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General introduction

1. Introduction

When | was growing up in the 1990’s, gaming was a quite popular pastime, in my
environment anyway. For example, | fondly remember playing Kirby and Pokémon on
my very first gaming platform, the Game Boy Color.

Such commercial games make excellent use of the scientific concept of flow (as
defined by Csikszentmihalyi (1990)) allowing players to be fully immersed in the game,
forgetting where they are and what time it is. Players, such as myself, can engage in
gaming for some time fully immersed in the task at hand. The idea of using this concept
in education is quite natural since students’ engagement on formal learning activities in
school often leaves much to be desired.

Indeed, apart from playing classic products of the gaming industry, | also remember
playing some educational games and enjoying the experience. For instance, | used to
play RedCat, a race game to learn calculations, quite a lot and | even used to stay at
school after class in grade five to play a point-and-click adventure about unmasking the
phantom of the opera.

Since then, the gaming industry has developed; consoles became more powerful
and game graphics enhanced. The way people could interact with games also expanded;
motion control (for example the Nintendo Wii), augmented reality (AR) games (such as
Pokémon GO) and virtual reality (VR) games (for instance the Oculus) were developed.
Parallel to that, research focussing on serious games (played for purposes other than
primarily entertainment) and educational games (played in a formal education setting)
has also increased in the past decades, showing potential benefits for increasing
motivation and learning (Bellotti et al., 2013; Clark et al., 2016). | thought, how great
would it be to add to this field of research, developing guidelines on how to design and
implement an educational game, since it combines my interests of gaming and teaching
physics.

2. Digital game based learning

Besides these evident and tantalizing advantages of gaming in terms of motivation and
engagement, other benefits of digital game based learning (DGBL) can be imagined, such
as adaptivity to student’s specific needs, creating a safe environment to practice and
make mistakes and offering different approaches for learning (Plass et al., 2015; Greipl
et al., 2020). A large review suggests that DGBL on average (g = 0.33) shows promising
results in terms of intrapersonal learning and cognitive learning outcomes, (Clark et
al., 2016). However, when studying individual educational games, large variations,
especially in learning outcomes exist. For instance, Clark and colleagues (2016) classified
educational games into different categories. Effect sizes within the same category of
contextualization score, for example, can vary between -0.5 and 2.3. This raises the
questions: what is it that makes an educational game foster learning and why are some
games better at this than others? However, various studies show that these questions
are not easily answered (Clark et al., 2016; Denham, 2016; Ke, 2016; Lameras et al.,
2017; Avila-Pesantez et al., 2017; Czauderna & Guardiola, 2019; Zeng et al., 2020),
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there seems to be no clear, single path to designing an effective educational game. This
thesis aims to add to the body of knowledge on the characteristics of educational games
that make them effective, knowing that no easy fix exists. This requires the design of a
theoretical guiding frame as well as the study of a carefully developed game design in
practice (Greipl et al., 2020; Tsai & Tsai, 2020).

3. Intrinsic integration

In the last decades, a concept called intrinsic integration emerged used in the theoretical
background of educational games. Intrinsic integration is defined as the integration
of subject matter (learning) with gameplay (Kafai, 1996). Although literature on this
topic, unfortunately, is not consistent in its use of terminology, some consensus can be
found in the idea that the learning effects of DGBL can be increased by ensuring that
learning and gameplay are integrated during the design prosses of an educational game
(Habgood & Ainsworth, 2011; Denham, 2016; Ke, 2016; Vandercruysse & Elen, 2017).
Turning these insights into a practical game can, however, be a quite challenging task
(Vandercruysse & Elen, 2017; Czauderna & Guardiola, 2019; Walkington, 2021), since
the alignment between subject matter and gameplay is not a natural one. The easiest
way to develop an educational game is by not integrating learning and gameplay; using
an existing game and adding some learning elements into it. For instance, having players
solving some equations before proceeding to the next level. This however disrupts
the state of flow, which is exactly what we want to use to keep the players engaged.
Habgood and Ainsworth (2011) provided evidence for this statement by studying the
effects of different versions of the same educational game (Zombie Division). An intrinsic
version (defeating skeletons by dividing them into whole parts) and an extrinsic version
(defeating skeletons by selecting the appropriate weapon and providing an end-of-
level mathematical quiz) were compared. The results show that with fixed time limits,
students learned more from the intrinsic version and with no time limits, students also
played the intrinsic version seven times longer.

For this thesis we wanted to further expand on the idea of intrinsic integration.
There is evidence supporting an intrinsic approach for designing educational games,
however the design of such a game is quite a challenge. For this thesis we accepted this
challenge and wanted to take it one step further by finding some directives for designing
an intrinsically integrated game, so that it is hopefully less of a challenge for other
aspiring developers. Therefore, the aim of our research project was to develop some
guidelines on how to design and implement an intrinsically integrated game.

In any digital game, the player tries to reach a game goal by interacting through
game mechanics, such as walking, jumping over obstacles, trading with other players,
or collecting coins. Analogously, in a learning activity, students are stimulated to reach a
learning goal by using the pedagogical approach (chosen by the teacher or educational
developer). Based on this apparent analogy, we proposed a guiding frame based on
aligning the game goal, learning goal, pedagogical approach, and game mechanics, as is
shown in Figure 1 (as it basically is the foundation of our design process, this figure will
be present in several subsequent chapters). The alighment between the game goal and
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learning goal is in line with the intrinsic integration theory (Kafai, 1996). We hypothesize
that the alignment of a pedagogical approach and game mechanics are essential in
optimizing the alignment of the game goal and learning goal.

Game Goal }‘—{Learning Goal

Game Pedagogical
Mechanics Approach

Figure 1. Guiding frame on alignment between the game goal, learning goal, pedagogical
approach and game mechanics.

4. Newton’s Race

In order to do so, we wanted to start with formulating design criteria for designing a
digital educational game. Starting with a -at the time- relatively recent, large meta-
analysis by Clark and colleagues (2016), we had to conclude that it was impossible to
make general claims about which game design elements (e.g., narrative, game rewards,
and player collaboration) are effective and which are not. For instance, in some cases
digital educational games with a lot of narrative have been shown to yield positive
learning effects, whereas and in other cases they do not. There appear to be too many
variables and differences in the body of literature to make general claims about design
criteria. Most studies present a game and report learning outcomes and motivational
effects of that game as a whole. Subsequently you can look at all those studies, such as
for example Clark and colleagues (2016) did, and report on different design elements
that were in the games. This however does not mean that using such a game element
will be guaranteed to lead to an education game that fosters learning.

We therefore opted for a case-based approach to examine the design process of a
game and the associated lesson plan in depth. As is the case for any educational activity,
the educational game design process starts with alearning goal in mind, from which design
choices follow. In our case we started with a learning goal about Newtonian mechanics,
a key part of every secondary school physics curriculum. Newtonian mechanics is the
part of physics that says something about the relationship between forces and motion of
objects. Based on their day-to-day experiences with ubiquitous moving objects, such as
bikes, cars, balls, etc., students enter the classroom with many preconceptions formed
during those experiences. In order for students to alter these preconceptions and
accept scientific explanations, those preconceptions need to be addressed specifically
(Vosniadou, 1994; Duit & Treagust, 2003; Schumacher et al., 2016). In order to achieve
this, what better way is there than to let students actually experience the consequences
of their own preconceptions? Unfortunately (or fortunately, depending on your point
of view), when conducting an experiment, the experiment always follows the rules
of physics. Resulting in the need of a digital environment, such as a game, where this
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pedagogical approach is aligned with its game mechanics. Thus, the idea of Newton’s
Race was born: a game where players can adjust the forces working on a ball, resulting
in different types of movement. But here’s the kick: a player should only be able to finish
a trajectory (the game goal) if the ball makes a realistic movement (the learning goal),
thus ensuring intrinsic integration.

5. Transfer

By using an educational game as a standalone intervention, players can reach a learning
goal within the specific game context, by reaching the game goal. However, one of the
goals of science education is, that students gradually become able to apply the learned
conceptual knowledge outside of the initial (in this case: game) context. In other words,
students should be able to transfer their conceptual knowledge from the game context
to other scenarios. In the case of Newton’s Race, the game context is a rolling ball on a
trajectory. In transfer, students should also be able to apply the newly aquired knowledge
to other situations, such as moving a box or riding a bike. In order to foster transfer,
additional learning activities are usually required (Wouters et al., 2013).

Generally, students’ ability to transfer knowledge from one situation to another
depends on their understanding of the underlying principles and concepts. A possible
way to achieve transfer is by abstraction and finding connections (Perkins & Salomon,
1994). Transfer is then fostered when students are able to construct a general abstract
representation and apply this representation to other situations (Rebello et al., 2007).

For Newton’s Race, this means that in-game learning about forces and motion
need to be taken to a more abstract level and connections with other scenarios (i.e., not
presented in the game itself) need to be made explicit. This led to embedding Newton’s
Race into other educational activities.

The above considerations led to the overarching research question of this
dissertation:

How can a digital intrinsically integrated game be designed and implemented
in a lesson fostering conceptual knowledge and transfer regarding Newtonian
mechanics?

6. Research outline

The research question consists of two parts; first an intrinsically integrated game needs
to be designed and tested, before it can be implemented in a lesson. Chapters 2 and 3
focus on game design and learning from Newton’s Race as a standalone intervention.
Chapters 4 and 5 focus on how to implement Newton’s Race in a lesson.

In Chapter 2 we describe the above guiding frame (Fig 1.) based on the principles
of intrinsic integration. We used that frame for the first version of Newton’s Race that
was subsequently piloted. We present the step by step design process of Newton’s Race
in search of overarching design guidelines. This chapter therefore answers the following
research question:

12



General introduction

RQ 1: How can an educational game be designed where learning is integrated
with the game mechanics?

A part of the results of Chapter 2 showed some issues regarding design elements in
the game. For the next study we addressed those issues and improved Newton’s Race.
The pilot provided some general information on motivation and learning outcomes.
However, to gain insight on how players interacted with and learned from the game, some
recording of gameplay was needed. In Chapter 3 we used a mixed-methods approach to
examine how players played Newton’s Race and how that results in possible learning and
transfer effects. Newton’s Race was played by 223 children in a Dutch science museum
to answer the following research questions:

RQ2.1: To what extent does participants’ conceptual understanding of
Newtonian mechanics change as a consequence of playing the game?

RQ2.2: To what extent does the acquired knowledge transfer to different
situations that are not closely related to the game?

RQ2.3: To what extent does the participants’ gameplay demonstrate evidence
of intrinsic integration?

From the results of Chapter 3, a further improved version of Newton’s Race was made
and we concluded that it was time to implement Newton’s Race in a lesson to further
strengthen comprehension and transfer. A lesson was designed based on the findings
Chapter 2, Chapter 3 and several other studies (Perkins & Salomon, 1994; Rebello et
al., 2007; Long & Aleven, 2014; Wouters et al., 2013; Choi et al., 2017; Tokarieva et al.,
2018). This lesson was evaluated in small groups of students. In Chapter 4 we present the
results of this study. Using a mixed-methods approach, the following research question
is answered:

RQ3: What is the impact on learning outcomes in terms of conceptual
understanding and transfer of embedding an educational game in a lesson?

Results of Chapter 4 provides insight on learning during a lesson in small groups of
students. This, however, is not a realistic classroom situation, where many students are
present. To study a realistic classroom situations, the lesson plan needed to be altered.
Using the results of Chapter 4, we explored two different ways of embedding Newton'’s
Race in larger groups. In Chapter 5 we present and evaluate these lesson plans in an
actual classroom situation.

RQ4: How do different means of embedding an intrinsically integrated game
in a realistic classroom situation affect students’ conceptual development
and transfer?

In Chapter 6 we discuss the overall conclusions and implications of this research project.
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Chapter 2 Designing an intrinsically integrated
educational game on Newtonian
mechanics
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This chapter is based on:

Van der Linden, A., Van Joolingen, W. R., & Meulenbroeks, R. F. G. (2019). Designing
an intrinsically integrated educational game on Newtonian mechanics. International
Conference on Games and Learning Alliance, 11385, 123-133. https://doi.
org/10.1007/978-3-030-11548-7_12
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Abstract

In the current paper we present the design process of an intrinsically integrated educational
game on Newtonian mechanics. The design is based on a guiding frame in line with the intrinsic
integration theory, which states that in a game, learning goal and game goal should be aligned. This
also results in an alignment between a pedagogical approach and game mechanics. Our findings
suggest three guidelines within this guiding frame. First, the guiding frame works in a specific
order starting with forming a learning goal and ending with the game goal. Also, to optimize the
alignment between the learning goal and the game goal, it should only be possible for players to
reach the game goal when the desired learning goal is reached. Finally, during the iterations of the
design process the focus is on aligning the pedagogical approach with the game mechanics. This
proved to be an essential but difficult step.

Keywords

Educational game, Intrinsic integration, Newtonian mechanics

16



Designing an intrinsically integrated educational game on Newtonian mechanics

1. Introduction

When we look at a person who is gaming, we see a person fully immersed to master the
game. Mastering the game means learning how to play the game. This learning occurs
whilst the player, fully immersed in the gaming experience, loses the sense of time and
surroundings, resulting in a state of flow (Csikszentmihalyi, 1990). This learning in a state
of total immersion is in sharp contrast with the commonly observed lack of engagement
in formal education. So, could it be possible to use this immersed learning that occurs
whilst playing a game in formal education?

In the past decades, research focusing on using educational games has increased
(Clark et al., 2016). Research focusing on motivational effects show that educational
games sometimes show an increase in intrinsic motivation of students as compared
to participating in other instructional activities. However, a meta-analysis (Wouters et
al., 2013) shows that educational games in general do not yield positive motivational
effects on students. Research focusing on cognitive effects of educational games, on the
other hand, show promising results in general (Ke, 2008; Clark et al., 2016). However, the
results of individual educational games remain inconsistent. This leads to the question
why some educational games yield learning effects and others do not. Of course there
could be many factors contributing to the absence or presence of a learning effect. In
this paper we investigate the influence of the game design itself.

Several studies have been devoted to gain insight on the design process and
different design elements of an educational game (Clark et al., 2016; Denham, 2016; Ke,
2016; Lameras et al., 2017). Although this research has led to some interesting insights,
much of how to design a good educational game remains unclear.

In the present study we aim to elucidate some design principles by describing the
design process of an educational game on Newtonian mechanics. In our analysis of the
step by step design process, we search for overarching design guidelines that can be
transferred to the design process of other educational games.

The next section presents the theoretical substantiation of the designed educational
game, which leads to the research question. Subsequently, the research question will be
addressed in a case study that will describe the design process of the game.

2. Theoretical substantiation

2.1 Educational game goals

Every game has a game goal, for instance, freeing a princess, collecting stars or simply
surviving. To reach the game goal, playersinteract with the game through game mechanics
and game attributes. Sicart (2008) defines game mechanics as ‘methods invoked by
agents, designed for interaction with the game state’. Examples of game mechanics are
jumping, trading and climbing. Game mechanics thus describe an interaction between
the player and the game. Game attributes are visualizations of game properties, such as
stamina. For instance, a player is only able to climb a wall with enough stamina. In this
case the player needs a visualization of their stamina, in a meter for instance, in order to
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make a decision to continue climbing. Game attributes and game mechanics are strongly
connected and essential in reaching the game goal.

In an educational activity, students need to reach a certain learning goal. This
means that if a game is to be used as an educational activity, it should always have two
goals. So apart from the game goal, the learning goal of an educational game is that
players need to learn something of value outside the game context. Within the game
context players learn in order to master the game, whereas an educational game aims at
learning for a broader context.

2.2 Intrinsic integration

When designing an educational game, most educators or educational researchers tend to
focus on the educational aspects of the game, making sure that the educational content
is all there (Van Eck, 2006). Then an educator usually adds game properties (such as
adding points or a narrative) to make the game more engaging. This approach, however,
can easily lead to a discrepancy between learning goal and the game goal. This could
result in an unsuccessful educational game (Denham, 2016). To make this discrepancy
as small as possible, the additional educational learning should be integrated with the
learning that occurs anyway whilst playing a game, the learning of how to play the game.

This integration of educational learning with the game mechanics is referred to
as intrinsic integration. Intrinsic integration in a game is thus defined as subject matter
and game mechanics being integrated within the same game idea (Kafai, 1996). Several
studies focused on integrating learning content with game environments (Habgood &
Ainsworth, 2011; Denham, 2016; Ke, 2016; Vandercruysse & Ellen, 2017). However, it
proves to be quite challenging to integrate learning with game mechanics white not
affecting the enjoyability of games (Vandercruysse & Ellen, 2017).

2.3 Pedagogical approach

Any educational activity requires an underlying pedagogical approach. A pedagogical
approach describes the steps that are seen as important in achieving the learning goal
of the game. This means that the game mechanics should be designed in such a way
that students will perform thinking activities relevant for learning. For instance, the
game mechanics may be such that a real-life situation is mimicked, or that some kind of
planning is required that has relevance for the learning goal.

The aim of the current paper is to investigate the way intrinsic integration can
be reached, by aligning game goal and learning goal as well as game mechanics and
pedagogical approach. We did this in the context of designing a game for learning
elementary Newtonian mechanics.

2.4 Research question and hypothesis
The main research question in this paper is: How can an educational game be designed
where learning is integrated with the game mechanics?

Our hypothesis on designing an intrinsically integrated game is shown in Fig. 1. To
optimize the learning effect of an educational game, it is important to align the learning
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goal with the game goal. Only if the desired learning goal is reached should it be possible
for players to reach the game goal. This alignment is in line with the intrinsic integration
theory (Kafai, 1996). To optimize this effect, we propose an additional alignment between
a pedagogical approach and game mechanics.

Game Goal }‘—{Learning Goal

Game Pedagogical
Mechanics Approach
Figure 1. Guiding frame on alignment between the game goal, learning goal, pedagogical
approach and game mechanics.

3. Design process: Newton’s Race

3.1 Concretize the hypothesis

The design process followed the basic hypothesized elements. First the hypothesis was
made concrete by instantiating the learning goal, pedagogical approach, game mechanics
and game goal. The results lead to an initial design that was tested on a small scale in
two iterations leading to several modifications. The final design was pilot tested on a
group of 73 9th grade students, using a pre- and post-test quasi-experimental design.

Learning goal. The guiding frame (Fig. 1) is used from an educators point of view. As
with designing any learning activity, we started with determining the subject matter and
thus establishing the learning goal. The subject of Newton’s laws was chosen not only
because of their importance in the secondary school curriculum but also because the
persistence of student’s preconceptions resulting in conceptual challenges (Halloun &
Hestenes, 1985). In the present research, we define preconceptions as pre-existing ideas
based on daily life experiences. One of the conceptual challenges within Newton'’s laws
is that force is proportional with acceleration, not with speed (Driver et al, 1994). This
means that an object can move without working forces on it and if there is a net force
working on an object the object is not just in motion, it is accelerating (or decelerating).
The learning goal that matches with this conceptual challenge is that students can
understand the effect of forces on different motions. This implies that students can
predict motions with given forces and that they can explain the effects of forces when
given a certain motion .

Pedagogical approach. Research has shown that in the case of force and motion,
student’s preconceptions are quite persistent (Halloun & Hestenes, 1985). Therefore the
need to face students with their preconceptions is essential (Vosniadou, 1994; Duit &
Treagust, 2003; Schumacher et al., 2016). This lead to the choice for the problem posing
approach as the pedagogical foundation. In the problem posing approach situations
are created in which preconceptions are no longer adequate explanations (Klaassen,
1995). The key element of this approach is that students put their preconceptions into
the learning activity and experience the effects of those preconceptions. When they are
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confronted with something that counters their expectations, ideally, they should see the
need for new theories to alter their preconceptions.

However, in our real world, students are not able to test all preconceptions,
because our world provides a single case in which parameters of the general physical
theories, such as friction, are fixed. The advantage of a digital environment is that the
effects of students actions can be simulated with high precision, including movements
without friction. In this case, students should be able to alter forces working on an object
resulting in different motions.

