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Zusammenfassung

In dieser Arbeit stellen wir eine Design- und Entwicklungsmethodik für effektive
Lernspiele vor. Zu diesem Zweck haben wir ein Videospiel entwickelt, das Spielern
Wissen über Elektromagnetismus und über die Anwendung des Ohmschen Geset-
zes vermittelt. Der Designprozess basiert auf dem Mechanics Dynamics Aesthet-
ics Framework (Hunicke et al., 2004), während wir die einzelnen Spielelemente wie
Mechaniken und Spielziele mithilfe der Unifying Game Ontology (Debus, 2019) klas-
sifiziert haben. Während des Entwicklungsprozesses wurde die Revised Bloom’s Tax-
onomy (Anderson & Krathwohl, 2001) verwendet, um ein passendes Instruktions-
design zu erstellen. Sie wurde dazu genutzt, um Lernaktivitäten auszuarbeiten, die
dann den vorhandenen Spielelementen zugeordnet wurden. Eine klare Terminologie
und Zuordnung hilft Spieldesignern und Pädagogen gleichermaßen bei der Entwick-
lung und Bewertung effektiver Lernspiele. Um den Erfolg unseres Spiels in Bezug
auf den Wissenszuwachs zu bewerten, haben wir eine Evaluierung durchgeführt, bei
der den Spielern jeweils vor und nach dem Spiel ein Fragebogen ausgehändigt wurde.
Die Bewertung zeigt, dass das übergeordnete Lernziel erreicht wurde, aber einige der
Lernaktivitäten noch verfeinert werden müssen.

Abstract



The goal of our work is to evolve a design and development methodology for ef-
fective serious educational games. For that matter, we designed a video game that
teaches players about electromagnetism and more concretely how to apply Ohm’s
Law. The design process is based on the Mechanics Dynamics Aesthetics frame-
work (Hunicke et al., 2004) while the individual game elements, such as mechanics
and game goals, have been classified using the Unifying Game Ontology (Debus,
2019). During the development process, the Revised Bloom’s Taxonomy (Anderson
& Krathwohl, 2001) was used to create a fitting instructional design. The frame-
work was utilized to work out learning activities, which were then mapped onto the
existing game elements. Having a clear terminology and mapping helps game de-
signers and educationalists alike to develop and assess effective serious educational
games. In order to assess the success of our game in regard to knowledge retention,
an evaluation has been conducted where the players were handed a questionnaire
before and after playing the game. The assessment shows that the learning objective
has been achieved, while some learning activities still need to be refined.
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1 Introduction

Electromagnetism is an important sub topic of physics covering the study of the
electromagnetic force, a type of physical interaction that occurs between electrically
charged particles. The electromagnetic force is carried by electromagnetic fields
composed of electric and magnetic fields, and it is responsible for electromagnetic
radiation such as light (Encyclopaedia Britannica, 1998c). Having an overview of
the physical basics of electricity such as voltage, current and resistance, which is
defined by Ohm’s law, is important in order to be able to inform oneself about
topics such as electric mobility or renewable energies.

For this reason, these topics are taught in school. In Bavarian high schools, for
example, electromagnetism is the main topic in eleventh grade physics classes (ISB,
2004b), where students are taught topics such as electric or magnetic fields and
electromagnetic induction (Anselment, 2009). However, less complex concepts, such
as how electric circuits work, are introduced at even earlier grades. In Bavaria, this
is done in the third or fourth grade of elementary school (ISB, 2022). Successfully
imparting this knowledge is the responsibility of teachers. As trained educators,
they create scientifically based instructional designs, in which they first define the
content they want to teach and then create appropriate learning objectives. In
order to achieve the objectives, activities are planned through which the knowledge
is conveyed. Whether the learning has been successful is later tested in the form of
examinations. As teaching methods or activities, the educators have many options at
their disposal, such as lecturing, group projects, experiments, films or even games.

Video games, in particular, are a teaching method with a lot of potential. According
to the National Education Association et al. (2012), students in the 21st century
need the following skill set: (1) critical thinking and problem-solving, (2) communi-
cation, (3) collaboration, (4) creativity and innovation. These skills are also referred
to as the "Four Cs". Video games have the ability to teach the Four Cs (Hewett
et al., 2020). One way to do this would be a multiplayer puzzle game, for which all
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1 Introduction

skills are needed. In addition, the simulation nature of video games allows physi-
cal experiments to be performed as often as desired in real time while eliminating
hazards such as electrocution. Moreover, from a game design perspective, physics’
concepts have always been suitable for deriving fun video game mechanics. In games
such as Angry Birds (Rovio Entertainment Corporation, 2021), the law of inertia
is utilized to slingshot birds into destructible structures. Another example would
simply be gravity, which has to be accounted for in many jump and run games.
Electromagnetism concepts and processes can also be an inspiration for different
game elements: magnets or charged particles could be utilized to repel the players,
or they could have to complete electric circuits in order to open a gate.

In order to make good learning material out of these video games, it is not suf-
ficient to integrate physics concepts as mechanics in the game. Indeed, a sound
instructional design process must take place. An important aspect of the science of
instructional design is to define clear learning objectives, activities and assessments
(Merrill et al., 1996). Therefore, the goal of this thesis is to evolve a design and
development methodology for effective serious educational games. For that matter,
we design a video game to teach the concepts and processes of electromagnetism,
where the end goal is to learn how to apply Ohm’s Law. We take a rigorous game
design path where game mechanics, goals, levels and other elements are well re-
flected. This process is derived from the Mechanics-Dynamics-Aesthetics (MDA)
framework (Hunicke et al., 2004) and the Unifying Game Ontology (Debus, 2019).
Correspondingly, we utilize the Revised Bloom’s Taxonomy (Anderson & Krath-
wohl, 2001) table to clearly state the learning objectives the video game subsumes.
Finally, we correlate game design elements with their counterparts in instructional
design, and we assess the players’ knowledge regarding Ohm’s Law.

In this thesis we first present the theoretical background regarding instructional
design, domain knowledge and game design in section 2. After that, we present
related applications that aim at teaching electromagnetism to their players in 3. In
section 4 the game design is explained in more detail, followed by an evaluation of
said game in regard to learning and gameplay in section 5. At the end, a conclusion
is drawn, and future work is presented.
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2 Theoretical Background

The design of effective serious educational games is a complex endeavor. Indeed,
it requires a good grasp of concepts in a variety of topics: (1) pedagogy and in-
structional design, (2) specific domain knowledge, and (3) game design. In order to
explain the required theoretical background for this thesis, in section 2.1 Revised
Bloom’s Taxonomy is introduced as an instructional design framework. In section
2.2, an overview of the domain knowledge is given. This includes physics and electri-
cal engineering concepts. In 2.3, both game elements and game design processes are
presented in great detail. Finally, a combination of these three aspects is proposed
and will create a base of the methodology section later on.

2.1 Instructional Design

In order to make learning appealing and effective, the learner is guided by a set
of well-designed instructions. There are several methods and techniques to help
educators design such instructions, and they are called instructional design frame-
works (Moseley et al., 2005), also referred to as ID frameworks. One of the most
widely used ID frameworks is Bloom’s Taxonomy, which can be described as a set
of three hierarchical models used to classify learning objectives. These models are
also referred to as domains: (1) Cognitive, (2) Affective, and (3) Psychomotor. For
each of these domains, the taxonomy provides a set of levels of complexity that the
learner should go through. For the cognitive domain, Bloom’s Taxonomy defines
six levels of complexity: knowledge, comprehension, application, analysis, synthesis,
and evaluation. These can be used to describe and classify educational learning
objectives. According to Bloom (1956) (p. 120), these intellectual skills are hierar-
chically ordered in terms of complexity. Therefore, for example, it is necessary to
have understood something before being able to apply it.

A more refined version of the original Bloom’s Taxonomy, the Revised Bloom’s Tax-
onomy (Anderson & Krathwohl, 2001) was published in 2001. The major structural
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change is that "knowledge" has been divided into the four categories: (1) Factual,
(2) Conceptual, (3) Procedural, and (4) Metacognitive, and has been contrasted
with the so-called cognitive processes as a separate category. This results in a
two-dimensional table in which the learning objectives can be categorized (see Fig.
2.1).

Figure 2.1. Categorization of electromagnetism example utilizing revised bloom’s
taxonomy (Anderson & Krathwohl, 2001) (p. 103).

