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ABSTRACT

Science education, particularly physics, and chemistry, remains unpopular among stu-
dents. Children’s perception of chemistry as a complex and strenuous subject starts at a
young age, even before their first contact with the discipline, and these perceptions can
affect the students’ achievements and future career choices in this domain.

As a result, teachers and educational stakeholders acknowledge the need for inno-
vative tools to reach the children and motivate them in these areas. This intervention
should be applied to reach students earlier to demystify negative perceptions and encour-
age children to invest in these areas.

Augmented Reality (AR) and Serious Games continue to be used as tools to engage
students with learning content perceived as less engaging or challenging. However, in
chemistry, the vast majority of AR educational tools are designed for older students (15
and older) and mainly focus on the potential of AR to provide the visualization of sci-
entific phenomena. Our research revolves around AR multimodal Serious Games as an
opportunity to explore different pedagogical methods to facilitate scientific content learn-
ing while incorporating game elements to engage preteen children (9 to 13 years old)
with chemistry.

This thesis systematically investigated the effectiveness of three Augmented Reality
serious games designed around the chemistry learning experience. In the scope of this
thesis, three novel AR serious games were created, namely: "Periodic Fable Discovery,"
"Periodic Fable An Augmented Journey," and "Periodic Fable in The Wild." These games
were iterated, tested, and refined employing Research through Design methodology.

The thesis contribution is centered around the design and lessons learned while pro-
ducing three novel AR serious game artifacts. The outcomes of this research will establish
the underpinnings for developing guidelines that can be implemented by game designers
and developers who aim to create educational Augmented Reality (AR) Serious Games.

keywords: Augmented Reality, Serious Games, Learning, Chemistry, Periodic Table,
Children
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REsumMmo

A educacao cientifica é fundamental para o desenvolvimento da sociedade, especialmente
nas areas da fisica e da quimica. No entanto, muitos estudantes demonstram pouco in-
teresse nestas disciplinas, particularmente em relacao a quimica, sendo frequentemente
vista como complexa e exigente. A conotagdo negativa em relagao a quimica pelas criangas
comeca desde cedo, antes mesmo de terem contato com a disciplina a nivel curricular,
sendo que esta percepcao pode condicionar o seu percurso académico e mesmo a futura

escolha da carreira profissional.

Consequentemente, professores e agentes educativos reconhecem a necessidade de
ferramentas inovadoras para cativar as criangas, apoiando intervengdes para motivar os
alunos mais cedo, desmistificando percepcdes negativas e, finalmente, levar as criancgas
a investirem na quimica. Sao necessarias estratégias educacionais que enfatizem a apli-
cabilidade da quimica no quotidiano e na resolucao de problemas, de modo a tornar o
contetdo mais relevante e interessante. Além disso, € importante adotar abordagens dida-
ticas inovadoras, como a utilizagao de tecnologias interativas, jogos e atividades praticas,

que possam ajudar a envolver e motivar os alunos.

A Realidade Aumentada (RA) e os jogos continuam a serem utilizados como ferra-
menta que ajudam a cativar o interesse dos estudantes para disciplinas consideradas mais
dificeis ou menos interessantes para os jovens. Contudo, na area da quimica, estudos
sobre esta ferramenta continuam a focar-se num publico alvo acima dos 15 anos de idade,
habitualmente s6 oferecendo beneficios no que concerne a visualizagcao de fenémenos

cientificos.

A investigacao presente nesta tese, visa o estudo da eficacia de trés jogos educativos
em Realidade Aumentada: A Descoberta da Fabula Periddica, A Fabula Periédica uma
Viagem Aumentada e, por ltimo, a Fabula Periddica na Floresta. Estas ferramentas ladico-
didaticas procuram facilitar a aprendizagem, cativar o interesse e motivar jovens para a
area quimica.

A contribuicao desta tese esta centrada no desenho e aprendizagem obtida durante
a produgao de trés novos artefatos de jogos sérios de realidade aumentada (RA). Os
resultados desta pesquisa estabelecerao as bases para o desenvolvimento de diretrizes,

que podem ser implementadas por designers e criadores de jogos educativos em Realidade
Aumentada (RA).

Palavras-chave: Realidade Aumentada, Jogos Educativos, Aprendizagem, Quimica, A
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CHAPTER

INTRODUCTION

This chapter describes the motivation for this research, an overview of the research pro-

cess, and the contributions to the research community.

1.1 Motivation

Abstract and spatial reasoning are crucial cognitive abilities that are closely associated
with the successful academic performance of preteen children [228]. Abstract reasoning,
as a component of executive functions, calls for analyzing and manipulating information
about situations, things, and ideas not present in the individual’s immediate environ-
ment. The acquisition and development of abstract reasoning are essential in the learning
process of school subjects from a young age, especially regarding sciences, since these
subjects involve inquiry, experimentation, evidence, evaluation, and analysis of ideas,
problem-solving, creative thinking and overall understanding of information by making
connections with the real world. Spatial reasoning, on the other hand, is a cognitive
ability linked to children’s understanding and manifested through their capacity to re-
tain, generate, and manipulate visual information to solve problems. Spatial reasoning
includes tasks such as mentally rotating objects, comprehending spatial relationships,
interpreting maps and diagrams, and recognizing patterns in complex images. These
skills are commonly referred to as spatial skills or spatial abilities.

Science, Technology, Engineering and Math (STEM) relies on many concepts that don’t
have physical references visible to the naked eye in the real world, such as molecules,
covalent and ionic bonding, and electromagnetism. As a result, it is difficult for students
to connect the content of these subjects to real-life situations. Due to its involvement in
abstract reasoning and spatial cognitive thinking, chemistry, among other STEM domains,

is regarded as a particularly complex and demanding subject. This perception, which



CHAPTER 1. INTRODUCTION

according to Michela Lurachi [200] starts early on (preteens), builds up, and continues
to persist until secondary school, contributes to the lack of interest, and influences stu-
dents’ future career choices [219, 299, 11, 301]. Moreover, previous research identifies
perception and motivation toward chemistry subjects as important factors in students’
performance and learning processes.[342, 110, 270] Consequently, educational stakehold-
ers have acknowledged the need to incorporate tools that can enhance students’ emotional
engagement (interest and enjoyment) and improve their behavior and cognitive engage-
ment in STEM subjects, including the field of chemistry [152].

There is a need to engage preteen students with chemistry using child-friendly peda-
gogical approaches, as many of them lose interest in this subject before encountering it
in junior high school (7th grade - 11 years old) and college [327].

Games have proven beneficial for encouraging active learning and boosting student
motivation since they are interactive, engaging, and fun tools [66]. According to research,
introducing games into the classroom can increase student learning outcomes, such as
knowledge retention, critical thinking skills, and problem-solving aptitudes [367]. Chil-
dren learn by using their senses, playing, and engaging in activities, thus intuitively
assimilating concepts [181]. Games designed and developed for education, training, and
simulation to support specific learning objectives are typically called Serious Games. Se-
rious games can provide a more engaging and immersive experience than traditional
teaching methods by simulating real-world scenarios, especially useful in high-risk or
dangerous situations. They allow learners to work at their own pace, provide imme-
diate feedback and reinforcement, and support learning content developed in various
settings and contexts [316]. Additionally, when combined with other mediums like tan-
gible interfaces (such as physical objects) and immersive technologies, Serious Games
can provide further layers to the learning experience, supporting a lasting and effective
learning experience.

AR and Serious games can potentially create entertaining and innovative experiences
for children. Moreover, if the game tackles daunting and complex concepts in a fun and
engaging manner, the experience can benefit their education [49]. By allowing the super-
imposition of virtual objects into the real world, AR facilitates students’ understanding
of difficult concepts through spatial reasoning. It enables the training of spatial visu-
alization skills by making scientific phenomena visible. Furthermore, AR allows users
to discern and interact with the real environment while simultaneously receiving addi-
tional digital information into their field of perception [42], showing great potential as a
pedagogical tool.

AR experiences are increasingly being studied in the chemistry learning and teaching
context [99, 245] because it allows the visualization of abstract concepts and phenomena
that otherwise would not be possible. This technology can provide the visualization of
three-dimensional AR models facilitating the microscopic, macroscopic, and symbolic
dimensions of chemistry. AR intertwined with other mediums like 2D information vi-

sualization, 3D modeling, animations, and Tangible Interactions (TI) can also engage
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1.1. MOTIVATION

students with the microscopic and the representational chemical world, which are con-
sidered challenging for students [281, 52, 161]. Furthermore, Mobile Augmented Reality
(MAR) is gaining prominence in chemistry because of the continued technological ad-
vancements, affordability, and proven benefits in promoting students’ engagement with
learning content [65].

While AR has been explored in different fields with a broad target audience, in chem-
istry, the effectiveness of the technology as a learning tool has been chiefly studied with
high-school and colleague students (15 years and older), with few reports on a younger
population [120]. Its application to preteens has not been sufficiently studied. There is
a need to engage and explore friendly pedagogical approaches that engage and leverage
the natural enthusiasm of young science learners to keep up with the accelerating pace of
discovery and technological innovation,[120]. There is an opportunity to fill this gap by
approaching immersive learning experiences according to the complexity of chemistry
understanding (symbolic, microscopic, and macroscopic) [160] and the student’s charac-
teristics to design and develop effective and engaging tools for chemistry while gathering
the interest of a younger and broader population in this domain.

This research explores the potential of Augmented Reality Edutainment as a pedagog-
ical and ludic tool that provides, facilitates, and improves the understanding of abstract
concepts, motivating and engaging preteens toward chemistry. However, while focusing
on chemistry its findings can be implemented to other STEM subjects. This research
started in the year of the UNESCO celebration of the 150th anniversary of the discovery
of the Periodic System by Dimitri Mendeleev, several formal and informal educational
activities were taking place, and chemistry was chosen as the context for this research.
The Periodic Table is one of the most significant achievements in the modern sciences for
chemistry, physics, medicine, earth sciences, and biology. We took this opportunity to
reflect on the Periodic Table and its elements and introduce them to preteens who might
have yet to experience them in their school curricula. The research aims of this proposal
are multi-folded and will articulate in several Research questions (RQs) expressed in de-
tail in the research questions section later in this document. As an orienting statement,
this research proposes to investigate an edutainment approach to learning the Periodic
Table; Can AR apply to edutainment encourage children to appreciate science, improve
and contribute to abstract reasoning and chemistry in particular?

To investigate these issues, the project designed, developed, and studied serious AR
games centered around the Periodic Table of Elements. The game prototypes will be eval-
uated with the preteens’ target audiences of 9 to 13 years old children, and its findings
will form the basis for creating guidelines that game designers and developers can apply
to educational AR serious games. We aim to evaluate game design principles (aesthet-
ics, mechanics, story) and pedagogical methods when using AR as a platform to assess
the limitations, benefits, and efficiency of this technology when delivering educational
content knowledge. By identifying methods and tools when conducting our research, we
envision the findings from this specific research work to be transferable to other STEM
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CHAPTER 1. INTRODUCTION

domains (such as physics, biology, mathematics, and others).

We produced three AR serious games with this aim: 1. Periodic Fable Discovery; 2.
Periodic Fable and Augmented Journey; and 3. Periodic Fable in the Wild that can be
interconnected or played individually, each one with a specific set of goals in mind. We

briefly describe the games below:

Periodic Fable Discovery uses an exploratory/ constructive learning approach and
tangible interface to introduce content knowledge of the chemical elements: oxygen, hy-
drogen, carbon, chlorine, and nitrogen. By rotating and scanning images/patterns on
each facet of the physical cube (dedicated to one of these elements), preteens can gather
information about properties, their location within the Periodic Table, objects/products
that contain such elements within their compositions, short animations about possible
covalent bonding, and through a game activity can create chemical reactions and view its
chemical molecular structure. We tested the game to evaluate the adequacy of the peda-
gogical method, efficiency when delivering the content, the usability of the AR tangible
system, and game elements: enjoyment and motivation towards the game and domain.
We also assess its efficiency and engagement compared to a more traditional method of

teaching chemistry (using a textbook).

The second game, Periodic Fable An Augmented Journey, is an adventure game that
utilizes a narrative approach to convey learning content. The game adopts an expository
and consolidating approach (closer to a traditional pedagogical method). At the beginning
of the game, preteens are invited to help the protagonists (Oxygen, Hydrogen, Carbon,
Chlorine, and Nitrogen) to solve an incident (crash of their spacecraft) by exploring a 3D
AR map and using chemical reactions. The game was evaluated to test the efficiency of
the delivery and retention of the educational content, usability, and cognitive overload of
the system, game elements balance (gameplay and content), the persuasion potential of
the aesthetics and storytelling, enjoyment and affects of the user towards the game and

domain.

And finally, a third game, Periodic Fable in the Wild follows a situated learning ap-
proach by integrating everyday routine products and the participant context to deliver
the learning content. The game evolves around the scanning of real products contain-
ers located on a space (shelves) to gather atoms that are part of such a substance. The
player can then recreate or create substances by joining the atoms collected. The game
was developed to assess the incorporation of real-world elements into the mechanics of
augmented reality gameplay to provide educational content and foster a connection to
enhance learning. The game was evaluated based on the same factors as the PF Discovery
and PF An Augmented Journey, such as game elements balance, usability, motivation,

and engagement.

This thesis adopts a Rtd method [368] to study and better understand the learning
effectiveness of the AR Serious Games in the STEM educational context, understanding

best pedagogical methods, the adequacy of game design principles (immersive narrative,

4



1.2. RESEARCH AIMS, CONTRIBUTION, AND QUESTIONS

role play, mechanics, aesthetics and the technology) in learning activities, keeping a bal-
anced combination of scientific content and storytelling. This thesis aims to understand
whether AR Serious games can motivate and engage students with scientific concepts,

particularly in chemistry.

1.2 Research aims, Contribution, and Questions

This thesis’s research aims and contributions were developed through the design, devel-
opment, and study of three interconnected serious AR games for STEM domains, leading
to a focus on the domain of chemistry and the Periodic Table. The game prototypes were
evaluated with the target audience of 9 to 13 years old children and its findings formed
the basis for creating guidelines that can be applied by game designers and developers
targeting AR educational games. We aimed to use game design principles (aesthetics,
mechanics, story) and pedagogical methods using AR as a platform to evaluate this tech-
nology’s limitations, benefits and efficiency in delivering educational content knowledge.

We contribute to this field of study by:

* Providing guidelines for designing AR serious games that integrate: Learning con-
tent according to Alex Johnstone’s theoretical approach [161]; human factors (par-
ticipatory design approach, with teachers and experts to select and validate the
content and pedagogic aspect through a user-center approach), and AR technology

with game-based learning (see Figurel.1).

* Designing and Developing three novel AR serious games artifacts: Periodic Fable
Discovery, Periodic Fable An Augmented Journey, and, finally, Periodic Fable in the
Wild, developed to facilitate the learning of abstract concepts about the Periodic

Table while engaging preteens with chemistry.

* Providing insights on the benefits and limitations of AR Serious Games to facili-
tate and engage preteens children (9 to 13 years old) in learning abstract scientific

content.
To this end, my research was guided by the following questions:
RQ1 How can Augmented Reality game design balance: aesthetic, story, gameplay, tech-
nology and pedagogical methods facilitate the learning process of abstract scientific concepts

encountered in the Periodic Table?

RQ2 What design considerations-guidelines should be taken into account in the develop-

ment of Augmented Reality (AR) serious games to effectively support science education?
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Figure 1.1: Chemistry AR Serious Games Research Approach

RQ3 Can AR Serious Games improve children’s affects on chemistry and facilitate the
learning of abstract content about the Periodic Table?

1.3 Research Process Overview - Methodology

In this context, my doctoral research process relies on:

1. Participatory design approach — reflects on the contributions of teachers and game
designers in the different stages of our game design process regarding content and peda-

gogical methods.

2. Research Through Design using PF AR Games developed with different pedagog-
ical approaches embedded within the game mechanics to introduce concepts about the

Periodic Table to preteens.

3. Children’s interactions with Periodic Fable Discovery, Periodic Fable An Augmented
Journey and Periodic Fable in the Wild allowed us to systematically test theoretical inter-

ventions in the active context of educational environments.
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4. Conducting and sharing insights from the results of several studies in a formal and

informal learning context.

