspberry Pi

As explained by their website, Raspberry Pi is a foundation "... with the mission to
enable young people to realize their full potential through the power of computing
and digital technologies." [14]. As a way of achieving this, the foundation has
developed microprocessor-based boards, simply called the Raspberry Pi. These
boards work similarly to computers where they even have an official supported
operating system called Raspberry Pi OS, a version of Linux. This enables the
use of different programming languages for development, which as a result makes
the Raspberry Pi very fit for different use. Figure 3.5 and Table 3.2 show the
Raspberry Pi 4B model which is used in this project, along with some of its
technical specifications.

Figure 3.5.: Raspberry Pi model 4B used for this prototype.
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Features Specifications

Processor BCM2711 (ARM v8)
Processing power
(Clock speed)

1.5GHz

Memory 1GB, 2GB or 4GB LPDDR4
(depending on model)

Additional features

4-pole stereo audio and
composite video port
2 × micro HDMI ports (up to
4Kp60 supported)
Micro SD card slot for loading
operating system and data
storage
5V operating voltage

Table 3.2.: Technical specifications for the Raspberry Pi model 4B [77].

Since the Raspberry Pi board has more processing power, RAM, and a larger CPU
than the Arduino, they are better suited for larger programs and more complex
coding. This makes it an ideal platform to develop the main attraction of the
system in this thesis; the display.
With Raspberry Pi also being a very popular learning platform, used for both
home and industry purposes, the Raspberry Pi Foundation continuously works
with updating and better the technology. Because of this, and because of the
potential Raspberry Pi has for different projects, many tutorials, and guides also
exist online, similar to those for Arduino, making it a user-friendly and easy tool
to learn.

Best of both worlds

Even though the Arduino and the Raspberry Pi have many good qualities, they are
best suited for different types of projects. As the project in this thesis requires both
repetitive work with sensors and more complex programming with the display, it
was decided to use both an Arduino and a Raspberry Pi to bring the system to
life. This way, the Arduino handles the sensors and reads their data, while the
Raspberry Pi focuses on the GUI and the logic of the system.

With sensors connected to the Arduino, the idea is to send this data to the Rasp-
berry Pi using a communication protocol, where the GUI then reacts according
to the sent data.
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3.3.2. Communication is key

In Embedded systems, communication protocols are used to define how data is
transmitted between devices [53]. There exist many of these protocols, but for
this project, the UART protocol is used and described more in detail. UART,
or Universal Asynchronous Receiver-Transmitter, which uses asynchronous serial
communication to transmit data, is a simple, yet reliable way for low-power, long-
distance communication between two devices [41]. It can also be described as a
multi-master protocol, where all connected devices are free to send data when they
want, unlike master-slave protocols (I2C, SPI, etc.) where only the master device
can initiate communication [31]. The communication is done without the need
for a clock signal (hence Asynchronous), and by sending bits at a predefined baud
rate using two wires, RX and TX that receive and transmit the data. Both the
Arduino and Raspberry Pi boards have support for UART communication, where
you could either use the RX/TX pins on each device, or a USB cable between
them.
By default, the Arduino uses Serial communication [78] to communicate between
the board and the Arduino IDE. By connecting the Arduino to the Raspberry Pi,
the Arduino IDE side of the serial communication is replaced with the Raspberry
Pi board, as UART is also based on serial communication. From the Raspberry Pi
side, Python and PySerial [73] is used for serial communication with the Arduino
board.

To transfer data between the two boards, a USB cable was used, as this is the
tidier solution. To establish the connection between the two boards, a guide
from The Robotics Back-end was followed [31], where parts of the code seen in
Listing C.1 and C.2 are taken from this guide and adapted to the specific project.
Briefly explained, the Arduino board is first detected using the terminal on the
Raspberry Pi, and the baud rate is chosen to be 9600, a common baud rate to use
and adequate for this project. The connection is then established, and the data is
sent from the Arduino in a list to the Raspberry Pi where the elements are stored
in variables in the Python program on the Raspberry Pi. The communication was
established similarly in the final code, but modified to fit the logic and the rest of
the code.

3.3.3. Display

For the system to work as intended in accordance with the requirements, a display
with a GUI is needed. Either a display connected to the hardware, or a separate
display, for instance, a tablet or smartphone could be used. To not make the
process of creating the system longer than needed, and since a decent display
compatible with Raspberry Pi was found rather cheap, this solution was chosen
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for the project. In addition, by using a display directly connected to the Raspberry
Pi, the only step needed to create the display with its required functionality would
be to program the GUI and run the program on the Raspberry Pi.

The display used in this project is a 7" Raspberry Pi touch display [79] seen in
Figure 3.6.

Figure 3.6.: 7" Raspberry Pi touch Display with DSI cable
and wires.

The Raspberry Pi is attached to the back of the display with bolts and connected
to the display via a DSI (Display serial interface) cable and powered using Vcc
(Voltage common collector) and ground pins. As seen from Figure 3.6, the display
also has mounting holes that can be used to attach the display to the physical
system. A hole to make room for the Raspberry Pi would then be required in
the physical box for the display to be attached properly. The size of the display
compared to the system can be seen in Figure 4.18.

3.3.4. Sensors

For the thesis work, some kind of sensor is needed to register the user’s moves and
update the GUI accordingly. Some relevant, common sensors used in electronic
projects, and how they are used can be seen in Table 3.3.
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Type of sensor Usage

Touch [33] Used to detect and record physical touch. Works as a
switch where pressure is applied to an area, opening the
electrical circuit and allowing the current to flow
through it [92].

Light [76] Detects and measures the intensity of light, usually
electromagnetic radiation in a wavelength range from
ultraviolet to far infrared [19].

Ultrasonic [76] Measures distance of an object by emitting ultrasonic
sound waves and converting the reflected sound into
electrical signals [26].

Color [85] Uses external means of emitting light and then analyses
the reflected light of an object to determine its color [16].

IR [32] Emits infrared radiation which is reflected by an object,
and registered by a receiver [44]. Usually used to
determine the proximity of an object.

Table 3.3.: Overview of the most common sensors applicable for the thesis work.

The sensors presented in Table 3.3 are some of the many sensors that exist on the
market today which could be used in different ways for this project. A touch sensor
could for example be implemented where the user has to touch somewhere to be
able to drop the block into a hole. Or it could be used underneath the hole where
the block then lands, indicating that it has been inserted. A light sensor could
be used as a block inserted into a hole would deprive the environment around the
sensor of light, implying something is blocking the sensor. By having each block
distinct colors, a color sensor could detect different colors and let the system know
which block had been inserted. Ultrasonic and IR sensors could both be used to
detect the proximity of the blocks registering when a block is near the sensor.
Because of available technology and simplicity in implementation, IR sensors were
used for this project. One sensor for each hole was placed underneath the board
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and used for detecting the inserted blocks.

3.4. Programming
As Python is a high-level, interactive, object-oriented programming language [36]
that is used in everything from desktop GUIs to business applications [15], it was
chosen as the language for this project. For the IDE, Thonny [89] was chosen for
simplicity, as it was pre-installed on the Raspberry Pi. The Arduino on the other
hand, uses a variant of C++ in the Arduino IDE.

To detect time-critical events happening outside the main program, polling and
interrupts are common techniques in embedded systems programming. Polling
can be described as a protocol where the processor continuously checks if an event
has happened. Interrupts on the other hand is a hardware mechanism where a
interrupt signal is sent if the device needs attention [28]. While polling is more
explicit and straightforward, interrupts are better for longer and more complex
code.

For this thesis, the main program is the GUI while the Arduino sending sensor
values is an outside event, and hence polling is used in order for the GUI to prop-
erly receive sensor values at correct times. As the code is not overly complex, and
with only the sensor values needing surveillance, polling is more than adequate.

3.4.1. GUI

A graphical user interface is a digital interface that consists of graphical compo-
nents such as buttons, icons, and menus for people to interact with [46]. GUIs
have been around since 1981 when Xerox released the first GUI in a consumer
product [46]. Today, GUIs are all around, from smartphones to coffee machines,
where they work to better the user experience of the product. For this thesis, a
GUI is made as an important part to guide and inform the user of the system.

Python is the chosen programming language for the work as it is very compatible
with creating GUIs. Many different Python GUI frameworks exist, TKinter for
instance is a popular choice as it is the only built-in framework to the Python
standard library [24]. Another popular framework is PyQt or PySide [58], which
is used for this project. Both PyQt and PySide [58] work similarly, where code
written for one can often be used as it is with the other by changing the imports
from one to the other [58]. For this project, PySide is used, along with Qt Designer
[59] to better create the GUI. Qt Designer is a graphical editor compatible with
PySide where You can lay out graphical components such as buttons, labels, and



Chapter 3. Theory 32

widgets, and then edit their functionality in the code, simplifying the process of
creating a GUI.

As PySide and Qt Designer were new and unknown tools prior to this thesis, guides
from Python GUIs [74] were used to learn and set up the interface. Listing 3.1
shows how the Main file for the interface looks like and is based on the code from
the Python GUIs guides.

1 import sys
2 import PySide2 . QtWidgets as QtWidgets
3 from PySide2 . QtWidgets import QApplication , QWidget
4 from motorskillgame import game
5

6 app = QtWidgets . QApplication (sys.argv)
7 window = game ()
8 window . showMaximized ()
9 window .show ()

10 app.exec_ ()

Listing 3.1: Main file for the GUI, where the application is defined and executed.

In Listing 3.1, an instance of the PySide2.QtWidgets.QApplication class is first
created in line 6. This application controls the main control flow and settings.
Next, the window of the interface is defined and displayed. The window made
in line 7 is an instance of another self-constructed class where the game itself is
defined. In the last line, the main loop is entered and the application is executed.
To properly close the application an exit command should also be included, this
is implemented in the game class as a close event [see Listing C.5].

If another loop is introduced in the code while the GUI is executed, since this
also is a loop, the GUI will freeze until the additional loop completes. Having
sensor values read in a loop from the Arduino could therefore invite problems
to the application. The solution was to use threads. In computing, threads can
be defined as a separate flow of execution [45], where it is defined with simple
instructions that can be executed independently of other code. This makes it
possible to have the loop from the Arduino run at the same time as the GUI,
without causing the application to freeze. How threads are used specifically in
this program can be seen in Listing C.4, where the thread is defined [function
begin in line 122 in Listing C.4] and started [line 20 in Listing C.4], beginning the
logic of the game. The thread is then closed at the end of the main logic function
in each game by implementing a return at the end of the function [can be seen in
line 119 in Listing C.4]. The threading class in python [45] is used for the threads.
Alternatively, the PySide.QtCore.QThread class in PySide could be used.
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Prototyping process

This chapter examines the approach and procedure for the thesis, with discussions
of how and why the following methods have been used to progress and create the
finished prototype. The work is split into three distinct parts dealing with different
aspects of the system. They are the:

1. Blocks [section 4.1]

2. Box with board(s) [section 4.2]

3. Display [section 4.3]

4.1. Blocks
As mentioned in section 3.2, 3D printing was used to make the blocks to create
and customize them according to their requirements [section 2.4]. Because 3D
printing was something the author had never done before, the process of making
these blocks started early in order to have an iterative design process to learn and
adjust the blocks underway.

When it comes to the shapes of the blocks, their only requirement is their ability
to be grabbed. For simplicity, three manageable shapes are made to begin with
as the author’s experience with 3D printing is limited. A Sphere, cuboid, and
triangular prism were chosen as they have very simple designs, making the process
of printing smoother. Their corresponding shapes on the board are then a circle,
square, and triangle, which are also fairly simple shapes to implement.

Since FDM 3D printing materials can come in a variety of colors [37], they can be
chosen freely by the creator1 . In accordance with universal design, it can be fa-
vorable to then adapt the colors to those that are color-blind. The most common

1Amongst the available material. Or else you would have to order special colored material.
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color blindness is having difficulty separating red and green colors, whereas a less
common is trouble with blue and yellow [93]. Since IR sensors are used in the
system [subsection 3.3.4], black also has to be avoided as black objects may not
be registered by the sensors. Avoiding red and green in combination, and black
altogether is therefore prioritized for the blocks. The final color combination for
the blocks was therefore red, blue, and white, as these were the best-suited, avail-
able PLA colors.
In addition to color, texture could also be added to the blocks easily with 3D print-
ing in order to further conform to universal design, but as this is more advanced,
only color is prioritized for now.

4.1.1. Cuboid

Figure 4.1 show the 3D model of the cuboid made in Fusion 360. The 3D printed
version, with only adjustments in size, can be seen in Figure 4.2. The printed
cuboid is 7x7x3.5cm. These measurements were chosen a bit at random because it
was a first test, mainly for the look and feel, but also to get a better understanding
of 3D printing. The 3D model was made hollow in Fusion360 without a bottom,
and a lid printed separately. In Figure 4.1 you can also see small indents at the
bottom of the print, this was to have a better surface to adhere the lid on if that
were to be necessary.

Figure 4.1.: 3D model of cuboid in
Fusion 360.

Figure 4.2.: First 3D print of
cuboid.

Having no infill was mainly done to make the printing time shorter, but by having
hollow blocks you are also able to adjust the weight of the blocks by putting
different things in them as desired. In addition, you can be able to put different
things in them so they make distinct sounds when you shake them. With the
system or display then replicating that sound, it can be used to indicate what
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block is supposed to go in next. This could make it more suitable for those that
do not rely on sight to recognize the different blocks and use the system.
However, to achieve this, you would have to print more than one part for each
block, thus having to attach the parts at some point. An easy and quick way to
do that would be glue, but since ingesting glue can be dangerous, no glue should
be visible or on the outside of the blocks.
However, the focus for the blocks in this thesis is rather on the easiest and fastest
way to produce them as their sole function for this work is to go into holes in a
board. These points are, however, valuable for further work with the system in
making it more versatile.