Game mechanics. A brainstorm session resulted in two possible genres for our
game: puzzle and race. For the problem posing approach, it is important that players
truly experience the consequences of their ideas and concepts. Therefore, the game
mechanics should provide a so-called setting phase where players can incorporate their
own ideas. Therefore, the game mechanic of setting a force on an object is needed.
Then players need to experience the effects of their choice, thus a design is needed
were players can clearly see the effects of those forces on the motion of the chosen
object. Therefore, a race-like environment seemed fitting with our chosen pedagogical
approach. Some other game mechanics that fit with a race game are: navigating through
levels and steering.

Game goal. Traditionally, the goal of a race game is to reach the end of a level as soon
as possible. However, that would not fit our chosen learning goal, as the mimicking of a
realistic, rather than a fast, movement is paramount. A more fitting game goal then would
be to just finish a trajectory. To truly show effects of forces, a non-motorized object, a
ball, was chosen for students to complete the trajectory with. A ball is a very familiar
object that everybody knows. Thus, players will have experiences with possible motions
a ball can make (after one kick, the ball will start to move, followed by a decrease in
speed). A conflict with this expectation should occur when players select an scientifically
incorrect setting in the setting phase. Ideally, this conflict results in failure to reach the
end and this should prompt alteration of their preconception to scientific reasoning. This
means that the learning goal of understanding the effects of forces resulting in different
motions should be reached. Players then should select the scientifically correct setting
and only then are able to finish the trajectory.

3.2 Initial game design and playtesting

In order to seek balance between students’ skills and the challenges of the game and
thus trying to reach the desired state of flow (Csikszentmihalyi, 1990) eight levels of
increasing difficulty were included to the game. Each level consists of a different
trajectory, starting with easier levels (no friction, straight path) building op to levels with
turns, multiple surfaces (different frictions) and green and red platforms where the ball
receives additional kicks respectively in the direction of motion or against the direction
of motion. For each level the same game goal applies (get the ball to the finish line).

In the setting phase at the beginning of each level players decide if there is a
constant force (F ) working on the ball to keep it moving after receiving an initial

constant
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kick. They can set a value for that force by using a scrollbar. Whenever the ball receives a
kick, a pow-icon is shown (see Fig. 2), so that students could see how and where a force
is working on the ball. If a scientifically incorrect setting is chosen, the speed of the ball
will be too high in turns of the trajectory. Therefore, the ball will fall off and that the
game goal cannot be reached.

To strengthen players’ experience of motions resulting from their preconceptions,
it isimportant that the kind of motion (acceleration, deceleration, constant speed) of the
ball is clearly visible. To make sure players could see the type of motion, several game
attributes were added. As shown in Fig. 3, an accelerometer, speedometer and a tail
proportional with speed were added to the game.

In order to complete trajectories, players need to be able to change the balls
direction. This action must be scientifically correct. Therefore, players can give the ball a
sideways kick (using arrow keys), perpendicular to the direction of motion.

To make the game more interactive and add some competition, the challenge
of collecting coins was added. The coins were placed in such a way that the trajectory
should become more difficult. For instance, coins were placed at harder to reach places,
such as the inside of turns. Also, as conventional in race games, an overview map was
added for players to anticipate on the trajectory.

In summary, the game design consists of two game mechanics within each level:
setting a force and changing direction of the ball. The first mechanic is essential for the
alignment with the pedagogical approach. To strengthen the effect of the pedagogical
approach, game attributes were added to make the kind of motion visible. The second
mechanic is needed to reach the game goal, since there are turns in the trajectories.
In addition to the turns, collecting coins and green and red platforms were added to
provide challenge for the players.

At this point a demo version (four levels) of the game was tested. Note that with
every iteration bugs were eliminated, the game’s interface was optimized and difficulty
adjustments were made to optimize flow. Only results regarding the game’s content will
be discussed. This playtest showed a problem with the introductory texts in the setting
phase of each level. Due to the length of the texts players were reluctant to read it or did
not read it at all, resulting in not knowing what to do in a level.

Figure. 2. The pow-icon when the ball receives a kick
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Figure 3. A snapshot of level 3 with the setting: F = ON. In the upper left corner, the

constant

accelerometer is visible, the speedometer in the down left corner and the tail is visible behind
the ball. The overview map is visible in the upper right corner.

3.3 First version

For the next version of the game (eight levels) the introductory texts were adjusted
so that they only contained important information regarding completing a level. This
version was tested with thirty 10" grade students, aged between 15 and 16.

Results showed three issues with the game. First, none of the players could finish
level eight. In this level students were also able to set a value for the mass of the ball. This
extra setting provided players with too many options, making the level too difficult. A
mass adjustment was not essential to our learning goal, therefore this level was deleted
for the following version of the game.

Second, there were doubts as to if students saw the difference between a motion
with F_  (acceleration or constant speed, depending on the value of friction) and
without F_ (deceleration). In the next version students played the level twice, once
with each setting. A fitting adjustment would be playing the same level twice, with these

different settings.

Finally, most importantly, it appeared to be unclear for the players that by using the
arrow keys to change the balls direction of motion, a small force was exerted on the ball.
This indicates a discrepancy between the pedagogical approach and game mechanics.
For the pedagogical approach it is necessary that students understand that they need
to exert a force on the ball in order to change its direction. To make this more explicit,
giving the ball a force needs to be visible. In an attempt to show this, another pow-icon
was added whenever the arrow keys are used change the ball’s direction, shown in Fig.
4. With this added icon students are more likely to link changes in direction due to a kick,
instead of an internal steering system, as is traditional in a racing game.

22



Designing an intrinsically integrated educational game on Newtonian mechanics

Figure 4. The pow-icon when the ball receives a sideways kick.

3.4 Pilot

The three adjustments were implemented for the pilot study. A quasi-experimental pre
and post-test design was used to evaluate the latest version on learning and motivational
effects. The game was tested in three groups (73 9*" grade students in total). The control
group followed a traditional lesson, the game group only played the game and the
test group played the game followed by a classroom discussion. The duration of the
experiment in all groups was one lesson of 40 minutes including a pre- and post-test.

Results of the pilot showed a significant motivational effect between the two
groups who played the game and the control group. All groups did not yield a learning
effect. However, the game group scored significantly lower on the post-test than the
other two groups. The complete results of the pilot study go beyond the scope of the
present paper, these results are elaborated on elsewhere (Van der Linden et al., 2016).

However, during the pilot we also found four important issues regarding the design
of the game:

1. The learning goal and the game goal are not sufficiently aligned. More experienced
gamers (with other games) could finish certain levels without the scientifically correct
setting, thus reaching the game goal. This probably means that these players did not
reach the desired learning goal.

2. Also, an issue was found with the alignment of the pedagogical approach and the
game mechanics. When a ball receives a sideways kick, the ball makes a parabolic
movement. This does not become clear in the game. This is probably due to the fact that
the trajectory is quite small, therefore there is no room for players to see the parabolic
movement. Also players still associate a change of the ball’s direction with internal
steering, not with acting forces. This indicates that a more clear game attribute is needed
to visualize acting forces.

3. As mentioned above, students who only played the game scored significantly lower
than students who played the game followed by a classroom discussion. This indicates
the importance of embedding the educational game in other learning activities.

4. Players did not read texts, resulting in not understanding what to do in the setting
phase of the game.

The effects of the four issues on the game design and the relation with our
hypothesis will be elaborated on in the next section.
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4. Discussion and conclusion

4.1 Design process
Our research question was: How can an educational game be designed where learning is
integrated with the game mechanics?

A guiding frame was presented (Fig. 1) fitting with the intrinsic integration theory.
Then we designed a game by concretizing this guiding frame. During this design process
we found three main guidelines fitting with the guiding frame. Firstly, we used the guiding
frame in a specific order. From an educators’ point of view, any design process starts with
forming a learning goal (step 1) and then finding a fitting pedagogical approach (step
2). Then we chose a suitable game genre from game mechanics that strengthened the
pedagogical approach (step 3). From these game mechanics followed a game goal (step
4). The main implication is that in order to reach goal alignment, alignment of the game
mechanics with the pedagogical approach is essential.

Secondly, to truly align the learning goal to the game goal, it is necessary that
the game goal depends on the learning goal. This means that players must reach the
learning goal before as a necessity for reaching the game goal. Results of the pilot
study show that this is not trivial at all. Experienced gamers are able to finish a level
without the scientifically correct setting (F = ON), whereas less experienced gamers
have difficulties finishing a level even with the correct setting. To make the discrepancy
as small as possible, the scrollbar in the setting phase could be changed to a setting
system with less options. Then it will not be possible for experienced players to set a
small F close to ON and thus are not able to finish a level with a small constant force.

constant

Finally, we also found that aligning the pedagogical approach with the game
mechanics was the most essential and difficult step. Therefore, this alignment was the
focus during the iterations. In our case a big challenge is the visualization of movement
and forces. With the learning goal on the relationship between forces and motion, it is
important that players understand when forces are working on the ball and what type
of movement (acceleration, deceleration or constant speed) the ball makes. Despite our
efforts during the pilot study, we found that the added sideways pow-icons for instance,
still did not reach the desired effect of understanding that a force is acting. Another
challenge lies in the setting phase. Setting F____is an essential game mechanic in order
for our pedagogical approach to work. However, with players reluctance of reading text
in the setting phase, this game mechanic is not optimally used. Even with the reduced
text in the pilot study, a trial and error approach is opted by most players.

To our knowledge, few educational games are made with a specific focus on the
alignment of game mechanics with a pedagogical approach. However, a clear pedagogical
approach is needed to reach any learning goal. Therefore, we recommend giving this
alignment explicit attention during the design process. All this applies to integrating the
pedagogical approach within the game. In addition, with our hypothesis (Fig. 1) in mind
the pedagogical approach can also be (partly) offered outside the game in additional
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learning activities. In this case the game should align with the other learning activities,
thus alignment between game mechanics and a pedagogical approach is still necessary.

4.2 Further research

Newton’ s Race is an educational game still in development. The game can be improved by
adjusting mentioned issues. However, additional information is needed on how players
interpret and use the game attributes (such as the accelerometer and speedometer) in
order to improve the game further. In addition, research is needed on the influence of
objects exerting forces on the ball to improve the visualization of acting forces.

Also, if Newton’s Race is going to be used in educational practice, additional
learning activities are needed. In line with Wouters and colleague’s (2013) we found that
embedding the game in other learning activities is necessary for students to reach the
learning goal. However, it remains unclear what additional learning activities that should
be. Research is needed to suggest possible effective additional learning activities.
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Abstract

Background: Research on cognitive effects of educational games in general shows promising
results. However, there are large variations in learning outcomes between individual educational
games. Research on the design process and different design elements of educational games has
led to some interesting directions, but some design aspects remain unclear.

Objectives: We examined how an educational game designed on the basis of intrinsic integration
theory, based on a strong alignment between game and learning goals, supports the learning of
Newtonian mechanics.

Methods: This study applied a mixed-methods approach (N=223). A pre- and post-test design was
used to examine possible learning and transfer effects fostered by playing the educational game,
Newton’s Race. To examine how players played the game, log data for each player were digitally
recorded during gameplay.

Results and Conclusions: Our findings demonstrated a significant positive learning effect of
Newton’s Race (p = .003, d =.201). This can be explained through the acquired log data. Log data
show that players’ gameplay mostly matched expected learning during the game, with physically
correct game settings occurring more and more as gameplay progressed. The ability to transfer
learned knowledge to other situations was shown to be limited to situations closely resembling

the game environment.

Implications: Similarly designed intrinsically integrated games on different (physics) subjects
could also foster learning in a relative short time. To foster transfer to other situations we propose
embedding the game within other instructional activities.

Key words
Educational games; Intrinsic integration; Newtonian mechanics; Secondary education.
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1. Introduction

The potential benefits of using digital games for education (i.e., educational games)
have not gone unnoticed by educational researchers (Tsai & Tsai, 2020; Lei et al., 2022).
The benefits of using an educational game are mainly focused around the concept of
flow (Csikszentmihalyi, 1990). In commercial games, this flow is evident in the player
being fully immersed in the game, forgetting where they are and what time it is. As a
result, when players are faced with a game-related problem they want to readily find
the solution to continue the gameplay and keep the sense of flow. For educators, this
apparent problem-solving attitude on the game level has sparked much research in
the past decades (Schdbel et al., 2021; Ekin et al., 2023). An educational application of
a digital game environment can be specifically interesting for some domains, such as
physics. While hands-on, traditional physics experiments are bound to the actual laws
of physics, a digital application allows for physical parameters to deviate from the set
parameters on this earth. This creates new learning opportunities as the consequences
of these deviating parameters become evident in the digital environment. Educational
games are of course not the only way to use the digital domain for learning. Effective
learning has been shown to occur in a variety of different (digital) learning activities,
such as PhET simulations (online research-based science simulations), the use of
model representations, experiments, visual representations, to name a few (Kirstein &
Nordmeier, 2007; Wieman et al., 2008). This study focuses on the use of an educational
game in the domain of secondary school physics.

2. Literature review

Research on cognitive effects of educational games in general shows promising results
(Clark, Tanner-Smith & Killingsworth, 2016). However, vital academic contributions are
easily missed by researchers, because the literature is so scattered across different
disciplines (de Freitas, 2018). In addition, researchers mainly use self-reported
questionnaires. Objective procedural data collection would strengthen the current body
of research, such as setting data collection points in the game (Zeng et al., 2020). Also,
there are large variations in learning outcomes between individual educational games.
This could very well align with the large variations within the design of educational games
(Clark et al., 2016; Denham, 2016; Ke, 2016; Lameras et al., 2017; Timotheou et al.,
2022). Furthermore, increased interest in methodologies for educational game design
(Avila-Pesantez, Rivera & Alban 2017), is rarely reflected in detailed descriptions on the
interaction between gameplay and learning objectives. Therefore, many intricacies of
combining learning with gameplay remain obscure (Czauderna & Guardiola, 2019). As
Zeng, Parks and Shang (2020) stated, “educational game design still has challenges to
balance education and gameplay” (p. 193).

2.1 Intrinsic integration

A possible way to increase the educational benefits of a game may be to integrate
the educational content with the gameplay itself (Denham, 2016). This is referred to
as intrinsic integration: the subject matter and the game idea are integrated. Intrinsic
integration is defined as the integration of educational subject matter and game
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mechanics within the same game (Kafai, 1996). In an intrinsically integrated game, the
game goal is aligned with the learning goal as closely as possible, in the sense that,
ideally, reaching the game goal coincides with reaching the learning goal. In practice, this
is not easily achieved, however, and several studies detail the difficulties encountered in
attempting to integrate learning with gameplay without affecting the enjoyability of the
game (Vandercruysse & Elen, 2017; Czauderna & Guardiola, 2019).

In a game, the player interacts with the game environment through game
mechanics, to reach a game goal. Sicart (2008) accordingly defines game mechanics as
‘methods invoked by agents, designed for interaction with the game state’. Examples of
game mechanics are jumping over obstacles, trading with other gamers, and climbing
structures in the game environment. When designing an educational game, however,
the game also becomes a learning environment, which requires a design based on a
chosen pedagogical approach.

The main tool for integrating a pedagogical approach within a game are the game
mechanics. Proper alignment of pedagogical approach and game mechanics might be
expected to support the alignment of game goal and learning goal (Van der Linden, van
Joolingen, & Meulenbroeks, 2019). This alignment of game goal with learning goal and
the alignment of pedagogical approach with game mechanics constitutes the concept of
intrinsic integration, aligning at both the goal level and the mechanism level.

In this study, we studied both educational benefits of the game and the effect of
the implementation strategy. Through the log data on players’ actions during gameplay,
we evaluate the extent to which the goal of intrinsic integration was reached.

2.2 Implementation of intrinsic integration: Newton’s Race

For the purpose of this study, a short description of the implementation of intrinsic
integration, with the main focus on the pedagogical approach, is described below. A
description of the gameplay of Newton’s Race can be found in the materials and methods
section of this paper and a more detailed version of the design process can be found
here (Van der Linden, van Joolingen, & Meulenbroeks, 2019).

2.2.1 Learning goal

The subject context of Newtonian mechanics has been chosen because the conceptual
challenges students encounter within this subject have been well-studied. Newtonian
mechanics, or classical mechanics, is the sub-field of physics focusing on forces and
motion within everyday scenarios. Within this subject, students’ existing ideas based on
daily life experiences have been reported to be persistent (Halloun & Hestenes, 1985;
Fazio & Battaglia, 2018). One of the more persistent conceptual challenges for students
concerns Newton’s second law, stating that force is proportional to acceleration (i.e.,
the increase of velocity per unit of time), not to velocity (Driver, Squires, Rushworth &
Wood-Robinson, 1994). This means that an object can move without forces acting on
it, aligning with Newton’s first law (an object at rest will stay at rest, unless a force acts
upon it). If there is a net force (sum of all forces) working on an object it cannot remain
in a state of constant velocity. It must necessarily be accelerating or decelerating (i.e.,
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increasing or decreasing its velocity), aligning with Newton’s second law. The learning
goal that matches with this conceptual challenge is that by the end of the game, players
will be able to ensure required acceleration/deceleration by applying an appropriate net
force in realistic everyday scenarios. This implies that students, after playing the game,
should be able to understand the effects of forces on motion.

2.2.2 Pedagogical approach

Pedagogical approaches in general are designed to support students in reaching a
learning goal. Before receiving formal instruction in a subject related to daily reality (e.g.,
Newtonian mechanics), students generally have already gathered much daily experience
with this subject (in this case: moving objects). When taught about those movements in
a formal educational context, students must somehow integrate these daily experiences
within the scientific theory. This integration is particularly difficult in physics education,
due to the fact that students build their concepts on their intuition and, indeed, daily
experience (Mufit, Asizal & Puspitasari, 2020). Students need to be confronted with
the fact that their pre-existing ideas and concepts are insufficient in a more generalized
situation or in contexts further removed from everyday life (Vosniadou, 1994; Duit &
Treagust, 2003; Schumacher, Hofer, Rubin & Stern 2016). In other words, students need
to be confronted with the consequences of their expectations and experience so-called
cognitive conflict (Hewson & Hewson, 1984) in order for them to abandon or adjust their
naive theories and accept the new scientific one. Indeed, a recent meta-analysis shows
that cognitive conflict is especially effective in better understanding scientific theories
in physics education (Mufit, Asizal & Puspitasari, 2020). However, the emergence
of cognitive conflict by itself is not sufficient to facilitate learning. Following Piaget’s
cognitive theory, in order for assimilation (integrating new information within an existing
framework) and accommodation (making changes to exciting frameworks in order to
integrate new information) to arise, several steps are needed (Piaget, 1976). First, the
learner must pay attention (if someone does not pay attention, no learning can occur).
Second, the learner must detect a problem (if the learner does not notice a problem,
no learning will occur). Thirdly, the learner must care about the problem (if the learner
does not care about the problem they are not going to solve it, and thus no learning will
occur).

One pedagogical approach that follows the above theory is the so-called problem
posing approach (Klaassen, 1995; Vollebregt, 1998; Kortland, 2001). This approach has
been shown to produce promising results on several topics in physics, such as radioactivity
and an initial particle model. The problem posing approach demonstrates that students
should first see the point of what they are doing during the learning process, before
accepting the need for new knowledge and new theories (Lijnse & Klaassen, 2004). The
key element of this approach is to actually confront students with the consequences of
their pre-existing ideas. When they are confronted with something that counters their
expectations, ideally, students should see the need to alter their own theories and adopt
the scientific one. This approach presumes the condition that students will indeed care
enough about the problem to be interested in solving it.
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In the context of Newtonian mechanics, the confrontation leading to cognitive
conflict cannot generally be achieved with experiments in the real word, because we
are bound to how forces actually work. For example, when riding a bike with a constant
velocity in real life, you always actually need to apply force and a car driving at constant
velocity does still consume energy. So, in daily life, moving with a constant velocity
without exerting force is not a reality. In a digital world, however, players can freely test
their ideas and experience the effects of those ideas. They can then answer the question:
Does this correspond to a real life situation?, and adjust their formal ideas accordingly.

2.2.3 Game mechanics

From the problem posing approach, two main concepts arise that must be present in the
game. First, players must be able to play around with different force options on an object
and, secondly, they must experience the effect of their chosen setting on the object.
Thus, in an attempt to align the pedagogical approach with game mechanics, game
mechanics are required to allow players to experiment with different force options,
letting players experience the effects of these options. The third condition in Piaget’s
reasoning (caring about the problem) is, ideally, fulfilled by having students engage in
enjoyable and challenging gameplay with a specific game goal.