To accomplish this objective, we provide a concise overview of our process (see Figure
1.2). While in the illustration, Stages 1, 2, and 3 are on different levels; this was a

continuous process.

1 Theoretical Background Research P DI PF DI
& Related Work PF Design and Development BESER) _ e BISESERy
> N exploratory evaluation High Fidelity Prototype

i ®  Interaction design -

© Learning " 9 User's characte
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¢ Games
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© Augmented Reality
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Learning content
Pedagogics

Game elements

PF Discovery Low Fidelity Prototype

>
14

PF An Augmented Journey

PF Discovery and PF Journey

And In the Wild Design

PF Discovery

X Evaluation / Insights
lterations

v

Storytelling process

PF An Augmented Journey
Development Mechanics

Concept Design
) PF An Augmented PF An Augmented PF An Augmented
Journey Low Fidelity Journey exploratory Journey High
prototype evaluation Fidelity Protottype
Iteration Design Evaluation/ Insights WebPlatform Development
3 PF In the Wild Development ) A PF in the Wild Exploratory o a
Mechanics PF Low Fidelity Prototype evaluation . High Fidelity Prototype

Iteration Design Evaluation / Insights

Figure 1.2: Overview of the iterative research process documented in this manuscript

1.4 List of Publications

Most of the work presented throughout this thesis has been published at international

conferences in the field of Human-Computer Interaction.

Camara Olim, S. M., Nisi,V., & Romdo, T. (2023). Periodic Fable Discovery: an Aug-
mented Reality Serious Game to Introduce and Motivate Young Children Towards Chemistry.
Journal of Multimedia Tools and Applications, 2023. Doi: 10.1007/s11042-023-17526-9
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[235].

Camara Olim, S. M., Nisi, V., & Rubegni, E. (2023, February). "Periodic Fable Dis-
covery"Using Tangible Interactions and Augmented Reality to Promote STEM Subjects. In
Proceedings of the Seventeenth International Conference on Tangible, Embedded, and Embod-
ied Interaction (pp. 1-15) [55].

Cdamara Olim, S. M., Nisi, V., & Rubegni, E. (2022, June). Periodic Fable Augmenting
Chemistry with Technology, Characters and Storytelling. In Interaction Design and Children
(pp. 123-136) [56].

Olim, S. C., Nisi, V., & Romao, T. (2021, August). Towards Identifying Augmented
Reality Unique Attributes to Facilitate Chemistry Learning. In Human-Computer Inter-
action-INTERACT 2021: 18th IFIP TC 13 International Conference, Bari, Italy, August
30-September 3, 2021, Proceedings, Part V (pp. 513-516). Cham: Springer International
Publishing [237].

Camara, S., Nisi, V., & Romadao, T. (2021, October). Enhancing Children Spatial Skills with
Augmented Reality Serious Games. In Extended Abstracts of the 2021 Annual Symposium on
Computer-Human Interaction in Play (pp. 94-100) [54].

Olim, S. C., & Nisi, V. (2020). Augmented reality towards facilitating abstract concepts
learning. In Entertainment Computing—ICEC 2020: 19th IFIP TC 14 International Con-
ference, ICEC 2020, Xi’an, China, November 10-13, 2020, Proceedings 19 (pp. 188-204).
Springer International Publishing [236].

In Review

Camara Olim, S. M., Nisi,V., & Romao, T. (2023). Augmented Reality Interactive Experi-
ences for Multi-level Chemistry Understanding. Journal of Child-Computer Interaction.

Other Publications, not directly related to the subject of this thesis

Vasconcelos, F., Dionisio, M., Cdmara Olim, S., & Campos, P. (2023, November). Game
ON! a Gamified Approach to Household Food Waste Reduction. In International Conference
on Entertainment Computing (pp. 139-149). Singapore: Springer Nature Singapore.

Freitas, A., Fernandes, F., Dionisio, M., & Olim, S. (2023, November). Mystery in the
Ecological Park: An Interactive Narrative to Promote Interaction with Biodiversity. In Inter-

national Conference on Entertainment Computing (pp. 360-364). Singapore: Springer Nature
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Singapore.

Ferreira, M. ]., Oliveira, R., Olim, S. C., Nisi, V., & Paiva, A. (2020, November). Let’s
Learn Biodiversity with a Virtual "Robot"?. In International Conference on Social Robotics
(pp. 194-206). Springer, Cham.

Cesdrio, V., Olim, S., & Nisi, V. (2020, November). A Natural History Museum Ex-
perience: Memories of Carvalhal’s Palace-Turning Point. In International Conference on

Interactive Digital Storytelling (pp. 339-343). Springer, Cham.

Cesdrio, V., Trindade, R.,Olim, S., & Nisi, V. (2019, September). Memories of Carvalhal’s
palace: haunted encounters, a museum experience to engage teenagers. In IFIP Conference on

Human-Computer Interaction (pp. 554-557). Springer, Cham.

Bala, C. S., Trindade, R.,Olim, S., Dionisio, D., Bettencourt, A., & Texeira, D. (2018).
6 FFragmentns of Laura & HA-VITA. Looking Forward, Looking Back: Interactive Digital
Storytelling and Hybrid Art Approaches, 71

1.5 Thesis Structure / Document Organization

The rest of this document is organized in the following manner: Chapter 2. Describes
the Theoretical Background that supports the research framework. Chapter 3. Presents
the Related Work around Serious Games in the context of STEM domains, AR games,
and finally, Augmented Reality Serious Games in the context of chemistry. Chapter 4.
Describes our methodology starting with our game design process, PF, which included
the participation of educational stakeholders and HCI and game designer experts. In this
chapter, we also provide the initial Interaction Design process starting with the aesthetics
and technology, since these elements are common to all the games, and finally, we provide
a brief description of the games. Chapter 5. Describes Periodic Fable Discovery according
to its mechanics, pedagogic methods, and storytelling. The chapter continues with a pilot
test, an iteration that leads to a High Fidelity prototype, and the description of several
studies to evaluate the system. The results of this evaluation provide us with the final
insight and lessons learned. Chapter 6. In this chapter we describe PF an Augmented
Journey, our second game. The chapter describes the gameplay mechanics, pedagogic, and
storytelling game approach used within the game. Afterward, we describe the iteration
process and evaluation of the system resulting in some insights about its efficiency as
a tool to provide information about the Periodic Table. Chapter 7. Addresses PF in the
Wild, describing the game mechanics and pedagogical methods, the Iteration process,
and the evaluation of the game. Chapter 8. Provides the insights and contributions of
this thesis resulting from the conducted studies like guidelines, benefits, and limitations
of the AR in the context of Serious Games. Chapter 9. We finalize this thesis with a
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conclusion derived by the process and studies results. We also identify some limitations
in the process and studies conducted during our research and future directions and work

that can complement this research.
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CHAPTER

THEORICAL FRAMEWORK

This chapter describes the theoretical research framework of this thesis, which consist
of (2.1) Learning framework, (2.2) Chemistry learning, (2.3) Augmented Reality, (2.4)
Tangible Interfaces, (2.5) Games, (2.6) Game Design, (2.7) Summary of the Chapter.

2.1 Learning Framework

Learning is a very complex process and term to define. Despite being part of our daily
routine, many educational writers and academics are surprisingly inconsistent in the defi-
nition of learning. However, many seem to agree that it is a process that leads to a change
in behavior [188, 124, 98, 181, 294]. Following this debate, Benjamin Bloom’s taxonomy
of educational objectives (1956) [180] argues that all learning can be described in terms
of three overlapping domains of skills: Cognitive (intellectual capability of knowledge —
learn by thinking), Affective (emotions and attitudes — learn by feeling) and Psychomotor

(manual and physical skill — learn by doing) [180] (see Figure 2.1).

2.1.1 Learning by thinking

This learning depends on children’s cognitive ability to think and reason about an object
or event. A child’s cognitive development is critical for their understanding of the world
around them. Very young children perceive their world concretely through a bondable
physical referent that can be grasped with their senses. They learn about an object’s
identity, function, properties and form, such as a table, by seeing and manipulating it
[242]. In contrast, abstract concepts such as "freedom"and "justice"lack bounded tangible

and perceivable referents in the real world, making the learning more complex and
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Thinking

cognitive
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learn by
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affective

Figure 2.1: Learning Taxonomy according to Benjamin Bloom

subjective, as compared with concrete ideas that are usually visible and objective [242,
141].

Abstract reasoning is a fundamental cognitive skill that underlies children’s under-
standing of abstract concepts. As children progress from concrete thinking to abstract
reasoning, they can make connections between different concepts, solve problems using
logic and critical thinking, and comprehend complex ideas. The development of abstract
reasoning skills occurs gradually, persisting throughout childhood into adulthood. Recog-
nizing the importance of abstract reasoning in children’s cognitive development enables
educators, parents, and researchers to foster optimal learning environments and facilitate
the growth of abstract reasoning abilities.

Piaget, the founder of Cognitive Theory, classified the cognitive development of chil-
dren according to their age in the "Sensorimotor"stage, from birth to 2 years of age, "pre-
operational"stage, from 2 to 7 years old, children can symbolically mean that they can
associate letters, sounds, and images representing objects in the real world. From age
7 to around 11, children develop logical thinking, defined as the "concrete operational
stage."In the "formal-operational stage,"thinking becomes more sophisticated, and the
child can create a solution to problems, beginning around 11 years old and continuing
until adulthood (Piaget, 1964). Piaget’s theory argues that we are innate knowledge con-
structors who seek a balance between the mind and the environment [23, 173]. Despite
Piaget’s theories being prominent in developmental psychology, some critiques included
overestimating the ability of adolescence and infants. Piaget also neglected the cultural
and social interactions in the development of children’s cognitive and thinking ability [23].
For example, the psychologist Lev Vygotsky argues that symbolic and psychological tools
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such as linguistics, mathematical systems, and signs play an essential role in how humans
acquire and internalize knowledge [46]. Parents, teachers, and peers help to create and al-
ter an individual’s schemata through guidance and interaction [80]. Current research also
complied with Vygotsky’s arguments, showcasing curiosity, active involvement, and play
towards increasingly complex forms of knowledge, skills and understanding, particularly
in the cognitive and social domains [359]. Research demonstrated that, at a younger age,
children are capable of reasoning abstractly according to inferred rather than perceived
information [296, 26, 232].

Child development studies have shown that well before formal schooling begins, chil-
dren have content knowledge that aligns with the scientific disciplines of biology, chem-
istry, physics, and psychology, as well as emergent scientific reasoning skills [225, 44].
It has been noted that young children (preparatory to second-year students) possess an
informal knowledge of mathematics that is broad and complex [2]In this line, research
suggests that early exposure to STEM subjects promotes the interest and motivation of
children towards these domains, which results in an increase in majoring and career
choices [349, 41]. Early introduction to sciences is also a way to connect positive emo-
tions, meet the children’s natural curiosity and enhance their engagement and positive
attitudes toward science [114, 327, 84].

The success and performance of students in STEM subjects are also associated with the
capacity of children to manipulate and create mental /images within space, like rotating,
understanding relationships between objects, and identifying shapes [199]. Spatial skills
identified as spatial or visuospatial abilities might be applied according to different scien-
tific activities and fields of studies [334]. According to Uttal, spatial skills are malleable
and can be trained to lead to long-term benefits for science achievement and engagement
[334]. Maria Kozhevnikow & Ronald Thorton identified a strong relationship between
spatial skills and science learning in preschool to 2nd-grade children and instigated the
need to deepen the study of these correlations to adapt the school curriculum design
accordingly [178].

By understanding this relationship, children can benefit from the development of
spatial training intervention and continued support in the more advanced stages of sci-
ence education. In summary, there is a need to explicitly conceptualize pedagogical
approaches for teaching Science, Technology, Engineering and Math (STEM) in the early
years that embrace the maturational stages of children by inviting play and discovery,

socialization, and creativity.

2.1.2 Learning by feeling

Learning by feeling relates to students’ attitudes, learning, and persistence toward a do-
main. In this context, STEM areas are affected by the student’s perceptions, motivation,
and self-efficacy [266]. These findings are supported by Fredrickson 2013, who argues
that emotions derived from positive affects play a crucial role in academic achievement
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by increasing personal resources, creativity, problem-solving, self-efficacy, and academic
achievement [118]. Self-efficacy also plays a crucial role in education by causing be-
havioral changes, resulting in enhanced performance over the course of learning and a
determinant of academic outcome [174]. Secondary research indicates that when stu-
dents’ self-efficacy is low (because they do not believe they can perform or accomplish a
task), their anxiety level rises, affecting their productivity and output significantly [73].
The Interest and motivation of students are vital components in pursuing STEM
learning and contribute toward successfully retaining its content [76]. When the learning
content knowledge capitalizes on the student’s context and own reality, the children
are more willing to engage in the learning process [239, 331]. According to Stuckey
et al.,, in the context of science, the relevance of the content can be achieved in three
dimensions: individual, vocational, and societal. The individual dimension involves
how science appears to students’ personal interest and their everyday lives [319]. The
vocational dimension prepares students for future careers by providing the necessary
background to pursue a science career. Finally, the societal dimension develops around
the comprehension of the students as members of a community and their responsibility
as part of society [319]. Introducing science early on can promote positive emotions, meet
the children’s natural curiosity, enhance positive attitudes toward science [327, 114, 84],

and lead to majoring and career choices [41, 349].

2.1.3 Learning by doing

Learning by doing is supported by Vygotsky and Piaget’s theories, which agree that stu-
dents achieve meaningful learning through active involvement in the teaching-learning
process and, in fact, taking charge or control of their learning. They try to make meaning
of a learning task through knowledge construction and understanding based on belief
and previously acquired knowledge [100]. These beliefs from Piaget (building on the
work of John Dewey) and Vygotsky laid empirical foundations for the learning approach
and teaching methods based on constructivism [23].

In constructivism, knowledge is created by the child actively interacting with the
surrounding world. Learning is a process that has to be experienced and built upon pre-
vious knowledge, meaning that children interpret the information according to his/her
previous experience and knowledge [251]. Constructivism has been a powerful idea in
chemistry education research. Based on this perspective, Robert Karplus proposed that
young students must develop their knowledge of chemical phenomena in elementary
school sciences using past knowledge and experiences [168]. For this process to be ef-
fective several factors need to be analyzed: "How much background must the children
accumulate before an explanation based on structural unity makes sense to them, and
how many impressions can the children retain without confusion before these are orga-
nized by a structural explanation?"[168].

Seymour Papert also envisioned a self-directed method of learning, whereby children

14



2.2. CHEMISTRY LEARNING

are actively engaged in creating and constructing things rather than simply receiving
information passively [244]. In contrast to imposing strict structures or curricula, Papert
argues that giving kids the flexibility to explore and experiment with technology in their
own ways was essential.

Other authors demonstrated that providing meaningful hands-on STEAM experiences
for early and elementary-age children positively impacts their perceptions and disposi-
tions towards sciences [50, 25, 82].

In summary, this research aims to broaden the application of tools designed to facili-
tate abstract and spatial reasoning in the context of education. By incorporating Bloom’s
theory, the study focuses on customizing learning content based on the cognitive de-
velopment of preteen students, with an emphasis on the "learn by thinking"approach.
Additionally, the research seeks to facilitate active knowledge acquisition through a con-
structivist perspective that emphasizes the "learn by doing"principle. Moreover, the study
aims to explore strategies that effectively engage and motivate students towards learning

content, utilizing a "learning by feeling"approach.

2.2 Chemistry Learning

Chemistry is essential for our well-being and has many unforeseen potential benefits
for our future. Understanding chemistry opens an opportunity to explain the world
around us and make informed decisions concerning our actions as individuals. Generally,
chemistry is necessary for most science fields, such as material sciences, engineering,
environmental sciences, and medicine [28]. Students opting for any of these career fields
need a solid knowledge of chemistry [96]. As chemistry is vital for human well-being
and the economy, it is important to encourage adolescents to choose a chemistry-related
career [313, 20].