As seen in Figure 4.2, the cuboid is almost the same size as the author’s hand.
But as stated in the objectives for the thesis [section 1.2], the user group to have
in mind for designing the system is children, which usually have smaller hands.
As stated in section 2.1, motor skills start developing in infancy, and further
develop during childhood where exercising the skills can have other benefits. As
a consequence, young children do not benefit the same as someone older when
it comes to the exercise of fine motor skills, and/or cognitive learning. Children
between 1-4 years can therefore be seen as a good age to adapt the system to, as
they are still in development, but old enough to grasp the concept and be able to
use it [96]. Since they usually have smaller hands than that of adults, the blocks
need to reflect this. They can not be larger than what the child can grab, but at
the same time not small enough to swallow, as this would make them a choking
hazard.

The approximate size of the hands for children aged 1-4 is 10cm in length and
13cm in circumference [83]. This would make the width of their hand ∼5.5cm by
taking half of 13 and subtracting ∼1cm for the breadth of the hand. Based on this,
an estimate of how large the palm of their hands are can be seen in Figure 4.3,
where the size of the palm is set to be half of the total length of the hand minus
1 cm.2 This reference square is further used for the size of the blocks, as it
indicates a size that can be considered maximum for the blocks while a child is
still able to grab them.

2These are estimations based on a general sized hand to get a rough estimate of the size of the
blocks, and can not be described as entirely accurate
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Figure 4.3.: Approximate hand size of children aged 1-4.

For deciding the minimum size of the blocks, a small part test fixture [82] is used
as a reference. This is a cylinder, with an inner diameter of 3.17cm. An approx-
imation of the size of a fully expanded throat of a child under three years old.
The absolute minimum size of the diagonals to the sides of the cuboid is therefore
3.2cm, as this is just enough for it not to fit in the part test fixture cylinder.
Based on this minimum and maximum size, the first print of the cuboid could
be considered a little too big and should be made smaller in the next iteration of
printing.

For the second print, a bottom was included, but no lid. This was done to not
print unnecessary parts, as a lid could easily be printed later. This cuboid, in
comparison to the first print and the author’s hand, can be seen in Figure 4.4.

Figure 4.4.: First and second 3D print compared to a hand.

This time the base surface of the cuboid was 6x6cm, just within the scope of the
maximum size [Figure 4.3]. This was to see how big the maximum would look
and feel. To compensate for the large base and not make the cuboid unnecessarily
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large, it had a height of 3cm. Even though the cuboid felt a little too big when
grabbed, having a height of 3cm makes it possible to grab the cuboid from the
side instead of the top or bottom, making it easier. Figure 4.5a and 4.5b shows
the two different ways the cuboid block can be grabbed, where Figure 4.5b is the
easiest way a smaller hand would grab the cuboid. This shows that with a base
plate as large as the maximum size it can still be used by adjusting the height.

(a) Cuboid grabbed from the front. (b) Cuboid grabbed from the side.

Figure 4.5.: How the cuboid blocks can be grabbed.

Two more prints were made to see how it would look with a smaller base plate
and height. Figure 4.6a and 4.6b show the printed blocks. The base plate for both
is 4.5x4.5cm, but 4.6b has a height of 4.5cm making the block a cube, whereas
Figure 4.6a has a height of 3cm, the same as with the second print [ Figure 4.5a
and 4.5b].

(a) 4.5x4.5x3cm cuboid print. (b) 4.5x4.5x4.5cm cube print.

Figure 4.6.: The two different red blocks.

Having a base plate of 4.5cm instantly felt better in size when it was held, in
regards to how easy it would be to grab by smaller hands. Consequently, 4.5cm



Chapter 4. Prototyping process 38

is also implemented in the other blocks as their base size. For the height of the
block, the lowest cuboid [Figure 4.6a] felt more comfortable when holding as it is
better adapted to smaller hands.

The smaller the blocks are, the more fine motor skill is needed to grab them.
A size between the minimum and maximum is therefore also seen as favorable,
as they add a little more challenge to the exercises, and as a consequence, make
completing the exercise more rewarding [52]. To further add complexity if needed,
the different blocks could be printed hollow, without a lid, opening up the pos-
sibility for a child to grab it from within, which requires even more precise fine
motor skills as the walls are very thin. Figure 4.6a and 4.6b can therefore be good
candidates for use, both with and without a lid, but they should be tested with
children to get an idea of the use. For now, the 4.5x3cm cuboid in Figure 4.6a is
used further with the system.

4.1.2. Sphere

After having the cuboid sorted out, the sphere was printed, with a diameter of
4.5cm. To print the sphere in its entirety, supports were needed as it then had a
larger overhang than 45◦, seen in Figure 4.7. However as discussed in section 3.2,
supports can create unfortunately ugly models or ruin them, if the supports are
removed in the wrong way.

Figure 4.7.: Image from Ultimaker’s slicer software Cura.
The red area requires support as the overhang value is more

than the threshold of 45◦ here.

Two identical spheres in terms of size, with a diameter of 4.5cm, were therefore
created to see what the difference of having supports made to the physical model.
The printed sphere with supports can be seen in Figure 4.8. The removal of
supports was first done with a normal pair of needle-nose pliers, but as the print
was rather small there was a limit of how much they could remove. The result
after the initial removal can be seen in Figure 4.9a. Sandpaper was further used
to sand down the rest, with the result seen in Figure 4.9b.
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(a) Supports seen from the front. (b) Supports seen from the side.

Figure 4.8.: Sphere printed with supports.

(a) Supports removed with pliers. (b) Rest of supports sanded down.

Figure 4.9.: Sphere print with supports removed.

The other printed sphere was made to avoid supports. This was done by cutting
the model in half, essentially making two hemispheres [Figure 4.10], that needs to
be attached in order to create the sphere.
Even though sanding down the supports removed the excess pieces and sharp
edges, it still shows on the model compared to the hemisphere print. It is however
mostly a problem with aesthetics, as the sanded-down area only feels a little
coarser than the rest of the print, not affecting the overall use of the sphere. The
biggest downside of printing this way is the extra work needed after printing,
where specific tools are needed in order to get a good result. In addition, you
are not able to later decide the infill, controlling weight or sound as discussed in
subsection 4.1.1.
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Figure 4.10.: Two halves of a whole sphere.

By printing hemispheres, you have the possibility of creating a hollow sphere.
This would, however, require more work with difficulty attaching the pieces with a
smaller surface area, in addition to removing supports from inside the hemispheres.
By making the halves solid, as done in Figure 4.10, the only work needed after
printing is attaching the pieces, where the most permanent and easily available
solution is glue. With this solution, however, the sphere becomes more prone to
breaking with rough use due to its vulnerability in the attached area.

4.1.3. Triangular prism

Because of the arguments mentioned with the cuboid [subsection 4.1.1], the height
of the prism was set to 4.5cm. For simplicity, the geometry was made to be an
equilateral triangle with 60◦ angles, illustrated in Figure 4.11b. As with the
cuboid print, two different prints with lengths 4.5cm and 3cm were also made for
the triangular prism, seen in Figure 4.11a, to get a feel of the size. Both were
printed in their entirety, as no supports were needed and making them hollow was
not a priority.

(a) The two triangular prism
prints.

(b) Dimensions of the prism face.

Figure 4.11.: Triangular prism print and its dimensions.
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With the same arguments made for the cuboid print, the smaller-sized prism feels
better when holding as it is more adapted to smaller hands, and is therefore also
easier to grab from different angles. The only possible issue regarding this print is
the edges, which can appear sharp. However, printed PLA can be sanded down,
as explained in subsection 4.1.2 with the removal of supports. This way sharp
edges can be easily removed if they were to be a concern.

4.2. Box
With drawings on paper of how the system should look [Figure 2.6], one of the
first things that was done in this thesis was to make a 3D model based on the
drawings. This was done with simple sketching and extrusion techniques in Fusion
360, with the result seen in Figure 4.12.

Figure 4.12.: First rough draft of a 3D model of the box
made in Fusion 360.

The goal of this was not necessarily to get a finished 3D model but rather to
see how the system would look in its entirety, and get a better understanding of
what to do next. Because of this, shape and size were the two most important
features to focus on with this first model. An extraction hole, the correct size of
the display, and a way of attaching the board to the box were neglected as they
all depend on the dimensions of the shell, and could be easily added or adjusted
later.
In deciding the initial dimensions, the size of a standard laptop was used as a
reference (roughly 33x22cm). This was chosen because of the familiarity of the
size, as it does not feel excessively small or large in real life.

In order to further study the shape and size of the 3D model, a cardboard model
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based on Figure 4.12 was made next. Figure 4.13a and Figure 4.13b show how it
turned out with measurements, and the size compared to a regular laptop.

(a) Size of cardboard model with
dimensions.

(b) Size of cardboard model
compared to a laptop.

Figure 4.13.: Cardboard prototype.

Since the system is supposed to be used with smaller people and in different
settings, the size should reflect this. However, with children, it is important to
consider that they usually prefer the ground when they play, and not sitting by
a table on a chair. Because of this, the main intended way for the system to be
used is on the ground. Both having the box on the ground and on a table was
however tried.

When placed on the ground the cardboard model does not feel too large, as 22cm
is more than enough for a small child to reach over. However, when it was placed
on a table the size it felt a little too big. With 22cm from the table and up,
in addition to the distance from legs to table, it is a bit too tall in order to be
comfortably used.
To reduce the height of the box a few things need to be considered. As per the
drawing in Figure 2.6, an extraction hole need to fit onto the front of the box,
being minimum the height of the blocks, 4.5cm. Because children have smaller
hands and can more easily reach into tighter spaces, the hole does not need to be
excessively tall. A placeholder height for the size could therefore be roughly 8cm,
as this would be enough for the hole to function as it should.
In addition to the hole, the thickness of the board with holes and the electronics
underneath needs to be considered. A space of 10cm from the hole and up could
therefore be implemented, to be on the safe side. With these estimates, the front
has to be at least 18cm tall. The box can therefore be reduced by 4cm with good
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conscience, making the system 40cm tall instead of 44cm.

By cutting the cardboard model 4cm and making an extraction hole 8cm tall, the
modified cardboard model can be seen in Figure 4.14. The display was here only
attached by duct tape to get a feel of the system in its entirety.

Figure 4.14.: Cardboard prototype with changes.

4.2.1. Board

The only requirement for the placement of the different shapes on the board is to
be able to fit the sensors underneath, with enough space between the holes. The
design chosen can be seen in Figure 4.14.
The shape is one thing, but the size of the holes compared to the blocks was also
looked into. To not make it overly complicated to insert a block into a hole, 5mm
was added to the holes compared to the sizes of the blocks. This way some wiggle
room is created making it easier for the blocks to go into the holes. In addition,
two main options were considered when deciding the size of the blocks compared
to the holes.

Option 1
Having each block fit into all holes, with feedback mechanisms.

If you can fit more blocks into the same hole without any feedback mechanisms, as
with the common box toy [Figure 2.3], the cognitive and logical learning potential
is limited. The user potentially then never learns what the right block for each
hole shape is, as they all seem to match. On the other hand, by having a display
as guidance, this can be avoided by displaying error messages when the wrong
block is inserted into the wrong hole. The user is then able to learn from their
own mistakes, maximizing the learning potential of the system.
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Option 2
Having each block only fit into their respective holes, not the others.

If one block only fits into one hole, logical thinking is more necessary with this
option, where the user then has to correctly match the block with its shape. A
block not fitting into a hole works as instant feedback to the user forcing them to
try something else, making them learn what the wrong and correct solution is. A
trial and error method could therefore also apply to this option but without the
need for external feedback.

Both options promote logical thinking and can be considered good options for the
intended system. However, option 1 would be difficult to implement in its entirety
as IR sensors are used. As they have no way of detecting shapes or colors, the move
would be considered correct as long as the right sensor is blocked, independent of
what was blocking it. Option 2 is therefore more realistic because the IR sensors
would then only detect the right blocks.

Despite this, a mix of the two options was implemented, not on purpose. Option
2 was the intention to make, but it was discovered late in the process that an
error was made with the final cut of the board. Changing the design that late in
the process would require making new blocks and a new board, demanding more
work than it was worth at this stage. A closer look at the board and the blocks
should therefore be looked into in future work.

4.2.2. Material

With measurements for the system decided and looked at with a cardboard model,
it is possible to create it in a more permanent, and sturdy material. With ma-
terial selection, there are different properties, attributes, and features to consider
with each material to choose the best suited. Material selection can be crucial
for designs that have requirements of for example strength, durability, chemical,
or electrical properties. In the system presented in this thesis, where the size is
limited and the usage is more for aesthetics than function, many of these require-
ments can be ignored when choosing material. Requirements of cost, availability,
density, and stiffness become more important and are the biggest factors that are
looked into in this chapter.

Material property charts are good tools for choosing materials as they condense
a large amount of information into a compact accessible form and reveal correla-
tions between material properties that can help in checking and estimating data
[61]. Figure 4.15 shows a chart consisting of the different material classes in bub-
bles that are marked by the shaded regions. Density and Young’s modulus are
represented on the axis saying something about the weight and stiffness of the
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different materials.