2.2.4 Game goal

As stated before, ideally, the game goal and learning goal are aligned in such a way
that one cannot be reached without reaching the other as well. In the game considered
here, Newton’s Race, players have to finish a trajectory with a ball. Players are able to
choose different force options on that ball. However, the trajectory is constructed so that
players should only be able to reach the finish line when making a scientifically accurate
motion. The resulting game goal then is to finish the last trajectory whilst the ball makes
a scientifically accurate motion, meaning that the ball will decelerate when the only
applied force is friction. Therefore, the learning goal (by the end of the game, players
will be able to understand that (net) force is proportional to acceleration/deceleration in
realistic everyday scenarios) is aligned with the game goal.

2.3 Research questions

Studies on previous versions of Newton’s Race focused only on the design process
and includes a small pilot (Van der Linden & van Joolingen, 2016; Van der Linden,
van Joolingen, & Meulenbroeks, 2019). For the current paper, a large scale study was
conducted to examine how playing Newton’s Race actually supports the learning of
Newtonian mechanics. We therefore pose the following research questions:

RQ1: To what extent does participants’ conceptual understanding of
Newtonian mechanics change as a consequence of playing the game?

RQ2: To what extent does the acquired knowledge transfer to different
situations that are not closely related to the game?

RQ3: To what extent does the participants’ gameplay demonstrate evidence
of intrinsic integration?
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3. Materials and methods

3.1 Newton’s Race: gameplay

Newton’s Race consists of five levels with increasing difficulty. In each level, players need
to finish a trajectory with a ball. Levels start with a setting phase where players choose
between different force options working on the ball after they kick the ball (see Figure
1). At the start of each level, a ball is kicked once, providing the ball with a fixed initial
force, resulting in a short acceleration. After that, players’ chosen force option works on
the ball as a continuous force for the duration of the trajectory. The unit of force (F) used
in the game is Newton (N), equal to 1 kg-m/s2. In the game, friction is the resistance that
the ball encounters whilst moving over the surface of the trajectory, working against the
ball’s direction of motion (in levels with a trajectory made of ice, friction is assumed to
be negligible). Players are then asked to create a realistic motion. The force options are:
(a) no force working on the ball in the direction of movement (i.e., F=0N), (b) a force
working on the ball equal to the friction of the surface, meaning that the net force on
the ball equals zero, because the applied force working on the ball is equal and opposite
to the force of friction (F=friction) or (c) a force working on the ball which is bigger than
friction (F>friction). After selecting an option, the ball starts moving by a push and the
player must guide the ball to the finish line of the trajectory by exerting lateral forces on
the ball. Depending on the chosen setting, the ball will: (a) decelerate, (b) move with a
constant velocity or (c) accelerate.

Players can explore their pre-existing ideas about forces and motion by choosing
different settings. For instance, players may choose setting (c) F>friction. In the game,
this results in a ball accelerating without bound on a trajectory after the ball has been
kicked once. Ideally, students will recognize that in the real world a ball will not accelerate
forever on, e.g., grass, it will decelerate after the initial kick. Players are confronted
with something that counters their expectations: they expect a deceleration, but they
experience an acceleration. Then, again ideally, they will come to the realization that
their current idea does not work and they may start to accept the need for a new theory.
They can try different force options, until they find the one that corresponds with a real
life situation, option (a). Itis, of course, also entirely possible that players use a more trial
and error approach in their chosen settings.

Assuming that additional learning steps are met (the player pays attention, cares
about the problem and demonstrates their new understanding), players can only
detect a problem if they can experience the effects of their chosen setting, therefore
it is important that the resulting type of motion (acceleration, deceleration, constant
velocity) is properly visualized. A speedometer, accelerometer, and a graphic comic-book
like “tail” emanating from the ball and proportionate to the ball’s velocity, are added
to the game (see Figure 1). In addition, when a force is working on the ball, a star-icon
highlights the point of engagement.

Players can change the direction of the ball by applying a force perpendicular
to the direction of motion. On the way to the finish line, players can collect coins and
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accumulate points. The coins are placed in hard to reach places, such as the inside of
turns, to make the game more challenging for more experienced gamers.

Levels are constructed in such a way that players should only be able to reach
the finish line with the correct scientific setting. With the other settings the velocity of
the ball is larger, or even always increasing, making it nearly impossible to get through
certain turns in the trajectory. This results in the ball falling off the track and not reaching
the finish line. Therefore, the game goal can only be reached with the correct scientific
setting. This results in players needing to make a realistic movement with the correct
scientific setting. If players do so, the learning goal is reached and only then can they
reach the game goal; the game and learning goal are thus aligned.

f
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Figure 1. Three screenshots of the game. The setting phase (top left), gameplay of level 1 where
there is no friction (top right) and gameplay of level 3 (bottom) with friction.

3.2 Research design

A pre- and post-test design was used to examine possible learning and transfer effects
fostered by playing Newton’s Race (RQ1 and RQ2). For each player log data were digitally
recorded during gameplay to examine gameplay (RQ3). Considering that this study
focusses solely on if and how players learned from playing Newton’s Race, without trying
to make statements on how this learning compares to learning through other teaching
methods, no control group was used. In addition to answering the research questions,
data on different design elements were collected for recommendations on improving
the game’s visual interface. Therefore, four different versions of Newton’s Race were
created for this study, which differed only in visual aspects. An example of the difference
in visuals can be found in Figure 2. Players were randomly assigned to one of the versions.
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3.3 Participants

Participants were recruited in a science museum in the Netherlands. Children between
the ages of 10 and 15 voluntarily participated in this study. Parents provided a written
consent at the start of the study. From a total of 223 participants, 117 (52,5%) were
boys and 106 (47,5%) were girls. 171 participants (76,7%) were in primary school and 52
participants (23,3%) were in lower secondary education.

Figure 2. Screenshots of two different versions of the game. In addition to these two versions,
a version with bellows and the meters on the right side of the screen and a version with the
crossbows and the meters on the left side of the screen were used.

3.4 Instruments

The pre-test consisted of eight questions, three of which were to assess participants’
baseline knowledge, necessary for playing the game. The other five questions were
matched to five similar questions in the post-test to determine a possible learning
effect. The post-test also contained two questions to assess knowledge transfer to other
situations outside the game. These questions were paired with two similar questions
that referred to situations in the game. The questions used in the pre- and post-test are
based on questions of the Force Concept Inventory (Hestenes et al., 1992). The post-
test included ten additional questions on the game experience, reflected in the use of,
for example, the speedometer. With these questions, information on the speedometer,
accelerometer, the game’s difficulty and enjoyability was gathered by using Likert Scales
ranging from -2 to 2 points. The pre- and post-test questions were translated from Dutch
and can be found in appendix A and B.

3.5 Data collection and analysis

The duration of a game session was thirty minutes, including the pre- and post-test.
Personal data, such as age and school grade, were registered using a tablet computer,
along with the pre- and post-test questions. The same tablet was used for playing the
game. The actual intervention time (playing the game) was fifteen minutes. For each
player, log data were digitally recorded on attempts, settings and completion of each
level. All data were collected in xml-files that were later processed in SPSS. For each
participant, the pre-test score was calculated: the added score of the five pre-test
questions on learning, with correct answers scoring 1 point and incorrect answers 0
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points. Similarly, post-test scores were calculated on the five post-test questions on
learning.

Q-Q plots of the pre- and post-test data show a small deviation on the normal
distribution. This indicates that normality in the pre-test and post-test data cannot be
assumed. Therefore, the non-parametric Kruskal-Wallis test was used to check whether
there was a difference in learning effect for the different versions of the game. A paired
sample t-test was used to determine a possible learning effect between the pre- and
post-test questions (RQ1). A further paired sample t-test was used to evaluate the
transferability of players’ knowledge to different situations than a ball (RQ2). Effect sizes,
Cohens d, were also calculated. Furthermore Spearman’s correlation was calculated to
examine an association between age and learning. With the pre-test scores, post-test
scores and the log data on the settings of completed levels, the relation was examined
between the use of the correct setting in the last completed level and pre- and post-test
scores.

From the five levels of Newton’s Race, only three levels are directly relevant to
the learning goal. Level 1 is an introductory level for players to get used to the game
mechanics. Level 4 introduces a new game element, that players get used to in this level.
Therefore, levels 2, 3 and 5 are the key levels where we expect learning to take place.

4. Results

4.1 General game characteristics

Participants rated the difficulty and enjoyability on Likert Scales ranging from -2 to 2
points. The results are respectively M = -.45, SD = .994; t(222) =-6.806, p < .001 and M =
.87, SD = 1.068; t(222) = 12.164, p < .001.

In the following, we do not consider the differences between the versions, since
there was no statistically significant difference between the versions of the game for pre-
test scores, as determined by Kruskal-Wallis (H(3) = .740, p = .864). There was also no
significant difference between the versions for post-test scores (H(3) = 1.675, p = .642)
either. Note that this may not be surprising, given the fact that the four versions of the
game only differed in general appearance, not in the game mechanics.

4.2 RQ1: Conceptual understanding
The first sub-question was: To what extent does participants’ conceptual understanding
of Newtonian mechanics change as a consequence of playing the game?

Table 1: Results of the pre- and post-test scores (with a minimal value of 0 and a maximal value
of 5).

Mean SD
Pre-test 1.66 .8218
Post-test 1.87 1.0132
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A paired samples t-test was performed to examine the mean differences between the
pre-tests scores (M = 1.66, SD = .821) and the post-tests scores (M = 1.87, SD = 1.013),
see Table 1. A significant difference was found; t(222) = 3.000, p = .003; d = .201. Results
of the Spearman correlation, which tested correlation between age and pre-test scores,
indicated that there was no significant relation between players’ age and the pre-test
scores (r(221)= .007, p = .913). However, another Spearman correlation indicated that
there was a significant positive relation between players’ age and the post-test scores
(r(221)=.190, p = .004). This may be interpreted as implying that the older the student
is, the better the game fosters learning.

4.3 RQ2: Transfer
The second research question was: To what extent does the acquired knowledge transfer
to different situations that are not closely related to the game?

Table 2: Results of the questions closely related to the game and questions about different
situations (with a minimal value of 0 and a maximal value of 2).

Mean SD
Game situations 1.099 .569
Different situations .700 611

On the questions for knowledge transfer, we found that participants scored significantly
lower on the transfer questions on different situations (M =.700, SD = .611) than on the
similar questions on game situations (M = 1.099, SD = .569); t(222) = 7.865, p < .001;
d=.523 (see Table 2). Results of the Spearman correlation again indicated that there was
a significant positive association between players’ age and the post-test transfer scores
(r(221)= .165, p = .014).

4.4 RQ3: Gameplay
The final research question was: To what extent does the participants’ gameplay
demonstrate evidence of intrinsic integration?

To understand the game mechanics and the setting phase in each level, players
require a certain level of baseline knowledge. An average score of 2.70 out of a maximum
score of 3.00 (SD = .522) was measured. On the basis of this, the baseline knowledge
was considered adequate. Results of the Spearman correlation, which tested correlation
between age and scores, indicated that there was a significant relation between players’
age and their baseline knowledge (r(221)=.172, p = .010).

The percentages of chosen settings of the key levels (the levels that are directly
related to the learning goal; levels 2, 3 and 5) are shown in Table 3. An increase in the
F=ON setting is found and a decrease in F> friction is found throughout the levels.
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Table 3: For each key level, the percentage of the three different chosen settings, F is equal to ON
(scientific correct setting), F is equal to friction and F is bigger than friction, is shown. For these
percentages, all attempts are taken into account.

Level 2 Level 3 Level 5
F=ON 35% 44% 70%
F=friction 39% 39% 24%
F > friction 26% 17% 6%

To determine whether players reached the game goal in the intended way (by finishing
the last trajectory whilst the ball makes a scientifically accurate motion), we must look
at the data regarding player’s chosen settings of their last completed level, as is shown
in Table 4.

Table 4: Each player had to stop gaming at some point. Players either finished the game
(completing level 5) or had to stop playing after 15 minutes, thus reaching different end levels.
The percentage of the settings used for those completed final attempts is shown below.

Level 2 Level 3 Level 5 Total

F=0ON 10% 52% 22% 82%
F=friction 8% 0% 2% 11%
F > friction 5% 0% 1% 6%

Total 22% 53% 25% 100%

An independent sample t-test was performed to examine the mean differences between
the post-test scores of players who used the correct setting (M = 1.88, SD = 1.026) and
players who did not (M = 1.86, SD = .948). No significant difference was found; t(217)
=.108, p = .914. This indicates that players who used the incorrect setting to complete
their last level learned as much from the game as players who used the correct setting
to complete their last level.

5. Conclusions and discussion

5.1 Conclusions
RQ1: To what extent does participants’ conceptual understanding of
Newtonian mechanics change as a consequence of playing the game?

Results show a small (d = .201) but significant learning effect after playing Newton’s
Race for 15 minutes. This indicates that players’ conceptual understanding of Newtonian
mechanics improved significantly in the relatively short intervention time.

RQ2: To what extent does the acquired knowledge transfer to different
situations that are not closely related to the game?

The results show that players scored significantly lower on questions outside the game
context in comparison with questions closely related to the game. This indicates that
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players were able to transfer some of the acquired knowledge to other situations;
however, they were better at applying their knowledge to situations closely related to
the game. This is not surprising, since players were only exposed to one scenario, namely
the game scenario.

RQ3: To what extent does the participants’ gameplay demonstrate evidence
of intrinsic integration?

Results indicate a shift of the chosen setting as players progress through the game. The
correct setting (F=0) is chosen more often in the later levels of the game (Tables 3 and
4). As a notable exception, a few players were able to finish levels with an scientifically
incorrect setting (Table 4) demonstrating a discrepancy between the game goal and
the learning goal. Apparently some development of the game is necessary for these
(experienced?) gamer players. Furthermore, successful last level completions with an
incorrect setting occurred mainly in the easier level 2 (12%). In level 5 this was only
3%. The fact that some players completed their last level with incorrect settings raises
the question of whether these players did in fact not reach the learning goal. However,
results show no significant difference in learning effects between players who chose the
incorrect and correct setting for their last completed level.

This brings us to our general conclusions. We found players’ conceptual
understanding of Newtonian mechanics improved significantly after playing Newton’s
Race for 15 minutes. We surmise that they reached this learning effect by toying with
the different settings, especially in key level 2 (as is shown in Table 3), and opting for
the correct setting more often as they progress through the levels. This is reflected
in Tables 3 and 4, as the correct setting is chosen more often as the players progress.
Table 4 also shows that most players finish their last level with the correct scientific
setting, indicating that they knew that that was the one to use to complete the level,
thus reaching the game goal the intended way. This, in combination with the found small
significant learning effect, may be seen as evidence for the idea that the game goal and
learning goal are aligned to some extent.

5.2 Situating the study

In educational game design, deliberately including both pedagogical aspects and game
aspects is relatively rare (Avila-Pesantez et al., 2017). However, some recent studies
show a more in-depth analysis on the design of an educational game with the focus on
combining gameplay with learning (Czauderna & Guardiola, 2019). The current study
fits within the research body that emphasizes the importance of aligning gameplay with
learning in educational games. Other studies focussing on intrinsic integration, or at least
on specifically aligning learning with gameplay, also found positive learning outcomes,
(Habgood & Ainsworth, 2011; Czauderna & Guardiola, 2019). These studies also
acknowledge the continuous investigation of the design process of such an educational
game. The value of the present study is the evidence for intrinsic integration as a key
element in the design process, found by examining players’ log data. Other studies have
found a learning effect as well. However, we are able to clarify the underlying mechanism
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through the results of the log data. These results strengthen the implementation of
intrinsic integration for designing an educational game.

5.3 Limitations and implications

In interpreting the results of the current study, some limitations must be taken into
account. Firstly, we must consider the absence of a control group; although the current
design is suitable for addressing the research questions, the absence of a group in which
no gaming occurred limits the ability to gauge the learning effects after the gameplay to
other types of approach. Second, participants were recruited on a voluntary basis, which
could indicate a positive attitude toward games in general from the participants. This
could have an influence on the attitude from the participants towards Newton’s Race.

The learning effect we found was quite small. However, we must take into
consideration that participants demonstrated a significant increase in their conceptual
understanding in just 15 minutes of gameplay, as no additional learning activities were
used in this study. This shows promising possibilities for the use of Newton’s Race in
physics education. Finally, at this point we cannot conclude anything about a retention
effect, since no delayed post-test was conducted. With this study, we sought to make
a step in players’ conceptual understanding by playing Newton’s Race. Research on a
possible retention effect is a later step in the design process.

Results of this study show that an intrinsically integrated game on Newtonian
mechanics can foster learning with just 15 minutes of gameplay. To extend the acquired
knowledge on Newtonian mechanics and to transfer that knowledge to situations
outside the game, additional learning activities are needed. This finding is in line with
the findings of Wouters and colleagues (2013). Our results could imply that similarly
designed games on different (physics) subjects could also foster learning in a relatively
short time. A short educational game can thus be useful, because in a lesson there
usually will the time to play the game and include additional learning activities.

5.4 Further research

For future research, two main aspects must be considered. Firstly, it is important to
research how embedding the game in the curriculum can further foster comprehension
and transfer (Wouters, van Nimwegen, van Oostendorp & Van der Spek, 2013). In such
a lesson, the game should play a central role and the additional learning activities
should be designed to gain more insight on how transfer can occur. This lesson can
probably best be given in the lower classes of secondary education, where students
start with Newtonian mechanics. Furthermore, findings indicate a positive correlation
between age and post-test scores. In this study, younger players participated in primary
education and older players in the lower levels of secondary education. Secondly, the
game itself needs some improvements. Observations indicate that players found the
‘steering’ counterintuitive. This is due to the fact that in most commercial games objects
are steered the other way around. This could be an interesting point for an additional
learning activity, such as a classroom discussion. Implementing these ideas in a future
study could result in a fun and effective lesson which fosters comprehension and transfer
on Newtonian mechanics.
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Abstract

Digital educational games have demonstrated large variations in learning outcomes and transfer.
Furthermore, educational games are usually embedded in a larger educational setting. This case
study evaluates in detail a lesson around an educational game designed to foster transfer. The
game, Newton’s Race, is an intrinsically integrated game on Newtonian mechanics. Outside of
the game, lesson activities include a debriefing session, a generalisation assignment, and an
assignment on transfer situations. This lesson was evaluated using a mixed-methods approach. A
pre- post-test design (N=27) demonstrated a large significant learning effect (p = .002, d = .908).
Transfer, as measured within the post-test, was also fostered significantly. In the qualitative part
of the study, students” written statements on the worksheets and students’ utterances during the
discussion were analyzed using open coding. 79% Of all quotes were coded as scientifically correct.

Keywords

Educational games; Intrinsic integration; Newtonian mechanics; Secondary education
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1. Introduction

Research on digital educational games shows promising results on potential learning
benefits and their use in the classroom (Lamb et al., 2018; Tsai & Tsai, 2020). However,
as shown in a large meta-analysis by Clark and colleagues (2016), huge variances exist
in terms of measured learning outcomes. This raises questions on what elements in the
design of a game contribute to its efficacy and how such elements can be designed into
the game. One of the most important aspects of the design process is the combination
of learning elements within the gameplay, so-called intrinsic integration (Kafai, 1996).
As shown in a more recent meta-analysis by Lamb et al. (2018), implementing a specific
pedagogical approach inside a game design is more effective than adding a pedagogical
approach after the game has been developed. A third meta-analysis by Tsai and Tsai
(2020) found that gaming mechanisms and learning mechanisms are equally important in
students’ science learning whilst playing educational games. However, concrete examples
of how to combine learning with gameplay remain scarce and therefore methodologies
of combining learning approaches with gameplay remain largely unexplored (Czauderna
& Guardiola, 2019; Tsai & Tsai, 2020).