In Portugal, chemistry and physics are compulsory from 7th to 9th grade. However,
by 10th grade (when students are around age 14-16 years old), students decide whether
to initiate or not a trajectory in chemistry and other science domains. However, research
shows that young children, some as young as 9 to 10 years old, perceive chemistry as a
challenging and complex subject even before encountering this rich subject through the
school curriculum ([200, 299, 68, 11]. As cited before, this perception can affect the stu-
dent’s academic performance and future career choices (Rivera & Li, 2020). Furthermore,
previous studies link that student success in chemistry is inherently tied to motivational
and other affective processes [110].

This negative perception concerns the educational community since, over the years,
there has been a decline in the number of high school students who choose to major
in chemistry, leading to fewer higher education graduates, which can result in an acute
shortage of qualified, skilled chemists, chemist teachers, and chemical engineers [69,
310].
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Furthermore, based on the results of the Portuguese Chemistry and Physics National
exam with a point average of 12, 7 points (66.2%) in the year 2020, decreasing to 9.4
points (48,9%) in 2021 ! and with similar results in Madeira Island, it is imperative to
find measures that can promote children interest in this domain. To this end, empirical
research reports a strong correlation between positive attitudes, the students’ enjoyment,
and success in chemistry [362, 341].

2.2.1 Factors for chemistry achievement

Some factors attributed to the lack of interest by the students in these domains are the
use of abstract reasoning needed to understand some concepts and phenomena that do
not have physical references in the real world (like molecules, covalent and ionic bond-
ings). Abstract reasoning is critical in sciences since the learning process of these subjects
involves inquiry, experimentation, evidence, evaluation, and analysis of ideas, problem-
solving, creative thinking, and overall understanding of information by making con-
nections with the real world. Teachers and experts in these areas also recognized their
struggle to communicate and transfer content knowledge, especially when reaching stu-
dents with low spatial cognitive skills, thus creating a barrier in the learning process.
Spatial skills sometimes intertwine with spatial abilities, or visuospatial skills are the
ability that an individual has to project, imagine or manipulate objects within the space
[314].

The ability to manipulate the mental object can be by means of rotation, orientation
within the space, or by creating relationships within objects in the space [334]. Spatial
relations are critically important in chemistry, as one of the central challenges in learning
chemistry is understanding spatial relations among molecules and the representation of
these molecular structures [160].

Chemistry also has unique challenges, as many concepts and phenomena can be
experienced in several levels of representation. The understanding of chemistry concepts
depends on the symbiosis between these modes or levels of representation: macroscopic
or macro, microscopic or sub-microscopic, and representational [161, 162, 121, 330], also
called the Chemistry Triangle (see Figure 2.2).

Johnstone and other theorists have indicated that the interactions between these levels
should be explicitly taught [138, 91, 258, 330], as some students’ difficulties at one of
the levels influence the other. Previous research also has indicated that understanding
the microscopic and symbolic representation of chemical reactions is difficult because
the representations are abstract. At the same time, students’ thinking depends on more
concrete sensory information [48]. These studies showed that linking one mode to another
creates a better relational understanding of chemistry [151, 287].

Previous work also showcased that the use of traditional media as textbooks to display

information like covalent bonds [241], molecular form, molecular polarity, and bond

IDirecao-Geral de Estatisticas da Educacio e Ciéncia, https://www.dgeec.mec.pt/np4/estatisticas/
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Figure 2.2: Chemistry Research Approach

polarity in a 2D format can lead to many misconceptions [333].

Chemistry understanding also demands complementing conceptual understanding
in a meaningful manner by linking the content to the context of the student. This is
particularly important as the more relevant the subject is for the children, the better their
attitude toward the learning content. If the learning content and the scientific literacy
are associated with the daily life and situations of the student, the higher their interest.
The teaching of chemistry should consider the learner’s psychology, meaning that the
learning material should be adapted to the learner’s needs and capacities.

Other factors that can affect the student’s performance and predict positive student
outcomes in chemistry are intrinsic (doing an activity because it is inherently interesting
and satisfying) and extrinsic motivation (doing an activity because of rewards or to avoid
punishment) [278]. These factors are associated with improved psychological well-being,
enhanced creativity, and learning outcomes [278]. The sense of self-efficacy (belief in
possession of sufficient skills to perform a task [31] and metacognition (the processes that
allow one to assess and regulate one’s cognition) [113] are important in the psychological
constructs of children and in the process of learning chemistry [240]. As students are
disappointed by their performance, their interest in the subject deteriorates [154]. A
practical approach to chemistry is beneficial to understanding and developing intrinsic
motivation; however, in the school context, these activities are limited by the increasing
number of students within the classes, time restrictions, and lack of resources to conduct
experiments.

Finally, while studies complied with providing a richer chemistry curriculum early in

life, few studies have explored the benefits of immersive technologies to increase preteen

17



CHAPTER 2. THEORICAL FRAMEWORK

interest [72]. When students develop the basic concepts early on, they can be more
successful in learning advanced topics in science at later stages because each new piece
of information is added to what students already know about the topic at hand [241,
317]. Children enter school eager to learn because of their natural desire and curiosity
to inquire about their environment; however, research demonstrates a decrease in their
motivation toward science as they advance through middle childhood and approach
adolescence [194]. This lack of motivation toward science experiences may prevent many
children from fully developing scientific literacy, reducing their understanding of STEM
domains and environmental concerns, moreover limiting their vocational, socioeconomic,
and overall life potential as adults [18, 215].

In summary, considering that chemistry understanding involves three levels of rep-
resentation, our research explores the effectiveness of implementing tools capable of
presenting information simultaneously at multiple levels. This approach aims to enhance
students’ comprehension and retention of chemistry concepts by providing a comprehen-

sive understanding through various representations.

2.2.2 Periodic Table

The Periodic Table is one of the most significant achievements in the modern sciences
for chemistry, physics, medicine, earth sciences, and biology. The Periodic Table is a
fundamental tool in chemistry, allowing scientists to predict the properties and behavior
of elements and their compounds.

The Periodic Table is a system whose first version (1869) was created by Dmitri
Mendeleev to represent chemical elements in tabular arrangement ordered by their atomic
number, electron configurations, and chemical properties. It consists of 118 elements,
including 94 that occur naturally and 24 that are synthetic. The elements are organized
into groups based on similar electron configurations and periods based on their electron
shells. Because of its importance, in 1969, the United Nations Educational Scientific and
Cultural Organization (UNESCO) declared it the International Year of the Periodic Table,
and many events and activities were organized around the world to celebrate the 100th
anniversary of this fundamental tool of chemistry. This anniversary was once again high-
lighted in 2019, with the celebration of the 150th anniversary of the continued relevance
and importance of the periodic table in scientific research, education, and industrial ap-
plications, as well as the ongoing effort to discover and understand new elements and
their properties.

It is important to teach children about a range of chemical elements and how essential
they are in our life. However, the specific elements to prioritize may depend on the age,
interests, and educational goals of the children being taught. Some chemical elements
like oxygen, hydrogen, carbon, nitrogen, and calcium are introduced to children early
on, while at the elementary school level, through topics like photosynthesis (oxygen and
carbon), pollution (carbon dioxide), the human body - respiratory, circulatory system
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(oxygen, nitrogen, calcium) and the water cycle (hydrogen and oxygen). These elements
are considered the most abundant in the earth’s crust, ocean, and atmosphere, showcasing
how crucial they are for human well-being and the environment. Moreover, children
interact with various chemical elements in everyday contexts, like chlorine as a clean
agent for swimming pools or household shores, carbon as part of carbonated water or soft

drinks, and others.

The Periodic Table is introduced in schools in Portugal during the 8th grade (12- to
13-year-old). At this stage, the objectives of the National Board of Education for the chem-
istry curricular program (DGE, 2000)? are to develop scientific literacy, critical thinking,
and problem-solving skills (through observation, formulation and using hypotheses). The
content is divided into three areas of exploration- Chemical Reactions, Sound, and Light.
The topic of chemical reactions starts by introducing the concept of atoms, molecules,
protons, electrons, and neon. Later, students learn about the symbolic representation of
the elements, properties, and chemical reactions (usually lab experiences to explore com-
bustion) and chemical equations of the molecular structure. Lab activities used chemical
elements whose properties can easily demonstrate and provide interesting reactions to

captivate the students.

Introducing chemical elements to preteens is also an opportunity to reflect on the
limited supplies of some of these elements and the extended use of others by indus-
tries contributing to environmental change. Since the industrial revolution and with
the introduction of new technologies, there has been over-exploitation and use of dif-
ferent chemical elements leading to their scarcity, and some being labeled as "critical
elements"and "endangered elements "[321, 209]. The critical and endangered elements
are defined by their economic value, the importance of use, supply risk, and availabil-
ity. In 2017, the European Union and the United States recognized at least 27 critical
elements, including helium, platinum-group elements, zirconium, cobalt, phosphorus,
magnesium, and borate. Even though the demand for the continuing use of elements is
at its highest, it is foreseen that this problem will only increase as human life expectancy

and living standards improve.

The over-exploitation of chemical usage and the impact of massively expanding in-
dustrial operations that generate greenhouse gases (contributing to climate change) [209]
leads to the need for better husbanding of the critical elements, recycling and conserving
available supplies with a more holistic approach to their use and recovery while searching

for new and sustainable substitutes whenever possible.

In conclusion, our research emphasizes the significance of the Periodic Table as a
fundamental tool in chemistry, enabling preteen students to investigate and comprehend
the properties, relationships, and reactions of elements. Additionally, this topic offers an

opportunity to raise awareness among children about the limited availability of specific

2Direcao-Geral da Educacio, https://www.dge.mec.pt/
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chemical elements. By studying the Periodic Table, students can develop a deeper under-
standing of the composition and behavior of chemical elements, fostering an appreciation

for the importance of sustainable resource management in chemistry.

2.3 Augmented Reality

Currently, where access to media is widely available, an opportunity emerges to augment
and use our environment as a medium to acquire and share knowledge. Children can use
digital technologies to create, engage, interact, connect, and communicate, amplifying
their discoveries and learning possibilities. Therefore, blending the environment and
children’s digital capacities can augment their physical space, enhance children’s access

to digital educational material, and promote learning.

Augmented Reality (AR) is the perception of reality that has been enhanced through
computer-generated inputs and other digital information [22]. AR interface can overlay
virtual tri-dimensional models, videos, and other types of media attached to real locations
and objects. AR'’s first prototype was developed in 1960. However, it was not until
1990 that the term Augmented Reality was conceived when scientists Caudell and Mizel
from the Boeing Corporation developed an AR system [338]. The technology is not
new, but its application has grown. It is being explored in new and innovative ways for
medicine, manufacturing, visualization, path planning, and entertainment domains, as
well as in the education fields [21]. Unlike technologies where the user’s attention is
exclusively oriented towards a screen, AR presents information about their real-world
surroundings [21]. AR falls between a physical and a virtual reality spectrum, meaning
that AR supplements reality rather than completely replacing it. This variation of ranging
between the completely virtual and real is illustrated by the virtual continuum scale

created by Milgram [217](see Figure 2.3).

Reality - Virtuality Spectrum

Virtual environment  Augmented virtuality Mixed Reality {MR) Augmented Reality Real environment |

Extended Reality ‘

Figure 2.3: Taxonomy of Mixed Reality Displays

We can categorize AR in marker-based and markerless technology according to how
the augmentation is triggered on a system. Marker-based uses unique patterns/images
that cameras can recognize to render and upload digital information on the user’s de-
vice. Markerless technology does not require visual cues but instead gathers information

from the environment through cameras and sensors like Global Position System (GPS),
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accelerometer, light detection, and digital compass, or by using models of the environ-
ment and image processing to deploy the digital information. We can also identify two
sub-categories within the markerless technology — Location based (ties the experience to
a particular setting/context) and Projection based (projects the digital information onto
flat areas without user interaction).

Since smartphones are ubiquitous, Mobile Augmented Reality (MARs) is the most
common and widely used form of AR; however, other devices that support this technology
are AR glasses (e.g., Google Glass, North Focals, Ry-ban Stories, Echo Frames, Snap
Spectacles), AR headsets (e.g., Microsoft Hololens, Magic Leap and Snap Spectacles) and
in the future, AR contact Lenses (e.g., companies investing in this technology Mjo Lens
and Inwith). On this note, there has been a growing commercial interest and investment
in developing applications in education targeted at children. The continuous investment
in AR by some of the most prominent players in the industry (Apple, Google, Microsoft),
the improvement of affordance, children’s increased access to mobile devices, and the
popularity of the Augmented Reality game "Pokemon Go,"with its high economic gains
and extensive public engagement, have contributed to the increasing development of AR
applications in many fields, including education.

Studies show that Augmented Reality has great potential in Edutainment (education
and entertainment) [189]. As a pedagogical tool, AR enables critical thinking and devel-
ops creativity[370]. Many AR experiences have explored the benefits of using this tech-
nology as a form to provide learning content while engaging the students in the process
and have proven especially powerful for STEM subjects [343, 166]. AR can create com-
pelling, collaborative, and participatory experiences to enhance the user’s engagement
and learning. These experiences can provide alternatives to a real-world environment
for situated learning, allowing the user to experience a sense of presence (being there)
while applying acquired knowledge [89]. AR has also been shown to be a powerful tool in
developing spatial skills, such as student understanding of structures that can be either
invisible to the naked eye or spatially complex [337, 354].

Augmented Reality uniqueness enables the connection between content knowledge
and the user context, given the possibility of transporting the knowledge to other settings,
thus making the learning more effective. The simulation of real-world problems and
contexts can be obtained by near transfer. This assimilation of knowledge can then be
transferred to other situations, allowing for the construction of more knowledge. Exam-
ples of this process can be found in in-game simulations for flight and surgical training,
whereby the user can practice and develop specific skills, making mistakes and getting
positive feedback when the task is performed in a low-risk environment before trans-
ferring this knowledge to real-world situations. AR affords users to visualize otherwise
inaccessible representations and experiment in a low-risk and low-cost platform [169]. Fi-
nally, Augmented Reality (AR) has been shown to be a powerful tool for students’ affects
by increasing student motivation in the learning process [37].

However, the research on AR in education is still ongoing, and several challenges must
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be addressed before it is widely adopted daily. Firstly, the power of AR is severely limited
by technical aspects such as robust internet services and robust mobile devices [246],
which does not correspond to the reality of the Portuguese educational context. More-
over, although the tracking process (that allows for synchronizing virtual objects and
real environmental settings) is robust, it is still susceptible to lag and tracking errors; the
system requires continuous tracking of the user and environment not to introduce com-
putational errors and break the user experience flow[279]. Considering head-mounted
displays head-mounted display (HMD) for AR are heavy, costly, and still improving tech-
nical issues (inaccurate depth of field; unrealistic fixed focus; slow real-time) [79], it is
not suitable in the school context. Teachers’ lack of technical skills, training and sup-
port can affect their confidence, making them uneasy about introducing AR within the
classroom [304]. Limited authoring tools for teachers and students to create appropriate
learning content have also been reported [304]. Other problems include the high cost
of creating interactive 3D experiences through specialized engineering skills, better in-
ternet connections, infrastructures on school grounds, and the acquisition of equipment
and devices that support the technology [255, 256]. There is also a lack of pedagogic
knowledge regarding the off-the-shelves AR applications [304]. In addition to these con-
cerns, research by Ann Morrison reported usability issues and identified the "attention
tunneling effect"as a result of AR’s higher attention demands, which led students to feel
unable to perform some team tasks [220]. Moreover, it is unclear whether the students’
high engagement with some educational systems in some studies is due to the novelty

effect of the technology or the nature of immersive representations [255].

Furthermore, there has been limited exploration into ensuring the broader accessibil-
ity of AR applications. Some recommendations are available by Magic Leap ® that touch
on the utilization of color and audio for users with low vision or hearing impairments.
Additional the work of Jaylin Herskovitz, provides an alternative to the AR visual experi-
ence, by identifying multi-modal interactions from the beginning of the design process,
rather than as an afterthought [142].

Children may also encounter cognitive overload while using AR, employing much in-
formation and complex tasks, or when digital and real-world content is not well-integrated
[64]. Although these technical shortcomings are relevant to the current state of the art
of AR, they are expected to be solved eventually. The continued development of AR
technology will explore new types of triggers/sensors (e.g., temperature, smell, and voice
recognition), more input interfaces (e.g., gesture recognition, tangible interfaces), and

more complex interactions.