As per the requirements for the system, it needs to be robust and easy to use
in everyday settings, in other words, it needs to be stiff and fairly light. Materi-
als best suited for these two requirements can be found in the upper left square,
shown in Figure 4.15b. This indicates that woods, composites, some polymers,
and metals are best suited.

(a) Material property chart. (b) Chart with modifications.

Figure 4.15.: Material property chart [61, p. 48].

In Figure 4.15, woods and composites are separated but in reality, they are both
classified as hybrid materials, consisting of two or more materials assembled in
such a way as to get attributes the materials alone can not achieve. Hybrid
materials are generally very good because you combine materials to get specific
qualities. The downside to many of them, however, especially composites, is that
they can be very expensive as they usually are difficult to manufacture.

Other than stiffness and density, one of the most important requirements for ma-
terial in this thesis is availability and cost. Based on Figure 4.15 and this require-
ment, the different materials that are further discussed are, therefore, polymers,
metal, and wood.

Polymers

There are two main categories of polymers, natural and synthetic [66], but for
this use, synthetic polymers are the most interesting. In this category, you find
different types of plastics that can easily be shaped as they can have large plastic
deflections [61, p. 29]. One of them is PLA which is used for 3D printing [sec-
tion 3.2]. Other plastics can also be used, but they are not considered here as they
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are much harder to come by and design yourself. Contradicting the requirement
that the system should be easy and inexpensive to make and replicate.
In comparison to other plastics and most polymers, PLA is more environmentally
friendly as it is made from renewable sources and can remain environmentally
friendly if the correct way of disposal is used [100]. 3D printing is also becoming
more common and is a remarkable way of creating, as discussed in section 3.2.
This makes it a great choice for creating the shell of the system.

However, as mentioned in section 3.2, the printing plate is rather small, making it
difficult to print the entire surfaces of the box. The box would therefore be printed
in smaller pieces that later would have to be attached. With the same arguments
made for the blocks, specifically for attaching the hemispheres in subsection 4.1.2,
with the blocks being more prone to breaking, this solution would not be favorable
to create a robust system. In addition, correct disposal of PLA is harder to achieve
and requires more work, making it less beneficial if it often breaks and needs
replacement.

Metal

In prototyping and making a larger system where durability and strength are
required, metal is often the first choice. This is because they have superior dura-
bility, are heat resistant, and are very ductile, making it easy to predict their
behavior under different loads and conditions. It is even possible now to 3D print
metals, enabling more complex geometries with metals than what regular manu-
facturing processes can do [37]. But with great power, sadly also comes great cost
as 3D printing metals can be very expensive and hard to come by as specialized
tools and resources are required. Another disadvantage of using metals for this
specific system is the presence of sharp edges that can be a safety issue in handling
and usage, especially for children. They can also be very challenging to modify
once they are shaped, making them a bad choice for having flexibility in design
iterations.
Even though metal is great for constructing robust and enduring prototypes, they
are not that suited for this system and its prototyping process as they fail to meet
the requirements of flexibility and low cost.

Wood

Woods are a natural composite consisting of cellulose, lignin and other polymers
[61, p. 297], making them a sturdy and light material with significant strength and
stability traits. Different techniques can be used to create composite materials
consisting of wood, enhancing their attractive qualities. Plywood for instance, is
made as a laminate where layers of wood are glued together with the wood grain
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rotated up to 90 degrees relative to each other in each layer, making the material
stronger in multiple directions [84]. Woods, in general, can also easily be cut,
shaped, and joined, without the need for very specialized tools and equipment,
allowing for quick adjustments and iterations during a prototyping process. Ad-
ditionally, they have a natural appeal and warm aesthetic, making them suitable
for use with frequent human interaction.

As wood is the material with the most benefits per the non-functional require-
ments for the box, and easily available with the work on this thesis, this material
was decided to use for this prototype. Other materials can however be considered
in future work.

4.2.3. Laser cutting

Wood can easily be modified according to specific designs, but that can also be a
time-consuming task, especially with detailed work. To work efficiently and save
time, a laser cutter was used to create the shell of the system. Each side of the
box was modified with finger joints in Fusion360 before they were cut, making it
easier to piece the sides together afterward. Neither the extraction hole nor a hole
to attach the display was cut in this process to first get a feel of the box in its
entirety before adding details, the same procedure as with the cardboard model.
The result and laser cutting machine can be seen in Figure 4.16.

(a) Box with board. (b) Box without board. (c) Laser cutting machine.

Figure 4.16.: Laser cut box and machine.

With using finger joints the model can be smoothly assembled and disassembled
without the need for more permanent attachment methods, making it simple to
modify the box and the different plates during prototyping without affecting other
parts. The board is the only plate that does not have finger joints and is only
placed on top of the side and front panels, as seen in Figure 4.16a and 4.16b.
Due to time constraints and the scope of the work concerning this thesis, a more
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secure placement was not prioritized. It should however be looked better into in
future work with the system, especially if it is tested with children.

To make a hole for the display, the area between the attachment points for the
bolts was measured. A square with these dimensions was then drawn in the middle
of the front plate before cut out and the display fastened with bolts. Figure 4.17
shows how this looks, with the entire square not cut out as the display fit nicely,
without the need of making it larger.

(a) Display seen from behind. (b) Display seen from the side
lying on a table.

Figure 4.17.: Display attached to the front panel of the box.

The extraction hole was made similarly by first drawing a 14x8cm opening at the
bottom of the plate. It was then cut out using only a saw and some sandpaper.
The corners of the hole were also rounded to avoid sharp edges. In addition to
these changes, a last important detail made was a hole in the side of the box for
the power supply cord to the raspberry pi. The entire box with these details and
the attached display can be seen in Figure 4.18.

Figure 4.18.: The finished prototype.
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4.3. Display
The process of creating a GUI for the display is done in three distinct steps.
First, a conceptual design of the GUI is created with the interface design software
Figma [34] to visualize the requirements. Second, the designs from Figma and the
logic implied by them were programmed using a text-based user interface (TUI)
approach, where the goal was to understand the sensors and the communication
between the Arduino and the Raspberry Pi. Lastly, a GUI was made based on
the visual designs from Figma, and the code from the TUI. This GUI is then
evaluated by others in user testing [see chapter 5]
It is important to note that the choices in design made here are largely based
on design conventions, which are commonly known guidelines that are culturally
learned. Hence the conventions followed in this work are based on the author’s
own experiences with interaction design, and theory from a course at NTNU [86].

4.3.1. Figma

Three aspects should be considered when creating the conceptual design for the
display, and laying the foundation for the use of the system. Firstly, as the blocks
and board in this prototype are fixed in size, the display should be the main aspect
to increase difficulty with levels, as explained in section 2.4. Secondly, to get a
well-integrated system, the display should also be the main source of information,
and work as a guide for the user. Lastly, the display needs to implement feedback
to the user to contribute to the overall motivation for its use.

To implement these aspects in an organized and user-friendly way, six design
principles are taken into consideration [38, ch. 1.6.3]. Following is a summary of
what the different principles entail. Before explaining how the game and levels
are designed.

• Visibility

– How visible different functionality is. The more visible something is,
the easier it is for the user to understand its use, and figure out the
next move.

• Constraints

– Refers to ways in restricting user interactions. This is used to better
guide the user on what to do next.

• Consistency

– Refers to creating similarity in the design, where similar elements are
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used for similar tasks, and the system has similar operations through-
out.

• Affordance

– What different functionality implies with its look and design.

• Feedback

– Same definition as before, but in GUI design more specifically it is
providing information to the user about what actions have been taken
and what state the system is in.

For the user to be in control of when the system starts, and to have a soft start
to the game, a main menu was first created. As the intention of the system is
to later develop more boards with different functionality, a main menu was also
made to function as a unifying element between the different boards. Where each
board and the corresponding game is started from this menu. Its design in Figma
can be seen in Figure 4.19.

Figure 4.19.: Main menu.

From Figure 4.19 "Testgame" is seen at the top, a placeholder name for the system.
Underneath is text saying to "Plug in a board and press start", and lastly a colored
square with text saying "Start". With text saying to press start, as well as having
a colored square behind the word Start, the intention is to suggest the affordance
of a button to the colored square where pressing start starts the game. The color
surrounding "Start" can also be noted here. It is used as feedback to signalize
to the user something about its state. Green implies that it can be pushed, as
green often is a color associated with success [64]. If the button was red on the
other hand, it could signalize that the button was invalid or not pushable, as
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red is associated with error or failure. If multiple boards are implemented, the
"Start" button could be colored red as long as no board is inserted, and change
to green when a board is detected, providing feedback to the user that the board
is accepted and they can start the game. Red and green are also used actively
further in the designs with these meanings. For this prototype it is adequate, but
if color blindness should be accommodated, green could be swapped out with blue
as the colors have similar qualities [64].

After having pressed "Start" the users are taken to a level select page, seen in
Figure 4.20, where they can choose the different levels.

Figure 4.20.: Level selection menu where level 1 is completed,
level 2 has not been played yet, and level 3 is unavailable.

The same color design as the main menu is also used in Figure 4.20 to bring
consistency to the system, implying that the level boxes are buttons as well and
can be pressed. The color red is used to signalize that the buttons can not be
pressed, the grey is used to signalize that the level has not been played yet, while
the green indicates that the level is completed. With implementing this type of
constraint, the goal is for the system to guide the user in which order to play the
different levels. In addition, the intention with the colors is to have them change
according to what levels the user has completed.
Another aspect that can be seen in Figure 4.20 is the number of levels included.
As per the limitations of this work [section 1.2], only three levels are implemented
in this prototype. This is done to limit the workload and show the basics of
intended functionality in an organized way. This way, by also making it very
general, it should be easy to further build on this prototype by making more
levels and implementing other features.

When a level is pressed from the level select page they are taken to the different
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levels and the game starts. To have consistency in the system with the different
levels, a base [Figure 4.21] is first created where different elements are later added.
These elements contribute to making the levels distinct and more complex as they
progress, with mainly logical thinking being challenged, and not fine motor skills
as much.

Figure 4.21.: Base for the levels.

To make the system more user-friendly and intuitive, two functionalities were
added to the base. A way of exiting the level, and a way of restarting it. To
represent them, design conventions were used as symbols to strengthen their af-
fordance, respectively a house and a bent arrow, as seen from Figure 4.21. In
addition, "Level X", is used as feedback to indicate what level the user is on. The
intention with the box around it is to change color to green when the level is com-
plete, keeping the consistency of color established earlier, and providing feedback
to the user of the systems state. If a level is selected again after it is completed,
the "Level X" box stays green to indicate to the user that the level has already
been completed. The X is further substituted by 1,2 or 3 depending on which level
is played. However, by using a box around the text with color, the "Level X" box
could for some users be confused as a button as its design is consistent with the
button design established on the previous pages. Nevertheless, to keep with the
consistency of the design, the "Level X" box could be made into a button, where
pressing it for instance returns you to the level select page. By implementing this
alternative home button, the user then has two different ways of returning to the
level select page, making it adaptable to different thoughts and use, and keeping
the button design consistent in the system.

As implied in section 2.2, the overall task of the game is to put blocks in their
corresponding holes on the board. Each level is then implemented as tasks related
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to this. To convey this to the user, the square with figures inside, in Figure 4.21
is made to represent the physical board with its corresponding holes. To further
indicate what blocks should be put into the board, and in which order, figures
representative of the actual blocks are added to the base, along with arrows from
the figure to its correct hole [illustrated in Figure 4.22, 4.24 and 4.25]. Each level
is then made distinct, and gradually more difficult by using feedback, constraints,
and adding elements to Figure 4.21.

Since level 1 aims to be the easiest, and work as an introduction of the system to
the user, it should be very intuitive how to play. This is done by implementing
feedback and constraints to the base [Figure 4.21]. The level is further divided
into three different steps the user has to do to complete the level, which can be
seen in Figure 4.22.

(a) First step of level 1 with cube. (b) Second step of level 1 with
sphere.

(c) Third step of level 1 with
triangular prism.

Figure 4.22.: The design of level 1.3

Because the Figma was made before the blocks, the color of the different shapes

3The icon used for the triangular prism and cube in these figures, as well as all other figures in
this thesis is from the Noun Project [8]
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does not correspond to the actual blocks. They were only chosen at random to
illustrate the point that the blocks were going to have color.

When the user enters level 1, Figure 4.22a is what greets them. For the user to
progress, the page indicates that the user has to put the cube into the square hole.
When that is done the page changes to Figure 4.22b, and the user then has to put
the sphere into the circle hole. The last step is for the user to put the triangular
prism into the triangle hole, as seen in Figure 4.22c, before completing the level.
By only giving the user one block at a time on the display, their choices of action
are limited, and they do not have to guess what their move is in any way.

To make it even clearer for the user what the right and wrong moves are, feedback
is also included. Feedback for an incorrect move is shown in Figure 4.23a, correct
in Figure 4.23b, and feedback for when the level is completed can be seen in
Figure 4.23c. The symbols and the corresponding text for correct and incorrect
moves show up if the user either does right, or wrong per the displayed page.
The hope is also to have the feedback show up and disappear after a couple of
seconds. This way, the feedback pops up each time a move is made, clarifying to
the user what consequence each action has. If the labels stay on the screen until
the next block is inserted, and for instance, two incorrect moves are made after
one another, the user does not get any new feedback on the screen. The incorrect
message from the last move only appears to be trailing or falling behind. This
behavior could be confusing and not provide the user with the information they
need to understand the levels.
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(a) Feedback when the user inserts
the wrong block.