1.1 Implementation of educational games

Apart from this relative dearth of studies on the combination of learning with gameplay,
an educational game usually is part of a larger structure, such as a classroom-based lesson
oran online synchronous meeting. Classical interventions such as Inquiry Based Learning,
Direct Instruction or different teaching and learning activities are often combined into a
larger whole. As an example, the effect of inquiry-based learning methods may depend
on the amount of guidance provided in the lesson (Capps & Crawford, 2013).

In order to increase the learning effects of educational games, it is important to
consider how the game is embedded in the total set of learning activities (Wouters et
al.,, 2013; Lamb et al., 2018). Several studies suggest that a “debriefing session” in the
form of a classroom discussion after the gameplay (Wouters et al., 2013; Choi et al.,
2017; Tokarieva et al., 2019) will enhance learning when compared to gameplay alone.
Studies also emphasize the teacher’s critical role in connecting the game with other
learning activities and other outside-game scenarios (Long & Aleven, 2014; Tokarieva et
al., 2019). Other instructional activities, such as practical work or other assighments, can
complement the game activities in a lesson and thus further foster learning and transfer.

One of the major reasons for embedding a game in a larger learning environment
is that conceptual knowledge should also be applicable outside of the game context. In
other words, students should be able to transfer their newly acquired knowledge from
the game context to a wider one. For example, in the case of Newtonian mechanics,
one learning goal is about understanding the relationship between forces and motion.
Students should be able to apply this relationship on many different types of situations.
If the game situation is, e.g, a rolling ball on a trajectory, students then should also be
able to apply the new knowledge to other situations, such as riding a bike, moving a box
or shooting a hockeypuck.
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Students’ ability to transfer knowledge from one situation to another depends
on their understanding of the underlying principles and concepts. If students are able
to construct an abstract representation of these underlying principles and apply this in
other situations, transfer is fostered (Rebello et al., 2007). One possible way to achieve
transfer is by abstraction and finding connections (Perkins & Salomon, 1992). In terms of
an educational game, this means that the specific game elements need to be taken to a
more abstract level and connections with other parts of the educational program need
to be made explicit. This points in the direction of embedding the educational game into
a larger educational structure.

This case study focuses on learning and transfer of concepts in Newtonian
mechanics when an educational game is embedded in a lesson. The game, Newton’s
race, is an example of a game in which intrinsic integration is applied (Van der Linden et
al., 2019). In Newton’s Race, players have to move a ball over a preset trajectory, with
different levels for different trajectories.

The learning goal of the entire lesson is that students will be able to apply the
relationship between forces and motion by giving explanations and predictions in
realistic everyday scenarios. In order to achieve transfer from the game situation to a
wider context, three lesson activities are added after students play the game. The first
activity, designed in order to increase learning and to abstract the acquired knowledge
from the educational game, is a teacher-directed debriefing session directly after
gameplay (see e.g., Long & Aleven, 2014; Tokarieva et al., 2019). During this classroom
discussion the teacher plays a central role by asking questions such as: ‘What did you
think you have learned from the game?’ and ‘can you explain what happens in this
(game)scenario?’ In the second activity, students are asked to construct an abstract
representation of underlying principles (Perkins & Salomon, 1992). Students get a
generalization assignment asking them to write down what they have learned. In order
to prompt students to make general statements about forces and motion, they are
asked to use certain terms, such as acceleration, deceleration, forward force, resistance,
bigger than, equal to, etc. The final activity is designed in order to apply these abstract
general statements in different transfer situations (Rebello et al., 2007). Students are
presented with different outside game scenarios, such as a rocket in space and riding a
bike. Students then are asked to describe the type of motion in each scenario and to give
an explanation for their chosen type of motion.

1.2 Research questions

A previous study on an educational game on Newtonian mechanics (Newton’s Race)
showed that the game resulted in a significant increase of domain knowledge presented
within the context of the game (Van der Linden et al., 2024). However, the post-test
demonstrated that players were not able to transfer the acquired knowledge to other
situations. As players only played the game for 15 minutes and as there were no
additional instructional activities, this result may not come as a surprise. The question
then becomes how to improve this transfer in cases where such an educational game is
employed. Therefore, we raise the following research question:
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What is the impact on learning outcomes in terms of conceptual understanding
and transfer of embedding an educational game in a lesson?

This question is subdivided in the following sub-questions:

5Q1: To what extent do students understand the relationship between forces
and motion in both game related and transfer situations after the lesson?

5Q2: What do students report on their understanding of the relationship
between forces and motion in both game related and transfer situations?

Based on the findings of the aforementioned study (Van der Linden et al., 2024) we
hypothesize that by adding specific lesson activities, transfer can be fostered. Therefore,
we expect a learning effect both in-game related and in transfer situations.

1.3 Theoretical background, intrinsic integration

Despite differences in exact terminology in studies on the combination of learning
and gameplay, there is consensus on the main point: Learning and gameplay must
be integrated during the design process in order to increase the learning effect of an
educational game. This integration of subject matter with gameplay is defined by Kafai
(1996) as intrinsic integration. However, designing a game on the basis of this principle
is not straightforward (Walkington, 2021).

In an earlier study, we proposed a guiding frame for designing an intrinsically
integrated game, shown in Figure 1. In this view, an intrinsically integrated game has
four key elements that should be integrated; the learning goal, game goal, pedagogical
approach and game mechanics. Integrating learning with gameplay means that the
game goal is aligned as closely as possible with the learning goal (top part of Figure 1). In
every game a player interacts with the environment through game mechanics in order to
reach a certain game goal. Sicart (2008) defines game mechanics as ‘methods invoked by
agents, designed for interaction with the game state’. This is represented in the left part
of Figure 1. Turning to the right part, in order to reach any learning goal, a specifically
chosen pedagogical approach is required. Ideally, in designing an intrinsically integrated
game, the pedagogical approach needs to be aligned with the game mechanics.

Game Goal }‘—{Learning Goal

Game Pedagogical
Mechanics Approach

Figure 1. Guiding frame on alignment between the game goal, learning goal, pedagogical
approach and game mechanics for designing an intrinsically integrated educational game, used
for designing Newton’s Race (Van der Linden et al., 2019).
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1.4 Pedagogical approach and learning goal

For this study the intrinsically integrated game Newton’s Race was used. Using the
terminology from Figure 1 the design of Newton’s Race, in order to establish the intrinsic
integration, can be described. A more detailed version of the design process can be
found here (Van der Linden et al., 2019).

The subject context of Newton’s Race is Newtonian mechanics. The chosen learning
goal for the game is that students can reason about the effects of forces on different
types of motion. This implies that students can understand and apply the relationship
between forces and motion. Students reach the learning goal when they understand
which force (no force, a force equal to friction or a force bigger than friction) corresponds
to a certain type of motion: (acceleration, deceleration or constant velocity).

Proboer dezelide beweging fe moken die een bal maok! ols
6én keer fegen en bal frapt Zorg dat de bol de fihiin haoll
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Figure 2. A. The setting phase at the start of each level. Translated: A ball is kicked once. You

can set if there is a force working on the ball in the direction of motion. Try to make the same
movement a real ball makes when you kick it once. Make sure the ball gets to the finish line!
Options: ‘After the kick: F = 0’, ‘After the kick: F = friction’, ‘After the kick: F > friction’ or ‘Go back'’.
B. Gameplay of level 2 of Newon’s Race. C. Changing the direction of motion of the ball in order
to collect coins and to take turns on the trajectory. D. On an acceleration platform (green) a force
is applied in the direction of motion. On a deceleration platform (red) a force is applied in the
opposite side of the direction of motion.

For intrinsic integration to apply, a specific, domain related pedagogical approach is
needed that is integrated with game mechanics (Lamb et al., 2018; Walkington 2021;
and Figure 1). The pedagogical approach chosen for the game is based on the problem
posing approach. This approach has shown promising results on several topics in physics
education (Klaassen, 1995; Vollebregt, 1998; Kortland, 2001). Before encountering
Newtonian mechanics in formal education, students all have gathered daily experiences
with moving objects, resulting in pre-existing ideas about this subject. In order to accept
a new scientific explanation on these subjects, students need to be confronted with the
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value of their pre-existing ideas (Vosniadou, 1994; Duit & Treagust, 2003; Schumacher
et al., 2016). Ideally, when students are confronted with the consequences of their pre-
existing ideas, they experience something that counters their expectation and they are
likely to experience a need to alter their own explanation to a new, scientific one.

In order to align the game mechanics with this pedagogical approach, two main
concepts must be present in the game. First, players should be able to explore their pre-
existing ideas. To accommodate this, a setting phase is required where players can set
different forces on a moving object. Thus, players are confronted with the consequences
of their pre-existing ideas. Therefore, the game mechanics must take into account the
experience of the type of motion as a consequence of the setting phase.

Turning now to the game goal and game mechanics, the game goal is guiding a ball
to the finish line of a preset trajectory. The integration of the game and learning goals
is reflected in Newton’s Race consisting of five levels, with each level designed in such
a way that players can only reach the finish line, if their ball moves in a realistic fashion,
thus using the scientifically correct setting in the setting phase.

The details on the gameplay can be found in an earlier publication (Van der Linden
et al.,, 2024). As an illustration some screenshots of the game are included in Figure 2.

2. Materials and methods

2.1 Research design

For this study a mixed methods approach was used. Students participatedinalessonabout
Newtonian mechanics. The lesson plan used for this study can be found in Table I. A pre-
and post-test design was used to examine what students learned about the relationship
between forces and motion (SQ1). Audio data and worksheets were collected in order to
qualitatively examine the students’ understanding of this relationship (5Q2). The lesson
plan was piloted in a 9 grade physics class in a medium-sized urban secondary school
in the Netherlands, after which minor procedural adjustments were made for the final
study.

2.2 Participants

Participants were selected on a voluntary basis from eight different classes in the same
school and consisted of Dutch 9th grade students between the age of 14 and 15. They
participated in the study in four groups of six, seven, and eight students, respectively.
From a total of 27 participants, 21 (78%) were boys and 6 (22%) were girls. Since the
division into groups was done arbitrarily on the basis of the availability of the students,
results from all three groups will be lumped and no distinction between the groups will
be made.

2.3 Instruments

The pre-test consisted of five questions about situations closely related to the game
situation. These five questions were matched with the five same questions in the post-
test to determine a possible learning effect. The post-test contained three additional
questions regarding situations not closely related to the game, to determine a possible
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transfer effect (SQ1) as is shown in Figure 3. The questions used in the pre- and post-
test are based on questions of the Force Concept Inventory (Hestenes et al., 1992) and
Appendices C and D gives the exact pre- and post-test questions.

Pre-test Post-test
Game related Game related Transfer
questions: questions: questions:

Q Ql

Q3 |« >

Q

Q3

[4]

Q Q4

Q5 Q5 |« » Q8

= [2][=][E][E]
[ell=]le][=](e]

Figure 3. Visual representation of the pre- and post-test questions, showing the conceptual
connections between the questions. E.g., Q2 and Q3 deal with the same concept, Q3 addresses
the concept in a game related context and Q6 addresses the same concept in a different context.
The complete pre- and post-tests can be found in Appendices C and D.

Table | gives an overview of the lesson plan. After the introduction and pre-test, students
pre-existing ideas were activated by a discussion on an everyday life scenario: riding
a bike in bad weather (3). Then, students were invited to play the educational game
Newton’s Race (4). Directly after playing the game, a classroom discussion consisting of
three parts was held (5). The first part was about gameplay and visual representations.
This part was primarily used for priming the discussion and to get a feeling for the way
the game “handled”. The results of this part of the study will not be discussed here, since
they are not related to the research questions. In the second part the following general
question was raised: What did you learn from the game? In the third part screenshots
of Newton’s Race were used to spark the discussion. Various in-game scenarios were
shown on a handout, students were asked to discuss what happened to the ball on a
particular moment, how they figured what type of motion the ball was in, and what kind
of setting would be the correct one for that motion.

Table | gives an overview of the lesson plan. After the introduction and pre-test,
students pre-existing ideas were activated by a discussion on an everyday life scenario:
riding a bike in bad weather (3). Then, students were invited to play the educational game
Newton’s Race (4). Directly after playing the game, a classroom discussion consisting of
three parts was held (5). The first part was about gameplay and visual representations.
This part was primarily used for priming the discussion and to get a feeling for the way
the game “handled”. The results of this part of the study will not be discussed here, since
they are not related to the research questions. In the second part the following general
question was raised: What did you learn from the game? In the third part screenshots
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of Newton’s Race were used to spark the discussion. Various in-game scenarios were
shown on a handout, students were asked to discuss what happened to the ball on a
particular moment, how they figured what type of motion the ball was in, and what kind
of setting would be the correct one for that motion.

The pre-test, post-test, statements and the worksheet, translated from Dutch, can
be found in respectively Appendices C, D, E and F.

Table I: The lesson plan used for the study.

Duration (min) Activity Short description Data collection
3 1. Introduction :
7 2. Pre-test Pre-test —
5 3. Discussion on

statement 1
Activation of pre- Audio data
existing ideas by a
discussion on an
everyday life scenario:
riding a bike in bad
weather.
15 4. Playing Newton’s Students play the game
Race individually.
15 5. Classroom discussion A debriefing session Audio data
consisting of three
parts:
1. Gameplay and visual
representations
2. What did you learn
from the game?
3. Discussion based
on screenshots of the
game
15 6. Worksheet Students fill in a Worksheet &
worksheet consisting Audio data
of 2 assignments:
1. Generalization
assignment
2. Applying the
generalization to
transfer situations
5 7. Discussion on As a closing activity: Audio data
statement 2 another discussion
on an everyday life
scenario: moving a
heavy box.
10 8. Post-test Post-test
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2.4 Data collection and analysis

Table II: The coding scheme used to code the transcribed statements. The coding scheme is
translated from Dutch. In addition to the code categories, a + or —is assigned depending on the
correctness of the statement.

Code Category Examples of statements

F Force | think F =0/ It receives a force from the left / Resistance
/ If the forward force is greater than the opposing force...
tegenwerkende kracht... & Als het even groot is, ...

A Acceleration You see an acceleration / The ball is going faster and
faster
D Deceleration You see a deceleration / The ball is slowing down / He
stops
C Constant velocity You move with a constant velocity / constant speed
General or other You go forward / The ball is rolling / One goes twice as
statement about fast / The ball stands still
motion

Table Ill: Some examples from coded statements, translated from Dutch.

Lesson activity Statement Codes
3. Discussion on If all forces are the same, you just stand still F-, G-
statement 1
5. Classroom At the bottom one, there is still a force so it F+, A+
discussion will probably accelerate the whole trajectory
6. Worksheet Because ice offers almost no resistance, it will F+, C-
assignment 2 remain at a constant velocity for a long time

The duration of the lesson was 75 minutes, including the pre- and post-test. General data,
such as age and school grade, as well as pre- and post-test data were collected digitally
using Google Forms. In order to answer SQ1, a paired sample t-test was performed on
the pre- and post-test scores, in order to measure the direct learning effect. A paired
sample t-test was also performed on the transfer questions in order to determine a
possible transfer effect from game related situations to other situations.

In order to answer SQ2: The audio data of the discussions on the statements and
of the second and third part of the classroom discussion were transcribed verbatim. The
worksheets filled out by the students were collected anonymously. Open coding was
used on both the transcripts and the worksheets in order to group statements related
to forces and motion. Several categories were found in order to describe what the
statement is about: A (acceleration), D (deceleration), C (constant velocity), G (General
or other statement about motion) and F (force). Multiple codes could be assigned to a
statement, e.g., in the case a statement on the relationship between forces and motion.
Statements were also coded on the scientific correctness of that statement using a + or —
sign. To gain more insight in the coding process, Table Il presents the coding scheme and
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Table Il gives some coded examples. Two interrater reliability analysis were performed
on 30% of the collected statements. For the different categories a Cohen’s Kappa of
.994 (p = .006) was found. For the correctness of statements a Cohen’s Kappa of .989
(p = 011) was found.

3. Results

3.1 SQ1: Conceptual understanding
The first sub-question was: To what extent do students understand the relationship
between forces and motion in both game related and transfer situations?

Table IV gives the results of the pre- and post-tests for game-related and transfer
situations.

Table IV: Results of the pre- and post-tests (with a minimal value of 0 and a maximal value of 5
for the game related questions and a maximal value of 3 for the transfer questions).

Game related Transfer
Questions Pre-test Post-test Post-test Post-test
1,2,3,4,5 1,2,3,4,5 2,35 6,7,8
Mean 2.89 3.93 2.63 2.56
SD 1.15 1.14 .63 .64

A paired samples t-test was performed to examine the mean differences between the
questions on game related situations in the pre-tests (M=2.89, SD=1.15) and the post-
tests (M=3.93, SD=1.14). A significant difference was found; t(26) = -3.463, p = .002,
Cohen’s d = .908. Another paired samples t-test was performed to examine the mean
differences between post-test questions on game related situations (M=2.63, SD=
.63) and transfer situations (M=2.56, SD= .64), No significant difference was found;
t(26) = 1.000, p = .327.

3.2 SQ2: Conceptual understanding
The second sub-question was: What do students report on their understanding of the
relationship between forces and motion in both game related and transfer situations?

We start this section by presenting in Figure 4 the number of total codes per
category. A distinction is made between the type of collected data: audio data or the
individually filled out worksheets.

Looking at Figure 4, several aspects stand out.
1. Most statements were coded within the F+ category, 36% of all codes.

2. More scientifically correct codes (+) were given than incorrect codes (-), 79% of all
codes were scientifically correct.

3. Incorrect statements on acceleration, deceleration and constant velocity (A-, D-, C-)
were primarily given on the worksheets (64%, vs 36% on the audio data).
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4. Statements on general or other type of movements (G) were primarily given (79%)
on the audio data.

Total codes
350

300

Number of codes
W (=] W (=] W
(=) (=) (=) (=) (=)

[=}

III - ll_
G+ c+  C-

F+ F- G- A+ A- D+ D-
Code

W Audio data W Worksheets

Figure 4: In this graph the number of codes is given per category. The categories are statements
regarding: force (F), acceleration (A), deceleration (D), constant velocity (C) and other type

of movements (G). Statements in each category were also coded scientifically correct (+) or
incorrect (-).

3.2.1 Game related situations

In the second part of the discussion (5.2 in Table I) students are asked to describe what
they think they have learned from the game. In each group something came up on
forces and motion in an attempt to generalize what they experienced in the game. The
following short excerpt from a transcript of a group discussion illustrates how a student
responds to the question ‘What did you learn from the game’:

R(esearcher): Can anybody tell in their own words if they learned anything
from the game and if so, what did you learn?

S(tudent): What a force does to a ball.
R: OK and what does a force do to a ball?

S: Well, if F = 0, then he will slow down (ehr), the F is bigger, the force is bigger
than friction, than it will keep getting faster.

This statement shows that this student is referring to the game, by referring to ‘F=0’
(which is a game setting) and ‘ball’. This student in particular shows an understanding
in game related situations of the relationship between acceleration and forces and
deceleration and forces. In the last sentence two correct relationships are given (F+,
D+ and F+, A+), however no statement is made on the relationship between force and
moving with a constant velocity.
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In the last part of the discussion (5.3 in Table I) the students were given a three-
page handout with several screenshots from the game. On the first page the students
were asked to tell the differences between two screenshots of the first level, a trajectory
over ice. The screenshots differ as they represent different settings resulting in (1) a
difference in type of motion (a constant velocity or acceleration) and (2) difference
in force working on the ball. All groups were able to point out these two differences
and were able also to explain how they could tell that there was a difference in motion
(for instance by reading the accelerometer). The following excerpts from transcripts
illustrates typical students responses on the difference between these two screenshots:

S: At the bottom one there is still a force, so it will accelerate the rest of the
track (F+, A+)

R: How can you tell that there is a force working?
S: Because you see a point at the middle of the ball (See Figure 2D)

S: With that one the dot is in the accelerated section and with the other it is in
the constant section and one gets a force and the other doesn’t. (F+, A+, C+)

On the second page of the handout students had to tell the differences between
two screenshots on ice and on grass, the ball moving with a constant velocity in both
situations. The two important differences to be found here were: 1) the difference of the
track (no friction vs. friction) and 2) the difference in force. Again all groups were able to
spot these differences. Students statements also show that although the type of motion
(constant velocity) is the same, the set force must be different in the two levels. The
following two excerpts from a transcript illustrates students responses on the difference
between these two screenshots:

S: The top one is blue and the bottom one is green
R: And what does it mean that the top one is blue and the bottom one green?