In conclusion, this research investigates the potential benefits and capabilities of Aug-
mented Reality (AR) as a tool to enhance student engagement with content related to

the Periodic Table in chemistry. Additionally, the study explores the application of AR

Shttps://mll-developer.magicleap.com/en-us/learn/guides/bp-for-accessibility
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technology in facilitating a comprehensive understanding of chemistry concepts at mul-
tiple levels of complexity. By leveraging AR, students can interact with virtual elements
and visualizations, promoting active learning and a deeper comprehension of the Peri-
odic Table and its associated principles. The analysis of AR concerning various levels of
chemistry understanding provides valuable insights into the efficacy of this medium for

enhancing chemistry education.

2.4 Tangible Interfaces

Tangible Interfaces (TI) is defined by Ishii and Ullmer as "user interfaces that augment
the real physical world by coupling digital information to everyday physical objects and
environments"[150].

TI have been shown to facilitate learning and be an excellent alternative to traditional
teaching methods [167]. One of the key aspects of TI is the opportunity for young chil-
dren to learn by using, exploring, and manipulating an actual physical object connected
to digital information [135]. Piaget and other developmental psychologists highlighted
the importance of manipulating objects, especially for young children’s cognitive devel-
opment [250]. When a child rotates a cube to build a tower, he/she employs spatial
reasoning, allowing his/her investigation and problem-solving skills to develop further
[264]. Previous research also showcased that the interaction between AR content through
a tangible interface enables an active learning process, meaning that the students are in
control of the learning process [37]. Besides the visual and auditory senses addressed
by some of the more traditional computer interfaces, the haptic sense can provide an
extra layer to learning the content. One of TI’s most prevalent theoretical accounts is
constructionism, which considers manipulating an object essential to aiding children’s
learning processes. TI has also been demonstrated to be highly effective in supporting
educational activities in several topics, including those defined as STEM [361, 166, 191].
This is the case with Digital MiMs, computer-enhanced building blocks that support
learning in mathematics, probabilistic behavior, and more. Another example is ProBoNo,
a software and tangible hardware prototype developed for children from four to six years
of age. PrBoNo allows children to navigate virtual worlds more playfully and engagingly.
A study of this system concluded that the tangible interface facilitated the transfer of
knowledge acquired in a digital environment to a situation in the real world [130].

Nevertheless, while these works provide essential insights, this research explores
which features of tangible interfaces design might be associated with successful learning

in STEM, especially in the chemistry domain.

2.5 Games

There is no standardized definition for "game"in academia or the game industry. Accord-

ing to Ernest Adam (2013), a game is a type of play activity conducted in the context of a
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pretended reality in which the participant(s) try to achieve at least one arbitrary, nontriv-
ial goal by acting following rules [3]. This definition is somehow shared by Carla Fisher
(2014), who stated that a game could be defined as an interactive experience where one
or several players need to reach a goal by taking some actions (following a set of rules)
[111]. Jessy Schell has a more simplified definition "A game is a problem-solving activity,
approached with a playful attitude"[292]. However, for the purpose of this thesis, we
adopted Katie Salen and Eric Zimmerman, who, cobbling from previous definitions, de-
fine a game as a system in which players engage in an artificial conflict, defined by rules,
that results in a quantifiable outcome [325]. According to this definition, the system is a
set of parts that, while interrelated, form a complex whole (e.g., objects, attributes, inter-
nal relationships, or the environment). The player is the participant that actively plays or
interacts with the system. Artificial is the confinement or separation from the so-called
"real-life"of the player; however, the artificial can become the perceived reality through
immersion. The conflict is an opposing force or outcome to what one desire or a contest
of power (from cooperation to competition, human vs. machines, man vs society, etc.).
Rules delimited the player’s action by providing a structure from which play emerges.
Moreover, the quantifiable outcome is related to the goal to achieve at the conclusion of
the game [325].

Playing games is also considered a crucial activity for the human development of
socialization, expression, and communication skills [122]. The concept of "play,"which
is commonly associated with "game,"has been defined in most modern European Lan-
guages as "a voluntary activity or occupation, executed within certain fixed limits of time
and place, according to rules freely accepted but absolutely blinding, having its aim
in itself and accompanied by a feeling of tension, joy and the consciousness that it is

"different"from "ordinary life [126].

2.5.1 Analog Games

Analogs or physical games offer the chance to develop cost-effective and easily adaptable
experiences. An example is Tug-of-War, a math game utilizing cards that allows children
to engage in operations on whole numbers [157]. This game has demonstrated the poten-
tial to improve students’ scores on paper-based fractions assessments. Foster and Shah
use a similar method with PCaRD, a playful activity which is also used to reflect and

discuss the learning content [116].

The utilization of board games extends to the promotion of diverse learning expe-
riences. These tools have demonstrated their capacity to bring about changes in the
learning process and foster engagement [315], enhance player satisfaction [289], and
provide opportunities for enjoyable, social, flexible, and cost-effective experiences [218].
Some authors suggest that, in addition to facilitating knowledge acquisition, board games

also contribute to behavioral change [59].
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2.5.2 Digital Games

Digital games have been conceptualized as particular types of digital environments or
as forms of virtual worlds. However, this term has been debated previously by game
theorists leading to a broader definition by Grant Tavinor, who claims that this type
of game can be best defined according to two conditions: the digital/visual medium
condition and the entertainment condition — both of which should provide a rule-bound
gameplay and interactive fiction [323].

Digital games benefit from studying psychological theories that can explain a specific
reaction, emotion, or affect from the interaction between a game and its player. Nowa-
days, more and more games are designed to make the player feel like he/she is in the
game. Previously authors used the theory of flow or the "theory of optimal experience",
established by psychologist Csikszentmihalyi [34], to describe how a player’s experience
was in large part dependent on the balance between a game’s challenge and its player’s
level of skill [61]. The flow theory (a phenomenon of becoming absorbed by an activity,
even to the point of losing track of time and your surroundings) can provide insightful
information to explain why certain types of activities can absorb and engage the partici-
pants to a high degree. In contrast, others quickly leave the participant bored or stressed
out [34]. Csikszentmihalyi’s findings lead us to believe that by following a set of criteria,

the player’s flow, immersion, and engagement of the player will increase:

* The player must be involved in an activity with a clear set of goals and progress.

This adds direction and structure to the task.

* The activity task must have clear and immediate feedback to allow the player the

adjustment of his/her performance.

* The game must balance the perceived challenges of the tasks and the player’s own

perceived skills.

Presence can also add to the optimal experience of the player. Presence is a psycholog-
ical sense of "being there"in the environment, which is mainly influenced by the content
of the digital game [309]. Presence depends on the match between sensory data and inter-
nal representation. This concept is comparable to what artists refer to as believability. We
can only believe in made-up things, places, people, and stories if they mostly match our
models. The presence should then be improved by making the content of video games
more credible.

The theory of fun by Raph Koster examines games using a user-center approach and
human psychology as the primary focus [177]. Koster’s research describes fun as a sen-
sation that arises out of the human cognitive ability to decipher the patterns of a game
challenge. Games that manage to remain fun for the player for a long time are games
that constantly reconfigure the patterns in the game in some way and push the player’s
ability to develop their understanding and mastery of the game continuously. Conversely,
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games that the player loses interest in quickly are the ones that either present incomplete
or incomprehensible patterns or puzzles or are too easily mastered and do not throw any

new configurations the player’s way [177].

2.5.3 Serious Games

Serious Games emerge as practical tools for knowledge construction when they include
specific learning objectives [238]. These games are sometimes described as games with
a purpose that are not intended to be played solely for amusement and are often de-
signed to make beneficial but challenging activities more fun [70]. Serious games are
often designed to help cope with more complex activities intended to affect the learning
process [70]. Some of the benefits associated with these tools are to provide exciting
opportunities to build mental structures (Piaget, 2005), develop abstract thinking [250,
345], and improve relevant abilities such as those related to attention, memory, creativity,
and imagination [19].

Playful educational experiences and games have also shown positive effects on a broad
spectrum of the development of cognitive skills [143, 112]. Educational games increase
concentration levels and stimulate learning in children [10], allowing for the exploration
of teaching tools such as metaphors, analogies, and the spatial manipulation of 3D objects
through technologies like Virtual and Augmented Reality [297].

Although serious games offer learning opportunities, the design process will affect its
success. The design of serious games is a creative but complex process since it overlaps
theory, content, and game design form. Brian Winn proposed that since the learning
objectives are central to the core of serious games, the design should focus on the learning
content and pedagogical approach in the first place. The next step is prioritizing the
settings, characters, and narratives to support the learning goals adequately. Afterward,
the mechanics need to be established as a medium to deliver the playable content. Finally,
the designer should reflect in the user interface [356]. Jessica Hammer also identifies
role-playing games as effective tools for learning when implemented with the appropri-
ate circumstances, learning theories (e.g., constructivism and social-cultural theories),
strengths of role-playing (portraying a character, manipulating a fictional world, altering
the sense of reality, and supporting collaboration) supported by the learning environment
[136].

Furthermore, the reported dimensions of digital games and their importance in the
gaming experience rely in part on the motivational outcome of the gameplay [53, 101],
the narrative, the rules of the system, the aesthetics and the technology [292].

2.5.3.1 AR Serious Games

AR games hold great potential for cognitive and motor development and represent a
powerful tool to facilitate the teaching of the school curriculum and an effective way of
acquiring knowledge within a formal and non-formal context. As argued by John Dewey,
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teaching involves "engaging children in a fun and playful environment, imparting ed-
ucational content, and instigating interest in learning more ."Many virtual games and
immersive simulations have been designed for training and education to motivate stu-
dents by providing a more immersive and engaging learning environment to support
situated learning, which builds upon social learning and development theories. Accord-
ing to this theory, the quality of learning depends on social interaction with the learning
context [158, 274, 346]. Given these conditions, knowledge is acquired through a partici-
patory process whereby the learner is "transformed through his actions and relations with
the world"[46]. The seamless integration of virtual content with the real environment can
evoke in the users a perceptual state of non-mediation, a sense of presence reinforcing
immersion [265]. AR design strategies create virtual immersive experiences and games
based on action and symbolic and sensory factors. Research has shown that immersion
in virtual environments and games can enhance education by allowing multiple perspec-
tives of the learning content, applying situated pedagogy, and transferring knowledge
[90].

AR games allow users to discern and interact with the real environment while simul-
taneously receiving additional digital information in their field of perception [42]. This
affordance is significant since even exceptional students in formal educational settings
often find it difficult to apply what they learn in class to similar real-world contexts [90].
The simulation of real-world problems and contexts can be obtained by near transfer.
This assimilation of knowledge can then be transferred to other situations, allowing for
the construction of more knowledge. Examples of this process can be found in in-game
simulations for flight and surgical training, whereby the user can practice and train spe-
cific skills, making mistakes and getting positive feedback when the task is performed in
a low-risk environment before transferring this knowledge to real-world situations.

This research investigates the potential of Augmented Reality Serious Games as tools
for enhancing children’s engagement in learning activities and promoting a deeper un-
derstanding of content knowledge. We also explore immersive experiences to captivate
children’s attention in the content knowledge, thus helping the learning process. Further-
more, we assess the potential of using Augmented Reality Serious Games in improving

preteens’ attitudes toward chemistry and its potential as a "learning by feeling tool."

2.6 Game Design

A good game design is a process of creating the content and rules of a game using a user-
centric approach [43]. This process creates goals that a player feels motivated to reach and
rules they must follow, making meaningful decisions to pursue those goals"[43]. While

the game design term is used broadly, there are many types of game design:

* Environmental/world design is the construction of the game’s overarching storyline,

location, and theme of the game.
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* System design is the development of the game’s rules and underlying mathematical
patterns. Content design is the production of puzzles, quests, puzzle pieces, and
characters. In the context of educational games, the content knowledge of the

domains is also a predominant part of the content design.

* Game writing or game narrative is the authoring of dialogue, text, and stories for

use in games.

* Level design is the process or crafting of creating a game’s levels, for example, the

layout of a map and the positioning of obstacles and challenges.

* User Interface (UI) is how the player interacts with the game and how they receive
data and feedback from it.

Game designers follow different approaches depending on the situation and the
medium that it is designed for. For example, Jessy Schell coined the term "Elemental
Tetrad"to categorize four basic elements: technology, story, aesthetics, and mechanics
[292](see Figure2.4).

Aesthetics

Mechanics

Technology

Figure 2.4: Game elements categories according to Jessy Schell — Elemental Tetrad

In his view, many factors need to be considered when designing a digital game, like
understanding how specific elements and mechanics of games (rules and goals), narra-
tive/storytelling, and fiction - can be arranged and how they affect the play experience.
These elements create a specific experiential flow by being interrelated and connected and
having equal importance within the context of the game. Similar to this categorization,
Hunicke et al. introduced a game design framework Mechanics, Dynamics and Aesthetics
(MDA) (see Figure 2.5) to help designers in the process of creating a game [145].

There are many similarities between Hunicke et al. (2004) framework and Jessy
Schell’s game categories, except for the dynamics, defined as the emergent behavior of
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Designer Aesthetics

Figure 2.5: Game Design Framework according to Hunicke, Leblanc & Zubeck

both the game and the player(s) during the game interaction. Dynamics include arti-
fact behavior (usability issues like lag), player-player interaction (e.g., cooperation), and
artifact-player interaction (e.g., explosion). Some mechanics can lead to specific dynam-
ics, like feedback or particular abilities, that a game avatar can develop. Games can be
framed as designed artifacts that generate behavior through interaction with the devel-
oped systems. At all levels of research and development, these interactions can provide a
more precise design decision and analysis.

Likewise, George Kalmpourtzis’s approach follows the four basic elements identified
by Jessy Schell; however, when designing games for education, a fifth element needs to
be part of this balance: the pedagogics (Kalmpourtzis, 2018b). All the game elements
are interrelated with learning aspects as part of the design that is being implemented,
leading to an extension of the elemental Tetrad to Elemental Pentad [165](see Figure 2.6).

Aesthetics

Mechanics Pedagogy

Technology

Figure 2.6: Representation of the elemental Pentad according to G. Kalmpourtzi

Based on this body of work and our design process, this thesis uses a framework that,
while balancing game elements (Jessy Schell) and pedagogics (Kalmpourtzi), iterates

according to game dynamics (see Figure 2.7).
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Figure 2.7: Periodic Fable Game Design Framework Approach

2.6.1 Aesthetics

The aesthetics of a game is defined as "the desirable emotional responses evoked in the
player when he/she interacts with the game system"[145]. The aesthetics are also con-
sidered as having the most direct relationship with the user since it provides the visuals
and tone of the game (Schell, 2008). Influenced by MDA and the Tetrad, some of these
tones or atmospheres are fantasy, discovery, and expression. While the aesthetics in the
domain of digital games is related to the emotions and specific to a player, it emerges
from the player-game interaction dynamics [145]. A game’s aesthetics also depend on its
style, resulting from numerous interwoven micro-design choices related to the game’s

visual presentation, gameplay, balancing, and level design [257].

2.6.2 Aesthetics for children

Designing aesthetics for children involves creating visual and sensory elements that are
appealing, age-appropriate, and creates a positive and engaging experience. According
to Green [133], who introduced the concept of “aesthetic relevance,” users engage, be-
have and react emotionally according to the aesthetic experiences. Several authors have
tried to identify specific design features that offer a positive aesthetic experience to users,
however there is a lack of studies that involved children experiences [187]. In a study con-
ducted by Andrew Large et al., involving seven children, the creation of an aesthetically
attractive experience for children was explored through a visualization taxonomy. The
study suggests that incorporating elements such as unity, balance, equilibrium, symmetry,
rhythm, and economy is essential [187]. Jolley and Zhi’s research asserts that the focus
on illustrations varies according to the child’s age. For instance, four-year-olds tended

to pair illustrations more frequently based on color compared to participants in other
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age groups [163]. The findings also revealed that seven-year-olds more frequently paired
illustrations based on subject matter than both the four-year-olds and the ten-year-olds
[163]. Another investigation conducted by Reinecke and Gajos (2014) delves into the
effects of the visual complexity of images [262]. The experiment revealed that 12-year-
olds exhibited a preference for a moderate level of visual complexity when interacting
with websites. These findings were supported by a study conducted by Wang, Hsiu-Feng,
and Lin, Chia-Hsiung, where 7-12 year-olds displayed a preference for web pages with a
moderate level of visual complexity. The authors emphasize the significance of consider-
ing simplicity, diversity, and colorfulness in website development for children, as these
factors, akin to adults, significantly influence aesthetic preferences [348]. However, as
per Birgit Cold et al. biological, emotional and cultural aspects can influence a person’s
aesthetic preference and can change during the course of development [75].