(b) Feedback when the user inserts
the correct block.

(c) Feedback when level 1 is
completed.

Figure 4.23.: Feedback for correct and incorrect moves, illustrated with level 1.

The symbols regarding the feedback, seen in Figure 4.23, are also chosen regarding
design conventions, with red and green added to further enhance their meaning.
When the level is completed, in addition to the "Level 1" box turning green, a
different text appears. By doing both, the intention is to make it more clear to the
user that they have completed the level, and not just correctly placed the block.

After level 1 is completed the user then can choose to play level 2 by going back
to the level select page, where the "Level 2" button is now grey [Figure 4.20].
Similarly to level 1, level 2 is also divided into three steps, but now in a different
way, as seen in Figure 4.24.
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(a) First step of level 2. (b) Second step of level 2.

(c) Third step of level 2.

Figure 4.24.: The design of level 2.

The base [Figure 4.21] is also present in this level, as can be seen from Figure 4.24,
but the level is notably different than that of level 1. Where level 1 only showed
one block at a time, level 2 shows all of the blocks at the same time, but the order
is made clear by indicating the next block with color and a number. Having more
elements on the page is meant to force the user to study the page a bit before
starting with the level. In addition, to increase the complexity of the level from
level 1, two new features are implemented. The order of how you put in the blocks
is changed, with the sphere going in first instead of the cube, further enhancing
the need to study the level before starting. And, as punishments in games can
introduce an element of risk and challenge, consequently leading to an increase
in satisfaction when the goal is achieved [51], a larger consequence is added when
you make a mistake. If the user inputs the wrong block into the wrong hole, the
incorrect message Figure 4.23a pops up, in addition to the page changing back to
Figure 4.24a, implying that the user has to start the game over. In level 1 the
consequence of making a mistake was not being able to progress to the next block,
but in level 2 they are forced to do it all over again, demanding more of the user
to complete the level.

After the user has completed level 2, the level 3 button on the level select page
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becomes grey, and available to press. Unlike levels 1 and 2, level 3 is not divided
into three steps. Here all of the information about the level, throughout the level,
is given on one page, sen in Figure 4.25.

Figure 4.25.: Design of level 3.

To gradually increase the complexity again, the features added in level 2 are also
implemented here, along with three new features. As with level 2, the order of
the blocks has changed again, with the triangular prism now being the first block
to insert. The added feature of this is the placement of the figures on the screen.
In levels 1 and 2 each figure is placed on the same spot, despite their order. By
moving them, the goal is to make the user study the level even more so than in
level 2, where they now have to understand the new order and what block goes
into which hole with the arrows. The second added feature to this level is the
visibility of the figures. In level 1, only one figure and one colored block were
visible on the screen at a time. In level 2, all of the figures, but only one colored
block were seen. In level 3, all of the figures and all of the colored blocks are
seen at the same time, further adding to the user’s need to study the level before
starting. The order is now only made clear by the use of numbers, and not color
as with the other levels. But as level 2 shows [Figure 4.24], the order is here
denoted by the use of color and numbers. The goal of this is to prepare the user
for level 3, with numbers slowly being incorporated, and not added as an entirely
new feature in level 3. The third new feature of level 3 is a timer, seen in the
upper right corner in Figure 4.25. By adding a timer, stress is added to the level
as the player has to complete the level before the time runs out, or else they have
to start over. This is implemented to increase the difficulty with using fine motor
skills, as the user has to be in control of their hands and movement to complete
the level on time. This timer can further be implemented with a scoreboard for
instance, showing the user how far they have gotten with their fine motor skill
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exercises by how long it took them to complete the level. A similar feature to
that of the Wii Fit game for instance, where the progress of the user is tracked to
motivate improvement [see subsection 3.1.1].
In addition to these features, the consequence of making a mistake from level 2 is
also implemented in this level. As all of the blocks are visible on the screen in level
3, it is difficult to show the user what the order is when a mistake is made, as no
blocks change color. To solve this, level 2 introduces the user to the consequence
of going back to the start when making a mistake, teaching them this feature in
the hope that the user intuitively will assume the same for level 3. However, if
the user manages to do level 2 without mistakes, level 3 suddenly becomes even
more complex as they then have to guess the order after making a mistake.

After having completed level 3, the game is finished, and each of the buttons on
the level select page turns green. They are however free to play the different levels
as many times they would want.

4.3.2. Programming

After the different levels in Figma were designed, and the different features of the
game were determined, the TUI was made with Thonny and Python. This was
done to understand how the logic from Figma could be implemented with code.
And understand how communication between the Arduino and the Raspberry Pi
worked with the sensors.

First, the communication between the Arduino and Raspberry Pi was established
as described in subsection 3.3.2, and tested with a few lines of code with the
sensors. With an established connection and the sensors working, the logic of the
different levels was programmed in Thonny and the Arduino IDE [Listing C.3
and C.2]. The game is then played by instructions in the output terminal and by
blocking the correct sensors. An example of output from this code can be seen in
Figure 4.26.
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Figure 4.26.: Output when Listing C.3 is run, and played without errors.

In the code [Listing C.3] and in Figure 4.26, sensor 1 corresponds to the square
hole, sensor 2 to the circle, and sensor 3 to the triangle. What can also be noted
from the code and its output is the missing functionality of level 3.
Since the only new logic level 3 introduces is a timer, whereas the rest is a com-
bination of the logic already made for levels 1 and 2, the level is not written
intentionally to save time. A timer is assumed to not affect the structure made
for levels 1 and 2 [as seen in Listing C.3] so it is assumed that the code does not
require much extra work, and is therefore rather saved for the GUI.

The logic intended for levels 1 and 2 from the Figma explained earlier can also
be seen in Figure 4.26. Constraints are put in place by not being able to choose
a red level, in this case, level 2 or 3 if you have not completed level 1. And the
order of what block to put in, or in this case, the order of which sensor to block,
are different. In addition, feedback is given to the user for doing correct and
incorrect moves. Only feedback from correct moves is shown in Figure 4.26, but
the incorrect message can be seen in Listing C.3, along with the logic for the game
and the levels.

Level 1 and 2 are both defined, as indicated from Listing C.3, with each level in
its corresponding function, Level1, and Level2, with two variables as input. The
level1 and level2 variables are used to control the sensors and their order. In level
1, if the first sensor is covered correctly level1 is set to 1, if the second sensor then
is covered after, level1 is set to 2, and then 3 if the last sensor is blocked. In level
2 it is also used to implement the feature from the Figma of starting over when
a mistake is made. This is done by setting the level2 variable to 0 when the user
blocks the wrong sensor, making the loop start from the beginning. The Correct1
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and Correct2 variables are used to indicate what level is completed in the main
loop of the code.

4.3.3. GUI

As explained in subsection 3.4.1, to create a graphical user interface, PySide
and Qt Designer was used with Python and Thonny on the Raspberry Pi. In
addition, to make the code more readable and organized, the different levels were
implemented in separate classes, named level1, 2 and 3 accordingly. A game class
was also made, called game, and referenced to in the levels as motorgame. In this
class, the overall logic of the game is controlled, and the communication with the
Arduino is opened. The communication was first tried to be opened in each level,
to avoid having it open when it did not need to, but after troubleshooting for far
too long, it was moved to the game class. In addition to this, the game class also
holds the functionality of the main menu and the level select page in the GUI.
Lastly, there is a main class [subsection 3.4.1], that runs the entire program.

The same order as for the Figma was followed when making the GUI, with the
main menu first, then the level select page, and lastly the three different levels.
The first change made was the button design. To further add visibility to the
buttons they were made to be wider and better fit the screen. In addition, to
make their design more approachable and inviting, the corners were rounded [57].
This was done to the "Start" button on the main menu and the buttons on the level
select page. The "Level X" info box on the top of each level [seen in Figure 4.21]
however, was not made longer, and the corners were only rounded a little. By
doing this, the goal was to make the buttons and the information box more distinct
to limit the confusion about it being a button. The functionality of the info box
being an alternative home button is however still implemented, just in case. The
different new designs can be seen in Figure 4.27.

(a) Button design for the buttons
on the home menu and level select

page.
(b) Design of info box, illustrated

with level 1.

Figure 4.27.: The design of the buttons and the info box in each level.

In addition to this design, feedback was added to the buttons. A pushable button
is indicated by it getting a brighter shade in color, and getting a black border when
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it is hovered over by a mouse. If the button is pressed, it turns to a darker shade
than the original, and the border is added now as well. An illustrated example can
be seen in Figure B.1. Not pushable buttons, like the red ones [Figure 4.20] and the
info box mentioned above, did not get feedback added to them. This is to further
imply the constraints they have and strengthen the affordance of the buttons.
Furthermore, if an attempt is made to press a red button, a message appears on
the screen [Figure B.2] for 3 seconds by using a timer from the Threading module
[45], instructing the user to complete either level 1 or level 2 first, depending on
which button was pressed.
Functionality was also included to consider completed levels. For instance, If
levels 1 and 2 had been completed and then level 1 was played again, by pressing
the home button, the user would be taken to the level select page where the Level
1 and Level 2 buttons are green, and the Level 3 button grey. In other words, the
system would recall the state of the game independently of levels being played
multiple times. Except for these additional features, the main menu and the level
select page are the same as those from the Figma designs, with their intended
functionalities from the TUI.

When it comes to the levels of the game the design of the board and blocks
used in the GUI were made separately using the free online tool Photopea, an
advanced image editor. They were then saved as jpg or png files, and added to Qt
designer in a stackedWidget, making it possible to switch between pages in the
code according to the state of the game. These designs were made similar to those
in the Figma, with only minor adjustments. Firstly the positioning of the blocks
on the display was lowered a bit. This was done for the images from Photopea to
be shown satisfactorily and visibly, and better showcase the feedback messages.
In addition, the colors of the different blocks were changed to correspond to the
actual blocks. An example of these changes can be seen in Figure 4.28, which
show how level 3 looks in the GUI [level 1 and 2 are illustrated in Figure B.3 and
B.4].

Figure 4.28.: Level 3 in the GUI.
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The feedback of each level presented in subsection 4.3.1, was also included for
each of the levels in the same place as they had in the Figma [Figure 4.23]. The
messages for correct and incorrect moves were altered a bit to fit the screen better
but still convey the same messages [Figure B.5].

After the GUI was created, it was quickly tested to see if the feedback mechanisms
worked as they were supposed to with the sensors. A couple of small errors were
then discovered. The initial setup of the Arduino code was sending data to the
Raspberry Pi at all times with a delay of only 500, as seen in line 27 in Listing C.2.
Because of this, if you held over the correct sensor for too long, the GUI would
register it as correct, but immediately after also register it as incorrect. Providing
the correct feedback mechanism first, and then immediately after the incorrect
feedback message. For level 1 this was not that severe, but in levels 2 and 3,
where you were taken to the start of the level each time you made a mistake,
this was crucial to figure out before user testing. As an optimal solution, was not
found in time, the temporary solution became to change the delay on the Arduino
[line 27 in Listing C.2], from 500 to 1500, to slow it down before the next sensor
value was transmitted. Hopefully giving the user enough time to insert a block
before it is registered as wrong.

In addition, a problem related to getting the messages to disappear after a few
seconds on the display was discovered as well. In step 2 of level 1 [Figure B.3b]
and level 2 [Figure B.4b], the wrong feedback messages showed up. If the first
block was put in correctly, when the second block then was put in correctly, the
incorrect feedback message first showed up on the screen, before switching to the
correct feedback message, and then moving on to the last step. As this behavior
was very confusing, to not have this fault in the user test, a temporary solution
was to let the incorrect messages stay on the screen after they appeared. In some
way, this also fixed the issue of showing an incorrect message before the correct
message. With this solution, the display now showed the right messages with
each move, independent of previous correct or incorrect moves. However, the
incorrect messages stayed on the display until a correct move was made. The
correct messages, on the other hand, disappeared after about 2 seconds of being
on the screen. The system was then tested with this functionality, and further
problem-solving was looked into after testing [section 5.6], as getting the messages
to disappear after a few seconds is the intended way for them, as mentioned in
subsection 4.3.1.

Except for these faults, level 1 and level 2 were implemented with the same logic
presented in the Figma and TUI. For level 3 on the other hand, as explained in
subsection 4.3.2, it was coded in its entirety with the GUI. As expected, with
the logic being a combination of levels 1 and 2, no major trouble occurred in the
making of the basic functionalities. As most of the kinks with other functionality
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also had been worked out in the making of levels 1 and 2 with the GUI, the
logic was simply copied over to work in level 3 with minor adjustments. The
only thing missing to make level 3 the way it was intended, was adding the timer
functionality. The Time module [90] in Python was used for this purpose. The
timer and its design were made entirely in the code, and added from there to a
label made in the Qt Design application. Its logic can be seen in Listing 4.1, where
line 1 is defined at the beginning of the Level3 class, while the rest is written in
the main logic function in the Level3 class.

1 self. starttime = time.time ()
2

3 self. countdown = round (60 -( time.time ()-self. starttime ) ,0)
4 motorgame . label_5 . setText (str(self. countdown ))
5 time.sleep (0.01)
6 if self. countdown == 0:
7 break

Listing 4.1: Snippet of code from the Level3 class.