An example of an elaborated learning objective from Revised Bloom’s Taxonomy
on the topic of electromagnetism is: "Students should learn to use laws of electricity
and magnetism (such as Lenz’s law and Ohm’s law) to solve problems." (Anderson &
Krathwohl, 2001) (p. 105). As suggested by the authors in chapter 6 of the book, this
learning objective can be put into the category "apply conceptual knowledge" as seen
in Fig. 2.1. Besides the learning question - which is answered by creating the learning
objectives - the instruction and the assessment question are of particular importance
according to Moseley et al. (2005) (p. 104f). On the one hand, regarding the
instruction question, there are learning activities that are intended to help learners
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achieve the ultimate learning objective. An example of this would be a task that
helps students choose the correct physics law to be applied. The learning activities
can also be classified according to Revised Bloom’s Taxonomy and do not need to
be put into the same category as the learning objective they are working towards.
The assessment question on the other hand is answered by tests that check whether
a learning activity or learning objective has led to successful learning. These tests
can also be classified using the taxonomy.

To formulate the learning objectives, activities and tests, different verbs can be used,
which can be assigned to the six cognitive processes of the taxonomy. When writing
down the concrete formulations of the objectives and activities, they should not
contain the specific names of the cognitive processes, but verbs that belong to the
associated process. Some examples can be found next to each process in Fig. 2.2.
A more detailed list directly from the Revised Bloom’s Taxonomy can be found in
the appendix (A).

Figure 2.2. Revised Bloom’s Taxonomy’s cognitive processes and associated vocab-
ulary (Armstrong, 2010).
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2 Theoretical Background

2.2 Domain Knowledge: Ohm’s Law

The concrete learning content of the game we present in this thesis consists of circuit
theory, with a focus on Ohm’s law. Ohm’s law describes the relationship of three
attributes of an electric circuit: (1) Resistance, (2) Intensity of current and (3)
Voltage. "Electric current in a wire, where the charge carriers are electrons, is a
measure of the quantity of charge passing any point of the wire per unit of time."
(Encyclopaedia Britannica, 1998a). On the other hand, voltage - also known as
potential difference, describes "the amount of work needed to move a unit charge
from a reference point to a specific point against an electric field." (Encyclopaedia
Britannica, 1998b). A water cycle is often used as an auxiliary mental model for
electric circuits (ISB, 2004a), since the flow of water offers some similarity to the
flow of electrons. A pump transports water up a mountain (see Fig. 2.3), from which
it flows down again. The pump is the voltage source that generates voltage, and
the difference in height of the water is the actual voltage. In this model, the current
corresponds to the flow velocity of the water as it flows back down the mountain.

Figure 2.3. Visual representation of the flow of electricity utilizing the flow of water
(ISB, 2004c).

Ohm’s law defines resistance in a circuit as follows:

R = V/I (2.1)

where R = resistance, V = voltage and I = the current of the circuit (Kipnis, 2009).
The formula 2.1 can be transformed into the formula 2.2 for electric current and the
formula 2.3 for voltage:

I = V/R (2.2)
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V = I ∗ R (2.3)

This describes an indirect proportionality of resistance to voltage or current in-
tensity. In addition, this results in a direct proportionality between voltage and
intensity of current. These two concepts are described by Ohm’s law and are to be
conveyed by the developed game. To achieve this, voltage, current and resistance
must be introduced beforehand in the game. Additionally, the players must have
been acquainted to the concept of a closed circuit and its components. This is ex-
plained in more detail in section 4.2 as part of the instructional design explanation
of the game.

2.3 Game Elements and Game Design

One definition of the term serious game states that a serious game does not serve
the sole purpose of entertainment (Alvarez, Djaouti, et al., 2011). Nevertheless,
entertainment is an important aspect for serious educational games, especially for
those that are intended to serve as a learning environment in their own right. The
reason for this is that the engagement factor of a game determines whether the
players want to engage with the game and thus with the educational material.

One framework that can be used for analyzing and designing games is the MDA
framework (Hunicke et al., 2004). It contains three interdependent layers: Mechanics
(M), Dynamics (D), and Aesthetics (A). The Mechanics level describes low-level el-
ements such as the various mechanics, game goals, and intervention options through
which the players can change the game state. The Mechanics level can be directly
influenced and changed by the game designer. The dynamics of a game, in turn,
result from the behaviors that arise when the mechanics are applied with concrete
player input (Aleven et al., 2010). An example of a dynamic is time pressure. This
can be created, for example, by a timer mechanic, but also by awarding bonus points
to the fastest player in a multiplayer game. However, no explicit taxonomy is given
for dynamics in the MDA framework. The aesthetics level describes the feelings
or pleasure the players experience while playing the game. The MDA framework
provides a more fine grained definition of "fun" and therefore offers eight terms to
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describe the aesthetics of a game: sensation, challenge, discovery, fellowship, ex-
pression, fantasy, submission, narrative (Kusuma et al., 2018). While the designer
can start at the mechanics level to change the game experience, the players perceive
the game at the aesthetics level. According to Aleven et al. (2010) the engagement
factor of a game is determined by how successful the designers were with reaching
their desired aesthetics goals, while the learning objectives and activities are mostly
implemented on the mechanics and dynamics level.

To be able to look at the concrete components of a game in more detail, there
are frameworks, such as the Unifying Game Ontology (UGO) (Debus, 2019). "The
Unifying Game Ontology is the first classification scheme of its scope that describes
game elements on the lowest level of complexity and the highest formal level" (Debus,
2019) (p. 309). The goal of the UGO is to enable researchers, practitioners, and
teachers to compare the differences of smaller game elements (Debus, 2019) (p. 291).
The UGO names several facets and classes such as time, space, entities, mechanics,
and goals. For each of these facets, there are further classifications. The category
mechanics, for example, is divided into seven further categories: activation, change of
element, change of possession, choosing, creation, navigation and removal. Another
category relevant to this work is goals. They can be further divided into imperative
goals (e.g. "create", "find", "optimize", ...) and ultimate goals ("winning", "finishing",
"prolonging"). The UGO helps to analyze game elements, such as learning activities
integrated in the game, in more detail. A more detailed list of mechanics and goals
can be found in section C of the appendix.

2.4 Combining Learning And Game Elements

One of the biggest challenges of serious game design is that the learning and gaming
aspects have to be combined appropriately (Arnab et al., 2015). It should be noted
that game designers and educators often use different terminology and look at the
subject from different angles (Gunter et al., 2006). Arnab et al. (2015) argue that
"high-level pedagogical intents can be translated and implemented through low-level
game mechanics". Based on this, they introduce the term Serious Game Mechanic
(SGM), which is defined "as the design decision that concretely realizes the transition
of a learning practice/goal into a mechanical element of gameplay for the sole purpose
of play and fun". Through the Learning Mechanics and Game Mechanics (LM-GM)
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framework created by Arnab et al. (2015), learning elements can be mapped to
game elements and vice versa. Through the framework, SGMs can be identified
and analyzed. It is intended to help game designers and educationalists to analyze
serious educational games and to find SGMs across different games. The topology of
gameplay rules underlying the LM-GM framework describes two types of rules: low
level rules that allow the players to change the state of the world and higher level
rules that describe the goals of a game. Arnab et al. (2015) claim "that learning
must [...] be defined at a higher level, through goals, rules and other components
that have a pedagogical value". The game and learning mechanics elaborated in the
LM-GM framework can be viewed in 2.4. The core components are in the center
and extend along the vertical axis. Listed horizontally are functional mechanics that
belong to the corresponding core mechanics.

Figure 2.4. Learning and game mechanics as proposed by the LM-GM framework
(Arnab et al., 2015).

Another framework dealing with the design of serious educational games was pre-
sented by Aleven et al. (2010). It is based on three main components. The first one is
about creating learning objectives. Within this component, the required prior knowl-
edge, the knowledge to be taught, and possible knowledge transfer are determined.
The required objectives, activities and tests are defined using the Revised Bloom’s
Taxonomy as described in section 2.1. The framework’s second component consists
of analyzing or planning the game using the MDA framework, as presented in sec-
tion 2.3. The third part considers the use of Research-based Instructional Design
Principles. "[Those] promote thinking about whether the game supports learning in
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ways that are consistent with empirical research on instruction and robust learning."
(Aleven et al., 2010). An example of Jim Gee’s 36 principles of game-based learning
is that you can practice many times in the game without getting bored with the
content (Gee, 2007). Aleven et al. (2010) claims that the focus of the framework is
to support thinking about serious educational games. Thus, designing a game can
be approached from both the educational and the gaming aspects.