2.6.2.1 Character and environment design

Character design is fundamentally the process of developing a brand-new, unique per-
sona for a medium, like a movie, comic book, or digital game [231]. The characters serve
as a window allowing the viewer to witness a variety of places and events, so stories are
perceived via them. In order to elicit emotion and investment in the plot, characters
must establish a relationship with the audience. A character designer must be proficient
in designing likable and believable characters to produce stories that connect with the
audience [29]. Because of this, both in written and visual media, strong character design
is crucial. While the character design commonly focuses on visually appealing character-
istics, the mental world and story are also important.

Understanding what methods of approach are needed to create a visual emotionally
educe Virtual characters can be used to promote the discovery and exploration of educa-
tional content. The character design process needs careful development, which involves
choosing the visual characteristics and aspect of the characters, their purpose, and how to
create a connection to its audiences, evoking the audience’s emotion and investment [231].
Design for the demographic and target group to whom the character is developed, such as
age, gender, socioeconomic status, interest, and faith. In children’s case, character designs
are usually designed as being colorful, made from basic shapes, with exaggerated facial
expressions, showing evident changes in mood, behavior, and social interaction [329]. Ac-
cording to Tillman, the criteria for this selection is that children prefer simple character
design that optimizes the information necessary for their processing ability [329]. Accord-
ing to Disney animators Ollie Johnston and Frank Thomas in 1991, the exaggeration of
movement and visual expressions also appear pleasant to viewers of all age groups [328].
Besides, a designer needs to consider how the character moves (body language), speaks
(voice), makes facial expressions, and interacts to provide a social impression [148].

Designers must also consider the medium that evolves the character to optimize the

character (style and purpose) according to such application or target media [30]. In the
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case of digital games, this means some restrictions to visual traits; for example, heavily
detailed characters can compromise the equipment’s image processing system and pro-
vide a different perspective according to the view screen — mobile vs. computer screen.
Designing recognizable characters depends heavily on the silhouette and shape. In con-
trast, the silhouette can promote user interest, and the basic shape can draw attention and
contribute to the overall feel of a character [329]. Circles, for example, are perceived as
being friendly forms and, because of their lack of sharp edges, considered not threatening.

Color is also an essential element when projecting a character’s personality. Because
color has cultural symbolism (either from individual to individual or across cultures), it
is essential to underlying the associated meaning of the colors according to the cultural
context. However, some colors have standard symbolic connections, like red, a vibrant,
energetic, and aggressive color.

Likewise, the environment or the digital world creation of the game can be used to
inform the player about the setting, characters, and conflict. Environmental storytelling
creates the necessary conditions for a fully immersive narrative experience in at least one
of four ways: spatial stories can evoke previously experienced narrative associations; they
can act as a stage for the performance of narrative events; they can incorporate narrative
information into the scene; or they can provide the raw material for emergent narratives
[329]. Through the character’s story, the audience can reflect on a similar experience
they had in their past, which causes the character to seem more believable. It will also
motivate the audience to follow a character’s adventure to get to know them [329]. Arie
W. Kruglanski’s research argues that the human need for cognitive closure, or gain a
resolution in the world, is based on a need to feel in control [182]. The need to avoid
ambiguity can motivate and lead an audience to follow a character’s story.

In conclusion, a well-developed character serves as a medium through which the au-
dience can experience various emotions and encounters. When a character establishes an
emotional bond with the audience, invoking empathy and similar sentiments, it prompts
the audience to become invested and actively engage with the overall experience. In this
context, we seek elements of character empathy and emotional impact to indirectly allude

preteens to the educational content.

2.6.3 Storytelling

Storytelling has been used in every civilization throughout history to understand and
express human experiences. The educational psychologist Jerome Bruner defines narra-
tives as a primary method by which individuals can organize and interpret reality [19].
Storytelling within the game context is considered a vital element of the overall game-
play experience [292]. The game narrative is described as the sequence of events which
unfolds in a game [292]. Digital game storylines, especially those in serious games, are
vast and diverse, ranging from those in a fantasy setting to those in real-world settings.
Significantly, game stories differ from narratives in other media types since the audiences
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have more control and interact with the story [254].

Narrative game learning environments that combine stories and pedagogical support
strategies to deliver effective, engaging educational experiences have been shown to be
influential in teaching science and arouse interest and promote positive attitudes toward
learning science in the early years [292]. A gamified storytelling approach can immerse
children in the narrative, positively affect their attitudes, and raise their interest in learn-
ing science in the early years [198, 213]. According to Ermi and Mdyra, immersion is
attributed to sensory factors, challenge-based experiences, and imagination — which they
call imaginative immersion. Imaginative immersion is when players become absorbed in
the world and stories or begin to empathize or identify with game characters [211]. At
the same time, Tuomas Harviainen distinguishes imaginative immersion between "char-
acter immersion"and "narrative immersion,"depending on if the story or the character is

absorbing the player [139].

Readers experience emotions in response to stories and entertainment in general;
education can exploit this mechanism to foster learning. Transportation into a story
world makes narrative events seem closer to a personal experience, and the impact of the
lesson to learn can be strengthened [224]. Moreover, attitudes based on cognitive and
emotional foundations are more persistent over time [272]. Emotionally rich stories are
more likely to be remembered [195]. Digital games can give life to incredibly engaging
fictional worlds in which learning takes place as part of the game’s mechanics in addition

to the incidental content learning [58].

The effectiveness of this method of teaching and learning depends on factors like
contextualizing the learning content within the narrative plot, which implies pedagogical
planning and identifying goals according to the student’s cognitive development and
cultural reality [305]. Our focus lies in examining the utilization of storytelling to offer
pedagogical assistance and inspire children’s engagement in chemistry. Our objective is
to envelop our targeted audience within a narrative universe that establishes links to the

educational material, fostering curiosity and reinforcing their grasp of the subject matter.

2.6.4 Mechanics

Game mechanics is another concept without a generally accepted definition in the indus-
try and academics; however, research agrees that there is an interrelationship between
mechanics and player behavior [302, 153]. Several authors have made several tentatives
to define game mechanics, namely: "the means that guides the player into a particular
behavior by constraining the space of possible plans to attain goals"(Jarvinen, 2007); "the
method (behavior) invoked by agents, designed for interaction with the game state"[302];
finally, the process, which includes rules that are needed to achieve an identified game
goal [292]. We can conclude that game mechanics are crucial in differentiating games

from other mediums as they determine interactivity through the rules and procedures.
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Game mechanics are associated with specific players” demands like the desire for auton-
omy, relatedness, or to fulfill a sense of competence [335]. To achieve this demand, game
designers use game mechanics that include compelling and believable characters, chal-

lenging tasks, or interactions that allow users to explore and make their own decisions.

2.6.4.1 Gameplay mechanics for educational games

When designing educational games, the game’s mechanics are directly related to the learn-
ing objectives [6]. Serious Games Mechanics (SGM) makes design decisions that prioritize
content learning practice/goal into a mechanical element of gameplay [13], which leads to
the need for a clear understanding of the gameplay according to the relevant educational
strategy. A serious game’s learning outcomes and motivational potential will depend on
implementing the mechanics within the learning situation where the game is integrated.
Implementing learning theories and pedagogical principles with gameplay mechanics
will result in the player’s need to correctly understand game dynamics and find and
synthesize the educational message. Constructivism learning theory is the predominant
approach in this type of game, where the players can construct their own knowledge by
being proactive in the learning process [311].

Some gamification elements while providing feedback can enhance students” moti-
vation towards the learning content, like badges (for achievement, completing a specific
task, or acquired the desired skill, understanding a concept, or finishing a game level);
leaderboards (ranking players by comparing their achievements relative to others), and
rewards (points for each correct answer) [183].

This research delves into the exploration of game mechanics applied to the learning
of chemistry, recognizing their close association with learning objectives, theories of

learning, and the equilibrium of game elements.

2.6.5 Technology

Game technology is the medium or modus operandi used on a game [292]. Each tech-
nology provides different affordance, potentials, limitations, and constraints that make
them more suitable for specific tasks and activities than others [172]. Understanding the
affordances and constraints of a specific technology influences the overall experience of
a game. Digital game technologies are volatile, dynamic, and unpredictable elements
of game design because technology advances rapidly (facial and voice recognition, ges-
ture control, high-def displays, virtual reality, augmented reality, and wearable — mobile
-cloud on-demand gaming).

In education, the choice of technology affordance constrains the content that can be
taught. Similar to how some content choices can restrict the available technologies. Tech-
nology might limit the kind of feasible representations, but it can also make it possible to

create new and varied representations. Creating a technology-rich environment needs to
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bring together learning content and pedagogy while supporting game mechanics, story-
telling, and the aesthetics of a game [172]. In this regard, Mishra and Koehler introduced
a framework using Technological Pedagogical Content Knowledge (TPACK) that is based
on the effective integration of the technology by taking into account the complexity of
teaching and the unique permutable nature that interplays between the pedagogy (learn-
ing theories like constructionism), the content (science concepts) and the affordance of

the technology (game-design software)[172].

To conclude, by identifying interaction design factors according to the target group
and the elements that are part of the game design process, we can use this knowledge
to improve and adapt the design of serious games, improving its potential and effective-
ness towards education. The user experience can improve by balancing the technology,
which is any medium that permits the game’s construction, allowing or restricting certain
learning activities. The story is a sequence of events or situations that unfolds within the
game. The aesthetics have the most direct relationship with the user since it provides the
visuals and tone of the game. Finally, the mechanics are the process and rules needed
to achieve the game goals. Besides these elements, serious games’ pedagogical strategies
within the game mechanics are critical to facilitate learning a domain. Moreover, un-
derstanding norms and assumptions behind different methods and approaches of game
design can provide us with some strategies to motivate students, like the reinforcement of
challenges to achieve skills such as problem-solving, content, and active learning, leading
to overall better learning performance of students. Interaction design factors can lead to
emotional connections promoting the continuity of serious games and further exploration

of learning content.

2.6.6 Gamification

Serious games can benefit from gamification factors, which involve identifying, extracting,
and applying individual game elements intended to encourage a behavior or attitude in
a non-game environment [137]. Related work agrees that game components can provide
users with motivational affordances like autonomy, relatedness, a sense of competence,
and self-determination [81, 137]. The theory of self-determination (SDT) is particularly
interesting to serious games and gamification, as it explains the user’s psychological and
behavioral engagement, helping provide more profound and more long-lasting experi-
ences for players. According to SDT, intrinsic motivation (doing an activity because it is
inherently interesting and satisfying) and extrinsic motivation (doing an activity because
of rewards or to avoid punishment) [81] are factors that can potentially anticipate and
predict positive student outcomes, such as academic achievement, learning, and skill
development [261].

However, despite the influence that game elements used in educational gamification

can have on student engagement [83], previous research also claims that gamification
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(focusing on extrinsic game elements) impacts decrease over time (e.g., the novelty effect)
[71, 286, 267]. To avoid these pitfalls, Michael Sailer and Lisa Hommer pinpoint the inclu-
sion of fictional and competitive-collaborative elements (social interactions) as possible
positive moderators to impact users’ behavioral outcomes [283]. From a theoretical point
of view, including relevant game fiction throughout game intervention can influence stu-
dents to invest more effort in completing tasks [282]. Also, creating a game environment
that allows learners to engage in both competitive and collaborative interactions (working
together in teams to compete against other teams) can help to improve learners’ qual-
ity of performance and skills [282]. Other factors that can promote performance gains
and sustain engagement are context factors like pedagogy and the feeling of competence
(which enhances intrinsic motivation) [214, 184].

We seek to explore gamification as a method that can promote autonomy, confidence,
and self-determination to preteens while interacting with immersive technologies and

disclosing learning content. As gamification promotes intrinsic and extrinsic motivation

2.6.7 Game Dynamics

Game Dynamics is defined by Hunicke as the behavior and actions that emerge from a
game’s rules and gameplay mechanics [145]. According to the author, game designers
must anticipate patterns of behavior and actions to determine how players will engage
with the game to motivate them to keep playing. There are four critical components of
game dynamics: sensation, fantasy, challenge and fellowship. Sensation refers to the
emotional and sensory experience of the player, like excitement, tension, relaxation, and
satisfaction. Fantasy involves the theme or imaginative elements of the game, like the
story, settings, and characters. A compelling fantasy can motivate the players to explore
and engage with a game’s world. The challenge refers to the difficulty level and skills
required by a player to succeed in a game, which requires to be well-balanced. Finally,
the fellowship is the social component that reflects on cooperation, communication, and
competition between other players’ dynamics to create fun and engaging experiences that

lead to the continuing desire to play.

2.6.8 Immersion

The success and enjoyment of an entertainment experience, such as a game, are signifi-
cantly influenced by the degree of immersion. Immersion pertains to a state of complete
absorption or profound involvement in a specific activity, signifying a deep engagement
with the experience. This phenomenon implies a heightened sense of focus and concentra-
tion, often to the extent that the individual loses awareness of the external surroundings
[357]. The work of Agrawal et al. more recently defines immersion as "a phenomenon
experience when an individual is in a state of deep mental involvement in which their
cognitive processes cause a shift in their intentional sate such that one may experience

disassociation from the awareness of the physical world"[5]. In the other hand, Nilsson

36



2.6. GAME DESIGN

et al, claims that immersion can derive from the individual surrounding in three dimen-
sions: technology, narrative and challenges [233]. The technology is related to technical
system and its properties, which in the case of a video game implies the hardware to play
it. The narrative content involves the story line or plot, the characters (characteristics,
interactions, relationships with other characters), and the environment where the story
develops. The challenges suggest conditions or context in which the experience is taken
place (fatigue of the player, emotional state - relax or not, etc). A systematic review by
D Beck et al. provides insights on the need for evaluation, design and development of
immersive learning environments [33]. According to the authors, there is a need to re-
search "what works, how it works, and the contextual aspect, but also understand how
to design and developed the experiences, including deployment, monitoring, assessment
and outreach"[33].

2.6.9 Usability effects and evaluation

Usability factors are also link to the engagement and effectiveness of a app or game. The
design and implementation of usability features in an application or game can signifi-
cantly impact how users interact with the product, affecting their overall engagement and
the effectiveness of the experience. User-friendly interfaces, clear navigation, and efficient
interactions contribute to a positive user experience, fostering greater engagement and

enhancing the overall effectiveness of the app or game.

In the educational context, according to Mayes and Fowler, “educational effective-
ness is greatly affected by perceived usability” [210]. The usability assessment provides

information which can help in improving serious game overall dynamics.

There are several different usability testing methods for kids that have been docu-
mented, which include children being asked about bugs in the software, providing simple
feedback about the success or not of the software, to analyzing a story [87]. According to
Allison Druin, children can be “incredibly honest and at times harsh in their assessment
of technology”, and ready to be part of the testing of an app [87]. However, children who
participate in usability testing must do much more than just test the use of the technology;
they also need to adapt to the testing environment, interact with the facilitator, adhere
to certain procedures, and, most often, contribute to the evaluation by reporting on their
experiences [205]. Druin recommends that usability testing sessions, need to be short
and precise to gather useful and important input [87]. Furthermore, many methods like
surveys are sometimes questioned about their readability and validity, since children’s
cognitive development abilities may not be anticipated leading to a misinterpretation of
the questions. Using a usability scale allows us to test several elements within the games
like if the mechanics were intuitive and adequate to our target group, meaning if the
rules, tutorials, and language used were effective towards guiding the children through
the game. Also provides information about the feedback mechanism (visual, audio cues,
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messages), which is important in the dynamics of a serious game helping children under-
stand how their actions impact the game and the learning outcomes. The data collected
from this instrument can also provide information about engagement, challenges of the
game-play and self-efficacy of the player. Overall, the usability study of serious games
(interplay between the game mechanics, feedback and challenge) can help to explain the
dynamics of the games (patterns of behavior and actions to determine how players will
engage with the game).