As seen from Listing 4.1, the timer is initially added with 1 minute, or 60 seconds.
This can easily be changed by substituting 60 with the time preferred. 1 minute
was however chosen for the testing to showcase the timer, and give the participants
enough time to both play the level and reflect on its functionality. From Listing 4.1
it can also be seen that nothing particular happens when the timer runs out. It
simply breaks the loop and the user is not able to receive feedback when inserting
blocks at this point. The reason for this was that the making of levels 1 and 2
took longer than anticipated, because of problems in PySide and Qt Designer.
In addition, there was no time to figure out how to sync the refresh button to
the timer. Consequently, when the refresh button is pressed, the timer just keeps
counting down, but the level is restarted.



Chapter 5.

Evaluation of prototype

By having a working prototype, it is necessary to evaluate the results for assessing,
and implementing, further improvements, as stated by ISO in ISO 9421:210 [43].
With an evaluation, you can obtain a better understanding of user needs, gain
feedback that can be used to improve the designs and assess the requirements in
whether or not they have been achieved.

A first assessment of the current prototype is therefore done as an opportunis-
tic evaluation [38, ch. 13.3.5]. The overall goal of this process is to gather more
information about the system as a whole to later improve, and further test the
system. A research question can therefore be specified as the following:

How does the system feel in use, and how can it improve for further testing with
the target user group?

In the following sections, the evaluation and its methods are justified and de-
signed to obtain an answer to this research question.

5.1. Evaluation methodology
To receive valuable feedback from the participants regarding the research ques-
tion, the entire system, not specific parts, should be tried. As the functionality of
the system is rather limited in what it can do, this is possible without using an
enormous amount of time or resources. This is further done by mixing inspection
methods [38, ch. 13.3.3] with a qualitative usability test [55], in controlled environ-
ments [38, ch. 7.6.2]. However, When it comes to the participants, the intended
user group is not used in this evaluation, even though it usually is recommended
in usability testing. This is because getting children to partake in an evaluation
can be a long and demanding process, requiring more time than what is possible
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for the scope of the work in this thesis. Furthermore, by using adults who have
no trouble with fine motor skills you are quickly able to assess if the system is
made too complex for a child, based on the adults’ level of difficulty.

Usability testing is a method where the main goal typically is to determine the
usability of a system with the intended user group [38, ch. 14.2]. The approach
involves collecting data using a combination of methods. For this evaluation,
observation of the participants and interviews are used. Through those, the goal
is to obtain feedback about the functionality, usability, design, and aesthetics of
the system as a whole. The focus is specifically on how the participants perceive
the interaction between the board and the display.

Inspection methods, on the other hand, are typically used "...to predict behavior
and identify usability problems, based on knowledge of usability, users’ behavior,
the contexts in which the system will be used, and the kinds of activities that
users undertake."[38, ch. 13.3.3]. Therefore, these methods often use people with
knowledge of interaction design and the typical behavior of users to get the most
valid results.

It is important to note that the findings from such evaluations are good indications
rather than valid results. For the results to be valid, the participants would have
to be representative and it should be tried out in settings representative to its
context of use [38, ch. 13.6.2]
However, since the purpose of this evaluation is not to say for certain how the
system is, but rather give some indications of how the prototype is at its current
state, these methods and their respective results are more than adequate.

5.2. The participants
When choosing participants for an evaluation, 5 is a recommended amount [47].
Fewer is however also acceptable in the use of quick feedback. Having many
participants could result in more representative results, but would also be more
time-consuming, which is not favorable with the work of this thesis. Regarding
this evaluation, a few people should be more than sufficient with the goal of the
evaluation in mind.
As fewer people are used, to strengthen the validity of the test results, one person
with more knowledge regarding children’s behavior, and one with more familiarity
with interaction design are used in the evaluation. In addition to them, 3 adults
are also chosen to give feedback.
The background of these three participants should, however, be considered. They
are all people in their 20s who study or have studied engineering practices and
are therefore quick to learn new and unfamiliar technology. This can affect how



Chapter 5. Evaluation of prototype 66

they interact with the system and make the results less valid as it is the opposite
of how the intended user group would use the system.

5.3. The evaluation
To get feedback on the system in its entirety, thus answering the research ques-
tion, the participants are presented with the system individually and are asked to
finish each of the levels, whilst thinking out loud. In other words, 5 separate, but
identical evaluations are performed with the current prototype.
By giving the participants little to no information in advance about the system,
the goal is to assess how intuitive the system is to start and use without needing
help. The think-aloud method is used to give the observer a better understanding
of the thought process behind [38, ch. 7.6.2] their actions. In addition, explaining
how and why they navigate through the levels and use the features gives a better
indication to the observer how hard or easy they find it to use.
With this method, in addition to observing performance and asking interview
questions after they have tried the system, functionality, and usability are evalu-
ated. Design and aesthetics on the other hand are evaluated only with questions
before and after the evaluation. Asking the participants question regarding design
before they test the functionality is done intentionally to solely get reflections on
the appeal and design of the system. This can give some indications of how the
design initially feels, and give feedback on how it can improve to make it seem
more inviting and interesting to new users. After the participant has completed
the levels, they are asked again what their thoughts on the design are. This time
it is done to get feedback on how the design and functionality work together and
how it contributes to the system overall.

To create a trusting and safe environment for the people that partake in the
evaluations, and to minimize apprehensiveness in a rather formal setting, some
precautions are taken. Before each evaluation begins the participants are told that
they have the option to abort the test at any time if they feel discomfort. They
also get information regarding who the observer is, what equipment is used, and
how the evaluation is conducted. To bring more credibility to the evaluation, each
participant is treated the same way [38, ch. 7.6.2]. A script for how each evaluation
is conducted, including the interview questions, can be found in Appendix A.

5.4. Results
From observing the participants with the system, and supplementing with inter-
view questions, problems regarding their experiences are observed. These prob-
lems are what the evaluations aims to identify, as they can be used to further
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develop the system and its functionality. They are presented in Table 5.1, along
with an ID and a measure of severity, either low, medium, or critical. These
measures are used as an indication of how serious a problem is to the system and
its requirements, and how they should be prioritized further in the development.
Deciding what measure each problem receives is based on three distinct factors:

1. The number of participants that discovers a problem.

• A problem being encountered by multiple participants implies that it
is not limited to a specific individual, but is rather a general issue in
the system.

2. Who discovered what problem.

• As mentioned in section 5.2, one person who has experience with chil-
dren, from now on denoted as user 1 (U1), and one with experience
in interaction design, user 3 (U3), are among the participants in these
evaluations. As they are considered to be the "experts", their opinions
and feedback regarding their respective fields are considered to be more
valuable than that of the other participants.

3. How the problem affects the entire system.

• Problems occurring during testing preventing the participant from com-
pleting their task are considered more critical than issues related to
design. A system that does not work can not be tested properly later.

In addition to the problems, solutions to each of them are presented in Table 5.2.
They are based on statements from the participants and the author’s knowledge
of the system. They are in addition each marked with a priority based on the
level of severity of their respective problems from Table 5.1, and how the related
problem affects the functionality and the requirements of the system. The priority
is meant as a guide for what and how things should be changed in the system
before a potential next evaluation.
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Table 5.1.: Problems identified by the different participants during the
evaluations.

ID Identified by Problem SeverityU1 U2 U3 U4 U5
P1 X X X X X Size of the system when placed on

a table feels a little big.
Medium

P2 X X X X Box is very plain, not fun to look
at.

Medium

P3 X X X Edges are perhaps a little too
sharp. A child might fall and hurt
themselves on it.

Low

P4 X X X X X Difficult to collect the blocks after
they are put through the holes.

Medium

P5 X X X Display is perhaps a little too
small, trouble with pressing the
smaller buttons.

Medium

P6 X X X X X Sensor does not register the block
fast enough as it is inserted into a
hole.

Critical

P7 X X X X X No logical way of progressing after
having completed level 1.

Critical

P8 X X X X X Missing elements for it to truly
feel like a game.

Critical

P9 X X X Reset buttons does not function
properly.

Medium

P10 X X Colors on the screen can be hard
to see if the display is looked at
from certain angles.

Medium

P11 X Alternative home button does not
work properly.

Low

P12 X X Shape of triangular prism on
screen is a little confusing and
mismatched

Low

P13 X X X Triangular prism is duller as it
does not have color.

Low

P14 X X When restarting level 3, not
intuitive what the order is now.

Medium

P15 X X X X Missing feedback and visibility of
timer in level 3.

Critical

P16 X Children may not have the same
associations with symbols as we
do.

Low

P17 X X The game can be exited by
accident.

Medium
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Table 5.2.: Suggested solutions to the identified problems from the evaluations.

ID Solution Priority

S1 Could be made more compact, for example by placing the
holes closer to each other making the board smaller, and
thus also the box.

12

S2 Adding color would bring more life to it, and make it
more fun.

11

S3 As the box is made of wood it is easy to sand the edges
down.

16

S4 A slide of some sort inside the box can be made to lead
the blocks to the front of the extraction hole. Similar
mechanism to that of a pool table.

9

S5 Either a new, larger display can be used, or buttons can
be removed from the display altogether. By removing
them they can instead be implemented as physical
buttons on the box.

5

S6 Error in code logic that needs to be looked further into. 1
S7 Implementing better feedback when a level is finished, for

example with a "Next level" button in the interface
2

S8 Implementing sound as feedback, maybe animations,
point systems, or achievements.

4

S9 Error in code that needs to be fixed. 6
S10 Using brighter colors and having bigger contrast between

the background and grey colors on board.
10

S11 Error in code that needs to be fixed. 13
S12 Have the shape reflect the actual block better by printing

a new block or changing the shape on the display.
15

S13 Add a bright color to a new block, or paint the existing
block.

14

S14 Better feedback regarding what state the system is in. 7
S15 Make the timer more visible with larger and bold writing.

Perhaps add a ticking sound, and color change to the
timer when it is close to running out.

3

S16 Have an adult help them in the beginning, helping them
learn what the different symbols mean.

17

S17 Create more constraints to the window, making sure no
kids can accidentally exit the game.

8
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As seen from Table 5.1, 17 different problems, all reflecting the research question,
being either about how the system feels in use [P4, P6, P7, P9, P10, P11, P12,
P14, P15], or how it could improve for the intended user group [P1, P2, P3,
P5, P8, P13, P16, P17], are defined. The majority of the problems are further
categorized with a medium severity, covering 47.1% of the total problems. With
only 23.5% and 29.% considered critical and low respectively.
As seen from the two tables, the problems with critical severity in Table 5.1 are
prioritized first in Table 5.2, then the medium, and lastly the problems with low
severity. Each of the solutions is then prioritized from highest to lowest within
the severity categories. P6 is prioritized first and P8 last in the critical severity
category, P5 first and P1 lowest in the medium category, and lastly, P11 is highest
while P16 is at the bottom of the list in the low category.

5.4.1. Highest and lowest prioritized problems, P6 and P16

The highest and lowest prioritized problems are P6 and P16 respectively. As the
system relies on sensors for giving feedback to the user, a sensor not working
properly [P6] is a huge problem for the system. As explained in subsection 4.3.3
this problem was already known to some extent before testing, but its severity
was first seen during these evaluations. The problem was discovered quickly with
the first participant, and to avoid the issue further, this person and the other
participants were asked to hold the blocks over the sensor a little longer before
letting go. As adults, they have the patience to do this to test the entire system,
but smaller children may not behave similarly and this is therefore an issue that
must be fixed before it can be further tested.
On the other end of the scale, we find P16, which was identified by only one
participant, U4, in connection with P7. As all of the participants struggled with
further progression after level 1, they were told they had to go back and select
the next level. That made everyone intuitively press the house symbol as they all
associated it with going back to the main menu, in this case, the level select page.
It was at this point U4 commented on how a child might not associate a house
with the same thing we adults do. This problem is prioritized last as it could be
solved by fixing P7, which is seen as more severe, or by having an adult help the
children initially with the system to learn to associate the house with choosing
new levels.

5.4.2. Problems affecting the box, P1 and P4

As seen from Table 5.1 P1 is a problem concerning one of the main requirements
for the system, that the box should not be too big, and was commented on by all
of the participants. The severity based on this alone should therefore be critical
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by the reasoning made earlier.
An important point here is that in the evaluations all of the participants sat
on a chair with the system on a table in front of them, and not on the ground
which is preferred, as reasoned for in section 4.2. When this was explained to
the participants, almost all of them ended up re-evaluating the size and made
a new statement that it felt more right. Two of the participants, however, still
commented that it could be made a little more compact, where U5 specifically
suggested S1 in Table 5.2. Despite this, P1 was lowered to medium severity, as
the majority of the participants retracted their original statements. In addition,
S1 got the lowest priority in the medium category as it does not affect the overall
use of the system.

During the evaluations it was discovered that the extraction hole was too small,
resulting in P4 [Table 5.1]. This was however not surprising as the hole is made for
smaller hands. Because of this, the front panel was simply removed for the other
participants after U1. Despite this, all of the participants still struggled a bit with
collecting the blocks as they did not end up in front of the box by themselves.
This forced the participants to bend down to look and reach underneath the box
to collect them. This is not an ideal solution, and S4 is, therefore, favorable to
implement before further testing.

5.4.3. Design and aesthetic related problems, P2, P3, P10, P13
and P12

As these problems do not affect the use of the system, they are prioritized lower,
as seen in Table 5.2. Despite of this P2 is still prioritized over P1. This is based on
the possible effect P2 can have on the desirability of the system [72], as it can affect
the user experience. In addition, the majority of the participants commented on
its appeal and how it felt very plain, the opposite of what the system aims to be,
which is fun. By implementing the simple solution of S2 you could give the users
an entirely different experience, and hopefully also make the system seem more
fun in its use.