For the design of the video game that has been created in the scope of this thesis,
aspects of both frameworks were incorporated. Using Revised Bloom’s Taxonomy,
learning objectives, activities, and tests were specified and mapped to game elements
as described in the Unifying Game Ontology. This mapping is comparable to serious
game mechanics from the LM-GM framework. Furthermore, the game design of the
project is based on the MDA approach.
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Ohm’s law is an important and fundamental law of physics (Alexander, 1938). Con-
sequently, there are already some applications that deal with the teaching of Ohm’s
Law, but also with the teaching of physical concepts in general. In order to get an
overview of what already exists in terms of video games on Ohm’s Law, the first
section of this chapter presents six different digital applications that deal with said
topic. The majority of these are video games. They are analyzed based on Revised
Bloom’s Taxonomy and the Unifying Game Ontology, and related examples of learn-
ing activities, learning objectives, game elements, and game goals are elaborated. A
large part of the related work was tested personally.

The two main aspects to consider when designing a serious educational game are
integrating the desired learning content and creating an engaging game (Aleven et
al., 2010). However, since not every game claims to be an effective serious educa-
tional game, the second part of this chapter classifies and evaluates the applications
based on two criteria: successful knowledge transfer and engagement factor. This is
recorded in a serious game classification scheme.

11
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3.1 Analysis Of Related Games And Applications

3.1.1 Simple Club App

Figure 3.1. Screenshots from the simpleclub app (simpleclub GmbH, 2016).

The simple club app contains teaching materials for various school subjects and
university courses. One of these is physics, for which there are specific chapters on
electromagnetism. An exemplary learning objective is the Lorentz force, for which
there are learning activities such as reading descriptive texts, watching videos and
experimenting with interactive animations. The visualizations and explanations of
the concepts are used to remember and understand the formulas and concepts of
the Lorentz force (see Fig. 3.6). The paid premium version also offers exam-like
tasks, learning plans and statistics on learning progress. These serve the assessment
of the learning progress. However, the premium version could not be tested within
the scope of this work. The learning content is developed in collaboration with
universities such as the Karlsruher Institute of Technology. The simple club app
is the only application presented in related work that is not a video game, and
accordingly has fewer gamified elements and game mechanics. However, the exercises
include proximate goals such as "solve" or "find", for example, when solving a problem
using the formula of the Lorentz force.
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Figure 3.2. Gameplay screenshot of Physikus (HEUREKA-Klett Softwareverlag
GmbH, 2003).

3.1.2 Physikus

Physikus (HEUREKA-Klett Softwareverlag GmbH, 2003) is a 3D point and click
adventure game in which the player must solve puzzles to save the world. The
learning content consists of four physics topics: Optics, mechanics, acoustics, and
electricity. There are learning objectives for each of the subfields. An objective from
the electricity part is learning and applying Ohm’s Law. In Physicus the player
can click near the border of their screen to move between static scenes in which
there are objects to inspect. Scene switching is a "navigation" mechanic, according
to the UGO. An example object from the game is the suitcase shown in Fig. 3.2
on the left, which contains a circuit. The circuit can be activated ("activation"
mechanic) by pressing the red button after inserting a second resistor to close the
circuit ("creation" mechanic). The resistor’s value can be increased and decreased
using the arrows ("change of element" mechanic). To solve the puzzle, the correct
wattage must be reached, which can be found on a piece of paper elsewhere in the
world. This involves, for instance, the imperative goal "Find". However, the player
does not learn the required knowledge through activities in the world, but has to
read texts like the one on the right in Fig. 3.2 to acquire the knowledge. The
applying and practicing of knowledge is therefore gamified, but the learning part is
implemented more classically through reading. However, the texts are supported by
animations of the concepts. Thus, the learning activities in the theoretical part are
similar to those in the simple club app. Though, there are additional activities in
the gamified part. One example is the insertion of the second resistor. The player
learns that they can only activate the circuit when it is closed. This activity counts
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as understanding conceptual knowledge.

3.1.3 Supercharged!

Figure 3.3. Gameplay screenshot of Supercharged! (Squire et al., 2004).

The computer game Supercharged! (Squire et al., 2004) is a 3D simulation game
developed as a learning activity for schools in collaboration with MIT physicist
John Belcher. Players control a spaceship that must be moved through a maze
using charged elements. The game is divided into two phases: a planning phase
and a game phase. In the planning phase, charge points can be set from which the
ship can either be repelled or attracted. The player can charge the ship negatively
or positively and has a limited amount of fuel with which to move without the
electrostatic forces. The game has complex "navigation" mechanics that consist of
arranging and placing loaded objects, but also maneuvering the ship. In addition,
building the maze is a "creation" mechanic. Objectives are for example "choosing" the
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right objects or "optimizing" the path. The labyrinth itself consists of elements from
the subject area of electromagnetism, such as charged surfaces or electric currents.
One learning object is to understand physical phenomena such as the electrostatic
forces that prevail between charged objects. The game was created as part of a
research project and could not be tested because no binaries were available. It is a
serious educational game, where the learning activities are directly integrated into
the game. This is also the case with the game developed in the practical part.
An example of a learning activity in Supercharged! is the placement of the loaded
objects. The player has to remember that equal charges repel and unequal charges
attract in order to influence the path of the ship correctly. The activity belongs to
the category "remember conceptual knowledge".

3.1.4 Wired

Figure 3.4. Wired on Steam (University of Cambridge Engineering Department,
2018).

The PC game Wired (University of Cambridge Engineering Department, 2018) is a
platformer game published by the University of Cambridge Engineering Department.
The player has to move through the rooms of a former school by connecting given
circuit elements with cables in the right way, thus opening the door and "reaching"
the next section. To build a circuit, the player operates terminals that can be used
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to connect nodes with cables by clicking on them. Placing circuit elements can be
a "change of element" mechanic or a "creation" mechanic, depending on whether
the circuit is created from scratch or modified. In addition, other components such
as switches can be operated via the terminals. One learning objective within the
game is to learn how to build circuits, thus "applying conceptual knowledge" about
circuit theory. To solve the puzzles, the player must understand how electrons flow
through a circuit in order to connect the correct nodes and prevent short circuits,
for example. This knowledge must then be "understood" before one can solve the
circuit puzzles. You also need to be able to "remember" and identify different circuit
elements to include other components such as voltage sources and switches. During
the game, videos are shown again and again between the puzzles, which either
explain mechanics or physical concepts or give the player an understanding of the
background story.

3.1.5 Power Grid Tycoon

Figure 3.5. Screenshot of Power Grid Tycoon from the google app store (iade, 2021).

Power Grid Tycoon (iade, 2021) is a strategy idle game. The player builds a network
of power generators and produces electricity. They will receive ingame currency for
selling this electricity ("creation" mechanic). Through mini-games, the player also
has the opportunity to earn money. He can use this money in the form of a classic
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"change of element" mechanic to improve the components in his power network and,
for example, to produce or store more electricity. Capacitors, for instance, can be
replaced by batteries, or generators can be replaced by wind turbines and later by
coal-fired power plants. The main goals of the game are to "create" a power network
and to "obtain" as much money as possible to "optimize" the system. Power Grid
Tycoon is not an educational game. Nevertheless, while playing the game, you get
to know the different components in a power grid better. This learning objective
belongs to the category "remembering factual knowledge". Further objectives could
be extracted from elements like the CO2 emissions produced by the power plants,
which must not be exceeded in order to achieve certain goals or the distinction
between direct and alternating current. A learning activity in the game is the
placement of the network components, where one repeats their names regularly.
The activity is also assigned to the category "remembering factual knowledge".

3.1.6 ElecHead

Figure 3.6. ElecHead on Steam (NamaTakahashi, 2021).

ElecHead (NamaTakahashi, 2021) is a puzzle platformer released in 2021 by Na-
maTakahashi. Here, the player plays a robot that can charge surfaces and thereby,
for example, make connected platforms move or materialize. With this mechanic,
puzzles must be solved in order to progress in the world. The main goals of Elec-
Head are to "reach" the next rooms while "solving" puzzles. The main focus in regard
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to mechanics is to "activate" platforms or other objects through electricity and to
"move" and "jump". The game was not designed as a serious educational game,
making it harder to find proper learning objectives. However, ElecHead makes use
of electromagnetic concepts in the design of the basic mechanics. For example,
the conductivity of objects is used to activate objects connected to the conductors.
One could formulate a learning objective around this topic. Since the concepts are
not implemented realistically, the player cannot apply the knowledge learned in the
game to the real world. The player does not need any special prior knowledge to
play the game. Even though it is not a serious game, it can still arouse an interest
in electromagnetism due to the thematic reference, for example if the player wants
to comprehend to what extent the mechanics correspond to reality. The puzzles,
which use the basic mechanics in a variety of creative ways, make for an entertain-
ing and enjoyable game. Even the tutorials have to be unlocked by using the main
mechanics and are thus well integrated into the game flow, which never leads to a
break in immersion.