There are several usability scales, some evaluating specific aspects of usability like
the ease of use, engagement and feedback, while other measures various aspects of the
experiences such as the ease of use, learning, and satisfaction of the users [344]. The
Game User Experience Satisfaction Scale (GUESS), also evaluates user satisfaction by
assessing several factors, one being the Usability /Playability of a system [249]. However
while there are usability scales that allow to gather important feedback into the redesign
of a game, presently there is a scarcity of research focused on tailoring new standards
and validating usability metrics specifically for Mixed Augmented Reality (MAR). While
it is crucial to formulate usability models tailored to MAR, it is equally imperative to
substantiate them through the application of well-established metrics relevant to usability

studies.

2.7 Summary of the Chapter

Serious games, designed with specific learning objectives in mind, have been proven
effective tools for knowledge construction and can positively impact cognitive skills. The
careful design and implementation of gamification factors can enhance engagement and
sustain learning outcomes. AR games have great potential for teaching in formal and non-
formal contexts, providing immersive and engaging learning environments that support
situated learning, social interaction, and immediate transfer of knowledge. Overall, AR
Serious Games represent innovative and effective approaches to education and training
that have the potential to transform the way we learn and teach.

The body of work presented in this chapter also focuses on the various elements
that work together to create engaging and effective games, whether for entertainment or
educational purposes. These elements include aesthetics, interaction design, storytelling,
game mechanics, game technology, and game dynamics. Immersion and usability factors
can also contribute to the involvement and efficiency of an app or game. We must consider
in our design the target audience, including cognitive (spatial and abstract reasoning),
physical (active learning using a constructivism approach and other senses-tactile, visual,
and audio), and emotional states, to create safe, enjoyable, and effective games. For an
educational game in chemistry, linking game mechanics directly to learning objectives
and implementing learning theories and pedagogical principles into gameplay is essential.
Furthermore, there is a need to investigate how to implement a multi-level understanding

of chemistry concepts. The Periodic Table allows us to introduce fundamental concepts
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related to chemical elements, their significance in our daily lives, their properties, and
their potential effects on the environment. To conclude, gamification and game dynamics
are critical in motivating players to engage and continue playing. These findings will
be used as informative guidelines in this research to describe the design process and

development of AR serious games for chemistry (see Figure 2.8).
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CHAPTER

STATE OF THE ART

Serious Games and Augmented Reality (AR) have emerged as an exciting field of research
and development. In this chapter, we examine the current state of the art to comprehen-
sively understand how Serious Games and AR are integrated into formal and informal

learning contexts, fostering engagement and improving learning outcomes.

3.1 Serious Games and STEM

The utilization of serious games has been extensively studied in educational settings, and
its potential continues to be increasingly recognized. Researchers, school boards, and
teachers have tried to capitalize on innovative tools and the benefits of technologies to
create appealing and engaging content for youth. According to Nicola Whitton, edu-
cational games can motivate students by creating an experience in which they are out
of their everyday setting, immersed in challenges, and rewarded for their achievements
[353].

Serious games have exhibited considerable potential as a medium for promoting the
comprehension of abstract concepts in domains like Science, Technology, Engineering,
and Mathematics (STEM), facilitating its understanding and fostering student engage-
ment. In Math, for example, "Math City” a simulation game targeting kindergarten to
12th-grade students, aims to teach children how to add and subtract using the mechanics
of the gameplay [253]; "Curious George and the Odd Squad” is a transmedia narrative-based
intervention which includes arithmetics within the game mechanics [212]. The experi-
ence with this game showed that students’ overall knowledge of mathematics in numbers,
operations, and algebraic thinking increased significantly, as well as their competency
with mathematics vocabulary and the concept of fact families [212].

More recently, "Math is magic” was developed for 4th-grade students, using learning
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content (based on the Math school curriculum) that changes according to the partici-
pant’s performance during the game. The Role-playing story infuse game asks the user to
help save the world by using a spell book (which requires solving some Math problems)
[271]. "Dragonboxs 12+" by Siew et al. using an interactive game mechanics of drag and
drop, allows students (12 to 17 years old) to understand the order in which equations are
solved[303]. The results from a conducted study using this system drastically improved
the learning rate, retention, and overall satisfaction of the students [303]. In Madeira,
"Clash of Wizardry"! is a game that was developed through a European project called
E-MaGIC (Education in Mathematics in Game-based Immersive Context), and recently
tested with 200 students (9 to 16 year) and respective teachers, demonstrating that the
participants were excited to explore Math using the game within the context of the class-
room, especially since it provided an engaging experience in an area that some considered
difficult.

"Crystal Island” is another experience using a narrative-centered learning environ-
ment, where eighth-grade students have to solve a science mystery while better under-
standing microbiology. After interacting with the game, the authors claimed that the
participants had an increase in the learning gains [275].

In Computer Science learning, many games have been created that focus on computer
programming. Developing logical thinking and problem-solving skills is crucial for stu-
dents learning to program. Programming demands a very practical approach (learning by
doing), which involves reading and understanding the syntax of a programming language
[129].To address this challenge, MIT Media Lab? used a visual blocks-based programming
language called Scratch. This medium emerges as an innovative tool to introduce pro-
gramming to students due to the ability to provide visualization to complex concepts
and ease of use mechanics with the drag-and-drop technique [351]. "NoBug’s SnackBar"
promotes the development of Computational Thinking (process required to provide solu-
tions that can be represented as computational steps and algorithms) by using the same
method as MIT Lab (blocks), allowing students to focus on the logic and structure of pro-
gramming instead of the method of writing textual programs [336]. The authors provided
guidelines based on the results of these experiences to support introductory computer
programming learning for novices, starting with using rewards points and leaderboards,
avatar customization, locked areas (only achievable by finishing a task), and sound. Fur-
thermore, the author’s advice for feedback and customize support allow the users to freely
select the next mission within a game and organize the task according to the learning
goal [336].

Serious games can help students’ performance by providing methods that allow them
to understand scientific phenomena in chemistry better. A study conducted in Thailand

showed that remembering the Periodic Table was part of an exam necessary to pass a

Thttps://funchalnoticias.net/2019/05/30/jogo-digital-volta-as-aulas-de-matematica-na-escola-dos-
louros/
Zhttps://www.media.mit.edu/projects/scratch/overview/
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university entrance examination in their scientific program. However, many students
struggle to achieve good results due to time restrictions, large classes, and a lack of eco-
nomic resources. As such, Saksrisathaporn et al. developed three mini-puzzle games:
one to remember the names and symbols of elements, the second to remember the group
and period, and the third stage allowed students to apply elements to form chemical com-
pounds. The interaction with the games increased the scores of retaining the information,
engagement, and satisfaction of the participants. Furthermore, the authors advocate for
using game-based self-learning tools to be effective, convenient, and fast for students to
complement their formal studies [284].

"Al-Kimia" is a role-playing, graphical adventure Mobile game where users can exper-
iment with chemical reactions in a virtual world as a medium to acquire knowledge and
generate positive attitudes towards chemistry. The game was developed by two teams
from different Universities (Vigo and Santiago de Compostela) to tackle chemistry which,
according to the authors, is an area undervalued by the general population of students
[190]. The study conducted in several High Schools in Spain provided only insights about
the student’s lack of knowledge about chemistry as a subject and how it can affect their
lives. However, the design and development process of "Al-kimia,"which included teach-
ers and designers, allowed them to gain an appreciation of their counterpart’s area of
expertise [190].

To summarize, by using Serious games, students can have a hands-on approach to
the learning content, leading to a better understanding and more effective recollection
of the content. Serious games, and interactive and simulated environments, can harness
problem-solving and critical thinking skills with real-world applications.

Students’ interest in games and their tech-savvy skills suggest that their adoption in
the classroom context could effectively facilitate learning and engagement. It is necessary
to adapt the content to children’s interests, make it appealing, and include mechanisms
that provide a chance to explore, develop hypotheses and actively participate in the
learning process. Using game settings to provide scientific content, students developed
another level of skills by discovering new rules and ideas rather than memorizing learning
materials others created. However, serious games implementation are influenced by
the particular learning context in which the game is deployed and by the objective and
learning goals the educator wants to adopt [94]. Educators are concerned with the roles,
strategies, and pedagogical approaches that games may provide, leading to avoiding their
use on a regular basis [60]. Furthermore, teacher support can expand to the informal
learning context by providing pedagogical expertise.

To conclude, while serious games in the field of chemistry showcased promising re-
sults, their implementation within the classroom continues to showcase some resistance
by teachers. Frequently, the educational content of these tools is not designed for the
context and learning goals that need to be achieved according to the school curriculum.
Also, there needs to be more research on the process and effects of these tools when im-

plemented to introduce new topics in chemistry to younger students. We contribute to
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this field of study by including educational stakeholders in our design approach to create
serious games customized to our users, their needs, and the content delivered. Further-
more, our research objective is to evaluate the effectiveness of these tools in facilitating

the understanding of abstract content in chemistry when provided to a younger audience.

3.2 AR Games

In 2016, an AR game "Pokémon Go" captured the attention of the whole world, from
young to old. In just over two weeks, it secured the participation of 20 million active
users, making a substantial gross income over the years [366]. The same company has
launched other AR games, like, "Ingress”>, developed two years prior to Pokémon Go,
the game uses narrative base gameplay, which takes place in the context of a sci-fiction
environment giving it a cyberpunk feel. In the game, the Earth has come in contact with
an alien force, giving the player the task of saving it. Ingress uses the mobile GPS to
interact with "portals,"usually coinciding with landmarks.

"Pickmin Bloom"* with game mechanics similar to Pokémon Go, where the player needs
to move within the real space to collect digital items like AR seeds and flowers, eventually
growing into a Pikmin. "Peridot”>, it is an AR pet game to bond with a character pet and
collaborate with other players to diversify their species. This game, recently launched,
relies upon high-quality and cute characters and animations, which evolve along the
game according to the player’s choices.

The game application called "AR Dragon - Virtual Pet Game"® is a simulator game that
uses Augmented Reality technology to display a virtual pet, a Dragon to enhance the
users’ experience. The result from an evaluation of the app showed that it was well-liked
by users.

"Minecraft Earth"” is a game intertwined with the ideas and mechanics of the original
Minecraft game of using pieces shaped like cubes to create a world, in this case, an AR
virtual world. The game uses storytelling, treasure hunting, and animations to engage the
user. The game also provides a collaborative feature, where several players can change
and add elements to the digital world.

"Zombie Run"8 is an AR game that focuses on enhancing the physical activity of
users. The game mirrors the movement of the player’s real-life movements. It provides
a narrative (an apocalyptic world scenario where the player runs from Zombies while
collecting items to help save the world) to incentive the player to execute the activities
proposed in the game and, as such, work out.

Shttps:/ /www.ingress.com/

4https://pikminbloom.com/

Shttps://playperidot.com/
®https://www.data.ai/en/apps/ios/app/ar-dragon-virtual-pet-game/
https://www.minecraft.net/en-us/article/minecraft-earth-coming-end
8https://zombiesrungame.com/
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"Jurassic World Alive"® displays AR prehistoric dinosaurs in modern cities (based
on real maps). The game reveals Prehistoric creatures and stumbles upon competitive
fights by exploring the area around the user. The game was evaluated according to its
usability, revealing participants’ enjoyment of its mechanics; however, the developers
also indicated that robust and constant GPS recognition is needed for the game.

The above foremost games were selected in the AR entertainment industry by being
considered some of the most popular. To summarize, the use of AR for gaming and enter-
tainment is vast and continues to grow. Some common features across this entertainment
system are the elaborated use of graphics, characters, and animations, providing an im-
mersive experience. Game mechanics that use the player’s movement within the space
to collect virtual items that will help within the game’s objective. Used of Gamification
elements like leaderboards, improvement of the character (more robust, customization),
punctuation, and more skills is provided to keep the player interested in finishing the
game objectives. Finally, these games have strong collaborative and community game
features, using rewards to encourage teams to get together, fight, or exchange items. How-
ever, due to the Covid pandemic, many games have had to follow different strategies

(primarily online), and some even had to discontinue the game, like Minecraft Earth.

3.2.1 AR in the Field of Education

Besides being used for entertainment, this technology also shows promise for changing
the landscape of industries such as medicine, education, and workforce training. Aug-
mented reality has the potential to be used as a tool of edutainment since it allows the
combination of entertainment (play) and learning (education) to develop the children’s
mental and cognitive abilities [280]. Augmented Reality also has excellent potential as
a pedagogical tool since previous studies have demonstrated its extreme usefulness for
increasing the student’s motivation in the learning process [24]. New possibilities in the
use of this tool have been increasingly recognized by educational researchers because of
the uniqueness of Augmented Reality of allowing the superimposition of virtual objects
within our real world, thus creating new settings for active learning, whereby children
can learn from real-life situations and experiences [15, 42] .

One early example of AR application is the "Magic Book,” which combined narrative
elements with a physical textbook. Although it offered limited educational content, this
experience showcased the potential of AR for scientific visualization [38]. Building on
this idea, the work of Jiang-Jie Chen et al. uses paper text information with AR to teach
design principles and visual art elements to university students of an art and design
course [62]. "Magic Boosed” uses AR with tridimensional geometry to emphasize the
understanding of volume and surface areas to elementary school students providing
positive results in the learning of shape and geometry formulas [8]. In a study by Cathy

Weng, where 80 participants from eighth-grade school were involved, the results revealed

https://jurassicworldalive.com/
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that using mixed reality (augmented reality and virtual reality) as a learning supplement
to the printed book to teach children about the solar system and how Earth moves in
space, could improve students’ learning outcomes, particularly for those with low spatial
ability students[352]. Moreover, the author claims that the 3D objects displayed in the
Mix reality platforms with animated learning materials are more effective than using
the reading material (book). Supporting this claim, other authors indicated that Mix
reality technologies integration with learning content provided in a book format could
provide significant benefits for science learning and other areas. Mix realities bring the
possibility to entertain and provide better results in the autonomy, self-efficiency, and
intrinsic motivation of students than static pictures and text used in formal school domain
(247,97, 27, 352].

Combining tangible, physical interfaces with tridimensional virtual imagery allows
children to play, engage, and have fun as they learn.[37, 52]. Tangible interfaces can
ease the communication of abstract concepts. This is the case of Digital MiMs, computer-
enhanced building blocks that support learning in mathematics, probabilistic behavior,
and more. Another example is ProBoNo, a software and tangible hardware prototype
developed for children from four to six years of age. PrBoNo allows children to navigate
virtual worlds more playfully and engagingly. A study of this system concluded that the
tangible interface facilitated the transfer of knowledge acquired in a digital environment
to a situation in the real world [130]. Ambient Wood, a large-scale learning activity target-
ing 11-12- year-old children, aims to teach children about the nature of scientific inquiry
employing tangible discovery, reflection, and experimentation. A study of the system
highlighted that, while tangibility per se is not enough to engage children in a task, it is
crucial to have the appropriate tangible system [268].

"Merge Edu"1? is a platform that combines augmented reality (AR) technology with
a physical object (a cube), offering an immersive, hands-on learning experience that can
make complex concepts more engaging and accessible. Researchers of the University of
Maryland, USA, claimed that having used "Merge Cube” within a school class of K-12
students had a significant impact, especially STEM areas [159]. The authors suggested
including embodied movement or movement that mirrors the content taught in 3D learn-
ing environments. They also claim that manipulating objects in three-dimensional space
gives a learner unprecedented personal control (agency) over the learning environment
[159].

"ARQuest", is a collaborative mobile augmented reality game for developing the com-
putational thinking skills of primary school students. The game combines a physical
board, storytelling, and tangible tokens with animated 3D content used by children to
create and solve challenges in a gamified environment. The exploratory study indicates
that mobile AR combined with tangible activities is a promising path for early STEM

education, as it can engage and motivate children with the proposed activity [123].