P10 on the other hand was only discovered by two of the participants, but is
also an important problem to consider as it affects the user experience as well,
with the user having to face the screen at a certain angle to see the colors. This
can, however, be a result of the chosen display, and could be solved with S5,
by swapping out the screen. S10 would however also solve this problem. Since
brighter colors appeal more to the still-developing eyes of children [75], it can be
a good idea to make all the colors in the system brighter and have more contrast.
An idea presented by U5 is to implement more contrast between the board and
the grey colors on the display, the board on the screen could be made to match
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the color it has in real life for instance. This would also make it even more clear
that the users have to put the blocks through actual holes in the box.

P13 is also considered an aesthetic issue but does not impact the system or the
user experience as much as P2 and P10. This problem is therefore given a low
severity and a priority of 14. It is nevertheless higher prioritized than P3, which
is a safety issue. U1 commented on the edges [Table 5.1], but they also concluded
that it was not that sharp and should not be an issue, especially since it can
be sanded down very easily. S13 is, therefore, higher in priority as this solution
requires a little more work, with finding color and painting or printing a new
block, and should be started on before P3.
P12 is also prioritized higher than P3 because of this, but also very low as it is a
problem regarding aesthetics. During the evaluations, U3 and U5 commented on
the shape of the triangular prism on the display, saying it was not as accurate as
the other shapes, but good enough for them to understand which block was meant.
The black line on the figure [seen in Figure 4.28] was especially commented on as
confusing. The shape on the display should therefore be changed to better reflect
the actual block to create a more accurate image of the system.

5.4.4. Feedback issues, P7, P8, P14 and P15

All of these problems have solutions regarding feedback as seen from Table 5.2, and
the problems can therefore be seen to affect functionality. Because of this, each
problem is marked with high severity, critical or medium, and their corresponding
solutions with high priorities. During the evaluations, there was only one occasion
each participant required help from the observer to progress. This was when level
1 was completed, as a natural progression was not intuitive for the participants.
U4 and U3 however, managed to eventually reason that the house symbol was the
most intuitive button to press, but both commented that a "Next level" button
could be useful. The fact that adults struggled with this indicates that it would
be very difficult for a child to figure out the same, as their cognitive skills are
not fully developed [99]. S7 is therefore considered to be priority number two
in Table 5.2, as this solution needs to be implemented for the users to naturally
progress through the levels on their own. Luckily the solution is simple; implement
more feedback. Three different design suggestions can be seen in Figure 5.1.
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(a) With an arrow. (b) With a button.

(c) More explanatory text.

Figure 5.1.: Feedback suggestions to when a level is completed, with the
current design on level 1 as an example.

As the design of the levels currently have a "Correct!" message pop up if you do
something right, this can easily be changed to have more informative text, as
illustrated in Figure 5.1c. By giving a very clear message of what the next move
is, it should be intuitive for the users what to do. However, the downside to this
solution is that it takes up a lot of space, and requires the user to be able to read
properly, which should not be taken for granted with smaller children. In that
case, they would have to use the system with an adult to understand what to
do. The two other suggestions, therefore, illustrate possible solutions that do not
take up too much space and should be more intuitive, even for smaller children,
with using figures and color instead of text. Figure 5.1a illustrates that an arrow
could pop up when the user completes the level, indicating to the user where to
press. The last solution Figure 5.1b shows S7, which was suggested by some of
the participants. This way you can still choose to press the home button and go
back to the level select page, or press the arrow button, jumping straight to level
2.

Another problem [P8] all of the participants commented on was the lack of audio-
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visual feedback for the system to be more fun, and feel more like a game. U4
and U2 also commented that other game mechanics could be included, such as
points or achievements, but this was more suggestions than something they felt
was missing. The participants specifically commented on sound as an addition to
the "Correct" and "Try again" labels, where some suggested sound on both, and
others only sound on correct moves. As the best way of teaching someone a new
skill is with positive reinforcement [81], only adding a sound when something is
done correctly can enhance the positive experience of the game, and hopefully as
a result, make it more rewarding and fun for the users. As clapping is seen as
a sign of approval [80], this sound could for instance be used when something is
done correctly.

As with P6, problems regarding the timer added on level 3 were also known
to some extent before the evaluation [subsection 4.3.3]. The participants then
highlighted the concern with the timer during the evaluations as the majority of
the participants commented on it and its lack of feedback [P15]. Some of the
participants did not even see the timer to begin with. As level 3 is heavily based
on this timer, not being able to register the timer is seen as problematic. This
makes it a problem with high severity and needs to be fixed for the users to fully
experience level 3. The problem has however gotten a lower priority than P7.
This is because P15 does not hinder the participant in their tasks the same way
P7 did, making it a less critical problem to be solved.

The last problem requiring better feedback is P14. This is a harder problem to
categorize than the others regarding feedback, as the point of level 3 is to be more
challenging in its logical thinking. As discussed in subsection 4.3.1, the design and
progress of level 3 is made intentionally for the user to have to use more logical
skills. And a timer is used to further stress the user forcing them to think fast.
From the evaluations, both the timer and the design of the level were commented
on by what their intentions were [subsection 4.3.1] as a good thing. Only the
feedback of the systems state came up as a problem.
When U3 and U4 tried level 3 they wondered what would happen if they put
the wrong block into the board midway through the game. As nothing happened
on the display with the block or board when they did, they both questioned the
order of what block to put in next. They both commented out loud that they
assumed they would start from the beginning, and by trying a new block they
quickly understood that this was the way. However, they both still commented
that this was hard to intuitively know, even though U3 had made a mistake in
level 2, seeing what the intended order was [subsection 4.3.1]. Because only two
participants discovered this problem, making the results not representative, it
was given a medium and not critical severity. The solution still got a rather high
priority, as two adults did not find the order intuitive, implying that children
might find it even harder. S14 should therefore be looked at, and perhaps also
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tested with the current level to better conclude the level’s difficulty.

5.4.5. Problems with the display, P5 and P17

Even though P17 was discovered by two participants, it has gotten a medium
severity, and a priority of 8 because of its effects on the system. Since the display
in this prototype is a touchscreen, a child who likes to press buttons may be able
to exit the game in its entirety, by accident. This would mean the system, in its
current state, would have to have an adult present to watch the child and possibly
restart the game when it is exited. This is not favorable, and solutions to this
should be implemented before further testing. This can for instance be done as
S17 suggests, with implementing constraints to the game making it impossible to
exit the game. An example could be to implement an if-statement in the code,
where the game can not be exited before all of the levels are completed.

P5 is a different problem but was identified by three of the participants, implying
its severity. Therefore, its solution is favorable to look at in order to solve P5, but
it can also be used to solve P17. By using a different screen without touch, you
could remove the need for buttons on the display. Instead, they could be imple-
mented as physical buttons on the box. Since they can be made to accommodate
for lack of fine motor skill with their size, they can be easier to press, and as a
result, make the system easier to use. A button to exit or turn off the game can
then be implemented with a fail-safe. For instance, a home button equivalent to
that in the current design can turn off the system if it is pressed a certain way for
a certain amount of time, making it more difficult for a child to accidentally exit
the game.
This solution does however require a lot of extra work, as changing the display
will affect other areas of the system.

5.4.6. Issues in code, P9 and P11

As seen from Table 5.1, both P9 and P11 are regarding functionality, but one
is categorized as medium, and the other low. This is because neither are large
problems, but can be fixed if needed. During the evaluations, the majority of
the participants observed the reset button and tried to press it at different times,
with the hope that the game would restart. In each level, it worked when it was
pressed in the middle of a level that had not been completed yet. It also worked
in the middle of a level if it was completed, and then played again, but only in
levels 2 and 3, not 1. In addition to this, the participants observed that the reset
button did not work immediately after a level had been completed. This implies
there is an error in the code that needs to be fixed.
P11 was discovered similarly with U3 commenting on it that "It looks like the



Chapter 5. Evaluation of prototype 76

other buttons, so maybe this can be pressed as well". As the button intends to
work as an alternative home menu, with nothing happening when it was pressed,
also implies an error in the code. P9 is however considered more critical than
P11, as a reset button is more likely to be pressed and used with intention than
an alternative home menu, implied by the number of participants who discovered
the two problems.

5.5. Summary of the evaluations
With each problem that occurred during testing listed in Table 5.1, along with
their respective solutions in Table 5.2, the meaning is not to implement all of
these solutions at once. They are rather meant as suggestions for specific aspects
that should be further looked into, and how the system could be tested with other
solutions. For example, P1 implies a change of the entire box, requiring a great
deal of work, as many other aspects of the system then also have to be changed.
It can, however, be done as simple as making a cardboard model in a new size
and comparing it to a smaller child, only testing this aspect and not the entire
system. As the research question states, the evaluations aim to answer how it
could improve for further testing, not necessarily how it should.

In addition to the improvements, the evaluations also aimed to answer how the sys-
tem felt in use, to assess how other people interacted with it, and to see if it could
have potential with the intended user group. Each participant was therefore asked
what they liked about the experience, and the system in general [Appendix A]
after the evaluation. Even though they discovered a lot of problems and saw the
need for improvements, they all expressed how they liked the system in that it
was intuitive, very responsive, and that it seemed like a good concept for further
development.
U1 however, after having tried the system expressed their concern about how 1-4-
year-old children could be able to figure everything out by themselves. However,
they also said that the system was exciting, with a lot of potential for the intended
system. U1, therefore, suggested that the system should either be adapted better
to older children or have this system work as an educational toy in interaction
with an adult rather than a toy, to maximize its potential.

Although the participants were not representative of the user group, or proper
experts were used, the evaluations can be considered successful in what they aimed
to achieve. Feedback on the initial prototype was given, and many aspects that
were not considered during prototyping were discovered, helping the prototype
for further development at a later stage. In addition, the author received valuable
feedback on how the system was to use, confirming that the prototype was on the
right intended path.
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5.6. Improvements made to the system
With the feedback from the evaluations, the GUI was looked further into to see
if some kinks could be worked out.

As mentioned in subsection 4.3.3, and section 5.4, some problems in the system
were already known before the evaluations.
The issue with the feedback messages, discussed in subsection 4.3.3, in that they
did not disappear after a few seconds was first looked at. After a while, it was dis-
covered that the mistake was simply a forgotten AND in one of the elif statements
in both levels 1 and 2. The AND statement was included in the TUI version in
levels 1 and 2, as can be seen in lines 27 and 67 in Listing C.3, but was forgotten
in the GUI code. When the AND statement was added in level 1, and a similar
statement in level 2, along with code to remove the feedback message after an in-
correct move in each level [Example of the Level1 class can be seen in Listing C.4],
the game worked as intended.

Since P6 was given the highest severity, and priority from the results tables [Ta-
ble 5.1 and 5.2], this was also looked into. As it turned out, this was fixed quite
easily by changing the Arduino code in Listing C.2. The change made was to
add the If statement seen in Listing 5.1 before the sensor values are transmitted
to the Raspberry Pi [after line 21 in Listing C.2]. This statement ensures that
no data is sent unless one of the sensors is blocked. This solved the problem of
the user having to hold in front of the sensor for some time before the feedback
message showed up. Now, the feedback is instantaneous if the sensor is registered
as blocked. The added delay of 1500 [subsection 4.3.3] was however kept, to give
the user some time to insert the block into the hole, before it sends more sensor
values to the raspberry pi.

1 if ( SensorState1 == 0 || SensorState2 == 0 || SensorState3 == 0) {

Listing 5.1: If statement added to Listing C.2.

P9 and the reset button were also looked into after the evaluations. The problem
regarding not being able to restart level 1 mid-game if the level previously had
been completed, was easily fixed. This was done by adding functionality to the
specific reset buttons connected to each completed level, that had initially been
forgotten. The added line of code in level 1 can be seen in line 28 in Listing C.4,
where a similar line was added in the two other levels as well. The issue with not
being able to restart the game immediately after it had been completed however
was more complicated, but a solution was eventually discovered. When the reset
button was pressed, the already implemented logic was to show the first step in the
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level, for level 3 nothing changed visually, and set the level variable to 0, jumping
back in the main logic function [See Listing C.4 for the variables in level1. They
are used similarly in the other two levels]. The problem with this was that the
thread closes when a level is completed, making it impossible for the program to
jump back in the loop with the sensors and give feedback for moves. For the reset
button then to work when a level is completed, the thread also needs to be started
again when the button is pressed in addition to setting the variable and showing
the first page. An If statement was therefore made in the Reset function [Can be
seen in lines 32-43 in Listing C.4] for each level, where the thread was started if
the level had been completed.1

In the evaluations, the alternative home button did not work when it was pressed
and was therefore assumed to be faulty altogether. However, it was discovered
after the evaluations when fixing other code, that the button function did work,
but only if it was pressed after a level was completed. When this was further
looked into, it was discovered that the "Level X" info box did not have button
functionality in Qt Designer but was rather only a label when a level had not been
completed. This was then fixed, by making the box in Qt designer a button, and
by adding its functionality with one line of code to each level [Seen in line 24 in
Listing C.4 for level 1, a similar line was added to the other levels]. After that
was done, the alternative home button worked just as intended on each level.

Another problem, not discovered before the evaluations, nor during, was discov-
ered afterward when the other issues were looked into. As explained in subsec-
tion 4.3.3, feedback regarding the color of the "Level X" box on top of each level
was implemented. In addition, functionality to keep track of the levels that had
been completed was implemented. Or so was thought. As it turned out, an issue
with this was found. The original intention of the levels was to be able to play
green levels as many times as the user would want. This also implies that the
user is able to replay level 1 after it is completed, before level 2 or 3 is done for
instance. The issue found can be illustrated in Figure 5.2.