18



3.2 Classification In Regard To Learning And Engagement

3.2 Classification In Regard To Learning And Engagement

In Fig. 3.7 you can see the classification of the presented applications in terms of
their successful knowledge transfer and engagement factor, i.e. how much fun the
player has playing the game. An effective serious educational game should have as
high a value as possible in both categories, and thus be found in the upper right
area of the scheme.

Figure 3.7. Serious educational game classification scheme in regard to successful
knowledge transfer and engagement factor.
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4 Electrified: A Serious Educational Game To Teach
Ohm’s Law

The game that was created as part of this thesis is called Electrified. Since the topic
is electromagnetism, it includes information about electrical engineering and circuit
theory as well as the fundamentals of the topic. Since it was created as a serious
educational game, it must have a high engagement factor and communicate the
learning goals effectively. Moreover, knowledge retention tests have been designed
to assess the learning. More about this in chapter 5. The game should serve as
an independent learning environment and not as an accompanying learning activity
for e.g. school lessons. This means that the game itself contains various learning
activities. Electrified was developed with a focus on the gaming aspect, but every
design decision was made considering the instructional design and its interplay with
the gaming aspect. In the following section, the basic concept of the game is ex-
plained. First, the game mechanics and the game design is examined in more detail
in regard to the MDA framework and the Unifying Game Ontology. In section 4.1.3
the goals of the game are explained in further detail. Section 4.2 describes the in-
structional design, such as the learning items, objectives and activities of the game.
The last section describes how the gaming and learning aspects are connected to
each other. It also explains how and where they were concretely implemented within
the game.

4.1 Game Design

4.1.1 Concept

Electrified is a cooperative puzzle platformer based on the theme of electromag-
netism. By solving puzzles, the two players can progress through the levels while
learning more about the topic of electromagnetism. Players are able to change their
character’s charge between a negative, neutral and positive state. Just like in the
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Figure 4.1. Screenshot from the game Electrified.

real world, charges of the same type repel each other and opposing charges attract
one another. This allows players to be affected by charged objects scattered through-
out the world. Consequently, it is possible to use static charges like a trampoline
to overcome high obstacles. These forces also act between the two characters, al-
lowing for additional cooperative elements and more interactions between players.
In addition, when the characters are charged, they can act as voltage sources in
a circuit. Players can do this by standing on contact plates connected to circuits,
and depending on how they are charged, they will act as voltage sources of either
5V or -5V. Using the different circuit elements, puzzles can be solved by opening
doors, most of the time, necessary for progression. The complexity of the riddles in-
creases by introducing more complex components and concepts (e.g., use of parallel
circuits instead of exclusively series circuits). Moreover, it is possible to construct
different circuits by replacing individual circuit elements. The player can obtain a
solid physical understanding of Ohm’s law and the importance of different circuit
elements piece by piece through the learning and game elements described. At the
same time, the game helps to approach the basics of electricity in a model-like way,
and it helps to build up an intuition for the flow of electrons in different circuits.
In the following subsections, we will delve deeper into the game design process,
starting with the core mechanics and which dynamics and aesthetics emerge from
them. Furthermore, the goals that can be found within the game are outlined and
the instructional design will be explained.
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4.1.2 Core Mechanics

We designed a series of games mechanics that emphasize natural physical phenom-
ena regarding electromagnetism: Charge Switching, Charge repelling/attracting,
Character repelling/attracting, Circuit Activation, Circuit Building.

Charge repelling/attracting

We conducted early oral play tests, where the development team was asked to rate
the mechanics of the game in regard to them being fun. Those tests determined that
interacting with static charges was fun for the testers. Those elements are placed in
the world and are either positively or negatively charged. Giving a player’s character
the same charge as a static charge allows them to be repelled by it. The mechanic
is used to overcome obstacles that cannot be overcome by just jumping. This is a
"navigation" mechanic that can be categorized as "accelerating" or "jumping" (Debus,
2019).

Figure 4.2. A player using static charges in Electrified to overcome obstacles.

Charge Switching

It quickly became apparent that the ability to change the charge of one’s character
was necessary for the characters’ navigation: it gives the characters the possibility
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to detach from a strongly charged element. In addition, this mechanic provides
players with more flexibility. Indeed, it is possible for the player to stand on a static
charge in a neutral state, take on its charge, and thus give themselves a strong push
or repelling force. In addition, it can be used to build more complex jump-and-run
elements, where the player must change charges at the right time during a jump to
successfully complete the element.

The dynamics that emerge from the repelling/attracting and charge changing me-
chanics offer a wide range of possibilities for navigation and result in a fun jump-and-
run experience for the player. By utilizing jump-and-run elements one can create
the aesthetic of "challenge" as described by Hunicke et al. (2004). Changing a char-
acter’s charge can be categorized as a "change of element" mechanic according to
Debus (2019): the character "transforms" into a voltage source with either a positive
or negative charge.

Figure 4.3. The three states a character can reach in Electrified by switching charge.

Character repelling/attracting

The fact that the players didn’t repel or attract each other until now was criticized by
the testers as unrealistic. Indeed, charged elements would usually attract or repel
each other. Thus, the implemented electrostatic forces were also applied to the
two characters, which allows for cooperative jump-and-run elements such as players
standing on top of one another, pushing and boosting each other to an otherwise
unreachable platform. In the context of the Unifying Game Ontology, this mechanic
can be classified analogously to the charge repelling/attracting mechanic.
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Due to the similarity to the repelling/attracting mechanic already introduced, the
forces between players allow for even more complex and diverse jump-and-run ele-
ments. The other player can now function as a dynamic charge that can change its
type midair. Through that, even more challenging obstacles can be built, however
this mechanic with its resulting dynamics also leads to an aesthetic of fellowship.
The two players now can cooperate during jump-and-run sequences to reach their
goal.

Figure 4.4. Two characters repelling/attracting each other to overcome obstacles.

Circuit Powering

When charged, the characters resemble the positive and negative poles of a battery.
This gave rise to the idea of incorporating circuits as puzzle elements that can be
activated in cooperation - one player as the positive pole and one as the negative
pole. For the implementation of electric circuits in Electrified we used a well-known
simulation library called the spice engine (Delport et al., 2019). This library does not
offer the splitting of a voltage source into its terminals, natively. For this reason, the
characters were not modeled as single terminals, but as whole voltage sources that
can be set active by standing on a contact plate and switching their charge to either
positive or negative. According to the UGO this is an "activation" mechanic.

Each player being a voltage source on their own has the advantage that a single
player can activate a circuit and open a door, without needing the help of the other
player. In addition, it is thus possible to increase the voltage in a circuit by having
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the second player stand on another contact plate and act as a second voltage source.
In Fig. 4.5 you can see how one player has assumed a positive charge and thus creates
an electric potential of five volts, while the other player is negatively charged and
causes an electric potential of minus five volts. This creates a voltage of ten volts
on the door, and it opens. With the circuit powering mechanic and its resulting
dynamics, there can be created a new kind of cognitive challenge. The players have
to analyze the circuits and find a solution. Since in many circuits both players need
to act as a voltage source for the riddle to be solved, there also arises the aesthetic
of fellowship, since both players depend on each other to progress. An entirely new
aesthetic described by Hunicke et al. (2004) that is introduced through the circuits
is "sensation". The players can observe the flow of electrons in different circuits and
under different circumstances.

Figure 4.5. Two characters serving as voltage sources to open a door.

Circuit Building

In addition, in Electrified it is possible to change circuits by inserting and removing
components. Characters can each carry a component, such as a resistor, and insert
it into gaps in the circuit. For example, a resistor can be removed and replaced
with a piece of wire so that the overall resistance in the circuit is reduced, and a
coil burns out, clearing the way to the next section. This mechanic has been added
so that players have another way to interact with circuits and are able to change
the current or resistance within a circuit apart from being able to manipulate the
voltage. This mechanic can be assigned to two categories of the UGO, depending
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on the current state of the circuit. One can classify the placement of elements as a
"creation" mechanic when closing a previously disconnected circuit. However, you
can also assign the mechanic to the "change of element" category, since you can
also transform circuits with it, for example, when you create a parallel circuit by
connecting two loose cable ends.

This mechanic allows the player to try out new components and their effect on the
whole circuit. It creates a small testing laboratory for the players inside the game.
This dynamic leads to an aesthetic of "sensation", too, which is described as "[a]
sense of pleasure as the result of trying something new" (Kusuma et al., 2018).

Figure 4.6. Players with different components that can be inserted into empty cir-
cuit slots.

4.1.3 Game Goals

With the Unifying Game Ontology, not only can you categorize mechanics, but also
identify the goals and elements of a game. The ontology offers a variety of terms
to describe the goals. The main goals in Electrified are to "reach" the next section
and to "solve" riddles. These are imperative goals according to Debus (2019). The
ultimate goal of Electrified is "finishing" by reaching the last room.