10https://mergeedu.com/?cr=5136
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To contribute to raising children’s awareness about air quality and pollution, a team
designed and implemented a serious augmented game with physical sensor nodes that
provided an educative and playful experience. The results of a study from a sample of 27
children between 7 and 11 years showed improvement in the children’s knowledge about
indoor air pollution derived from playing the game. The game was also perceived as easy,
useful, and engaging [107].

Dunleavy and Dede [89] see Mixed reality applications primarily aligned with situ-
ated and constructivist learning theory, as they position the learner within a real-world
physical and social context while guiding, scaffolding and facilitating participatory and
metacognitive learning processes such as authentic inquiry, active observation, peer coach-
ing, reciprocal teaching, and legitimate peripheral participation with multiple modes of
representation [89] [130, 51, 35, 105].

In Physics, where most principles are based on Math, Optics, Electricity, Magnetism,
and other abstract concepts, students often struggle to grasp and understand phenom-
ena without referent or visual connections. "ARLE” is an AR-based environment that
improved the understanding of concepts like a magnetic field, electromagnetic waves,
Maxwell’s equations, and Fleming’s rules for electromagnetism [105]. The students can
interact with virtual components by simply drag, drop, grab, and flip operations, which
overcome the limitations of the conventional teaching system. The experimental results
suggest that ARLE positively impacted students’ learning gain and critical thinking abil-
ities compared with the conventional teaching approach due to the student’s interaction
with 3D virtual content, which provided a visualization of different concepts of Physics.
The authors conclude that AR can help students understand the core concepts easily,
enhancing their knowledge retention capabilities and practical learning abilities in this
domain [105]. AR-SaBEr, is also an AR simulation tool developed by a team of researchers
to discover the principles of electricity. Analysis of the data showed a positive learning
performance of the students. These results were attributed to the participant’s attitude
towards the activity, showing engagement while interacting and manipulating three-
dimensional objects [146]. Furthermore, research has shown that digital simulations and
visualization tools have helped students to learn challenging concepts like Bernoulli’s
principle, a science concept that states that there is an inversely proportional relationship
between fluid speed and pressure [365]

Cai et al. used AR and Kinect (a system that tracks the body movement in the field of
view) to convey knowledge about magnetic fields in real-time [51]. The study participants
(eight grade students) could trigger the magnetic field with the wave of their hand in front
of a depth camera (using sensing technology to infer the distance). The results stated that
the system promotes learning more extensively and intuitively [51].

MaR-T project uses a mixed-reality (MR) system with tangible representation to teach
children ages 3 -to 5-year-old math content about conceptual understanding and judg-
ment between quantities, called non-symbolic numbers. The result supports that AR can

provide active learning, engaging, and social learning skills [35].
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Shaping Watersheds is an interactive 3D exhibit at the National Science Foundation,
developed through a participatory design methodology involving scientists, science edu-
cators, and designers. It aims to improve public understanding of freshwater ecosystems.
This AR tangible experience with real-time projections allows users to move water across
a landscape, displaying engagement and understanding of earth science concepts. The
activity also incentivizes young children’s curiosity, allowing them to participate and
inquire about this type of content. Other exhibitions in formal and non-formal settings
have used the same approach to teach other science-related topics, such as geology, topo-
graphic map reading, planetary science, and hydrology, to children from different schools
[260].

The comprehension of microstructures is regarded as difficult for beginning students
of chemistry. Low-achieving students benefit considerably by interacting with 3D models
of micro-particles, understanding the composition of substances much better [52]. Using
this system, the allowance of Inquiry-based learning also helps students be active in the
learning process [52]. Students make observations, collaborate with others, ask questions,
and investigate and interpret data when engaging with the AR system [89]. As research
in the domain of chemistry has increased, the next section is dedicated to this field.

3.3 Augmented Reality Serious Games in the Context of

Chemistry

AR has been accepted as an effective learning method for chemistry and continues to be
explored because of its affordances. AR can facilitate the understanding of the spatial
processes and structures of the molecules, which are more difficult for students to grasp
through conventional teaching methods [106]. This technology provided the opportu-
nity for the 3D visualization of structures of atoms, molecules, and chemical bonds [364,
281], topics that are essential for understanding the chemical behaviors and properties
of matter [203]. For instance, Argiiello and Dempski deployed AR tools to visualize pro-
tein structures for an undergraduate biochemistry course [12]; Eriksen and their team
developed an Augmented Reality app to visualize any chemical 3D model based on crys-
tallography data [102]; and Rubilar Melino research with university-level participants
shows the potential of AR to facilitate student’ transitions among macro, micro and sym-
bolic levels of chemistry [277]. "StereoChem”, a mobile AR app, is used to understand
Stereochemistry helping students in the perception of 3D molecules [171]. This sys-
tem studies stereoisomers (molecular formulas that differ in spatial orientation) to help
perceive the 3D molecules [171].

Chemistry also demands student imagination to comprehend abstract concepts with-
out visible or physical referents in the real world (atoms, molecules, chemical bonds,
biochemical processes). This process is highly challenging; translating external repre-
sentations like 2D visualization into 3D mental models can lead to cognitive overload,
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especially if the content itself is highly complex [360]. According to David Palmer, mis-
conceptions among students must be tackled because they can interfere with learning
scientific principles and concepts [243]. Physical models, for example, have been used
in the past (ball and stick molecular kits) to facilitate the learning of molecular trans-
formation [32]; however, because of their structural rigidity, it is difficult to adequately
represent the difference of bond angle, and size of the atoms. In this context, visualization
technologies, like AR, have exciting potential for facilitating understanding and prevent-
ing misconceptions in the scientific domain [140]. Moreover, it provides the opportunity
for the understanding of more complex content like the analysis of different molecular
characteristics (form, geometry, and nature of molecular structures and chemical inter-
actions) [1], bond distances, dihedral angles [108], calculation of electrostatic potentials
and vibrational modes [134], visualizes and manipulate the 3D structure of the potassium
channel [229] and the different ways in which a molecule itself moves in space [1].

Other examples of AR systems to facilitate the microscopic understanding of molecu-
lar structures are Augmented Chemistry, which allows students to obtain and understand
information about the spatial relations between molecules by using the input of key-
boards and tangible interaction. Augmented Chemistry represents the molecules in a 3D
environment, providing multiple viewpoints and control of the interactions [307]. The
system was designed to teach elements of the Periodic Table through a Head Mounted
Display and hand motion control (touch, grab, drag, drop, and rotate). The participant
uses the hand to select a chemical element from a virtual Periodic Table, and the system
responds with a 3D visualization of an atomic model of the element [103]. While this
system provides an interesting research approach, there is no evidence regarding learning
outcomes.

Mobile AR applications like "Chirality-2" and "Elements 4D" by DAQRI studio is
designed to simulate how elements of the Periodic Table react in real life [164] [364], and
"Biochem AR" [320], and "ARMET (Metabolic Pathways) [339] have shown to facilitate
the interaction with virtual 3D information within the classroom context.

Chemistry in public schools with large size classes suffers from limited resources and
time available, and, as a result, some students do not have the opportunity to conduct
experiments. AR simulation helps bridge this gap, contributing to observing some reac-
tions on a one-to-one basis[93]. An example is the simulation of chemical laboratories
using AR technology, which can provide freedom for experimentation while avoiding cost
and safety hazards. Besides, students can also conduct experiments with minimal use of
liquid chemicals resulting in lower negative impacts on the environment [324]. Children
can explore different scenarios without compromising their safety and knowledge trans-
fer to the real-world [226]. For example, "ARIEL" provides the opportunity for connecting
information in general Lab chemistry with chemistry instruments [7]. On the other hand,
Naese et al. created "HP Reveal” an AR app to support instruction of analytical instru-
mentation [223]. The Mix Reality (MR) "Chemistry Lab” and "HoloLAB Champions"” aim to
familiarize students with experimental procedures, safety, and protocol knowledge while
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conducting experiments [88].

Previous studies also provided positive insight into combining AR and storytelling
to teach Chemistry. "Table Mystery” is an AR game explicitly developed for the Science
Centre in Oppland County, Norway. The game serves as an interactive educational tool,
aiming to provide information about the elements of the periodic table. By incorporating
a narrative backstory and a large printout of the periodic table, players are encouraged to
read and scan elements to unravel mysteries and overcome challenges while deepening
their understanding of chemistry [39]. Soares and colleagues implemented "World of
Chemistry”, a virtual reality SG with narrative elements meant to motivate students to
study chemistry [312].

AR’s edutainment approach to learning and education is still relatively new and chal-
lenging, and even though we start to see more investment in this area, most of these im-
mersive experiences and simulations that produce unique educational affordances have
been carried out in a high school and university educational context neglecting the pre-
teens users. Previous research conducted by Britt Lindahl shows that the period between
10 — 14 years old is a critical time for developing a young person’s attitude toward science
[194]. This is a concern since by the time students reach the age of 14, their attitudes
towards science are fairly fixed on whether they wish to pursue science as a career choice.

A few examples of the success of earlier interventions using AR in the chemistry do-
main for young scientists are "LiCo.STEM " created by Lilia Midak and co-authors to
showcase the chemical structure of water for learning natural cycle subjects and perfor-
mance of laboratory experiments in the elementary school [216]; "Atomik-3D" is an AR
market base app that allows children to view 3D materials of some chemical elements
[57], likewise Ahmed Eway and Olga Troyer, used a marker base AR system to represent
atoms: Oxygen, Zinc, Hydrogen, Sodium, Chlorine, and Copper; and two molecules: Am-
monia and Hydrochloric [103]. "Mad City Mystery"is a location base AR game that uses
storytelling to promote scientific thinking. While using, an off shelve- app in another
study conducted at a science center in Finland, 146 participants (11 to 13 years old) used
the tool "Merge Cube"to observe the ‘Doppler Effect’ and ‘Molecule Movement in Gas’
phenomenon [285]. The data, which consisted of cognitive tasks and self-report question-
naires, showed that AR-technology experience was beneficial for all, but especially for
the lowest-achieving group and the girls. Other claims by the author are that the results
showed evidence that interest in school science is enhanced by situation motivation in
the science exhibition context; autonomy experience support learning; and AR benefits
students who are below average in traditional school success and achievement level [285].

Finally, there are off shelve apps that explore AR in the chemistry domain, like: "Mod-
elAR Organic Chemistry”'!, which allows the user to explore chemical structures (3D
models) and interact with virtual objects in real space. "Arloon Chemistry"'? teaches

students how to write inorganic formulae and chemical compounds, thus facilitating

https://www.alchem.ie/
2http://www.arloon.com/apps/arloon-chemistry/
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learning nomenclature. Happy Atoms'? is a Physical Magnetic Molecular Modeling and
AR app that introduces Atoms, Molecules, and bonding activities to children. Printed
material to trigger the AR information is also used to aid the learning process, like "360ed
Elements AR"'*, "ANSTO XR"13, "Aumentifylt AR Elements -The Periodic Table ofMe”lé,
"AR VR Molecules Editor AR"'7, "Popar Periodic Table of elements 4D smart chart"'®, and
"Ddskalos Chemistry” 1.

Despite research on AR technologies and education during the last decades, a com-
mon criticism that has prevailed is that while educational games improve the learning
interest of youth, there is little scientific design in the games, insufficient application of
educational and pedagogical methods, and lack of assessment tools to analyze its efficacy
and impact on students [36, 295]. Our research explores this gap by applying scientific
and pedagogical methods within the development of AR serious games, intending to

assess its efficacy in learning and engaging preteens with chemistry.

3.4 Summary of the Chapter

There are many examples of the implementation and benefits of serious games in STEM,
with many focusing on intended target lessons or the entertainment and immersion fac-
tors to retain the learning information. Many of these solutions also favor the participant’s
autonomy when using these tools, with minimum interaction by the teacher. However,
teachers are vital in implementing and adapting these technologies within the formal
class scenario. As such, it is necessary to promote a collaborative space where teachers’
inputs can provide strategies to increase these tools’ effectiveness and use.

When used for entertainment and engagement, Augmented Reality game strategies
follow the use of appealing graphics, characters, and animations to provide an immersive
experience. Game mechanics that most prevailed are the player’s movement within the
space commonly used to explore, discover and gather items. The use of the external
mechanism of gamification promotes the progression in the game: leaderboards, punctu-
ation, improvement of the character skills, increasing number of items and power, and
customization. AR and tangible interfaces can benefit students with diverse learning
styles. Visual learners can benefit from the visualizations and interactive elements in
AR, while kinesthetic learners can engage with tangible objects. Furthermore, the use of
tangible interfaces and embodied movement gives the learner a sense of control over the

learning environment.

I3https://schellgames.com/portfolio/happy-atoms
Uhttps://www.360ed.org/products/elements-ar/
5https://www.startbeyond.co/case-studies/ansto-xr
16https://augmentify.myshopify.com/collections/frontpage/products/augmentifyit-ar-elements-the-
periodic-table-of-me
17https://appagg.com/android/education/ar-vr-molecules-editor-28960491.htmI?hl=en
18https://popartoys.com/products/popar-periodic-table-of-elements-smart-chart
https://epsonmoverio2.devpost.com/submissions/34524-daskalos-chemistry
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There is no doubt that AR technology has the potential to complement traditional
teaching methods by providing visualizations, simulations, and interactive elements that
make abstract concepts more tangible and relatable, diminishing the gap between the
real world and theoretical knowledge. In the chemistry domain, where understanding
abstract concepts is critical, AR provides the opportunity for visualization and interaction
with phenomena facilitating its understanding. Furthermore, the immersive nature of
AR experiences captures students’ attention. It encourages active participation in the
learning process and makes learning more fun and stimulating, thus fostering a positive
attitude towards STEM subjects. Finally, AR’s social component can be explored as a tool
allowing children to engage in collaborative activities, contributing to creating dialogues,
knowledge, practice concepts, and improving communication and literacy.

To this end, this thesis is based on the development and study of AR Serious Games
centered around preteens (9 to 13-year-old) in the context of the Periodic Table of El-
ements to fill the identified gap, described at the end of section 3.3, as general lack of
scientific approach and in-class assessment of AR serious games. We envision the creation
of serious games with the collaboration of educators shaping the content to complement
the school curriculum and the student’s needs. We want to create an Augmented Reality
edutainment experience, adapted to a younger population, that provides visualization
and interaction with content about chemistry. Following other works, we project the use
of character, storytelling, and gamification elements to gather interest and immerse the
users with the Periodic Table content, thus facilitating its understanding.

Finally, we aim to use these edutainment systems to evaluate game design principles
and pedagogical methods when using AR games as platforms. We aim to evaluate AR
technology’s limitations, benefits, and efficiency when delivering educational content

knowledge in chemistry.
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CHAPTER

OVERVIEW OF THE METHODOLOGY

This chapter explains in detail the rationale of the research approach. It also describes
the participatory design process leading to the development of three game prototypes:
PF Discovery, PF and Augmented Journey, and finally, PF in the Wild.

This research aims to advance the field of game design, design methods, or games
as created things. Nigel Cross defines design research as the "creation, articulation, and
sharing of design knowledge"[77]. This author also argues that design knowledge is on
the people, processes, and artifacts, which leads to three different domains of design
knowledge: design phenomenology (the study of the form and function of the produced
artifacts; design praxiology (the study of design practices and processes) and finally
design epistemology (study of design methods of knowing) [77]. On the other hand,
the phrase "game research'is used to refer to all types of research that examines games
(as artifacts), play, or players [185]. Both approaches agree that research is a systematic

endeavor with multiple phases leading to knowledge.

Some authors advise that organizing design research into categories based on the
objectives and methods adopted in the studies is a helpful strategy for making sense of
the field’s complexity [117, 115]. To this end, Coulton and Hook proposed three cate-
gories for design research: research on design (understanding design as a specific human
activity), research for design (developing theories and knowledge to be applied in the
practical design work), and research through design (outputs are developed through ac-
tively engaging with the designed artifact) [186]. According to Zimmerman, research
through design Research Through Design (Rtd) also requires deep introspection as re-
searchers work to comprehend the people, issues, and context sounds. The author also
defined Rtd as the process by which researchers create new knowledge by comprehending
the current state and suggesting a design for a better future state [368]. With the need
for deep introspection, an apparatus is created to comprehend the people, issues, and
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context surrounding a situation they believe they can improve. As such, the method is
constructing a research prototype that effectively communicates a research contribution
while striking a balance between research and creation. As a result, the product prototype
serves as a tool for investigating design knowledge [368]. The approach taken during this
research is Research through design Rtd, where the developed games take the role of the
product prototype used as a tool of design knowledge inquiry. The prototypes are used
to generate, develop, and validate design knowledge.