1A level is considered complete when the Correct variable is set to 1, if not the variable is 0.
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Figure 5.2.: The process showing how the error was discovered. The blue
mouse indicate what is pressed. If the buttons are pressed in this order, without

completing a level, the wrong level select page is illustrated at the end.

Figure 5.2 indicates that if you enter the next playable level, then go back to
a completed level, when you then press the home button you are sent to the
wrong level select page. This was then tried to fix, but due to time constraints, a
solution was not found. A possible solution to avoid this problem however could
be implemented. For example by not allowing the user to replay the different
levels before each of them are complete. This would however limit some of the
potential the system has, with the user not being able to practice a level multiple
times before accessing the next one.

As mentioned with the last problem, due to time constraints further issues were
not looked into after testing. However, the hope is that each problem has been
thoroughly discussed, and different possible solutions have been mentioned in this
chapter to better guide future work with the system.



Chapter 6.

Discussion and conclusion

As the various steps in the prototype process have been discussed and justified,
this chapter provides an overall reflection on the work done. In addition, a dis-
cussion about potential future work is included before finishing the thesis with a
conclusion of the work done.

6.1. Discussion
In this thesis, a working prototype of a conceptual system has been developed.
From the start of this process, the goal was to bring the drawings and discussion
from the preliminary study [49] to life. Figure 6.1a shows the drawing presented
as the most suitable for further development in the prestudy. Figure 6.1b shows
how the prototype turned out with the work done in this thesis.

(a) Sketch from
prestudy.

(b) Prototype made
for this thesis.

Figure 6.1.: How the system was intended to look compared
to how the prototype turned out.
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Aesthetically they resemble one another very much. The main visual difference
between these two figures is the backside of the box, where Figure 6.1a has addi-
tional stripes across the backside. One feature discussed in the prestudy was the
possibility of developing multiple different boards to make the system more ver-
satile. To then accommodate the requirements of not making the system overly
complex and large, these boards were proposed to be stored inside the box itself.
This is indicated by the lines on the backside of the drawing in Figure 6.1a. But in
order to limit the workload, as explained in section 1.2, creating multiple boards
were not the priority as only one board was needed to showcase the system and
its potential. The box is, however, as seen in Figure 6.1b, made large enough in
the back for possible storage if this were to be looked into at a later stage.
The other noticeable difference between the drawing and prototype is the speakers
seen in Figure 6.1a. Sound was discussed throughout the prestudy as an impor-
tant feature to implement in prototyping. However, since the other elements of
the prototyping process took longer than anticipated, this was not prioritized as
the system still worked without sound. It was, however, made clear by the eval-
uations that sound is indeed a significant feature that should be implemented
in a future iteration of the prototype. Nonetheless, this would not be an issue
to implement with the current prototype as the Raspberry Pi has an audio port
[Table 3.2] that is just waiting to be used.

The prestudy [49] also highlights the potential for creating a system to benefit a
wide range of users. However, the main way of doing this is explained by using
multiple boards. With only having one board, also making the system versatile
and appealing to a general mass would be a time-consuming task as more aspects
of the game would have to be considered. Therefore, to simplify the prototyping
process and make sure a working prototype was eventually made, children were
chosen as the main intended user group for the system, as explained in section 1.2.
The specific functionality of the system was therefore adapted to this user group
during the work. For creating the blocks the group was further narrowed down to
children aged 1-4 as explained in subsection 4.1.1. Because of this, the participants
during the evaluations were told that the intended user group was children, and
more specifically those aged 1-4. In addition, they were told that it was meant
mostly as an independent toy for the children. Because of this U1 suggested
how the system could either be adapted to older children or rather work as an
educational toy in interaction with an adult [section 5.5]. As the intended purpose
of the system was that children were able to use it without help, the last suggestion
contradicts this. However, children aged 1-4 would require help with most systems
as they are very early in development and their skills are limited. It could therefore
be more beneficial, and simpler, to rather have older children as the main intended
user group for the system to work as a toy. The same system could then also be
used for smaller children with an adult for educational purposes, as suggested by
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U1, to maximize its use.

When it comes to the creation of the system certain aspects need to be further dis-
cussed. As the prestudy mainly considers designs, and the purpose of the system,
the specific functionality was created from scratch during this work. This made
the process more time-consuming than first anticipated as 3D printing, PySide,
and the Raspberry Pi had to be learned. All of these aspects were however chosen
as they were considered beginner friendly and many tutorials and guides exist
online. Consequently, the chosen hardware and software might not have been the
best fit for this system, and could possibly have been looked better into. However,
the time available for this thesis was limited, so picking a familiar language and
hardware was also intentional for the process to go faster and smoother.
Even though PySide and the UART protocol had their disagreements through-
out the development, a functioning game was created and tested at the end. The
main reason for many of the problems with PySide, and why this took longer than
anticipated was however most likely due to lousy debugging in Thonny. Is there
one thing that has been learned from this experience, it is to use a better IDE
when developing more complex code. The idea of downloading a better IDE was
in addition first thought of when the code was half written, making downloading
another seem more of a hassle than what it was worth.

When it comes to the design of the game two different functionalities were left
out intentionally in the creation of the GUI. The first is a way to go back to
the main menu. This was not done because only one board was used for this
prototype. As explained in subsection 4.3.1, the purpose of the main menu is
to work as a unifying element of the game with multiple boards. With only one
board, the need to go back to the main menu is therefore eliminated. The other
feature missing is a way to quit the application or shut it down in the GUI. The
way to close the application as it is now is to close the window exiting the GUI
and then shut down the Raspberry Pi. Adding functionality for this in the GUI
was deemed unnecessary for the objectives of the thesis work and the evaluations.
This feature is more relevant to the later stages of prototyping, or if starting and
closing the system is specifically tested later.

6.2. Future work
Based on the discussions throughout this thesis there are two main ways for the
system to be further developed. Because the objectives for this thesis are based
on limitations from the preliminary study, the first way is to further develop the
system according to these requirements. The main focus would intuitively then
be making multiple boards and adapting the system accordingly. In addition,
as the system is made very general, by making it adaptable to different boards
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only the imagination sets limits for their design. Having blocks and holes is not
the only thing that could exercise fine motor skills in a fun way. For instance, a
version of the lacing cards, or peg toy [Figure 2.1 and 2.2] could be implemented,
or something else entirely.

The second way to further enhance the system is to examine the work accom-
plished in this thesis, addressing any problems that have arisen during its devel-
opment, and then making necessary improvements.
For instance, a way of attaching the board to the system should be looked further
into. For this prototype, the board was simply placed on the box, as explained
in subsection 4.2.3. This was an adequate solution for this work, but could prove
to be a problem if the system is further tested with children for instance as they
could be more reckless in using it.
Another aspect to consider is the size of the holes on the board compared to the
blocks. As mentioned in subsection 4.2.1, when the blocks and board were created
two different options were considered for their sizes. As also mentioned in this
subsection, neither of them was followed, but rather a mix of them was imple-
mented. This was unfortunately due to a mistake, as multiple things were tried
to be done at the same time and the different options were forgotten when the
board was made. But despite this, no major problems regarding this were seen in
the evaluations, but it is still considered a key aspect to further examine. It could
especially prove useful if the system is further tested with the target user group.
In addition, as a result of the evaluations, another sensor and perhaps a different
communication protocol could be looked into. Especially with the threads that
were implemented as a consequence of using UART and polling, which resulted
in many error messages throughout development. Other sensors that could work
with the current prototype are listed in Table 3.3, where the color sensor may
be the best second option. Other communication protocols that can be especially
recommended are I2C and SPI. Because they are multi-master protocols, they can
make the system more flexible, and in the future better suited to handle multiple
boards and/or perhaps a different display.

The evaluations also contributed to finding potential future work for the proto-
type. Some of the problems were however solved, as explained in section 5.6, but
there are many problems left, as seen in Table 5.1. A suggestion of how these
problems should be prioritized is indicated by Table 5.2. The problems that were
solved during this work did, however, not follow this exact order. This was simply
because only code problems were prioritized at the end, due to limited time.

The main objective of this thesis is to create a prototype that can work as a
system for exercising cognitive and muscular skills for those that could benefit
from such training. The goal is to specifically target fine motor skills and logical
thinking in a fun way by creating a mechatronic gamified system. The prototype
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is based on the work done in a preliminary study [49] done prior to this thesis.
Whereas the prestudy merely presents a conceptual system, the goal of this thesis
is to bring the drawings and discussions to life by looking at more specific solu-
tions and developing a functional prototype as a proof of concept. This includes
identifying hardware and software, designing a graphical user interface (GUI),
creating blocks, and putting the different parts together to create a cohesive sys-
tem. The system should also be made easy to use, where the goal is to create a
system for anyone without the need for specialized knowledge, rare equipment, or
a substantial amount of money.

6.3. Conclusion
The prototype, as seen in Figure 6.1b, and the discussions throughout this thesis
show that a prototype working as a gamified mechatronic training system has
been developed. A board with holes along with corresponding blocks were made
to target fine motor skill, and levels were implemented in a display to challenge
logical thinking. Different parts of the prototype were made separately before it
was all put together to create a cohesive system working as a proof of concept
from the preliminary study on which the prototype is based upon. Figure 6.1
show that the drawings from the preliminary study have been brought to life,
with the same physical components present in both figures.

From the evaluations of the prototype, it was concluded that the system was
intuitive and responsive, and the participants were excited about the system’s
potential for the intended user group. However, due to more work than first an-
ticipated and troubleshooting along the way, there are still many aspects that
could be further improved on the prototype. Both from the prestudy and the
results obtained in the conducted evaluations. Nevertheless, ways of further im-
proving the prototype have been included in this thesis to work as a guide and
give suggestions in the hope of making further development go smoother.

All in all, the process of creating a prototype based on drawings and ideas in
a prestudy, as well as the objectives for this thesis can be considered a success.
A working system was made and tested, and encouraging feedback was received
from the conducted evaluations. From the work done, it can be concluded that
the intended system, and working prototype, show promising potential of working
as a gamified training system for cognitive and muscular skills.
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Appendix A.

Script for evaluating the
prototype

1. Introduce the observer

2. Explaining the purpose of the test, how it will be conducted, and who the
target user group is.

• The goal is to obtain feedback about their experiences in using the
system.

• It is the system that is tested, not the participant.

• They will not receive help during the evaluation as the goal is for them
to figure out the system on their own.

• The session is recorded in order to remember the details of the test,
but is not to be used in any other way.

3. Explain the rights to the participant

• They can abort the test at any time

• The data collected are anonymous and are only used in order to improve
the system.

4. Explain the think-aloud method.

5. Ask if the participant has any questions before the evaluation starts

6. Ask them some initial questions about design and aesthetics

• What are your initial thoughts about the design and material choice
for the system?
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• Is there something you immediately wished was included in the system
or do you feel something is missing design-wise?

7. Run the system and observe the participant.

8. Ask questions regarding the evaluation and functionality, usability, design,
and aesthetics

• Is there anything you see now that should be included design-wise?

• What is your overall impression of the system?

• Is there anything you feel is missing in functionality?

• What did you like about it, and the experience?

• Do you think it could be useful for those that struggle with fine motor
skills, and how?

9. Ask if the participants have anything else they want to add regarding the
system.



Appendix B.

Supplementary figures of the
GUI

Figure B.1.: Illustrative example of how feedback is implemented into the
button design. First shows the normal button, then when it is hovered over, and

lastly when it is pushed. The same is done for the green buttons.

Figure B.2.: Feedback when a red button is pressed. This shows the feedback
for when the red level 2 button is pressed. If the red level 3 button was pressed

it would say level 2 instead of level 1 in the text.
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(a) First step of level 1 in the GUI. (b) Second step of level 1 in the
GUI.

(c) Third step of level 1 in the GUI.

Figure B.3.: The design of level 1 in the GUI

(a) First step of level 2 in the GUI. (b) Second step of level 2 in the
GUI.

(c) Third step of level 2 in the GUI.

Figure B.4.: The design of level 2 in the GUI
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(a) For correct move. (b) For incorrect move.

(c) For a completed level, here
illustrated with level 1.

Figure B.5.: Feedback messages in the GUI



Appendix C.

Code

1 #!/ usr/bin/env python3
2 import serial
3 import time
4
5 ser = serial . Serial (’/dev/ ttyACM0 ’, 9600 , timeout =1.0) #open serial communication with arduino (port ,

baudrate 115200)
6 time. sleep (3) #Seconds , enough time for the arduino to have the serial ready to communicate
7 ser. reset_input_buffer () #Data arrives in a buffer , resetting the input buffer
8 print (" Serial ok")
9

10 try:
11 while True:
12 time. sleep (0.01) #Loop will be executed 100 times pr second
13 if ser. in_waiting >0: # Checking if something is sent from the arduino
14 line = ser. readline (). decode (’utf -8 ’). strip (’\n\r’)
15 sensordatasplit = line. split (’,’)
16 ProxSensor1 = sensordatasplit [0]
17 ProxSensor2 = sensordatasplit [1]
18 ProxSensor3 = sensordatasplit [2]
19 if ProxSensor2 =="0":
20 print (’something is blocking sensor 2! ’)
21 if ProxSensor1 =="0":
22 print (’something is blocking sensor 1! ’)
23 if ProxSensor3 =="0":
24 print (’something is blocking sensor 3! ’)
25
26
27 except KeyboardInterrupt : #Ctr + C
28 print (" Serial communication closed ")
29 ser. close () # Closing the communication

Listing C.1: Testing the sensors, and communication between Arduino and
Raspberry Pi.