S: I assume that the blue represents ice, so there is less friction than green,
the grass. (F+)

R: Euhm | think that with the grass one that there an extra force must be
applied on, because otherwise the grass will slow it down. (F+, D+)

R: OK and what does that mean for the top picture?
S: That there it is not the case

On the third page three screenshots were shown, all with the ball moving on grass. The
students were asked what kind of motion they saw and what force was set to create that
motion. All groups could quickly state the correct type of motion that they saw in the
screenshots and they were also able to reproduce the setting that was used to create
that motion.
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3.2.2 Transfer situations

In the first assignment of the worksheet (6.1 in Table 1) students had to generalise
their understanding on the relationship between forces and motion. Ideally, they were
supposed to come up with three physically correct relationships:

1. When the applied force is bigger than friction, the object is accelerating.

2. When the applied force is smaller than friction, the object is decelerating.

3. When the applied force is equal to friction, the object is moving with a constant
velocity.

As is shown in Table V, 48% of the students produced all the above relationships and

11% produced none of the relationships. From the 41% that partially produced the

relationships, 45% produced relationship 1, 45% produces relationship 2 and 55%

produced relationship 3.

Table V: Results of the generalization assignment.

N %

All relationships 13 48
Part of the relationships 11 41
No relationships 3 11

In the second assignment of the worksheet students had to apply their understanding
on the three mentioned relationships in five different transfer situations. For each
statement students had to give the correct motion and explain their answer by using the
relationships. Each correct answer was coded with half a point and half a point for the
correct explanation, so a maximum of 5 points could be gathered here. The actual results
can be found in Table VI. NB: These results are independent of the transfer questions in
the post-test.

Table VI: Results of the second worksheet assignment (with a minimum value of 0 and a
maximum value of 5). The students are divided into three groups, dependent of their answers on
the generalization assignment.

N Mean (out of 5) SD

All relationships 13 3.54 .901
Part of the relationships 11 2.81 1.15
No relationships 3 2.83 .289
Total 27 3.17 1.01

There was no statistical significant difference between the answers of different groups as
determined by a one-way ANOVA (F(2,24) = 1.806, p = .186).
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4., Conclusions and discussion

4.1 Conclusions
Revisiting our sub questions:

5Q1: To what extent do students understand the relationship between forces
and motion in both game related and transfer situations?

Results show a large significant learning effect (d = .908) on the game related questions,
confirming results of our hypothesis and earlier study (Van der Linden, 2024). Also
confirming our hypothesis, transfer was fostered when the game is embedded in a lesson.
This is based on the results showing no significant difference between the questions
in the post-test on game related situations (Q2,3,5) and transfer situations (Q6,7,8 in
Figure 3). In other words: after the complete lesson, students were able to apply their
acquired knowledge with equal success in both game related and transfer situations.
These findings indicate that after this lesson students’ conceptual understanding on the
relationship between forces and motion improved significantly in both game related and
transfer situations.

SQ2: What do students report on their understanding of the relationship
between forces and motion in both game related and transfer situations?

As is shown in Figure 4, students most often used the concept of force in their utterances
(both written and oral) compared to the other categories that are all about motion.
Since the learning goal is about the relationship between forces and motion, it is to
be expected that for each utterance on a type of motion (acceleration, deceleration or
constant velocity) students also report something about the forces involved. The concept
of force is thus expected to be used more often than the other categories.

Students statements were mostly scientifically correct (79%) indicating students
overall ability to reason about forces and motion. The incorrect statements that were
specifically made about acceleration, deceleration and constant velocity (A-, D-, C-) were
primarily (64%) given on the worksheets, which were filled out individually. This could
be interpreted in two ways. First, if a student is insecure about their answer, they could
be inclined not to give that answer in a classroom discussion and remain silent. On the
worksheet however, every student is expected to give an answer. Another explanation
could be that on the worksheet students were explicitly prompted to use acceleration,
deceleration and constant velocity in their answers. This is also in line with the finding
that the general statements about motion (G) were mostly given during the discussions
and not on the worksheets (79%).

During the debriefing session directly after students played the game, all groups
proved to be capable to reason on the relationship between forces and motion in game
related situations. During the discussion on screenshots from the game, all groups were
able to interpreted the situations correctly. When asked the question ‘what did you
learn’, students report scientifically correct, but sometimes incomplete, relationships
between forces and motion.
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In the generalization assignment of the worksheet, about half (48%) of the
students were able to give a complete, and scientifically correct, set of statements on
the relationship between forces and motion. Most of the other students (41%) gave
correct, however incomplete set of statements, and only 11% of the students gave no
correct statements at all. When comparing these groups in their results on the second
worksheet assignment (with transfer situations), no significant differences in mean
scores were found. Therefore, a better score on the generalization assignment did not
translate into a significantly higher score on the assignment with transfer situations.

We now revisit the main research question: What is the impact on learning outcomes
in terms of conceptual understanding and transfer of embedding an educational game
in a lesson?

The findings of this case study indicate that students profit from a debriefing session
after playing an educational game. During this debriefing session students demonstrate
their understanding of the relationship between forces and motion in game related
situations. Although no correlation is found between the scores of the two worksheet
assignments on generalisation and transfer, we did find a learning and transfer effect in
post-test scores. In comparison with the previous study (Van der Linden 2024), the effect
size was larger (d =.201 vs. d = .908) and in the present study, transfer was fostered as
well. We can thus conclude that the additional learning activities surrounding Newton’s
Race used in this study increased the learning effect and fostered transfer.

4.2 Situating the study

In an attempt to further close the gap on how to effectively implement an educational
game in a lesson, this case study on Newton’s Race shows positive results by explicitly
describing and analysing lesson activities surrounding the intrinsically integrated game
Newton’s Race. Our findings are in line with our hypothesis based on a previous study
(Van der Linden, 2024) and with other studies. The positive effect of the lesson as a
whole is in line with studies on three lesson activities after playing Newton’s Race. The
three lesson activities being: a teacher directed debriefing session (Wouters et al., 2013;
Long & Aleven, 2014; Tokarieva et al., 2019), a generalization assignment (Perkins &
Salomon, 1992) and an assignment on different transfer situations (Rebello et al., 2007).

4.3 Limitations and implications

In interpreting the results of the current study some limitations must be taken into
account. Firstly, participants were recruited on a voluntary basis, as a result a selection
bias may have occurred, more boys than girls participated in this study. Participants may
have had a positive attitude towards games in general before participating in the study.
Secondly, the sample size was quite small (27 students). Thirdly, when interpreting the
results of the worksheets one must keep in mind that the worksheet was discussed
in a group discussion only after the students filled them out individually. Therefore,
some overlap in coding inevitably occurred between the transcripts of the audio data
of that discussion and the worksheets. Also, students could gain new insights during
that discussion that was not reflected in their worksheets. Finally, no retention test was
conducted. This study is meant to give an insight in how transfer can be fostered with
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regards to an intrinsically integrated game. Research on a possible retention effect is the
next step in the design process.

The findings of this study show the importance of embedding educational games
in lessons in order to foster transfer. When designing a lesson where an educational
game is used, the designer must also take additional activities into account, such as a
debriefing session, a generalization assignment and an assignment on different transfer
situations.

4.4 Further research

Inthis study alessonis evaluated where no feedback from the teacher was given regarding
answers being right or wrong or any type of explanation on the relationship between
forces and motion, even if the students explicitly asked for it. This was necessary for
this study in order to gain a true insight on students’ reasoning without their teacher’s
feedback on how they were doing. In reality, of course, the importance of the role of
(teachers) feedback on learning has been proven time and time again (e.g., Hattie &
Timperley, 2007) When implementing this lesson in the actual classroom, there will of
course be teacher’s feedback at the end of a discussion, affirming the understanding of
students’ relationship between forces and motion, especially in transfer situations.

The findings of this case study show some promising directions on how to foster
transfer using an intrinsically integrated game on Newtonian mechanics in a lesson
situation. The next step is to expand these findings by evaluating a lesson around
Newton’s Race that fosters transfer in a real classroom situation. For this to happen, the
developed lesson needs to be adjusted accordingly. After all, teaching eight students
(the maximum number of students in one of the four groups in this case study) is not the
same as teaching 30 students in a full class. Also, research on a possible retention effect
is needed to further evaluate the effects of a lesson where an intrinsically integrated
game, such as Newton’s Race, is implemented.
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Chapter 5 Embedding an intrinsically
integrated game in a realistic
classroom situation

This chapter is based on:

Van der Linden, A., Meulenbroeks, R. F. G., & Van Joolingen, W. R. Embedding an
intrinsically integrated game in a realistic classroom situation, submitted.
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Abstract

Research on digital game-based learning reports mixed results, with effects on student learning
generally being reported as positive. This study focuses on embedding an intrinsically integrated
game, Newton’s Race, in a lesson on Newtonian mechanics. For this study two classroom
implementations focusing on game-based exercises (game reinforcement group) or general
exercises (transfer group) are designed and compared. The lessons were evaluated using a mixed-
methods approach. A pre- post-test design (N=213) demonstrated a small significant learning
effect (p = .001, d = .038) for all participants. No significant differences between the two groups
in terms of learning outcomes are found, with pre-test scores being a significant predictor for all
other test scores. Differences between the groups in students’ transfer reasoning are found; the
game reinforcement group scored higher on a generalisation assighnment and the transfer group
scored higher on an assignment on other transfer scenarios. A correlation between these two
assignments is found. Students who scored higher on the generalisation assighment, also scored
higher on transfer assignment.

Keywords

Game-based learning; Intrinsic integration; Newtonian mechanics; Secondary education
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1. Introduction

It is not surprising that educational research tends to follow technological trends, to try
and use them for educational purposes (Timotheou et al., 2022). Using digital games is
one of them and research generally reports positive effects on learning (e.g., Lamb et
al., 2018; Tsai & Tsai, 2020; Lei et al., 2022). However, a large meta-analysis by Clark and
colleagues (2016) elucidates the huge individual differences in learning outcomes. One
of the outcomes of a recent literature review even suggest that the using technological
tools in education depends on different variables, not the technological tool per se
(Timotheou et al., 2022). These results raise questions on how to successfully design
and implement an educational game in a classroom setting; which design choices yield
learning and which do not?

1.1 Digital game based learning

Game-based learning (GBL) is the use of games to enhance the learning experience
(Sheldon, 2011). GBL can refer to both analogue and digital games, where games can
be of the shelf games used for educational purposes and games specifically designed
for education. For this study we focus on digital GBL. There are motivational and
engagement aspects of gaming. Games can be adaptive to players’ specific needs or
situation and a game environment offers a safe space to practice and make mistakes
(Plass et al., 2015). Moreover, digital GBL provides different approaches for learning and
games can offer a nice start-up activity for certain topics (Greipl et al., 2020). Although
research offers mixed results, in general research on digital GBL shows positive effects
on learning. These effects may be strengthened by the use of theoretical frameworks,
clear goals and carefully developed game design to meet students’ needs (Greipl et al.,
2020; Tsai & Tsai, 2020).

1.2 Intrinsic integration

As mentioned above, the use of a theoretical framework can strengthen the effects
of digital GBL. A promising principle in this respect is intrinsic integration. Intrinsic
integration is the integration of subject matter (learning) with gameplay (Kafai, 1996).
Although different terminology is used in studies, the main point is, that in order to
increase the learning effect of an educational game, learning and gameplay must be
integrated during the design process. Even though the design process can be challenging
and is not straightforward (Walkington, 2021), research on intrinsically integrated games
show value of this approach. For example, a study on Zombie Division, a game to teach
mathematics, compares an intrinsic and extrinsic version of the game, results show that
players learn more form the intrinsic version and were more willing to play the intrinsic
version (Habgood & Ainsworth, 2011).

1.3 Embedding educational games in lessons

Just like for any other lesson activity, it is important that an educational game is
embedded in other learning activities to form a complete lesson. To enhance learning
from gameplay, several studies suggest a classroom discussion after gameplay (Wouters
et al., 2013; Lamb et al., 2018; Choi et al., 2017; Tokarieva et al., 2019). Studies also
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emphasise an active teacher role in connecting the game with other activities and
scenarios (Long & Aleven, 2014; Tokarieva et al., 2019).

To make digital GBL useful in formal education, students must reach a certain
(curriculum) learning goal at the end of a lesson or lesson series. This learning goal is
most often a general learning goal were students must be able to use their skills into
different contexts. In other words, for digital GBL to be successful, students must be able
to transfer their acquired knowledge from gameplay to other scenarios. The success of a
technological intervention, such as GBL, is based on both the technological activity itself
and the chosen pedagogical approach (Garzén & Acevedo, 2019).

Looking at research on implementing game-related activities in the classroom,
such as simulations and escape rooms, similar findings are found. A literature review
by Smetana & Bell (2012) emphasizes not only the importance of support within
the simulation program, but also the support provided by the teacher. In contrast to
approaches such as escape rooms the role of teachers in GBL can be delicate, since
during gameplay teachers’ interventions can be experienced as disruptive with students’
immersion and feelings of autonomy are at stake (Veldkamp et al., 2020). Furthermore,
with escape rooms being inherently time constrained, reflective breaks do not fit with
this setting. However, a debriefing session actively linking and decontextualize that
knowledge seems crucial in any GBL session (Veldkamp et al., 2020).

1.4 Guiding frame

Game Goal }—{Learning Goal

Game Pedagogical
Mechanics Approach

Figure 1. Guiding frame on alignment between the game goal, learning goal, pedagogical
approach and game mechanics for designing an intrinsically integrated educational game, used
for designing Newton’s Race (Van der Linden et al., 2019).

In order to design an intrinsically integrated game a guiding frame, shown in Figure
1 can be used. This guiding frame was developed in an earlier study with the design
elements for intrinsic integration in mind. In the guiding frame four key elements are
integrated with each other; the game goal, learning goal, pedagogical approach and
game mechanics. The top and bottom parts of Figure 1 show the integration of learning
with gameplay, by aligning the game goal as closely as possible with the learning goal
and by (ideally) aligning the pedagogical approach with the game mechanics. In addition,
the alighment between the game goal and game mechanics are represented in the left
half of Figure 1. Just as in any game, the player interacts with the game environment
through game mechanics in order to try and reach the learning goal. Lastly, the right
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part of Figure 1 shows that in order to reach the learning goal a pedagogical approach
is required.

Using this guiding frame we developed an intrinsically integrated game on
Newtonian mechanics, Newton’s Race (Van der Linden et al., 2019; Van der Linden et al.,
2024), to gain further insight on both the design process of intrinsically integrated games
and on how to effectivity implement them in the classroom.

1.5 Transfer

An important reason for embedding educational games with other lesson activities is
to foster transfer. Students should also be able to use knowledge gained by playing an
educational game outside the game context in other scenarios. In order for students
to reach transfer, they must be able to 1) construct an abstract representation of the
underlying principles and 2) apply these principles in all kinds of scenarios (Rebello et
al., 2007).

1.6 Research question

In line with other research, the previous study on Newton’s Race (Van der Linden et al.,
2023) shows promising possibilities for the use of a debriefing session and classroom
discussions after playing the game (Wouters et al., 2013; Choi et al., 2017; Tokarieva et
al., 2019; Veldkamp et al., 2020). During that study, the debriefing session was held with
small groups of students, not with an entire classroom. In an actual classroom setting,
a teacher is not able to participate in every small group discussion taking place in class.
The previous study (Van der Linden et al., 2023) also shows promising possibilities for
using transfer worksheets in groups of small students in processing the conceptual
knowledge and experience gained during the gameplay. We aim to gain insight on
learning outcomes using learning activities, based on previous findings, that can be used
in a realistic classroom setting. This raises the following research question:

How do different means of embedding an intrinsically integrated game in a
realistic classroom situation affect students’ conceptual development and
transfer?

Since the positive learning effects of a teacher-led debriefing sessions are known, the
lesson activities used in this study were without teacher intervention. For this study
two scenarios are created and compared, where after playing an intrinsically integrated
game, students practice with the content in small groups, on the basis of worksheets.
The first scenario focuses on first reinforcing aquired conceptual knowledge during
gameplay, before proceeding to practice with transfer situations. As an alternative to
the teacher-led debriefing session, students fill in a worksheet with questions about
screenshots from the game and discuss those answers in small groups. This scenario will
be referred to as the game reinforcement group. The second scenario emphasises on
practicing with transfer situations. During this scenario students fill in a worksheet with
questions on all sorts of transfer situations and discuss those in small groups. The second
scenario will be referred to as the transfer group.
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2. Materials and methods

2.1 Research design

For this study a quasi-experimental comparative design was used, see Figure 2. All
students of five ninth-grade classes at a medium-scale urban school in the centre of the
Netherlands were randomly assigned to the game reinforcement group and the students
of five other classes to the transfer group. In both groups, the students participated in
a game-based lesson on Newtonian mechanics without any teacher intervention. The
teacher only facilitated the lesson and gave procedural instructions. The groups differed
only in terms of the assignments they were asked to complete after gameplay.

The lesson plans used for this study can be found in Table 1 and Figure 2. At the
beginning of the 80-minute lesson, students of both groups received general information
about the lesson structure and subsequently performed a conceptual pre-test (appendix
C). Table 1 refers to these activities as phase 1 and 2, respectively. It was made explicit
that the results of these tests would not be used for their grade point average. Individual
informed consent was obtained for all students. The students of both groups then
proceeded, in pairs, to play the educational game Newton’s race without any further
instruction (phase 3).

Game
reinforcement Game Transfer
group Playing worksheet worksheet 1 Retention
Pre-test N Newton’s Post-test [ | test
Transfer R
ace
Group Transfer Transfer
worksheet 1 || worksheet 2

v

Time
Figure 2. Visual representation of the lesson plan of both groups.

At this moment, both groups receive different assignments. The game reinforcement
group received a worksheet filled with screenshots and game-specific questions (phase
4). For each screenshot, students had to figure out what type of motion is shown in the
screenshot and what the corresponding setting was. They were also asked to explain
their answers in writing. After filling out this worksheet individually, students discussed
their answers in small groups of three or four persons. After that, the worksheets were
collected by the teacher and the game reinforcement group received transfer worksheet
1, consisting of two assignments (phase 5). In the first assignment students were asked
to generalize the acquired knowledge from the game. They were prompted to make the
connection between forces and the resulting type of motion (acceleration, deceleration
or constant velocity). In the second assignment students were five different transfer
situations. For each situation they had to give the type of motion and explain their
answer. Again, students started filling out the worksheet individually, and later were
allowed time to discuss their answers in small groups and make additions to their work
before the worksheets were collected.
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Students from the transfer group started with transfer worksheet 1 (phase 4).
They also started individually and later discussed their answers in small groups. Their
worksheets were then collected and the transfer group was given a second worksheet
(transfer worksheet 2) with additional transfer questions (phase 5). These were again
filled out individually first and were then discussed with their peers before being
collected by the teachers. Note that the transfer group did not engage in any game-based
worksheets but were given double the amount of time to work on transfer worksheets,
with questions unrelated to the game they just played.

Table 1: The lesson plan used for the study.

Duration (min) Activity Short description Data collection

10 1. Introduction

10 2. Pre-test Pre-test -

20 3. Playing Newton's Students play the game in Audio data =
Race pairs

15 4. Worksheet Game reinforcement group: Worksheets

Students fill in a worksheet
with screenshots from the
game were they have to
decide on the type of motion,
the thereby chosen setting
and explain their answer

Transfer group: Students fill
in a worksheet consisting of 2
assignments:

1. Generalization assignment

2. Transfer assignment

15 5. Worksheet Game reinforcement group: Worksheets
Students fill in a worksheet
consisting of 2 assignments:

1. Generalization assighment
2. Transfer assignment

Transfer group: Students fill in
a worksheet with additional
transfer situations.

10 6. Post-test Post-test

10 7. Retention test Two weeks after the lesson, Retention test
students fill in a retention
test.