Jump-and-run elements are common at the beginning of the game, with the goal of
"reaching" the other side of a gap or landing on a contact plate to open a door (see
Fig. 4.4). In later puzzles, for example, one goal is to "choose" the right resistor to
successfully "configure" a circuit and make a motor work (see Fig. 4.6). In Fig. 4.10
on the right side one can see a riddle where the player has to "optimize" a circuit
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by replacing a resistor with a wire, which has less resistance, in order to progress
in the level. Later on, the player has to "find" a component to insert into an empty
slot within a circuit in order to create a closed circuit. Those are the different types
of goals that can be found within the riddles in Electrified.

4.2 Instructional Design

Various learning activities are implemented in the game. They are represented by
game elements and are intended to help the player achieve the learning objective.
After successfully completing the game, the player should be able to solve circuit
problems using Ohm’s law. The focus is on conceptual problems and not on concrete
formulas. The game aims to visualize the concepts within an electric circuit and
thereby support the formation of correct mental models and avoid misconceptions.
The target group of the game are persons who have already dealt with the topic
of electric circuits - for example in school - but do not deal with the subject on
a regular basis. Thus, terms such as current, voltage and resistance should not be
completely foreign to the player and the game should serve to repeat and deepen the
knowledge. This is necessary because the learning objective of the game is to apply
Ohm’s law, and building up all the basic factual knowledge (Anderson & Krathwohl,
2001) (e.g., terminology, symbols, details of elements, etc) is beyond the scope of
this bachelor thesis. Nonetheless, the basics will be refreshed within the game, such
as voltage, current, and resistance.

Electrified consists of a level divided into four different sub-levels (see Fig. 4.13, Fig.
4.14, Fig. 4.15, Fig. 4.16). The first part teaches players the basic movement me-
chanics so that they can learn to control their characters and later use these skills to
solve puzzles. For the cooperative jump-and-run elements, it is important that both
players master certain basic skills regarding jump-and-run mechanics. Therefore,
the two players are separated at the beginning in order to practice individually. At
the end of one sub-level (training sub-level), the players are introduced to the next
one through 3D visualizations of the important concepts in the next sub-levels. The
faster player can already inspect them while his teammate follows. The introduction
to the second sub-section consists of 3D visualizations of the concepts of voltage and
current, as can be seen in Fig. 4.7. In the third sub-level, voltage is the primary
theme, so most of the learning activities there are centered around it. However,
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since current and voltage both increase or decrease when one of them changes, due
to their direct proportionality, it is important to also visualize current at this point
to make the distinction between the two concepts clear. The sub-level on voltage
is followed by the sub-levels (3 and 4) on resistance and current. A visualization of
the main concept is presented at the beginning of each new sub-level. Throughout
the following sections, the learning activities found in the different sub-levels of the
level are explained, and how they were implemented can be seen. At the end of 4.2
there is a table according to which the learning activities and the learning objective
are concretely classified using Revised Bloom’s Taxonomy.

Figure 4.7. 3D visualizations of the three main circuit concepts: voltage, current
and resistance.

Learning objective: Solve circuit problems with Ohm’s Law (Apply
Conceptual Knowledge)

After playing the game, a player should be able to solve conceptual problems regard-
ing electric circuits with the help of Ohm’s Law. They should be able to apply the
law to familiar, but also to unfamiliar tasks. These include problems such as adding
a resistor to a circuit so that a lamp does not burn out, or adding more voltage to
a circuit to activate a motor.

Activity 0: Recalling of units (Remember Factual Knowledge)

The first activity helps the player with recalling the units of voltage, current and
resistance. For this, the units are introduced via visualizations as in Fig. 4.8 and
assigned to the concepts. After that, the units are used regularly and displayed on
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objects. For example, doors display the applied voltage and current in volts and
amperes, and each resistor has a label with the number of ohms.

Figure 4.8. Usage of units within the game Electrified.

Activity 1: Understanding of voltage, current and resistance (Understand
Conceptual Knowledge)

The second activity helps the player with understanding the concrete concepts be-
hind voltage, current and resistance. For this purpose, 3D visualizations of the three
concepts are distributed throughout the game (see Fig. 4.7). These elements can
be inspected, and they illustrate through animations what is behind the concepts.
The visualizations are distributed throughout the level. At the beginning of each
sub-level there are the animations that fit the theme of the sub-level and at the end
there is a summary where all three concepts are repeated once again.

Activity 2: Manipulating voltage in a circuit (Understand Conceptual
Knowledge)

The goal of this activity is to teach about the cause-and-effect of voltage change in
a circuit so that the player can explain it. In the twelve circuits within Electrified,
there are always either one or two contact plates on which the players can stand.
There they can serve as voltage sources. If no contact plate is active in a circuit,
no current flows. As soon the first charged player stands on a contact plate, they
will see that the electrons start to move. If a voltage of five volts is sufficient for
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the door component to open, this will happen. If the input power is not enough,
the second charged character must move to another contact plate, and the players
can observe that the electrons are now moving faster than before. This shows the
direct proportionality of voltage and current to the players. This activity is found
in every sub-level that contains a circuit. However, the direct proportionality is
best seen in the voltage sub-level, where circuits with one and two contact plates
specifically alternate and thus oppose each other, highlighting the effect of different
voltage values (see Fig. 4.9).

Figure 4.9. Circuits requiring one or two voltage sources to open the attached door.

Activity 3: Inserting resistors into a circuit (Understand Conceptual
Knowledge)

The goal of this activity to teach the cause-and-effect of resistance change in a circuit
so that the player can explain it. In the resistance sub-level of the game, resistors
are introduced. They come in different forms and strengths. The player is able to
insert resistors into the gaps in a circuit and take them out again. For example,
in the puzzle in Fig. 4.10, there is a circuit with two gaps and each player has
one resistor each with the values one, three and five ohms. By trying them out,
players can now see that the higher the resistance, the lower the current, and vice
versa. In this way, the player learns the indirect proportionality between resistance
and intensity of current. This activity can still be found in other circuits where the
player can swap resistors. In one example, the player must replace a classic resistor
with a piece of wire to burn out a coil, which then clears the way.
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Figure 4.10. Riddles in Electrified where resistors have to be inserted to progress
to the next stage.

Activity 4: Differentiating between conductors (Analyze Conceptual
Knowledge)

Another activity introduced in the resistance section helps to differentiate between
different types of conductors. As mentioned earlier, resistors come in different forms
because every material has some electrical resistance. In Electrified, for example,
there are the classic resistors as used in electrical engineering, but you can also, for
example, use cables that have a much lower resistance, which is why they are also
used as conductors. So in the puzzle with the coil, the classical resistance is removed
and replaced by a conductor. Because of this, enough current flows so that the coil
can burn out and clear the way (see Fig. 4.10). This activity belongs to the category
"analyze conceptual knowledge" and, according to the hierarchy of Revised Bloom’s
Taxonomy, is ranked higher than the learning objective’s category, which belongs to
"apply". In this activity, however, the conceptual knowledge is considered to be the
resistance in an electric circuit and not Ohm’s law, which is why this activity does
not violate the teaching framework’s hierarchy regarding the learning objective.

Activity 5: Explain current flow in parallel circuits (Understand Conceptual
Knowledge)

In the last sub-level of the game, which deals with current, parallel circuits are
introduced. Through these, it can be observed that different intensities of current
can occur even within the same circuit. In the last circuit, for example, there is
a parallel section where three cables run in parallel, two of which are interrupted
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(see Fig. 4.11). If one activates the circuit, the current flows through the connected
piece, but has the same current intensity at each point. If one now connects the
other two cables by inserting resistors in the gaps, the player can observe how the
current strength in the parallel sections is lower than in the cables before and after
the parallel piece. The player can now explain that input current divides onto the
parallel wires, and thus they can explain the behavior of current in parallel circuits
in comparison to the behavior in series circuits.

Figure 4.11. Parallel circuit riddle in Electrified.

Activity 6: Attributing lack of current to gap in circuit (Analyze Conceptual
Knowledge)

Another learning activity from the current sub-level aims to show that a player
can attribute a lack of electric current in a circuit to a missing component and
the resulting gap. This activity can already be found in the resistance sub-level,
since there are no resistors in the first circuit and therefore no current flows (see
Fig. 4.10), but the focus of the activity is in the sub-level concerning current. For
example, one puzzle’s only aim is to create a connection between two cables in order
to open a door. Also, in the puzzle described in the previous section, gaps have to
be closed to establish a current flow in certain parts of the wire (see Fig. 4.11).