1 # define ProxSensor1 2
2 # define ProxSensor2 4
3 # define ProxSensor3 8
4 //1 = not blocking , 0= blocking
5 int SensorState1 = 1;
6 int SensorState2 = 1;
7 int SensorState3 =1;
8
9 void setup () {

10 Serial . begin (9600) ;
11 while (! Serial ){
12 }
13 pinMode ( ProxSensor1 , INPUT );
14 pinMode ( ProxSensor2 , INPUT );
15 pinMode ( ProxSensor3 , INPUT );
16 }
17
18 void loop () {
19 SensorState1 = digitalRead ( ProxSensor1 );
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20 SensorState2 = digitalRead ( ProxSensor2 );
21 SensorState3 = digitalRead ( ProxSensor3 );
22 Serial . print ( SensorState1 );
23 Serial . print (",");
24 Serial . print ( SensorState2 );
25 Serial . print (",");
26 Serial . println ( SensorState3 );
27 delay (500) ;
28 }

Listing C.2: Initial code for the Arduino

1 #!/ usr/bin/env python3
2 import serial
3 import time
4
5 ser = serial . Serial (’/dev/ ttyACM0 ’, 9600 , timeout =1.0) #open serial communication with arduino (port ,

baudrate 115200)
6 time. sleep (3) #Seconds , enough time for the arduino to have the serial ready to communicate
7 ser. reset_input_buffer () #Data arrives in a buffer , resetting the input buffer
8 print (" Serial ok")
9

10 IsLevel1Finished = 0
11 IsLevel2Finished = 0
12
13 def Level1 (Correct1 , level1 ):
14 while Correct1 ==0:
15 time. sleep (0.01)
16 if ser. in_waiting >0: # Checking if something is sent from the arduino
17 line = ser. readline (). decode (’utf -8 ’). strip (’\n\r’)
18 sensordatasplit = line. split (’,’)
19 ProxSensor1 = sensordatasplit [0]
20 ProxSensor2 = sensordatasplit [1]
21 ProxSensor3 = sensordatasplit [2]
22 if ProxSensor1 =="0" and level1 == 0:
23 print (" Sensor 1 is blocked , Correct !")
24 level1 =1
25 elif ProxSensor1 =="0" and level1 ==1:
26 print ("Not correct , try again ")
27 elif ( ProxSensor2 =="0" or ProxSensor3 =="0") and level1 ==0:
28 print ("Not correct , try again ")
29
30 if ProxSensor2 =="0" and level1 ==1:
31 print (" Sensor 2 is blocked , Correct ")
32 level1 =2
33 elif ( ProxSensor1 =="0" or ProxSensor2 =="0") and level1 ==2:
34 print ("Not correct , try again ")
35 elif ProxSensor3 =="0" and level1 ==1:
36 print ("Not correct , try again ")
37
38 if ProxSensor3 =="0" and level1 ==2:
39 print (" Sensor 3 is blocked , Correct ")
40 print ()
41 time. sleep (1)
42 print ("You completed level 1!")
43 level1 =3
44
45 while level1 ==3:
46 print ("Want to do it again ?")
47 userInput = input ("y or n:")
48 if userInput =="y":
49 level1 =0
50 else:
51 Correct1 =1
52 level1 =0
53 return Correct1
54
55 def Level2 (Correct2 , level2 ):
56 while Correct2 ==0:
57 time. sleep (0.01)
58 if ser. in_waiting >0: # Checking if something is sent from the arduino
59 line = ser. readline (). decode (’utf -8 ’). strip (’\n\r’)
60 sensordatasplit = line. split (’,’)
61 ProxSensor1 = sensordatasplit [0]
62 ProxSensor2 = sensordatasplit [1]
63 ProxSensor3 = sensordatasplit [2]
64 if ProxSensor2 =="0" and level2 == 0:
65 print (" Sensor 2 is blocked , Correct !")
66 level2 =1
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67 elif ( ProxSensor1 =="0" or ProxSensor3 =="0") and level2 ==0:
68 print ("Not correct , try again ")
69 elif ProxSensor2 =="0" and level2 ==1:
70 print ("Not correct , try again ")
71 level2 =0
72
73 if ProxSensor1 =="0" and level2 ==1:
74 print (" Sensor 1 is blocked , Correct ")
75 level2 =2
76 elif ( ProxSensor2 =="0" or ProxSensor1 =="0") and level2 ==2:
77 print ("Not correct , try again ")
78 level2 =0
79 elif ProxSensor3 =="0" and level2 ==1:
80 print ("not correct , try again ")
81 level2 =0
82
83 if ProxSensor3 =="0" and level2 ==2:
84 print (" Sensor 3 is blocked , correct ")
85 print ()
86 time. sleep (1)
87 print ("You completed level 2!")
88 level2 =3
89
90 while level2 ==3:
91 print ("Want to do it again ?")
92 userInput = input ("y or n:")
93 if userInput =="y":
94 level2 =0
95 else:
96 Correct2 =1
97 level2 =0
98 return Correct2
99

100 def Level3 (Correct3 , level3 ):
101 print (" level3 ")
102
103 try:
104 while True:
105 time. sleep (0.01) #Loop will be executed 100 times pr second
106 UserInput_level = input (" level 1, 2 or 3? or quit (q):")
107 if IsLevel1Finished ==0 and IsLevel2Finished ==0:
108 if UserInput_level == "1":
109 IsLevel1Finished = Level1 (0 ,0)
110 elif UserInput_level =="2" or UserInput_level =="3":
111 print ("You have to complete level 1 before doing the others ")
112 elif UserInput_level =="q":
113 print (" closed ")
114 ser. close ()
115 break
116 else:
117 print (" invalid number ")
118
119 elif IsLevel1Finished ==1 and IsLevel2Finished ==0:
120 if UserInput_level =="1":
121 Level1 (0 ,0)
122 elif UserInput_level =="2":
123 IsLevel2Finished = Level2 (0 ,0)
124 elif UserInput_level =="3":
125 print ("You have to complete level 2 before doing level 3")
126 elif UserInput_level =="q":
127 print (" closed ")
128 ser. close ()
129 break
130 else:
131 print (" Invalid number ")
132
133 elif IsLevel1Finished ==1 and IsLevel2Finished ==1:
134 if UserInput_level =="1":
135 Level1 (0 ,0)
136 elif UserInput_level =="2":
137 Level2 (0 ,0)
138 elif UserInput_level =="3":
139 Level3 (0 ,0)
140 elif UserInput_level =="q":
141 print (" closed ")
142 ser. close ()
143 break
144 else:
145 print (" Invalid number ")
146
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147 except KeyboardInterrupt : #Ctr + C
148 print (" Serial communication closed ")
149 ser. close () # Closing the communication

Listing C.3: Text-based user interface for level 1 and 2

1 import time
2 import threading
3 from Level2Game import Level2Game
4
5 class Level1Game :
6 def __init__ (self , motorgame ):
7
8 #Sets the right widgets for the start of level 1
9 motorgame . MainWindows . setCurrentWidget ( motorgame . Level1 )

10 motorgame . level1Pages . setCurrentWidget ( motorgame .page)
11 motorgame . messageWidgets . setCurrentWidget ( motorgame . blankWidget )
12
13 # Defining variables
14 global level1
15 global Correct1
16 self. Correct1 =0
17 self. level1 = 0
18
19 # Begins the thread
20 self. begin ( motorgame )
21
22 # Buttons are defined
23 motorgame . buttonHome . clicked . connect ( lambda :self.Home( motorgame ))
24 motorgame . Level1NotCompleteHome . clicked . connect ( lambda :self.Home( motorgame ))
25 motorgame . buttonHome_4 . clicked . connect ( lambda :self. Home1Complete ( motorgame ))
26 motorgame . Level1CompleteHome . clicked . connect ( lambda :self. Home1Complete ( motorgame ))
27 motorgame . buttonReset . clicked . connect ( lambda :self. Reset ( motorgame ))
28 motorgame . buttonReset_4 . clicked . connect ( lambda :self. Reset ( motorgame ))
29
30
31 #What happens if the restart buttons are pressed , the game is restarted
32 def Reset (self , motorgame ):
33 if self. Correct1 ==0:
34 motorgame . level1Pages . setCurrentWidget ( motorgame .page)
35 motorgame . messageWidgets . setCurrentWidget ( motorgame . blankWidget )
36 self. level1 =0
37 else:
38 motorgame . level1Pages . setCurrentWidget ( motorgame .page)
39 motorgame . messageWidgets . setCurrentWidget ( motorgame . blankWidget )
40 time. sleep (1)
41 self. Correct1 =0
42 self. level1 =0
43 self. begin ( motorgame )
44
45 # Changes to Level select page if the home menus are pressed
46 def Home(self , motorgame ):
47 motorgame . MainWindows . setCurrentWidget ( motorgame .Home)
48 motorgame . levelButtonPages . setCurrentWidget ( motorgame . Page_LevelSelect )
49 self. Correct1 =1
50
51 # Changes to the correct Level select page if the home menus are pressed in a completed level
52 def Home1Complete (self , motorgame ):
53 print ( motorgame . level2Game )
54 motorgame . MainWindows . setCurrentWidget ( motorgame .Home)
55 if motorgame . level2Game ==0:
56 motorgame . levelButtonPages . setCurrentWidget ( motorgame . Page_Level1Complete )
57 self. Correct1 = 1
58 elif motorgame . level3Game ==0:
59 motorgame . levelButtonPages . setCurrentWidget ( motorgame . Page_Level2Complete )
60 self. Correct1 = 1
61 else:
62 motorgame . levelButtonPages . setCurrentWidget ( motorgame . Page_Level3Complete )
63 self. Correct1 =1
64
65 # Function with the main logic of the game where the sensors are handled
66 def func(self , motorgame ):
67 while self. Correct1 ==0:
68 time. sleep (0.01)
69 if motorgame .ser. in_waiting >0: # Checking if something is sent from the arduino
70 line = motorgame .ser. readline (). decode (’utf -8 ’). strip (’\n\r’)
71 sensordatasplit = line. split (’,’)
72 ProxSensor1 = sensordatasplit [0]
73 ProxSensor2 = sensordatasplit [1]
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74 ProxSensor3 = sensordatasplit [2]
75
76 if ProxSensor1 =="0" and self. level1 ==0:
77 print ("1 blocked ")
78 motorgame . messageWidgets . setCurrentWidget ( motorgame . CorrectWidget )
79 time. sleep (1)
80 motorgame . level1Pages . setCurrentWidget ( motorgame . page_2 )
81 motorgame . messageWidgets . setCurrentWidget ( motorgame . blankWidget )
82 self. level1 =1
83 time. sleep (1)
84 elif ProxSensor1 == "0" and self. level1 == 1:
85 motorgame . messageWidgets . setCurrentWidget ( motorgame . IncorrectWidget )
86 time. sleep (2)
87 motorgame . messageWidgets . setCurrentWidget ( motorgame . blankWidget )
88 elif ( ProxSensor2 =="0" or ProxSensor3 =="0") and self. level1 ==0:
89 motorgame . messageWidgets . setCurrentWidget ( motorgame . IncorrectWidget )
90 time. sleep (2)
91 motorgame . messageWidgets . setCurrentWidget ( motorgame . blankWidget )
92
93 if ProxSensor2 =="0" and self. level1 ==1:
94 print ("2 Blocked ")
95 motorgame . messageWidgets . setCurrentWidget ( motorgame . CorrectWidget )
96 time. sleep (1)
97 motorgame . level1Pages . setCurrentWidget ( motorgame . page_3 )
98 motorgame . messageWidgets . setCurrentWidget ( motorgame . blankWidget )
99 self. level1 =2

100 time. sleep (1)
101 elif ( ProxSensor1 =="0" or ProxSensor2 =="0") and self. level1 ==2:
102 motorgame . messageWidgets . setCurrentWidget ( motorgame . IncorrectWidget )
103 time. sleep (2)
104 motorgame . messageWidgets . setCurrentWidget ( motorgame . blankWidget )
105 elif ProxSensor3 =="0" and self. level1 ==1:
106 motorgame . messageWidgets . setCurrentWidget ( motorgame . IncorrectWidget )
107 time. sleep (2)
108 motorgame . messageWidgets . setCurrentWidget ( motorgame . blankWidget )
109
110 if ProxSensor3 =="0" and self. level1 ==2:
111 print ("3 Blocked ")
112 motorgame . messageWidgets . setCurrentWidget ( motorgame . CompletedWidget )
113 time. sleep (1)
114 self. level1 =3
115 motorgame . level1Menu . setCurrentWidget ( motorgame . menulevel1Complete )
116 self. Correct1 =1
117
118 motorgame .ser. reset_input_buffer ()
119 return
120
121 # Starts the thread
122 def begin (self , motorgame ):
123 t1 = threading . Thread ( target =self.func , args =( motorgame ,))
124 t1. start ()

Listing C.4: Level1 class

1 # Close event , if the user exit the window
2 # Based on the code from https :// stackoverflow .com/a /9249527
3 def closeEvent (self , event ):
4 can_exit = True
5 if can_exit :
6 print (" Serial closed ")
7 self.ser. close ()
8 else:
9 event . ignored ()

Listing C.5: Code snippet from the game class showing the close event [23]
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