The lesson ended with a post-test for both groups (phase 6). Students entered a unique
self-generated code on their worksheets and on their pre- and post-test to identify the
different parts of their assignments in an anonymous way. Two weeks after the lesson
students of both groups were asked to complete a retention test (phase 7). The pre-
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test, post-test, worksheets and retention test, translated from Dutch, can be found in
Appendices C, D, F, and G respectively.

Note that neither the game reinforcement group nor the transfer group received
any teacher instruction on the subject for the duration of the lesson. Both groups played
the same educational game. The differences between the groups were confined to
differences in assignments relating to the subject and the game (Table 1). The effective
intervention thus consisted of different worksheets to be filled out during 30 minutes of
the total lesson duration of 80 minutes (Table 1). This small specific intervention without
teacher involvement was deliberately chosen, because the effects of teacher guided
(small) group discussions and feedback were studied in an earlier experiment and the
explicit goal for this study was to limit teacher involvement to procedural tasks (Van der
Linden et al., 2023). Note also that this design does not entail a “control group” as such.
In other words, there is no third group receiving a more traditional form of instruction,
such as direct instruction. This study compares two groups of students following two
different game-based lesson plans.

2.2 Participants

Ten classes of Dutch 9th grade students participated in this study. From a total of 220
participants (109 F/ 102 M / 9 other, average age 13.9 +/- 1.06), 111 were in the game
reinforcement group (five classes) and 109 were in the transfer group (five classes).

2.3 Instruments

Pre-, post- and retention test

The pre-test consisted of five open questions about situations closely related to the game
situation. Five identical questions were part of the post-test, to examine conceptual
development. The post-test, however, contained three additional questions regarding
situations not closely related to the game, to determine a possible transfer effect (Figure
3). The questions used in the pre- and post-test are based on questions of the Force
Concept Inventory (Hestenes et al., 1992) and Appendices C and D gives the exact pre-,
post- and retention test questions.

Newton’s Race

Newton’s Race was designed according to the guiding frame (Fig. 1). Several design
iterations preceded the final version used in this study. Newton’s Race consists of 5
levels, increasing in difficulty. The game goal for each level is to get a ball to finish a
trajectory, the easiest way to do this is by forcing the ball to make a realistic movement.
Players can do this at the beginning of each level. Players start each level with a setting
screen where they can choose between different force options (Fig. 4A). After selecting
a setting, the trajectory starts (Fig. 4B). Players then can only exert a force on the ball
perpendicular on the movement of the ball, resulting in a change of direction (Fig. 4C).
In later levels acceleration and deceleration platforms are added (Fig. 4D).
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Pre-test Post-test Retention test
Game related Game related Transfer Game related Transfer
questions: questions: questions: questions:

Ql
Q
Q

| o

Figure 3. Visual representation of the pre-, post- and retention test questions, showing the
conceptual connections between the pre- and post-test questions. E.g., Q2 and Q3 deal with the
same concept, Q2 addresses the concept in a game related context and Q3 addresses the same
concept in a different context. In the retention test the questions were shuffled. The complete
pre-, post- and retention test can be found in Appendices C and D.
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Figure 4. A. The setting phase at the start of each level. Translated: A ball is kicked once. You

can set if there is a force working on the ball in the direction of motion. Try to make the same
movement a real ball makes when you kick it once. Make sure the ball gets to the finish line!
Options: ‘After the kick: F = 0’, ‘After the kick: F = friction’, ‘After the kick: F > friction” or ‘Go back’.
B. Gameplay of level 2 of Newon'’s Race. C. Players can change the direction of motion of the

ball in order to take turns on the trajectory and collect coins if desired. D. On an acceleration
platform (green) a force is applied in the direction of motion. On a deceleration platform (red) a
force is applied in the opposite side of the direction of motion.
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Worksheets

Three worksheets were used during the lesson (Fig. 2; Table 1). Transfer worksheet 1
consisted of two assignments, a generalisation assignment and a transfer assignment
(Appendix F). Transfer worksheet 2 was only used in the transfer group, consisting of
more transfer assignments. The game reinforcement group filled out the game worksheet
(Appendix G) before they started with transfer worksheet 1.

2.4 Data collection and analysis

Pre-, post, and retention test were scored for correct answers, as were the questions
on the worksheets. Participants filled out all the tests and worksheets anonymously,
the different tests and worksheets were linked together per participant by a four-digit
number that the participants generated themselves, thus preserving anonymity.

Table 2: Data collection elements for each student.

Data collection Max score

Pre-test results

Post-test: game related questions (post-GR)

Post-test: transfer questions (post-T)

Retention test: game related questions (ret-GR)

Retention test: transfer questions (rest-T)

5
5
3
5
3
3

Transfer worksheet 1: generalization assignment

Transfer worksheet 1: transfer assignment 10

Game worksheet (only for the game reinforcement group) n/a

Additional data: age, gender n/a

Pre-, post- and retention test analysis

Anindependent samples t-test was performed to examine the mean differences between
the game reinforcement group and the transfer group of pre-test scores. To control for
the difference in pre-test scores, an ANCOVA was used to determine differences in post-
test and retention test scores between both groups. Unfortunately, due to the conditions
during the covid-19 pandemic, the number of completed retention tests was relatively
low (N=152, or 69%). Therefore, we opted to also conduct the ANCOVA on the post-
test scores for all the available post-test data (N=213, or 97%) and not only on post-test
scores with matching retention test scores.

In addition, to measure a possible learning and retention effect, paired samples
t-tests were performed on the pre-, post- and retention-test scores of all students (both
groups). Another paired samples t-test was performed on the transfer questions for all
students in order to determine a possible transfer effect from game related situations to
other situations.
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Worksheet analysis

An ANCOVA was performed on the generalization assignment scores and on the transfer
assignment scores, controlling on pre-test scores. An additional ANCOVA was performed
on the transfer assignment scores, controlling for the generalization assignment
scores. Pearson’s r was calculated for both groups to determine a possible correlation
between the generalization assignment and transfer assignment scores. To gain a deeper
understanding of students reasoning examples of typical student answers were gathered.

To evaluate student’s understanding of concepts of motion and force during the
game, the results of the game worksheet were scored for correct answers. Note that
only students from the game reinforcement group filled out the game worksheet (N =
110).

3. Results

3.1 Pre-, post- and retention test

Table 3 gives the descriptive statistics of the pre-, post- and retention tests for game
related and transfer situations. Notable is the difference in pre-test scores between
the game reinforcement group and the transfer group. Also, the post-test scores and
retention test scores are fairly similar. Since the maximum score is 5 for the pre- and
post-test, the average scores are quite low.

Table 3: Results of the pre- and post-tests (with a minimal value of 0 and a maximal value of 5 for
the game related questions and a maximal value of 3 for the transfer questions).

Game reinforcement group Transfer group
Mean SD Mean SD
Pre-test 1.92 .929 1.66 .743
Post-test game related 2.07 1.04 1.95 .970
questions (post-GR)
Retention test game 2.04 1.08 2.07 1.33
related questions (ret-GR)
Post-test transfer questions 1.26 .843 1.39 747
(post-T)
Retention test transfer 1.24 .899 1.26 .854

questions (ret-T)

The ANCOVA on post-GR scores found that the covariate of pre-test scores significantly
predicts post-GR scores, F(1, 210) = 41.927, p < .001. There is no significant effect of
groups on post-GR scores after controlling for the pre-test scores, F(1, 210) = 0.004,
p=.951.

The ANCOVA on ret-GR scores also found that the covariate of pre-test scores
significantly predicts ret-GR test scores, F(1, 149) = 18.748, p <.001. There is no significant
effect of groups on ret-GR scores after controlling for the pre-test scores, F(1, 49) = 1.00,
p=.319.
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The ANCOVA on post-T scores found that the covariate of pre-test scores
significantly predicts post-T scores, F(1, 210) = 12.969, p < .001. There is no significant
effect of groups on post-T scores after controlling for the pre-test scores, F(1,211) = 2.76,
p =.098.

Finally, the ANCOVA on ret-T scores also found that the covariate of pre-test scores
significantly predicts ret-T scores, F(1, 149) = 6.362, p = .013. There is no significant
effect of groups on ret-T scores after controlling for the pre-test scores, F(1, 149) = .371,
p =.543.

Paired samples t-tests were performed to examine the mean differences of all
participants (N=213). The first paired sample t-test between the pre-test scores (M=1.77,
SD=.844) and the post-tests scores on game related situations (M=2.00, SD=1.01) found
a significant increase in conceptual understanding; t(212) = -3.313, p = .001, Cohen’s
d=.038.

The second paired samples t-test was performed to examine the mean differences
between the total post-test scores (M=3.40, SD=1.65) and the total retention test scores
(M=3.30, SD= 1.78). No significant difference was found; t(148) = .883, p = .379.

The last paired samples t-test was performed to examine the mean differences
between post-GR scores (M=1.43, SD=.700) and post-T scores (M=1.32, SD= .801). No
significant difference was found; t(213) = 1.909, p = .058.

In short, no significant differences in terms of learning outcomes between the
game reinforcement group and the transfer group were found. Pre-test scores were
a significant predictor for all other test scores. A small significant difference between
pre- and post-tests for all participants was found. No significant difference was found
between post- and retention test scores. Also, no significant difference was found
between the game related and transfer scores on the post-test.

3.2 Worksheets
Table 4 gives the results of the two assignments of transfer worksheet 1; the generalization
assignment and the transfer assignment.

Table 4: Results of the worksheet two assignments: Generalization assignment (with a minimal
value of 0 and a maximal value of 3) and the transfer assignment (with a minimal value of 0 and
a maximum value of 10).

Game reinforcement group Transfer group
Mean SD Mean SD
Generalization assignment .806 1.25 . 458 1.00
(max. score: 3) 26.9% 155% 15.3% 218%
Transfer assignment (max. 3.69 2.36 4.66 1.99
score: 10) 36.9% 64.0% 46.6% 42.7%
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An ANCOVA on the scores of the generalisation assignment found that the covariate
of pre-test scores did not significantly predict generalisation assignment scores,
F(1, 214) = .020, p = .889. After controlling for the pre-test scores, there is a significant
effectinterms of the generalisation assignment scores, favouring the game reinforcement
group, F(1, 214) = 4.905, p = .028.

An ANCOVA on the scores of the transfer assignment found that the covariate of
pre-test scores did not significantly predict transfer assignment scores, F(1, 214) = .524,
p = .470. Also in this case, however, there is a significant effect in the scores for the
transfer assignment after controlling for the pre-test scores, F(1, 214) = 11.265, p =.001,
however, in this case favouring the transfer group.

An additional ANCOVA on the scores of the transfer assignment found that the
covariate of the scores of the generalisation assignment did significantly predict transfer
assignment scores, F(1, 216) = 63.727, p < .001. Also, there is a significant effect in the
scores for the transfer assignment after controlling for the scores of the generalisation
assignment, F(1, 216) = 18.981, p < .001, favouring the transfer group.

Inorder to determine a possible correlation between the two worksheet assignment
scores, Pearson’s r was calculated for both groups on the generalization assignment and
the assignment on transfer situations. The scores of were found to be correlated for the
game reinforcement group, r(108) = .52, p < .001 and the transfer group r(107) = .42,
p <.001.

Table 5: Examples of students’ typical answers.

Generalization assignment: Transfer assignment

Make a list for yourself: what have you Give the kind of motion that

learned? is being made, explain your
answer. A hockey puck is
being hit by a hockey stick.

Correct answer If the forward force is greater than Acceleration, the forward
the opposing force, there is an force is greater than the
acceleration. If the opposing force is opposing force.
greater than the forward force, there
is an deceleration. If the forward force
is equal to the opposing force, there is
a constant velocity.

Partially correct There are different velocity options, Acceleration / Forward force
answer with an acceleration the ball goes

faster, with a deceleration slower. If

the opposing force is greater than the

forward force, the ball goes slower.

There is a constant velocity if the

forward force is equal to the opposing

force.

Incorrect answer  ? /1 don’t know / Something with No answer
forces / no answer
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To gain further insight on students reasoning a few examples of students typical answers,
translated from Dutch, are given for both assignments in Table 5.

Table 5 in combination with the quantitative data (Table 4) demonstrate that some
students are able to give complete correct answers. However, the majority of students
give partially correct or incorrect answers, leaving the answer sheet (partially) blank
most of the time.

Figure 5 shows the results of the game worksheet filled out by students from the
game reinforcement group. It shows that most students are able to identify the type of
motion from the game. Fewer students can select the corresponding setting and most
students fail to give an explanation for their answer.

Game worksheet
600

500
400
300

200

number of awnsers

100

Type of movement Corresponding setting Explanation

M Correct M Incorrect
Figure 5. Results of the game worksheet (only filled out by the game reinforcement group, N =
110). This worksheet consists of five screenshots of Newton’s Race with three questions each. 1)
What type of motion does the ball make (deceleration, constant velocity, acceleration, | do not
know)? 2) What is the corresponding setting (F=ON, F=friction, F>friction, | do not know)? 3) How
do you know the chosen setting from question 2 corresponds with the chosen type of movement
from question 1? Note that incorrect answers include ‘I do not know’ and missing values.

4. Conclusions and discussion

4.1 Situating the study

This study further attempts to gain information on how to effectively embed an
educational game into the classroom, by using Newton’s Race as an case study. Newton’s
Race was designed on the basis of intrinsic integration (Van der Linden et al., 2019). In
a follow-up study, the learning effect of Newton’s Race as a stand-alone intervention
was measured (N = 223) and information on how players interacted with the game
was gathered (Van der Linden et al., 2024). A small learning effect was found and with
information on players interactions, the design of Newton’s Race was further improved.
After that, a lesson surrounding Newton’s Race was designed to foster transfer, this
lesson was tested in small groups of about seven students (Van der Linden et al., 2023).

72



Embedding an intrinsically integrated game in a realistic classroom situation

Results were promising and for the present study the lesson was altered to fit classrooms
of thirty students, without teacher intervention. The learning effect of the previous
study was much larger than this study (d = .908 vs. d = .038). It is to be expected that a
debriefing session after playing Newton’s Race actively led by a teacher in a small group
of about seven students is more effective than students working on worksheets and
discussing them by themselves. Other studies also emphasise the importance of teacher
involvement and an debriefing session (Wouters et al., 2013; Long & Aleven, 2014; Lamb
et al., 2018; Choi et al., 2017; Tokarieva et al., 2019).

4.2 Conclusions
We now revisit the research question:

How do different means of embedding an intrinsically integrated game in a
realistic classroom situation affect students’ conceptual development and
transfer?

Pre-, post- and retention test

The game reinforcement group scored significantly higher on the pre-test than the
transfer group. The pre-test scores are shown to be a significant predictor for the post-
and retention test scores. This can be seen as an confirmation of the well-known fact
that students’ prior knowledge is a strong predictor of learning outcomes (Ausubel,
1968; Hattie, 2007).

General learning effect

We found a small significant learning effect (d = .038) between pre-test and post-test
scores for all students. The limited learning effect is to be expected with such a short
intervention time. All students apparently retained the newly acquired knowledge, since
no significant differences between post-test and retention test were found in either

group.

Difference in embedding

After controlling for the pre-test scores, there were no significant differences between
the game reinforcement group and the transfer group in post-test and retention test
scores. Working on game-related questions or transfer questions — not related to the
game — led to the same learning outcome. A possible explanation is that the difference
between the learning experience of both groups is the relatively small, namely the
difference in worksheets during phase 4.

Transfer

No significant difference was found in the post-test scores between the game related
questions and the transfer questions, this indicates that all students were able to transfer
their new acquired knowledge to different situations.

Game worksheet

Results from the game worksheet show that most students select the correct type of
motion the ball makes (in the game) from a list . However they find it more difficult
to select the corresponding setting for that motion. Apparently, they did not reach the
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learning goal from solely playing the game. The large majority of students was not able
to offer an acceptable explanation for their answers, indicating that working with an
assignment that was explicitly based on the game has not proved to be a viable strategy
in this case.

Transfer worksheets

The game reinforcement group scored significantly higher on the generalisation
assignment and the transfer group scored significantly higher on the transfer assignment.
In general however, the majority of students gave partially correct or incorrect answers
by leaving the question (partially) blank on the worksheet. A correlation is found between
the assignments of transfer worksheet 1. Students who scored higher on generalisation,
also scored higher on transfer. This is in line with other research on transfer (Perkins &
Salomon, 1994).

In summary, students’ conceptual development and transfer shows a small but
significant increase through an the embedded intrinsically integrated game in a lesson.
Results from the game worksheet indicate that playing the game and filling out a
worksheet about gameplay in small groups, is not enough for students fully understand
the physics of the game. The way the game is embedded has an effect on conceptual
development and transfer. This is supported by the fact that the game reinforcement
group scored better on the generalisation assignment and that the transfer group scored
better on the transfer assignment. Apparently, even though post-test scores indicate no
significant differences in learning effects between both groups, there are differences
in how they learn. Therefore, it is important to think about what and how do you want
your students to learn and take that into account whilst implementing an intrinsically
integrated game in a lesson.

4.3 Practical limitations

For this study we deliberately implemented a small specific intervention, this resulted
in a lower power. Due to the fact that schools shut down as a consequence of the
COVID-19 pandemic, the data collection could not be performed in the right time during
the curriculum. When regular classes continued, students’ motivation for the subject of
Newtonian mechanics was therefore lower, because students were currently working on
a different physics subject. Also, as an effect of the corona pandemic guidelines, more
students stayed home than expected in regular times, resulting in fewer retention test
participants.

4.4 Implications

The findings of this study show that it is not only important to embed an educational
game in the classroom, but it is also important how you do it. In the previous study on
Newton’s Race (Van der Linden et al., 2023) the positive effects of a teacher-led discussion
are demonstrated. For this study we wanted to gain insight on learning effects without
teacher intervention and, although focusing on students transfer with a generalization
and transfer assighnment, one cannot rule out the effects of a teacher intervention (Long
& Aleven, 2014; Tokarieva et al., 2019).
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4.5 Further research on embedding games in the classroom

The findings of this study demonstrate some promising directions on how to implement
an intrinsically integrated game into the classroom. The next step would be focussing
on teacher involvement, still working with a realistic classroom environment. It would
be interesting to see how students reasoning change, for instance, with a teacher-
led classroom debriefing session after playing the game. An increased learning effect
then is to be expected, however does that also apply for non-participatory students?
An increased learning effect is also expected when students receive feedback on their
worksheet, but how does that change their reasoning?

With such interventions a learning effect is expected to increase. The point of
interest lies in qualitative research: How does students reasoning change? This may
be studied with think-aloud procedures. With a greater understanding of the influence
of interventions on students reasoning, more fitting activities can be designed and
implemented for student to transfer their in-game knowledge to out-game scenarios.
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1. Main research question

This dissertation addresses the subject of digital educational games in secondary
education, with an emphasis on physics. Let us revisit the main research question of this
dissertation:

How can a digital intrinsically integrated game be designed and implemented
in a lesson fostering conceptual knowledge and transfer regarding Newtonian
mechanics?

This question, and hence the dissertation, can be split into two parts. The first part
(Study 1 and Study 2) focuses on the design of such a digital educational game and the
second part (Study 3 and Study 4) on how that game can be implemented in a lesson.
To answer the main research question, we now give an overview of the findings for each
study. We will also provide some implications for educational practices, the research
field and future directions.

Study 1 (Chapter 2) concluded that integrating learning with gameplay (intrinsic
integration) should be the basis of designing a digital educational game. However, this is
not self-evident, since a design choice flowchart or adding certain design elements for a
guaranteed effective intrinsically integrated game, are not available to our knowledge.

In an attempt to bridge this gap we constructed a guiding framework (Fig. 1), based
on the idea of intrinsic integration, as a basis for the game design process. We used the
guiding frame in a specific order, starting with formulating the learning goal (step 1), as
one would do for any educational activity. For Newton’s Race the learning goal became
that by the end of the game, players will be able to apply the relationship between forces
and motion by giving explanations and predictions in realistic everyday scenarios. We
proceeded to select a fitting pedagogical approach for students to reach that particular
learning goal (step 2). We chose a pedagogical approach based on the idea that students
should experience the effects of their existing ideas, so that they find the need to
adjust those to scientific theories. After the pedagogical approach is chosen, suitable
game mechanics to strengthen that approach need to be found (step 3). In the case
of Newton’s Race a setting phase was required for players to enter their existing ideas
about forces working on an object. In addition, players should experience the effects of
those ideas, thus the resulting types of motion must be made visible. Finally, from the
game mechanics a fitting game goal should emerge (step 4). Finishing a trajectory with
a simple, real-world object, such as a ball, fits with the chosen game mechanics. For
true intrinsic integration the game goal must align with the learning goal. Therefore, the
game goal in Newton’s Race is to finish a trajectory with a realistic (scientifically correct)
moving ball.