The presented learning activities were extracted from the existing game. For exam-
ple, the possibility of influencing the voltage in a circuit arose from the fact that
there are two players, each of whom can change their charge and act as a voltage
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Figure 4.12. Classification of the presented learning objective and activities in re-
gard to Revised Bloom’s Taxonomy (Anderson & Krathwohl, 2001).

source. In places where it was deemed useful, the existing mechanics were adapted
to generate further learning activities from them or to improve existing ones. For
example, not only classical resistors were made available for installation, but also ca-
bles and other conductors. It was tried to find suitable learning activities that work
towards the learning objective. Nevertheless, the instructional design described here
serves only as an example to illustrate the design process of a serious educational
game. Consequently, the examples shown in Fig. 4.12 merely serve as a way to teach
Ohm’s law, but can be modified or extended as needed. Whether it is a successful
instructional design is checked by the assessment in 5.

4.3 Learning Elements Representation In Game Elements

To be able to revise the evaluated learning activities in a meaningful way, it must
be clearly defined in which game elements they are represented. For this purpose,
an overview of the entire level design is given (see Fig. 4.13, Fig. 4.14, Fig. 4.15,
Fig. 4.16) and the previously presented learning and game elements are mapped
onto each other.

The learning activity regarding recalling of units spans the entire level. It starts with
the 3D visualizations at the beginning of each sub-level, which concretely explain
the effects of each concept and assign the according units. In addition, the resistors
show their value and consequently their unit and also at each door you can find their
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current and voltage that is present at any given time. Also, a player’s character
shows five volts when it is not neutrally charged. Therefore, you can connect this
activity in Electrified with change of element and activation mechanics, because
when you use these mechanics, the values of the circuits are updated and therefore
the focus is automatically on their units as well. The goals most associated with
the activity are "configure" and "optimize", since the value labels allow a concrete
assessment of how a change has affected the circuit.

The understanding of voltage, current and resistance is a broad learning activity and
accordingly widely distributed across the level. Similar to activity 0, there are the
3D visualizations at the beginning of each sub-level that show the effects of voltage,
current and resistance. You can also explore the aforementioned concepts on each of
the twelve circuits in Electrified by, for example, transforming your character into an
additional voltage source through charge switching and activating the circuit, or by
increasing the voltage and consequently the amperage. Another possibility to cause
a change in the circuit’s behavior is to add additional resistance. One can thus try
out different resistors and observe their effect. Consequently, when configuring and
optimizing the circuits, players can examine the concepts and their effects and thus
better understand them.

Figure 4.13. Detailed design of sub-level 1 (training) of Electrified.

The learning activity of manipulating voltage in a circuit is mainly encoded in two
elements. In sub-level 1 there is a door that the players can open individually.
At the beginning of sub-level 2 they reach a door which they cannot open alone,
but where they have to rely on their teammate as a second voltage source. In the
middle part of sub-level 2 there is a whole room dedicated to the learning activity
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(see Fig. 4.14). In this room, players must each activate circuits on their own to
unlock the second contact plate for the main circuit. By alternating circuits that
can be operated alone with those that require a second player, a contrast is created
that illustrates the effects of the voltage increase. The game goals of the elements
involved are solving puzzles and reaching the next room.

Figure 4.14. Detailed design of sub-level 2 (voltage) of Electrified.

Inserting resistors into a circuit is the main theme of section 3. Here, for the first
puzzle, players must select the two correct resistors from a possible six and insert
them into the circuit, so that creating a large enough flow of electrons is possible,
once the circuit is activated (see Fig. 4.15). In the second room, the existing circuit
must be configured so that the resistance is low enough to cause the coil to burn
out. This can be achieved by inserting a lower resistor.

Another learning activity found in sub-level 3 teaches the player to differentiate
between conductors. In the coil puzzle described earlier, players must remove the
previously installed ohmic resistor and then select a wire to insert into the resulting
gap. When activating the circuit, you will know that you have chosen the right one
when the coil starts heating up. If it doesn’t, players must further configure and
optimize the circuit.

There are two parallel circuits in Electrified. These are located in sub-level 4 of the
game. However, parallelism is only relevant for solving the puzzle in the last room.
The player has to install resistors to create a connection between two parallel pieces
of wire and thus reduce the total resistance of the circuit (see Fig. 4.16, last room).
This game element is intended to help the player explain the flow of current in a
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Figure 4.15. Detailed design of sub-level 3 (resistance) of Electrified.

parallel circuit. The main mechanics here are the insertion of components and the
associated creation of connections of the loose wire ends. Activating the circuit is
also essential, so that current flows and the connection can be recognized. Charge
switching also plays a certain role, as this influences the direction of flow. To solve
the puzzle, the circuit must be optimized so that a lower total resistance prevails.

Attributing a lack of current to a gap in the circuit is a learning activity that is
present in the first riddle of sub-level 3 and sub-level 4 of the game. When players
activate the circuit via the contact plates, they notice that no current flows. To solve
the problem, they have to insert a circuit component into the gap so that a flow
of electrons can occur. Thus, the learning activity consists mainly of configuring
circuits.

In summary, the most important mechanics for learning activities are activating
circuits and changing them. Additionally, charge switching and thus transforming
the player into a voltage source is of particular importance. However, the movement
mechanics do not add any educational value, but they increase the engagement
factor of the game. The goals pursued by the game elements that are relevant for
learning are mostly of the type "configure", "optimize" and "choose" as defined in the
UGO (Debus, 2019).
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Figure 4.16. Detailed design of sub-level 4 (current) of Electrified.
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5.1 Test Design

For the purpose of testing the knowledge transfer of the players, a questionnaire was
designed, which included questions about the gameplay as well as questions about
domain knowledge. It is intended to test the knowledge transfer on the one hand,
but also the engagement factor of the game, as presented in section 3.2. A qualitative
study was conducted with 17 participants. The participants were between 20 and
54, while the median age was 23. The majority of participants were male (70%), 24%
female and 6% of other gender. About half of the testing sessions were conducted
under supervision of the game developer. Since the point of the game Electrified is
to teach concepts and not to solve concrete calculations, the questions also reflect
this. The tests, which will be explored in more detail in the next paragraphs, were
created to match the learning activities defined in 4.2 and consequently fall into the
same categories of Revised Bloom’s Taxonomy (see Fig. 5.1). Each test consists
of multiple questions. The survey was designed to first assess the players’ prior
knowledge by asking them the test questions. Then, testers played and completed
the game Electrified, and then answered the same learning questions again. This
allows for direct comparison of learning progress based on the individual tests. The
tests are as follows:

Test 0: This is to test whether the player can remember the units that were pre-
sented in the game, such as volt, ampere and ohm. To do this, the player is asked
to assign the correct units to voltage, current and resistance.

Test 1: Test 1 asks if the player knows what concepts are behind voltage, current,
and resistance. To do this, the respondent is asked to simply answer questions about
how the three concepts work, such as which points in a circuit have the same voltage,
how the flow of electrons behaves, or how installing resistors affects the electrons.
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Figure 5.1. Classification of the presented learning objective, activities and tests in
regard to Revised Bloom’s Taxonomy (Anderson & Krathwohl, 2001).

Test 2: This test asks how current and resistance behave when the voltage in an
electric circuit changes. The focus is on whether the player understood the direct
proportionality between voltage and current.

Test 3: The goal of this test is to see if the player has understood the indirect
proportionality between resistance and current and that installing a resistor will
affect the current of the entire circuit, assuming it is a series circuit.

Test 4: This is to test the depth of the player’s understanding of resistors or
conductors. It is tested whether the respondent has understood that resistors can
consist of different materials and that even conductors such as cables have a certain
basic resistance. The player should be able to distinguish between conductors and
resistors.

Test 5: Test 5 deals with the deeper understanding of current. By introducing
parallel circuits in activity 5, the player learns that current can also differ within a
circuit and exactly how it behaves. To test this, questions are asked about different
parallel circuits where the player must determine, for example, which points in the
circuit have the same intensity of current.

Test 6: The sixth test is about circuits in general and how current behaves within
them when the circuit has a gap, for example. Thus, it is to be tested whether the
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player can attribute the absence of current flow to the gaps in the circuit. To do
this, the player must determine from a selection of circuits in which current flows
and in which it does not.

Test Obj: Finally, this test checks whether the player has reached the learning
objective, i.e. whether he or she can apply Ohm’s law. For this purpose, more
general questions about circuits are asked, for example, what can be done to prevent
a lamp in a circuit from burning out.

5.2 Playtesting Questionnaire

There are three categories of questions in the questionnaire: (1) questions about
the participant, (2) questions about domain knowledge, and (3) questions about the
game play and its engagement factor. The questions regarding domain knowledge
are asked once before playing the game and once afterwards in order to assess the
learning progress. These questions can be classified as tests in the context of the
Revised Bloom’s Taxonomy (Anderson & Krathwohl, 2001) - as described in the
previous section - and thus answer the assessment question of said framework. The
following section introduces the different categories the question are divided into.
The complete questionnaire can be found in the appendix under D.