In short, the final version of Newton’s race consists of five levels, increasing in
difficulty. Players start each level with a setting screen where they choose a force option
that works on the ball during its trajectory (Fig. 2A). Then, after the ball gets its initial
push, the trajectory starts with the chosen setting (Fig. 2B). During the trajectory, players

79




Chapter 6

can only exert forces perpendicular on the movement of the ball to change direction
(Fig. 2C). In later levels acceleration and deceleration platforms are added (Fig. 2D).

Step 4 Step 1 .
Game > Learning
goal goal
A
4
Step 3 Step 2 .
Game _ Pedagogical
mechanics D approach

Figure 1. Guiding frame for intrinsic integration on aligning the learning goal, pedagogical
approach, game mechanics and the game goal.

Ideally, reaching the game goal also implies reaching the related learning goal, meaning
that players must reach the learning goal as a necessity for reaching the game goal. Note
that according to intrinsic integration, these goals need to be strongly interconnected.
As a counterexample, for instance, the requirement in a platform game in which at the
end of each level players need to solve a mathematical equation to proceed to the next
level, is in contrast with intrinsic integration. Aligning learning and game goals is not
self-evident, and Study 1 shows the difficulties that arise when players work around the
intended alignment of these goals. For instance, we demonstrated that a few experienced
gamers were able to reach the end of the final level without the scientifically correct
setting, thus without reaching the learning goal.

Even though the alignment of goals was a difficult step, we found that aligning the
game mechanics and pedagogical approach (step 3) is an even more difficult step. We
used several iterations focusing on this step in the educational game used in this study.
Newton’s Race, relies on players’ experimentation with the different force settings for
our in-game pedagogical approach.

A key element in Newton’s Race is the setting phase at the start of each level.
When playing a level in a commercial racing game, players usually first encounter some
sort of selection phase before they actually start racing. In commercial racing games,
this setting phase could consist of, for instance, selecting a vehicle, driver or trajectory.
Although it is common to have a setting phase in a race-like game, in Newton’s Race the
setting phase is a bit different, as it prompts players to think about and experiment with
different force settings. On the one hand, this setting phase is a very useful intervention.
It ensures that during gameplay players can both experience flow (Csikszentmihalyi,
1990) and reflection, without getting in each other’s way. On the other hand, reading text
during the setting phase appeared to be too much to ask from some players. Therefore,
understandably, some players opted for a trial-and-error approach, as evidenced from
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the game logs. With this approach players can still experience the effects of different
settings and even learn which setting works best to reach the finish lines. We concluded
that for the trial-and-error type of players it is even more essential to offer additional
activities, to make the step from in-game learning to conceptual understanding more
explicit. Educational games in general need to offer additional learning activities for
players to be able to transfer their acquired knowledge from in-game scenarios to
different ones (Wouters et al., 2013; Choi et al., 2017; Tokarieva et al., 2019).

Figure 2. A. The setting phase at the start of each level. Translated: A ball is kicked once. You
can set if there is a force working on the ball in the direction of motion. Try to make the same
movement a real ball makes when you kick it once. Make sure the ball gets to the finish line!
Options: ‘After the kick: F = 0’, ‘After the kick: F = friction’, ‘After the kick: F > friction’ or ‘Go back’.
B. Gameplay of level 2 of Newton’s Race. C. Players can change the direction of motion of the ball
in order to take turns on the trajectory and collect coins if desired. D. On an acceleration platform
(green) a force is applied in the direction of motion. On a deceleration platform (red) a force is
applied in the opposite side of the direction of motion.

Study 1 demonstrated some design difficulties, making it necessary to improve and
reevaluate Newton’s Race before we could move on to the design of the additional
educational activities. Even though literature shows that these activities are needed to
strengthen learning and transfer, at this point we first need to know how players learn
from Newton’s Race itself.

Having designed an intrinsically integrated educational game on Newtonian
mechanics, study 2 focused on how players learn while playing an improved version
of Newton’s Race. Results show that players’ conceptual understanding of Newtonian
mechanics improved significantly over a relatively short intervention time (15 minutes).
The mechanism behind this apparent learning was studied based on game log data,
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showing that players’ gameplay mostly matched expected learning during the game.
For instance, log data shows that players opt for the scientific correct setting more often
as they progress through the game. Indicating that players start by toying with different
settings, but learning which is the correct setting during gameplay.

Study 2 showed that the improvement of conceptual understanding was mainly
evident in game-related scenarios. In a post-test, players performed significantly worse
on transfer questions than on game-related questions, e.g., questions about riding a bike
in comparison with questions about kicking a ball. This emphasized the need to study
how to embed the game within other educational activities with the goal of enhancing
transfer of the knowledge gained during the game to other situations.

For Study 3 (Chapter 4) such educational activities were designed and evaluated
to gain insight on how to implement an intrinsically integrated game and thus foster not
only learning in game-related situations, but also in transfer situations. Newton’s Race
itself is based on a student centred pedagogical approach. To fit with this approach, the
lesson as a whole fits within Inquiry Based Learning. In short, students start the lesson
with activating their pre-existing ideas. Then they play Newton’s Race, followed by a
debriefing session. To foster transfer, students work on a generalisation and a transfer
assignment using dedicated worksheets. Findings of Study 3 show, in comparison with
Study 2, an increase of conceptual understanding and transfer. Activating students’
pre-existing ideas before starting the game, strengthens the pedagogical approach
during gameplay. The combination of the debriefing session with the generalisation and
transfer assignments after gameplay resulted in student’s enhanced ability to transfer in
comparison with Study 2.

Thus, as expected, embedding Newton’s Race in additional learning activities is
essential to strengthen learning and transfer. The promising results of the case study
(Study 3) prompted a follow-up on how to implement our approach within a larger
context.

Based on the assumption that small and guided group discussions combined
with a full debriefing session guided by a teacher is not feasible in a full classroom
and within time constraints, a realistic lesson plan was designed for Study 4 (Chapter
5), our question being whether the learning outcomes of a lesson relying only on
teacher procedural guidance? Two versions of a lesson plan were used: 1) with a game-
related debriefing worksheet after gameplay, without additional transfer assignments
(reinforcement group) and 2) without a debriefing worksheet, but with the additional
transfer assignments (transfer group).

Results from Study 4 show that filling out a debriefing worksheet about gameplay
in small groups, is not enough for students to reach sufficient conceptual understanding.
They (reinforcement group), however, performed better on the generalisation
assignment, in comparison with students from the transfer group. Students in the
transfer group, however, indeed performed better on the transfer assighments. These
results indicate that the way the game is embedded influences the learning process
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and the conceptual development and transfer. Therefore, it is important to think about
what and how teachers want their students to learn and take that into account whilst
implementing an intrinsically integrated game in a lesson.

Importantly, the overall gains in conceptual understanding and transfer from
Study 4 were lower than Study 3. The main difference between both studies was the
teacher’s role in the lesson and the size of the group. During Study 4, we noticed that
students actually asked for feedback, they really wanted to know whether or not their
thought process was correct. But in this particular design, this was not accommodated.
Apparently, and confirmed by many other studies, the teacher’s role is an essential
one (Long & Aleven, 2014; Tokarieva et al., 2019), especially during debriefing after
gameplay. In Study 3, after the debriefing session, all groups were able to reason on the
relationship between forces and motion in game related situations. They also were able
to interpret the situations on the screenshots correctly. It seems better to have a full
classroom debriefing session that is guided by a teacher, than letting students debrief
with a worksheet in small groups without a teacher’s guidance.

Between Study 3 and Study 4 Newton’s Race was not changed in terms of game
mechanics, therefore one could argue that the chosen pedagogical approach should
work equally in both studies. However, due to the changes in additional lesson activities
we think that the pedagogical approach better fulfilled its potential in Study 3. There is
a significant change at the start of the lesson. In Study 4 only a small introduction was
held, in Study 3 the lesson started with explicit activation of pre-existing ideas. One of
the elements of our chosen pedagogical approach relies on the need for students to
see the point of what they are doing (Lijnse & Klaassen, 2004), which is strengthened in
Study 3.

In addressing the main research question, we get a dual answer. First, to design a
digital intrinsically integrated game on Newtonian mechanics we recommend using the
guiding frame (Fig. 1), based on the intrinsic integration principle, in a specific order.
Starting with the learning goal and pedagogical approach and from there finding suitable
game mechanics and a game goal, that in turn also is aligned with the learning goal.
Truly aligning both goals and aligning the pedagogical approach with game mechanics,
is by no means self-evident and requires several design iterations. Second, to foster
conceptual knowledge and transfer, the intrinsically integrated game preferably is
embedded within other learning activities, that complement the chosen pedagogical
approach during game design. For example, an exercise to activate students’ pre-existing
ideas, a debriefing session and assignments to enhance transfer. During this lesson, the
teacher should play an active role guiding the learning process by helping students make
connections between in-game learning and other situations.

2. Implications for educational practice

Based on the findings in this dissertation we propose some implications for using an
intrinsically integrated game in the classroom and for using Newton’s Race specifically.
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2.1 General implications

There are two main implications for using a digital game in a lesson. First, the role of
a teacher is essential for guiding students in their learning process and for providing
feedback. Second, the way that a digital educational game is embedded, is crucial for the
learning process. Based on our findings, some recommendations can be made.

First and foremost, a teacher guided debriefing session is strongly recommended
in all cases. Study 3 and 4 show that a debriefing session, guided by the teacher,
is necessary for students to truly comprehend the content learning in the game and
making their conceptual understanding explicit. In such a debriefing session, the teacher
leads a discussion with the students making sure, they (scientifically) understood what
happened during gameplay. Screenshots of gameplay can be used as a tool for such a
debriefing session.

Second, most learning goals are formulated in such a way, that students must be able
to use knowledge in all kinds of different contexts. To be able to transfer newly acquired
in-game experiences to other contexts, an assignment on transfer is recommended. For
the content of this assignment, teachers can make choices depending on how they want
students to learn, making choices that fit with their preferred teaching style. For instance,
teachers can choose to make a more open ended or closed generalisation assignment,
depending on classroom needs. In one class it can work to ask more openly ‘what have
you learned about Newtonian mechanics today’, whereas in another class it works better
to provide the students with keywords that they need to use in their answer. In any
case, we recommend a combination of some sort of generalisation assignment and an
assignment to practise with situations that are not closely related to the game situation.

Besides the above mentioned recommendations, other more general
recommendations to enhance learning in a formal setting, such as providing feedback
and activating prior knowledge, also apply.

For teachers to actually use a digital game in their lesson some conditions need to
be met. Teachers are busy enough as it is, therefore using a digital game in their lesson
should be accessible, useful and preferably fun. For these reasons, the educational game
should be free and easily downloadable for any device. Currently Newton’s Race is only
compatible with Android devices. To make Newton’s Race usable on any device, a web-
based version could be made. The game should come with complementary materials
were the learning goal and the game goal, are made clear. This should provide the
teacher with enough information to make an informed decision if the game fits with the
curriculum. It would also be helpful if the pedagogical approach behind the game and
game mechanics were briefly explained. This helps the teacher better understand the
game as a tool for learning and a basis for the debriefing session. The complementary
materials should also include a basis for the debriefing session and examples for
additional learning activities. This way, teachers do not need a full training to use digital
games in their lessons, and they can assemble a lesson that fits with their needs, such
as their class time.

84



General discussion

2.2 Implementing Newton’s Race: a recommendation
Based on the findings of Study 3 and 4 (Chapters 4 and 5) and the aforementioned
recommendations, we propose a final design for implementing Newton’s Race in the
classroom (Fig. 3). Newton’s Race itself is still based on a student centred approach,
therefore it is fitting that the lesson is also student centred.

I Learning objectives
Activating students’ pre-existing ideas on Students understand that (net)force is Students can apply their new conceptual Checking if
Newtonian mechanics. proportional to acceleration/deceleration in d ding on forces and motion to learning goals are
game related scenarios. other (not game related) scenario’s. reached.
5 min 5 min 20 min 15 min 20 min 10 min 5 min
Introduction Classroom Playing Newton’s Debriefing session Transfer worksheet | | Digital quiz Classroom
Clarify learning goal discussion Race Using screenshots of With a generalisation More transfer discussion
Rty B Newton’s Race assignment and 2 assignments with P ———
eailide transfer assignment direct feedback
| Lesson activities

Figure 3. Overview of our proposed lesson design implementing Newton’s Race.

The lesson starts with clarifying the learning goal. In our case: By the end of the lesson,
you will be able to explain the relationship between (net) force and motion and make
predictions hereof in various scenarios.

To activate students’ pre-existing ideas on the subject, Newtonian mechanics, the
teacher guides a short classroom discussion on a statement about riding a bike with
constant velocity in bad weather (Appendix E). Students can simply raise their hands
for with which statement they agree, or if more active participation is preferred, send
them to different corners of the classroom. Then let them argument their case and see
if students change their original idea. For the third activity they play Newton’s Race,
depending on the facilities, they can play solo or in pairs. In the latter case they should
alternate taking turns.

After gaming, a teacher must facilitate a debriefing session on the basis of
screenshots from the game to discuss with the class what type of motion is shown,
which is the corresponding setting and why so. Then students get a worksheet with a
generalisation assignment and a transfer assighnment (Appendix G). It is recommended
to first let them start on the worksheets individually, then discussing in small groups and
thereafter discussing the worksheet with the whole class, where the teacher can provide
appropriate feedback. To further promote transfer, students then practice with all kinds
of scenarios in the form of a digital quiz, with all kinds of scenarios where students have
to choose the type of motion and explain why they have chosen that type of motion.
This way every student gets direct feedback on every question.

As a final activity, we would recommend giving the students another discussion
statement (Appendix E). In addition to completing the lesson, this also provides quick
insight for the teacher on the student’s learning gains.
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3. Implications for the field

We started our study by analysing the, at that point in time, most recent meta-analysis
on digital games, design and learning. (Clark et al., 2016). The summarisation of the main
take-away point is that research on cognitive effects of educational games in general
shows promising results, however there are large variations in learning outcomes
between individual educational games. This could very well align with the large variations
within the design of educational games.

Now, about seven years later, when we look at recent review studies and meta-
analysis on digital game-based learning (Manzano-Ledn et al., 2021; Wang et al., 2022;
Timotheou et al., 2023), that is basically still the main take-away point. These review
studies and meta-analyses also promote that more research is needed on internal
game mechanisms to better understand their effects (Wang et al., 2022), how to use
educational games more efficiently at different levels of formal education (Manzano-
Ledn et al., 2021) and the improvement of the overall effectiveness of educational
games (Yu et al., 2020).

This dissertations’ added value to the current body of literature on digital game
based learning lies in the case study approach. This approach makes it possible to do
an in depth analysis on intrinsically integrated game design and embedment in the
classroom.

Even though the need for research on educational game design has been voiced
for some time now, most studies focus on the effects of educational games on learning,
with only few giving additional insight on the design process (Fanfarelli, 2020). Whilst
the insight on the design process of various educational games is precisely what is
needed to gain a deeper understanding on how students learn from educational games.
In addition, the theory of intrinsic integration has been around for decades (Kafai, 1996)
and its application has shown promise for increasing learning from educational games
(Cutting & lacovides, 2022). Despite that, intrinsic integration has not resulted in a large
body of research. Our study, specifically Study 1 and Study 2, focuses on using intrinsic
integration to design, develop and evaluate learning by playing an intrinsically integrated
game. Which therefore fits with the current need in research on educational game
design, specifically the need for more studies on designing and developing intrinsically
integrated games (Pan & Ke, 2023).

For teachers to actually use a digital educational game, the learning goal of the
game needs to fit with a learning goal in the curriculum. The review of Pan and colleagues
(2022) indicate that the learning goal is crucial in determining the use of game genre and
mechanics. Our results are in line with that, strengthening their assumption that there
is an association between learning goal, learning content (pedagogical approach) and
game genre (game mechanics and game goal). It also fits with the order of design steps
in our guiding frame (Fig. 1), since they recommend that game developers should ensure
that the game is designed as a pedagogical instrument first and the game activities
second (Pan et al., 2022).
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Tokarieva and colleagues (2019) show that the integration of digital educational
games into formal education is still relatively low. However, integrating educational
games into formal education entails more than just letting students play the game.
Embedding educational games into other learning activities strengthens learning and
transfer (Wouters et al., 2013; Pan et al., 2022). An educational game should be a tool in
ateacher’s toolbox, not a substitute for them or to use as a complete lesson. As we found
in Study 4, the teacher is still a key element to make learning happen. We believe that
a teacher is needed to guide the learning process, helping students make connections
between in-game learning and other situations. In line with findings of Tokarieva et al.
(2019), we find that a teacher is needed for briefings and debriefings. A game cannot
simulate every situation, therefore the teacher cannot be replaced by a game.

4., Future directions

Finally, our results give some interesting insights for future research. Here are a few
concrete recommendations for future research: the study design and the extension to
other educational domains.

In terms of study design, the use of a control group is debated in GBL research, the
question being what a true control group would mean in GBL? Surely, comparing a test
group with a group receiving no educational intervention at all makes little sense, as we
can assume that a group receiving any kind of learning activity would perform better
than a group receiving no learning activity at all. But there are so many options for lesson
activities to compare with, what makes a logical control group? One obvious comparison
would be to study the differences between a lesson based on GBL (Section 6.2.2) vs a
lesson without GBL, especially regarding a retention effect.

On a personal note, | have students in my present-day physics classes who
participated in one of the studies three years ago. They still recollect playing Newton’s
Race, without me prompting them, they sometimes start talking about it. Which makes
me wonder, if they still have active memories about playing Newton’s Race, the learning
activity at least made an impression, would a more traditional lesson have the same
effect? Perhaps this effect is similar to the effects of experiential learning (Kolb et al.,
2014; Morris, 2020). Of course, playing a game is by definition not a real-world experience
such as, for example, a field trip is. However, evidence is found that virtual field trips also
can yield positive effects on enjoyment and retention (Makransky & Mayer, 2022). In
addition, playing a game in formal education still is a challenging and novel experience
that requires active participation. This is an interesting direction for future research.

The log data collected in Study 2 provides some insights on how students learn
through the pedagogical approach implemented by intrinsic integration with the game
mechanics. To deepen our understanding, more research with different techniques is
recommended. For instance, to follow more closely what students do during gameplay,
eye tracking technology can be used. In addition, the Think-Aloud method could also
give insight on students decision making and reasoning during gameplay.
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To further strengthen the research body on intrinsic integration, more research in
different educational domains is needed. This can be done by designing more intrinsically
integrated games based on our proposed guiding frame (Fig.1). We now designed the
game for something that students encounter in everyday life, it is also interesting if one
could use the guiding frame to design a game on more abstract scientific models, such
as quantum mechanics or electromagnetism in physics education. The guiding frame
should also be tested in other educational domains, such as language education or
teaching history, to gain more insight on how the guiding frame translates to designing
intrinsically integrated games outside the physics domain.

The digital nature of intrinsically integrated games seems suitable for some sort of
in-game adaptability, differentiating at individual learners’ levels. It would be interesting
to explore possibilities where the gameplay adjusts for individual player’s needs.

Overall, this dissertation shows how an intrinsically integrated game on Newtonian
mechanics can be successfully designed and implemented in a lesson. Even though
there seems to be an abundance of research on game-based learning, the field still
askes for more in-depth analysis on game design and implementation. Our studies
provide such an in-depth analysis, giving more insight on students’ learning and
providing recommendations for others who want to venture into the wonderful world of
educational game didactics.
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Appendices

All appendices are translated from Dutch

Appendix A: Pre-test Study 2

1. If you kick a stationary ball, the ball will start moving.

True / False / 1 do not know

2. If the ball starts moving after a kick, there will be a force working on the ball in the
direction of motion.

True / False / 1 do not know

3. You kick a ball through long grass. When you stop kicking, the ball will stop moving
immediately.

True / False /| do not know

4. You kick a ball once, so that it rolls over grass. The ball will stop moving eventually.
True / False / 1 do not know

5. You kick a ball once, so that it rolls over grass. Does a force work on the ball in the
direction of motion after the kick?

After the kick:

A. There is no force working.

B. There is a force working. The force is equal to opposing forces (from the grass).

C. There is a force working. The force is bigger than opposing forces (from the grass).

D. | do not know.

6. To let a ball roll across a soccer field (grass), you must kick the ball 10 times. If this

soccer field was made of ice, would you have to kick the ball less, as many times of more
often?

A. Less
B. As many times
C. More often

D. | do not know.
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7. You kick a ball once, so that it will roll across grass. What kind of motion will the ball
make?

A. First faster and then slower.

B. Ever slower.

C. First slower and then faster.

D. Ever faster.

E. A constant velocity.

F. 1 do not know.

8. You kick a ball across grass, so that the ball moves with a constant velocity. The
forwards kick-force on the ball is:

A. Bigger than opposing forces (from for instance the grass).
B. Smaller than opposing forces (from for instance the grass).
C. Equal to opposing forces (from for instance the grass).

D. | do not know.
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Appendix B: Post-test Study 2

1. If you kick a stationary ball, the ball will start moving. After the kick, there will be a
force working on the ball in the direction of motion.

True / False / 1 do not know

2. You kick a ball through long grass. When you stop kicking, the ball will stop moving
immediately.

True / False /| do not know

3. You roll a hockey ball through long grass. When you stop pushing, the ball will stop
moving immediately.

True / False / 1 do not know

4. You kick a ball once, so that it rolls over grass. Does a force work on the ball in the
direction of motion after the kick?

After the kick:

A. There is no force working.

B. There is a force working. The force is equal to opposing forces (from the grass).

C. There is a force working. The force is bigger than opposing forces (from the grass).

D. | do not know.

5. You kick a ball once, so that it will roll across grass. What kind of motion will the ball
make?

A. First faster and then slower.

B. Ever slower.

C. First slower and then faster.

D. Ever faster.

E. A constant velocity.

F. 1 do not know.

6. You kick a ball across grass, so that the ball moves with a constant velocity. The
forwards kick-force on the ball is:

A. Bigger than opposing forces (from for instance the grass).

B. Smaller than opposing forces (from for instance the grass).
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C. Equal to opposing forces (from for instance the grass).

D. | do not know.

7. You roll a hockey ball across grass, so that the ball moves with a constant velocity. The
forwards roll-force on the ball is:

A. Bigger than opposing forces (from for instance the grass).

B. Smaller than opposing forces (from for instance the grass).

C. Equal to opposing forces (from for instance the grass).

D. | do not know.
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Appendix C: Pre-test Study 3 and Study 4

1. By kicking a stationary ball, the ball starts moving. Then there will be a force working
on the ball in the direction of motion.

True / False / 1 do not know

2. You kick a ball through long grass. When you stop kicking, the ball will stop moving
immediately.

True / False /| do not know

3. You kick a ball once, so that it rolls over grass. Does a force work on the ball in the
direction of motion after the kick?

After the kick:

A. There is no force working.

B. There is a force working. The force is equal to opposing forces (from the grass).

C. There is a force working. The force is bigger than opposing forces (from the grass).

D. I do not know.

4. You kick a ball once, so that it will roll across grass. What kind of motion will the ball
make?

A. First faster and then slower.

B. Ever slower.

C. First slower and then faster.

D. Ever faster.

E. A constant velocity.

F. 1 do not know.

5. You kick a ball across grass, so that the ball moves with a constant velocity. The
forwards kick-force on the ball is:

A. Bigger than opposing forces (from for instance the grass).

B. Smaller than opposing forces (from for instance the grass).

C. Equal to opposing forces (from for instance the grass).

D. | do not know.
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Appendix D: Post-test Study 3 and Study 4

Retention test Study 4 with different question order

1. By kicking a stationary ball, the ball starts moving. Then there will be a force working
on the ball in the direction of motion.

True / False / 1 do not know

2. You kick a ball through long grass. When you stop kicking, the ball will stop moving
immediately.

True / False / 1 do not know

3. You slide a couch across the floor. When you stop pushing, the couch will stop moving
immediately.

True / False / | do not know

4. You kick a ball once, so that it rolls over grass. Does a force work on the ball in the
direction of motion after the kick?

After the kick:

A. There is no force working.

B. There is a force working. The force is equal to opposing forces (from the grass).

C. There is a force working. The force is bigger than opposing forces (from the grass).

D. I do not know.

5. You are riding a bike and at a certain moment you stop pedaling. Does a force work the
direction of motion after you stop pedaling?

After the kick:

A. There is no force working.

B. There is a force working. The force is equal to opposing forces.

C. There is a force working. The force is bigger than opposing forces.

D. | do not know.

6. You kick a ball once, so that it will roll across grass. What kind of motion will the ball
make?

A. First faster and then slower.

B. Ever slower.
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C. First slower and then faster.
D. Ever faster.
E. A constant velocity.

F. 1 do not know.

Appendices

7. You kick a ball across grass, so that the ball moves with a constant velocity. The

forwards kick-force on the ball is:

A. Bigger than opposing forces (from for instance the grass).
B. Smaller than opposing forces (from for instance the grass).
C. Equal to opposing forces (from for instance the grass).

D. | do not know.

8. You roll a hockey ball across grass, so that the ball moves with a constant velocity. The

forwards roll-force on the ball is:

A. Bigger than opposing forces (from for instance the grass).
B. Smaller than opposing forces (from for instance the grass).
C. Equal to opposing forces (from for instance the grass).

D. | do not know.
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Appendix E: Statements

Statement 1:

You ride your bike to school and there is a lot of headwind and rain. Because of that you
always ride with 14 km/h to school. The following applies for your pedaling force:

1. The pedaling force is O N.

2. The pedaling force is smaller than the opposing forces (for example by the wind).
3. The pedaling force is equal to the opposing forces (for example by the wind).

4. The pedaling force is bigger than the opposing forces (for example by the wind).

5.1 do not know.

Statement 2:

You are moving and you slide a heavy box across the floor. When you stop pushing, the
box will slide a bit further. The following applies:

1. There is no fore working in the direction of motion.

2. There is a fore working in the direction of motion. This force is smaller than the
opposing forces (for example by the floor).

3. There is a fore working in the direction of motion. This force is equal to the opposing
forces (for example by the floor).

4. There is a fore working in the direction of motion. This force is bigger than the opposing
forces (for example by the floor).

5.1 do not know.
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Appendix F: Transfer worksheet

1. Write down for yourself what you have learned. Use the following terms:

forward force; acceleration; bigger than; deceleration; smaller than; opposing force;
equal to; constant velocity.

You may use the terms more than once.

2. Indicate for the situations below what kind of motion applies. Give an explanation for
the chosen motion, using your answer form task 1.

a. A rocket turns off its thrusters in space.

b. A hockey puck is being hit by a hockey stick.

c. After a hockey puck has been hit, it continues to move across grass.

d. After an ice hockey puck is hit, it continues to move over ice.

e. You cycle down a hill, you roll down without pedaling.
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Appendix G: Game worksheet

For each image answer the corresponding questions:

a. What kind of motion does the ball make?
A. Acceleration  B. Constant velocity

C. Deceleration D. | do not know
b. What is the corresponding setting?
A.F=0N B. F = friction

C. F>friction D. | do not know

c. How do you know that the setting of 1b corresponds with the movement of 1a?
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Summary

Research on digital game-based learning (DGBL) in general reports promising results.
However large variations between learning outcomes between individual educational
games exist. It appears that learning effects of DGBL can be increased by ensuring that
learning and gameplay are integrated with each other in a process dubbed intrinsic
integration. Designing an intrinsically integrated game can be quite challenging since the
alignment between (formal) learning and gameplay is not self-evident. To use a game
in formal education, students should also be able to transfer their acquired conceptual
knowledge from the game context to other scenarios. This is possible by embedding the
game in other learning activities. This thesis aims to develop some guidelines on how to
design and implement an intrinsically integrated game by using a case study approach
in the context of Newtonian mechanics. During this in depth analysis, four studies were
conducted to answer the main research question of this dissertation:

How can a digital intrinsically integrated game be designed and implemented
in a lesson fostering conceptual knowledge and transfer regarding Newtonian
mechanics?

Study 1 (Chapter 2): Designing an intrinsically integrated educational game on
Newtonian mechanics

In this study we proposed a guiding frame for designing an intrinsically integrated game.
The guiding frame expands on the idea of intrinsic integration, where the learning goal
and game goal are aligned, by adding an additional alignment between a pedagogical
approach and game mechanics. In this study the design process of the game, Newton'’s
Race, is described using the proposed guiding frame. Our findings suggest some guidelines
in using this guiding frame. First, the guiding frame incorporates a specific order starting
with forming a learning goal, then choosing a pedagogical approach, selecting fitting
game mechanics and ending with the game goal and checking this against the learning
goal. Also, to optimize the alignment between the learning goal and the game goal, it
should only be possible for players to reach the game goal when the desired learning
goal is reached as well. Typically, this process of alignment requires several iterations
of the design process, with the focus is on aligning the pedagogical approach with the
game mechanics.

Study 2 (Chapter 3): Learning Newtonian mechanics with an intrinsically
integrated educational game

The second study aimed to gain insight on how playing the resulting intrinsically integrated
game supports the learning of Newtonian mechanics. The findings demonstrated
a significant positive learning effect, which can be explained through acquired log
data form player’s gameplay. Log data show that players’ gameplay mostly matched
expected learning during the game, with scientifically correct game settings occurring
more and more as gameplay progressed. The ability to transfer learned knowledge to
other situations was shown to be limited to situations closely resembling the game
environment.
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Study 3 (Chapter 4): Implementing an intrinsically integrated game on
Newtonian mechanics in the classroom: outcomes in terms of conceptual
understanding and transfer

This study involves a thorough evaluation of a lesson design around the intrinsically
integrated game, played in groups of about seven students. Outside of the game, lesson
activities include: activation of pre-exciting ideas, a debriefing session, a generalisation
assignment, an assignment on transfer situations and a closing activity. The findings
indicate that students benefit from a teacher-led debriefing session after gameplay.
After the complete lesson, students were able to apply their acquired knowledge with
equal success in both game related and transfer situations, indicating that the additional
learning activities surrounding Newton’s Race used in this study increased conceptual
understanding and fostered transfer.

Study 4 (Chapter 5): Embedding an intrinsically integrated game in a realistic
classroom situation

The last study explored possibilities of using an intrinsically integrated game, Newton'’s
Race, in a realistic classroom environment without explicit teacher intervention. For
this study two classroom implementations focusing on game-based exercises or general
exercises are designed and compared. Students’ conceptual development and transfer
show a small but significant increase through both lessons. Results from game-based
exercises indicate that playing the game and filling out a worksheet about gameplay in
small groups, is not enough for students to fully understand the physics of the game. A
difference between the groups in students’ transfer reasoning was found, indicating that
the way the game is embedded has an effect on conceptual development and transfer
reasoning. In other words, it is not only important to embed an educational game in the
classroom, but it is also important how you facilitate it. A game cannot replace a teacher.

General conclusions

This dissertation shows how an intrinsically integrated game on Newtonian mechanics
can be designed and implemented in a lesson. The four studies provide an in-depth
analysis, giving more insight on how students learn using a digital educational game.
Effectively aligning the learning goal with the game goals and aligning the pedagogical
approach with game mechanics, proved to be the main challenge. Our proposed guiding
frame served as a useful tool during the design process. To foster students’ conceptual
knowledge and transfer, the intrinsically integrated game is preferably embedded within
other learning activities. During these activities, the teacher should play an active role
guiding the learning process by helping students make connections between in-game
learning and other situations.
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Samenvatting

Onderzoek naargame-basedleren (het gebruik van games tijdens het leerproces) laat over
het algemeen veelbelovende resultaten zien. Er bestaan echter grote verschillen tussen
leerresultaten van individuele, educatieve spellen. Het lijkt erop dat de leereffecten van
game-based leren kunnen worden vergroot als de leeractiviteiten geintegreerd worden
in de game-activiteiten. Dat proces heet intrinsieke integratie. Intrinsieke integratie
betekent dat het doel van de game samenvalt met het leerdoel waar de game voor is
ontworpen. Het ontwerpen van een intrinsiek geintegreerde game kan een behoorlijke
uitdaging zijn, omdat het verband tussen (formeel) leren en gamen niet vanzelfsprekend
is. Om een game in het formele onderwijs te kunnen gebruiken, moeten leerlingen hun
geleerde conceptuele kennis ook vanuit de gamecontext kunnen gebruiken in andere
scenario’s. Ditkan door de game in te bouwen in andere leeractiviteiten. In dit proefschrift
is een aantal richtlijnen ontwikkeld voor het ontwerpen en implementeren van een
intrinsiek geintegreerde game door gebruik te maken van een casestudy benadering in
de context van de natuurkunde (Newtoniaanse mechanica). Tijdens deze diepgaande
analyse zijn vier onderzoeken uitgevoerd om de overkoepelende onderzoeksvraag van
dit proefschrift te beantwoorden:

Hoe kan een intrinsiek geintegreerde game worden ontworpen en
geimplementeerd in een les die conceptuele kennis en overdracht van
Newtoniaanse mechanica bevordert?

Studie 1 (Hoofdstuk 2): Het ontwerpen van een intrinsiek geintegreerd
educatieve game over Newtoniaanse mechanica

In de eerste studie hebben we een raamwerk voorgesteld om te gebruiken tijdens het
ontwerp van een intrinsiek geintegreerde game. Dit raamwerk bouwt voort op het idee
van intrinsieke integratie, waarbij het leerdoel en het speldoel met elkaar verweven
worden, door middel van een vergaande integratie tussen een didactische aanpak en de
mechanismen van de game (game mechanics). In deze studie wordt het ontwerpproces
van onze game, Newton’s Race, beschreven aan de hand van ons raamwerk. De
bevindingen suggereren enkele richtlijnen binnen ons raamwerk. In het raamwerk
houden we een specifieke volgorde aan: we beginnen bij het vormen van een leerdoel,
om vervolgens een didactische aanpak te kiezen, daarna passende game mechanics te
selecteren en te eindigen met het speldoel. In het geval van een optimale integratie van
leerdoel en speldoel is het voor spelers alleen mogelijk om het speldoel te bereiken als
het gewenste leerdoel ook bereikt is. Tijdens de iteraties van het ontwerpproces ligt de
nadruk dan ook op de integratie van de didactische aanpak met de game mechanics.

Studie 2 (Hoofdstuk 3): Het leren van Newtoniaanse mechanica door middel
van een intrinsiek geintegreerde educatieve game

Het tweede onderzoek had het doel om inzicht te krijgen in hoe het spelen van de
intrinsiek geintegreerde game, Newton’s Race, het leren van Newtoniaanse mechanica
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ondersteunt. De bevindingen lieten een positief leereffect zien, dat kan worden verklaard
op basis van de verkregen loggegevens van de spelers die verzameld werden tijdens het
spelen. De loggegevens laten zien dat de gameplay van spelers grotendeels overeenkwam
met het verwachte leerproces, waarbij de natuurkundig correcte spelinstellingen steeds
vaker voorkwamen naarmate de game vorderde. Het vermogen van spelers om de
geleerde kennis over te dragen naar andere situaties bleek daarentegen beperkt te zijn
tot situaties die sterk leken op de spelomgeving.

Studie 3 (Hoofdstuk 4): Het implementeren van een intrinsiek geintegreerde
game over Newtoniaanse mechanica in de klas: resultaten in termen van
conceptueel begrip en transfer

In dit onderzoek werd een lesontwerp gebaseerd op de intrinsiek geintegreerde game
geévalueerd. De game werd gespeeld in een lessituatie in groepen van ongeveer zeven
leerlingen. Naast het spelen van de game, bestonden de lesactiviteiten uit: het activeren
van voorkennis, een nabespreking, een generalisatieopdracht, een opdracht over
transfersituaties en een afsluitende activiteit. De bevindingen laten zien dat leerlingen
na het spelen van de game, baat hebben bij een klassengesprek dat door een docent
begeleid wordt. Na de volledige les waren de leerlingen in staat om hun vergaarde
kennis met evenveel succes toe te passen in de game-gerelateerde situaties als in andere
situaties (transfer), wat aangeeft dat de aanvullende leeractiviteiten rond Newton’s
Race die in dit onderzoek werden gebruikt, zowel het conceptuele begrip als transfer
bevorderden.

Studie 4 (Hoofdstuk 5): Het inbouwen van een intrinsiek geintegreerde game
in een realistische klassensituatie

In het laatste onderzoek werden de mogelijkheden onderzocht van het gebruik van een
intrinsiek geintegreerde game, Newton’s Race, in een realistische klassensituatie waarin
de rol van de docent beperkt was tot het begeleiden van het proces. Twee lessen, één
gericht op game-gerelateerde oefeningen en één gericht op algemene oefeningen, zijn
ontworpen en met elkaar vergeleken in termen van de leeropbrengsten. De conceptuele
ontwikkeling en transfer van leerlingen laat in beide lessen een kleine maar significante
stijging zien. Resultaten van game-gerelateerde oefeningen laten zien dat het spelen
van de game en het invullen van een werkblad over gameplay in kleine groepen, niet
voldoende is om leerlingen de natuurkundige principes van het spel volledig te laten
begrijpen. Tussen de twee groepen werden verschillen gevonden in de manier waarop
leerlingen redeneerden in transfersituaties, wat aangeeft dat de manier waarop het spel
is ingebouwd in de les, een effect heeft op zowel de conceptuele ontwikkeling en de
transfer. Het is dus niet alleen belangrijk om een educatieve game lGberhaupt in een les
in te bouwen, maar het is ook belangrijk hoe je dat doet. De docent speelt hierin een
essentiéle rol.
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Algemene conclusies

Dit proefschrift laat zien hoe een intrinsiek geintegreerde game over een belangrijk
onderwerp in de natuurkunde, de Newtoniaanse mechanica, ontworpen kan worden en
geimplementeerd kan worden in een les. De vier onderzoeken bieden een diepgaande
analyse, die meer inzicht geeft in de manier waarop leerlingen leren met behulp van
een educatieve game. Het volledig integreren van het leerdoel met het speldoel en
het integreren van de didactische aanpak met de game mechanics, bleek de grootste
uitdaging. Het door ons voorgestelde raamwerk bleek een nuttig hulpmiddel tijdens het
ontwerpproces. Om de conceptuele kennis en transfer van leerlingen te bevorderen, kan
deintrinsiek geintegreerde game het beste worden ingebouwd in andere leeractiviteiten.
Tijdens de les is het belangrijk dat de docent een actieve rol speelt bij het begeleiden
van het leerproces, door leerlingen te helpen het verband te leggen tussen de game-
uitkomsten en andere situaties.
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It has long been a coveted idea to combine the motivational aspects of games
with learning in formal education. Digital educational games have indeed shown
potential in this respect. However, individual educational games demonstrate
large variations in (learning) outcomes. Ensuring that learning and gameplay
are integrated with each other appears to be the key to obtaining higher learning
outcomes. This is referred to as intrinsic integration. This dissertation adds to the
body of knowledge on the characteristics that make educational games effective,
realizing that no easy fix exists. To use a game in formal education, students
should be able to transfer their acquired conceptual knowledge from the game
context to other scenarios. This is possible by embedding the game in other
learning activities. This dissertation describes four studies that were conducted
to answer the main research question: How can a digital intrinsically integrated
game be designed and implemented in a lesson fostering conceptual knowledge
and transfer regarding Newtonian mechanics? Findings of our studies provide
more insight on how students learn using a digital educational game. We
developed a guiding frame for designing an intrinsically integrated game. Our
studies demonstrate the benefits of embedding an educational game within other
learning activities. Based on our findings, we give practical recommendations
for such learning activities. Our studies provide an in-depth analysis, giving
more insight on students’ learning and providing recommendations for
others who want to venture into the wonderful world of game didactics.
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