Questions about the participant: At the beginning of the survey, some questions
about the person participating are asked in order to better assess the respondent
group and to better classify their answers. These include questions about age, gender
and, for example, how the person estimates his or her prior knowledge on the subject
of electric circuits and electromagnetism.

Questions about the game elements: After playing the game, players should rate how
engaging they found Electrified in general and how much they enjoyed the individual
mechanics. This will help quantify the fun factor of the game.

Questions about domain knowledge: These questions are intended to test how much
knowledge the player already had about circuits and Ohm’s law at the beginning
of the game, and how much he has learned after successfully completing Electrified.
For this purpose, he is asked the questions once before and once after the game.
The questions are grouped based on the learning activities so that there are at least
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two questions for each activity. These groupings are referred to as Test 0 to Test 6
in the previous text.

5.3 Results

This section presents the results of the survey. First the general results are sum-
marized, then the individual tests for each learning activity are analyzed, and it is
shown how successful the activities were in conveying the desired knowledge. Finally,
feedback on the gameplay and mechanics is outlined.

The survey shows that, on average, players were able to answer more questions after
they played the game, than they did before. For example, the number of questions
answered correctly was 15.5 out of 24 initially and 17.2 out of 24 on the second part
of the questionnaire. Overall, twelve players were able to answer more questions on
the second part of the questionnaire than before, three participants had the same
number of correct answers, and two participants were able to answer fewer questions
after playing (see Fig. 5.2). The largest improvement was six more questions that
could be answered, while the largest step backwards was minus three answers.

Figure 5.2. Amount of correct answers of the 17 participants before and after play-
ing the game.
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Participants were asked to self-assess their prior knowledge of the topic of electric
circuits and Ohm’s law, with one representing little prior knowledge and five repre-
senting great prior knowledge. The participants who rated themselves with three out
of five recorded an average improvement of 2.25 questions and were thus the group
that improved the most. The group of individuals who rated their prior knowledge
as particularly low included the greatest absolute changes, but also included one
individual who worsened. The participant who rated their prior knowledge as five
out of five was able to answer the same number of questions in both runs.

Figure 5.3. Answers regarding the learning objective’s test before and after playing
the game.

For tests 0 (Recalling of units), 1 (Understanding of voltage, current and resistance),
2 (Manipulating voltage in a circuit) and 4 (Differentiating between conductors),
it was observed that the tests received more correct answers on the second part
than before. In tests 0, 2, and 4, there was an improvement in the associated
questions between 6% and 18% (see Fig. 5.4). Test 1 also showed improvement in
all sub-questions, except for the last of the five questions, where neither learning
progress nor regression was evident (see Fig. 5.5). The exact results of the questions
can be seen in the appendix under D. The test on the learning objective (Solve
circuit problems with Ohm’s Law) was similar. A clear improvement can be seen
for the second question, as it received around 20% more correct answers in the
second questionnaire part than in the first run (see Fig. 5.3). However, neither a
deterioration nor an improvement could be seen for the first question. In summary,
survey participants improved on tests 0, 1, 2, 4, and the test regarding the learning
objective.
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Figure 5.4. Answers regarding tests 0, 2 and 4 before and after playing the game.
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Figure 5.5. Answers regarding test 1 before and after playing the game.
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The test on learning activity 5 (Explain current flow in parallel circuits) showed
no learning progress among the testers. The test contains two questions, where
the second question received the same number of correct answers before and after
playing. The first question consists of two parts. While the second part received
one more correct answer, the first part received one more incorrect answer (see Fig.
5.6). Consequently, there was neither progress nor regression in test 5.

Figure 5.6. Answers regarding test 5 before and after playing the game.
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Tests 3 (Inserting resistors into a circuit) and 6 (Attributing lack of current to
gap in circuit), on the other hand, actually showed a regression in terms of correct
answers. In the test on learning activity 3, there were exactly the same number of
correct answers before and after playing regarding the first sub-question, while in
sub-question two there were only 23.5%, instead of the previous 35.3%, of correct
answers. In test 6, the first question was neutral in terms of the participants’ learning
progress and in question two the number of correct answers dropped by 17.6% (see
Fig. 5.7).

Figure 5.7. Answers regarding tests 3 and 6 before and after playing the game.
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The evaluation on gameplay revealed that the game received an average rating of
4.2 out of 5 points, with 1 being "not much fun" and 5 being "a lot of fun". 16 of
the 17 evaluations were in the 4 to 5 point range, while one participant awarded
only one point. Participants who gave 5 points were able to answer an average of
2.7 more questions on the second part of the questionnaire, while those who gave 4
points only had an average of 1.3. The participant who gave a 1 out of 5 was still
able to answer 2 more questions after playing. The highest scoring mechanic was
pushing off charged elements with 4.5 points. Activating circuits and manipulating
their elements received 4 and 3.9 points out of 5, respectively (see Fig. 5.8).

In the written feedback, the cooperative aspect, the movement and repelling / at-
tracting mechanics, respectively, and the puzzle tasks were especially praised. Each
of these elements was mentioned at least six times. In addition, the gradually in-
creasing level of difficulty was highlighted as positive and that the game did not
feel like an educational game. In the context of cooperation, it was also mentioned
that you can hinder each other by pushing each other off, which was perceived as
a fun and competitive mechanic. According to the written feedback, even though
the movement was perceived as fun, it still needs improvement. The controls were
said to be too sensitive for precise jumps, and the characters get stuck on walls
too easily. Another point that was mentioned several times was that the concepts
could be better communicated, for example via clickable explanation buttons. In
addition, it was not clear to some players whether the charges moving through the
wires were electrons or imaginary protons, and which color was associated with the
positive pole and which with the negative pole. Also, it was not made clear that
the static charges could be of different strengths. One participant also criticized
that the player with more prior knowledge has an advantage in solving the puzzle,
and the player with less prior knowledge thus has difficulties in understanding the
solutions. Missing visuals like music or skins for the players were also criticized, and
two participants wished for a more detailed tutorial.
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Figure 5.8. Answers regarding the gameplay.
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5.4 Discussion

The majority of participants could answer more questions after playing Electrified
than before. This suggests that these players have learned something new. The
three participants who were able to answer the same number of questions in both
tests already had an above-average number of questions correct in the first run (18,
18, 22 out of 24). The testers who improved had an average score of 14.4 correct
questions before playing Electrified. They had more potential to improve, and they
used it. One can conclude that the learning effect is more effective for testers with
less prior knowledge. For one of the two participants who worsened, one major
criticism was that the game was too difficult. So it may be that players who have
to focus too much on the mechanics perceive the concepts less well.

The learning activities on reacalling of units and understanding the concepts of
voltage, current and resistance were apparently successful, as the players improved
significantly in the associated tests (see Fig. 5.4 and Fig. 5.5). This could be due
to the fact that there were concrete explanations for these two learning activities in
the game. At the beginning of each section in the game, animated 3D visualizations
exist in the background that visualize the effect of voltage, current and resistance
and name the corresponding unit (see Fig. 4.7). Even though most players looked at
these elements only briefly, there is little room for interpretation in the visualizations
on how exactly the concepts are effecting their environment and also the units
are concretely assigned to their associated concepts. These elements are not very
interactive or gamified, respectively, but explicitly showing how they work obviously
helps players understand them. However, the text questions in Test 1 also show that
the players recognize, for example, that the voltage in a motor drops, but they cannot
explain exactly why this is the case.

Learning activity 2, which dealt with voltage changes in the electric circuit, was
apparently also successful in conveying knowledge (see Fig. 5.4). One reason for
this could have been the puzzle at the end of the jump-and-run tutorial, where
the player cannot open the door in front of him alone. In the tutorial sub-level,
the players are separated and consequently can open all the doors alone. At the
end of it, however, they come together and before this is the case, they have to
open a door together. During playtesting, one player was often faster than the
other and reached this common door first. Since he was used to being able to open
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any door by activating the circuit and suddenly this was no longer the case, the
player was forced to stop and think about why the door would not open. Often the
players would then wonder aloud what to do next, prompting a discussion between
them about said puzzle. Thus, the players actively engaged in solving the problem.
Another reason for the success of learning activity 2 could be that the change in
speed of the electrons was the most notable change after a second player stood on
a contact plate.

Learning activity 4, in which the player learns to differentiate between different types
of conductors, was successful in terms of learning progress, too (see Fig. 5.4). This
activity was implemented mainly via the coil puzzle, where players had to replace an
ohmic resistor with a piece of wire in order to burn out a coil. Again, most players
did not understand the puzzle right away and were forced to think of a way to solve
it. Once players realized they needed to remove the ohmic resistor, they now had
to choose between a cable with very low resistance and a cable with slightly more
resistance, which they then installed in the resulting gap. Since the pieces of cable
were on a raised platform, it was more efficient to think ahead about which of the
pieces they needed to get than to just try it out. Forcing them to think about the
puzzles was probably a key factor in the success of the learning activity.

Test 5 shows that players do not improve in explaining the current flow in parallel
circuits (see Fig. 5.6). One possible explanation is that there are too few puzzles in
the game that deal with it. There are two parallel circuits in Electrified, and only
in the second circuit is the parallel flow of electrons relevant to solving the puzzle.
During playtesting, it was also shown that the players did not have to spend a long
time thinking about said puzzles, but directly realized that they had to connect the
cable pieces by inserting resistors. As a result, no further attention was paid to the
circuits and their peculiarities in terms of current flow. Consequently, in Electified
there must be more puzzles about this learning activity or the existing ones must be
revised so that the player is forced to pay closer attention to the flow of electrons.

In learning activity 3, which is about inserting resistors into an electric circuit, there
was even a deterioration in the ability of answering questions correctly (see Fig. 5.7).
A slight worsening occurred in sub-question two of test 3, where the player is asked
to judge whether the door in front of a resistor opens faster than the one behind a
resistor. The problem with this question could be that the illustrated circuit was not
implemented in the same form in the game, which makes the question a transfer task
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and thus more cognitively demanding. In addition, it is not relevant to the game
to pay attention to the opening speed of the doors, which is probably why many
players did not do this. The question arises, however, whether the decrease of correct
answers occurred by chance or whether it was due to a misconception conveyed by
Electrified. For example, it could be that players thought that the voltage drop
after a resistor would cause the second door to receive less input power. This would
at least explain why more testers indicated after playing that the door in front of
the resistor opened faster than the one behind it. To verify this, one would need to
revise the question and learning activity in a second iteration of the instructional
design.

Attributing lack of current to a gap in a circuit was not achieved either according
to the results of Test 6, but similar to activity 3, a regression was recorded (see Fig.
5.7). Since inserting components was an important part of many puzzles, it cannot
be argued, as in Test 5, that there were too few use cases. The circuits depicted in
the tasks were also found in the game.

After playing Electrified, more players were able to solve problems about electric
circuits using Ohm’s Law (see Fig. 5.3). They were able to solve problems on circuits
that they were not directly confronted with in the game. The first sub-question from
the learning objective’s test was what to do about a light bulb burning out. This
had already been answered correctly by many participants before, with the most
common answer being to add a resistor to the circuit. A strong improvement was
seen in the second sub-question, where players were asked what could be done to
make a light bulb not just glow dimly. Apparently, the players were more familiar
with the concept of reducing the current or voltage through resistors than they were
with increasing the input power to a light bulb by increasing the voltage and thus
the intensity of current. However, after the participants tested the game, there was
a greater variety in correct responses. It is possible that playing Electrified opened
up more different perspectives for participants on how to view the relationships in
circuits. The learning objective was achieved for many players, even though not
all individual learning activities were successfully completed. By improving the
deficient activities in a further iteration of the instructional design, perhaps an even
greater learning effect could be achieved.

From the fact that the players who rated the game with 5 out of 5 points achieved a
significantly greater learning progress than the participants who awarded 4 points, it
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can be concluded that a higher engagement factor leads to a better learning progress.
However, it may also be that solving puzzles and the resulting knowledge gain was
fun for the player, since also the participant who awarded only 1 out of 5 points in
regards to engagement factor was able to answer more questions than before playing
the game.
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6 Conclusion And Future Work

In the context of this work, a methodology was presented that serves as a guideline
for the design and development process of serious educational games. Thereby,
the creation and analysis of such games shall be facilitated for educationalists as
well as for game designers by concretely connecting the two topics. The MDA
framework (Hunicke et al., 2004) serves as the basis for the game design, while
the individual game elements such as mechanics and goals are classified by using
the Unifying Game Ontology (Debus, 2019). The instructional design is created
utilizing the Revised Bloom’s Taxonomy from Anderson and Krathwohl (2001).
Learning activities defined in the instructional design are explicitly mapped onto the
game mechanics and game goals to determine at what points in the game learning
content is communicated. It is therefore precisely defined where the player learns
each bit of knowledge. This makes it possible to use knowledge retention tests to
check which learning activities successfully impart knowledge and which still need to
be improved. By clearly mapping the activities to game elements, one knows which
parts of the game need to be adjusted in order to optimize the learning process. As an
application example of the methodology described above, a game called Electrified
was developed in the context of this thesis. This game is considered to be a proof-of-
concept of said methodology and aims at teaching the players how to apply Ohm’s
law. An evaluation showed that four of the seven defined learning activities were
successful and three activities did not achieve the desired effect. These must be
revised in the context of a further development iteration. In the case of the learning
objective, which consisted of solving problems within electric circuits using Ohm’s
law, learning progress was observed despite the failed learning activities.

In the future, further development iterations for the game Electrified would be in-
teresting, in which both the instructional design and the game mechanics will be
further assessed and enhanced to improve the learning process. In addition, the
proposed methodology could be applied to the development of other games, which
could for example, try to achieve learning objectives within higher cognitive process
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categories. One could also analyze which mechanics and goals are combined with
which cognitive processes and how often certain mappings appear.
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Appendix A. Revised Bloom’s Taxonomy
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Figure A.1. Detailed list of terms in the knowledge dimension presented by the
Revised Bloom’s Taxonomy (Anderson Krathwohl, 2001).
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Figure A.2. Detailed list of terms used in the cognitive process dimension presented
by the Revised Bloom’s Taxonomy (1/2) (Anderson Krathwohl, 2001).
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Figure A.3. Detailed list of terms used in the cognitive process dimension presented
by the Revised Bloom’s Taxonomy (2/2) (Anderson Krathwohl, 2001).
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Appendix B. List Of Aesthetics Categories From The
MDA Framework

Figure B.1. List of aesthetics categories (Kusuma et al., 2018).
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Appendix C. Unifying Game Ontology

C.1 List Of Game Goals

Figure C.1. List of proximate goals from tht UGO (work in progress by Chetitah
von Mammen, 2021).

C.2 List Of Game Mechanics
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Figure C.2. List of game mechanics from tht UGO (1/3) (work in progress by Cheti-
tah von Mammen, 2021).
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C.2. List Of Game Mechanics

Figure C.3. List of game mechanics from tht UGO (2/3) (work in progress by Cheti-
tah von Mammen, 2021).
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Figure C.4. List of game mechanics from tht UGO (3/3) (work in progress by Cheti-
tah von Mammen, 2021).
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Appendix D. Knowlege Retention Assessment

D.1 Assessment Test Template

D.2 Individual Questionnaire Answers
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Figure D.1. Introduction to the playtesting.
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D.2. Individual Questionnaire Answers

Figure D.2. Questions about the person participating in the questionnaire.
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Figure D.3. Questions that belong to test 0 (1/2).
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D.2. Individual Questionnaire Answers

Figure D.4. Questions that belong to test 0 (2/2).
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Figure D.5. Questions that belong to test 1 (1/4).
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Figure D.6. Questions that belong to test 1 (2/4).
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Figure D.7. Questions that belong to test 1 (3/4).
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D.2. Individual Questionnaire Answers

Figure D.8. Questions that belong to test 1 (4/4).
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Figure D.9. Questions that belong to test 2.

Figure D.10. Questions that belong to test 3 (1/2).
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Figure D.11. Questions that belong to test 3 (2/2).
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Figure D.12. Questions that belong to test 4.
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Figure D.13. Questions that belong to test 5 (1/2).
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Figure D.14. Questions that belong to test 5 (2/2).
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Figure D.15. Questions that belong to test 6.
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Figure D.16. Questions that belong to the learning objective’s test.
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Figure D.17. Questions regarding the game elements (1/2).
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Figure D.18. Questions regarding the game elements (2/2).
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Figure D.19. Answers from the playtesting questionnaire.
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Figure D.20. Answers from the playtesting questionnaire.
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Figure D.21. Answers from the playtesting questionnaire.
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Figure D.22. Answers from the playtesting questionnaire.
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Figure D.23. Answers from the playtesting questionnaire.
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Figure D.24. Answers from the playtesting questionnaire.
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Figure D.25. Answers from the playtesting questionnaire.

95



Appendix D.

Figure D.26. Answers from the playtesting questionnaire.
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Figure D.27. Answers from the playtesting questionnaire.
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