4.1 Periodic Fable Design Process

The Periodic Fable games were inspired by the UNESCO 150th anniversary of the creation
of the Periodic System of chemical elements by Dmitry Mendeleev. Using the Periodic
Table as our topic of exploration, we followed an iterative participatory design process
involving a team of three chemistry and science teachers, a Ph.D. student in chemical
biology, and four Human Computer Interaction (HCI) and game design experts. The
teacher’s collaboration was secured after the leading researcher presented the project to

the Regional Secretary of Education, and at the Science Centre in Lisbon in Portugal.

The design and development of Periodic Fable (PF) games followed different stages:
the framing of the hypotheses based on input from related work, concept design (a mul-
tistage iteration plan process to identify several solutions), a paper prototype (paper
representations of digital games to test the concept and design ideas), and interactive
mockup or low-fidelity prototype (early stages of the digital games without final assets)
and finally a completely functional or high-fidelity prototype (digital games with final
assets). This process involves several iterations using realistic user settings to inform
interaction issues, design choices, and validation of tested formularized hypotheses(see

Figure4.1). We further describe in this chapter each stage of the process.

4.1.1 Participatory design approach

The term "participatory design"was initially used in Scandinavian literature to describe
a method of including consumers and designers in the actual technical development
process [16]. By considering other people’s viewpoints, participatory design implicitly
and overtly aims to produce artifacts while changing people as a whole [176]. The practice
of participatory design (PD), which is on the rise, incorporates a variety of non-designers
in diverse co-design activities throughout the design process.

Today, PD draws on a wide range of tools and methodologies and is used in vari-
ous industries and situations, including research. Participatory action research engages
both researchers and practitioners in the process of design, analysis, reflective inquiry,
and iterative design [300]. A PD approach leads to mutual learning between users, re-

searchers, and developers as they bring their expertise and voices to the design process
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Figure 4.1: Summary of the main interactions with the stakeholders and a detailed expla-
nation of the Periodic Fable experience’s initial design and iterations, which correlate to
the Rtd stages, where three prototypes/artifacts are created and tested.
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by considering together how and under what circumstances a tool will be most beneficial

to users.

The practice of participatory design is well-established in human-computer interac-
tion, but it has only recently drawn interest from the educational community. By involv-
ing end users as partners in design, participatory design in educational research settings
aims to create an educational product (such as a curriculum) and ensure its use, usability,
and utility in these contexts. Teachers can create activity sequences that are relevant to
their students and flexible understanding of the relationship between instructional goals,
student activity and desired learning outcomes by taking part in the creation of a learning
environment. Their intervention allows for exploring forms of research that are deeply
informed by the reality of classroom practice and content knowledge while contributing
to improving that practice. As a result, participatory design can allow teachers to de-
sign educational materials better aligned with their students’ expectations and their own
teaching needs. Since the ultimate purpose of education is for students to learn, teacher
opinions should not be disregarded, particularly when introducing new technologies or

learning settings.

When designing interactive experiences, Allison Druin et al. emphasized the impor-
tance of understanding the child’s environment by considering them as consumers and
providers of critical feedback to evaluate a product [87]. However, serious games’ design
process must consider pedagogical theory, domain content, and game design principles to
be successful [356]. This process also needs to be endogenous, meaning that the content
needs to be intertwined with the context, rather than exogenous, where the content and
the context are independent, leading designers to couple domain content to the game
mechanics [149].

As this process demands some knowledge of content familiarity and game design
literacy, Michael Scaife et al. proposes that children should be involved in the design of
learning environments as informants rather than co-designers. Children’s lack of knowl-
edge of a domain area, primarily if the game aims to provide this knowledge limits their
abilities to offer pertinent ideas [291]. The authors also provided some consideration
for involving children in the design of serious games, like including them only during
the middle stages of the game design process or later in the design cycle. At this point,
designers are better positioned to create boundary objects with the essential theoretical
foundations and scaffolding to aid kids in developing good ideas. Also, as a result of
growing up with constant access to games, children have a high level of game literacy,
making them able to harness their ability to procedural thinking to acquire and under-
stand new content. As a result, designers can draw on their flow to facilitate the game

interactions [78].

After extensive research and identifying the factors that needed to be overlooked
(see Figure 4.2), it was imminent that the interdisciplinarity of the research needed the
collaboration of educational stakeholders, experts in game design, and children.
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The understanding of chemical phenomena is accomplished through a multi-level knowl-
edge contruction process

Macro (through the
senses -observable)

Representation Submicro (molecular
(symbolic) structures - no observable)

Mahaffy (2004) propose to consider a fourth dimension: the human level

Students “ Teachers :

-problem-solving strategies -pedagogics according to learning
-exploratory learning objectives

-integrating teaching techniques to -knows the learning content
construct knowledge -extrinsic motivation

-intrinsic motivation

Figure 4.2: Design Factors when developing chemistry apps
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4.1. PERIODIC FABLE DESIGN PROCESS

4.1.2 PF Concept Design

PF benefited from an extensive participatory design approach. Unfortunately, taking
place during the COVID-19 pandemic’s conditions, some of the involvements were not
as extensive as desired. Mostly the interaction with children was severely limited. The
PF co-design approach initially involved experts (Teachers, chemistry researchers, HCI
and game designers)- subsequently involving children in formal and informal learning

contexts.

4.1.2.1 Co-Designing with school Teachers and postgraduate chemist specialist

The PF participatory design process included school teachers and postgraduate chemistry
researchers in the game’s initial concepts and design process. Their expertise was needed
because of their high degree of knowledge through their pedagogical practice and educa-
tional psychology to help select, verify, and validate the content, approach to the subject,
and how the scientific content was presented to the preteens. While we kept a steady col-
laboration with a fixed team of educational stakeholders at the beginning of the project,
feedback from other teachers was gathered thorough out the design, development, and
evaluation of the prototypes; however, these were punctual interventions. The Periodic
Table was used as the topic of exploration to start an iterative participatory design session
involving a team of three chemistry and science teachers and a Ph.D. student in chemical
biology. The teacher’s collaboration was secured after the leading researcher presented
the project to the Regional Secretary of Education, Schools at Madeira and the Science
Center in Lisbon, Portugal. The first interactions with the collaborators introduced the
objectives and context of the Project. Subsequent interactions, some in person and some
by online platforms (because of pandemic restrictions and time restraints), focus on iden-
tifying the target users, the learning objectives, the methods to accomplish the learning
process, and evaluating the scientific content. At a later stage, teachers also provided
feedback on the design solutions and developed tools created to engage children with the
scientific content.

The researchers and teachers identify the target group as a first step to creating ade-
quate content knowledge and pedagogical approach according to the characteristics of
the users. The users were identified as students between the ages of 9- to 13-year-old
who would encounter the topic of the Periodic Table for the first time. According to the
chemistry Portuguese school curriculum, introducing this topic happens in the middle of
the eighth grade when students are around thirteen. Furthermore, chemistry becomes a
compulsory school subject for students once they reach 10th grade (14 to 15 old), mean-
ing that we need to promote their interest to continue in this area before this age group.
Also, according to several authors [128, 156], especially for Middle School students (10
to 15-year-old) [45], motivation has been indicated as one of the most reliable predictors
of student success and perseverance in chemistry. This selection also considered the chil-

dren’s cognitive development stage, which can grasp abstract content at this age when
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provided with appropriate visual aids and activities [308, 340, 4]. Also, according to
Piaget [250], and Stephanie O’Dell [234], some of these students are transitioning from a
concrete (capable of inductive reasoning, i.e., take a specific experience and relate it to a
more significant, more general principle) to a formal operation (take a general principle
and relate it to a specific experience). Teachers also identify this group as avid game

players who use mobile devices to play digital games during their breaks between classes.

Figure 4.3: Participatory design interaction with educational stakeholders

4.1.2.2 Game design and design choices

With a small team of two designers and one developer supporting the game production,
the decision was to start with five chemical elements: oxygen, hydrogen, carbon, nitrogen,
and chlorine. These elements were considered important because their covalent bond
combinations are responsible for most biological molecules on Earth and their possible
compelling reactions. The teachers highlighted the importance of making children curi-
ous about the elements and encouraging them to speculate about possible combinations.

Later, another five elements considered critical or in danger of being depleted were
added: helium, arsenic, zinc, platinum, and silver. The researcher added these characters
as a medium to create awareness and chemistry literacy about the sustainability of the
chemical elements. The urgency to tackle this problem and contribute to a sustainable
future lead to introduction of the topic to educate and create public awareness among a
younger audience.

The learning goals were identified as providing basic content knowledge about the
chemical elements’ properties, like their representation at a symbolic level (the name,
atomic number, chemical abbreviation, and relative atomic mass). Acclimate children
to the representation of chemical reactions or compounds (chemical equation). Give the
students the notion of the position of the chemical elements within the Periodic Table
(column and row) to familiarize students with the order of the elements according to
groups or families of elements (same number of valence electrons - outermost shells)
and periods (how many of its energy levels house electrons). Demonstrated to children
that joining chemical elements (atoms) can lead to a chemical compound. Covalent
bonding (two or more atoms share electrons to form the molecule) was selected because

of its simple molecular structure, which bonding mechanism gives rise to the existence
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of various compounds, including water (H20), ammonia (CH3), diamond (C), carbon
dioxide (CO2) and Ozone (O3). We also showcase the compound Ammonium chloride
(NH4CL), which, even though it has a covalent bonding with its composition, itis an
ionic compound having chlorine represented separated in the molecular structure. These
combinations permit the visualization of the results of joining the elements on a macro
level. Furthermore, these combinations allow children to relate the information to the
real world. Further descriptions of the learning affordances of the design choices are

provided in Chapters 5,6 and 7.

4.1.2.3 Co-designing with experts - HCI and Game Designers input

Working at a research institution Interactive Technology Institute (ITI)-LARSys) provided
us with the opportunity to interact with other HCI and game researchers, granting them
expertise in this area. The five-interaction design researcher selected among HCI and
game experts were involved in the preliminary design concept evaluation conducted at

the institution’s premises.

A gameplay flow chart showcasing the events and actions during the game, like inter-
action with the game’s characters, objects, and surroundings, was used to create a paper
prototype (see Figure 4.4). The paper prototype can be described as a rough mockup of
a video game created on paper or cardboard before its digital development. This tool
tests gameplay mechanics, the user interface, and understanding of the game’s rules be-
fore spending time and resources in the programming and development of assets. This
inexpensive method provides quick iterations and experimentation, with valuable feed-
back that can be incorporated into the digital game design. The validation regarded the
gameplay and mechanics as well as the interactions and usability (intuitive, easy, fun)
was gathered through interviews and a heuristic evaluation using Nielsen-Molich’s work
[230] (see Appendix D).

The HCI and game researchers were also consulted on the appropriate aesthetics for
the target users’ age, the game’s playability, technology, gameplay engagements, and its
level of usability. These collaborations led to different game iterations resulting in the
initial game concept being split into two parts. Exploring a 3D map using a tangible cube
to gather information was featured as too complex for the child to grasp. Besides, AR
technology used by the mobile phone’s camera will only provide the projection of the

map in real space or the scanning of the markers in the cubes, but not both.

4.2 Interaction Design - PF Aesthetics and Technology

This section describes the initial steps for designing and developing the three games,
starting with Aesthetics and Technology. In Chapters 5, 6, and 7, we continue to describe

other design elements, showcasing the iterative design process consisting in the pilot
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Figure 4.4: Game designers’ interaction with a paper prototype

studies and several evaluations that were conducted, evolving the prototype from Low to
High-fidelity, until the final artifacts.

According to Jon Kolko, interaction design is "the creation of a dialogue between a
person and a product, service or system"[175]. Interaction design for children involves
creating experiences that, besides being engaging, are intuitive and straightforward, rele-
vant, and age-appropriate (content, graphics, mechanics). In the case of Serious Games,
it is essential to balance the educational content with entertainment by incorporating
interactive elements that provide content knowledge while being enjoyable and fun.

PF interaction design process, followed the Framework displayed at the end of the
Theoretical work (see Figure ??). In general terms, it can be categorized as Content (Chem-
istry - According to Johnstone), Approach (AR Serious Games), and Purpose (Learning
following Bloom’s Taxonomy).

After selecting the content and purpose described in the previous chapter, the PF
development process aimed at creating a user-centered experience that was efficient and
effective at providing educational content while being enjoyable. This process involved
balancing game elements with the content and pedagogic for PF Discovery, PF an Aug-
mented Journey, and PF in the Wild. While all the games had their unique pedagogic
approach integrated within the game mechanics, the aesthetics and technology were

common to all the games.

4.2.1 Aesthetics

Before engaging directly with the gameplay, players may come across images, animations,
or gameplay videos from various media sources. Once immersed in the game, a crucial
early objective for players is to familiarize themselves with the diverse onscreen elements,

discerning their purpose and behavior, thus establishing a foundation for comprehension
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[358].

Research indicates that "Children engage with apps on emotional, sensorimotor and
verbal levels"[125].

Kaiging Chen claims that the users will naturally endow a digital experience based
on the interface design and their strong emotional connection with the visuals, in the
case of children: anticipation, joy, and trust [63]. This author also claims that the style
and purpose of the visuals can be powerful tools for enhancing learning experiences,
particularly for children.

PF Games leverages a diverse array of visual elements, including vibrant colors, ap-
pealing characters, and interactive animations, to captivate young players’ attention. As
per Steve Swink [322], the theory of "look"and "feel"within a game is critical for user en-
gagement. PF graphical style, or "look,"provides a sense of continuity and representation
of the project (see Figure 4.5). All the games share the same icons for continuity, using
simple forms, and shapes like a plant for fertilizer, a drop for water, a diamond for jewelry,
a house for habitat, a book for stories, and others. The "feel"component of the aesthetics
builds in the character design, environment, and icons developed to be attractive and
engaging for preteens.

Periodic Fable character design and animations are utilized to mimic the proper-
ties of the chemical elements. Previous research provides evidence of the usefulness of
analogies in teaching science to support the understanding of complex concepts [193,
288]. This method facilitates the connection with the cognitive objectives of teaching
and appeals to students from an affective perspective [288]. The analogies are provided
in the shape of the characters (round bodies with long arms) inspired by the ball and
stick physical molecular models (see Figure 4.6). The colors assigned to each character
reflect the Corey, Pauline, Koltun (CPK) coloring standard convention color 1 used to
distinguish the atoms of chemical elements in physical molecular models.

Each specific element’s properties are reflected in each character’s personality and
animation. Some additional accessories (glasses, feet, hands, and other human features)
were designed to highlight the anthropomorphic personification of the characters (see
Figure 4.7 - 4.8). The aim is for children to associate the creatures with the element’s
properties and empathize and engage with them.

The aesthetics of the PF result from several ideation rounds aimed at creating a fun
environment and stimulating children’s empathy with elements as characters. As said
previously, a vibrant color palette to develop the stories and games assets (characters,
scenarios, Graphics, User Interface) was deemed effective in reaching and capturing our
young audience. Scenarios that better stimulated the user’s curiosity and emotions were
preferred, like an aqua park, a forest with colorful fruits and exotic plants, and a bright
chemistry lab.

All the 3D assets from characters, trees, pictures, chairs, lab equipment, and world

Thttps://sciencenotes.org/molecule-atom-colors-cpk-colors/
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Figure 4.5: Examples of Common Visual Elements Used in PF Games.
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Figure 4.6: Character sketch, basic mesh, and 3D render

E' ;
‘&V Hydrogen

The.lightest of the elements', Itis a highly active creature,

qep'Cted a relaxed and medita- matching the nature of Nitrogen,
tive character, prone to float which can release vast amounts
due to its chemical charecteris- of energy, creating a shock wave

tics, analogous to the status of throug an explosion.
a meditated person.

Oxygen, highly reactive and It is a green gaseous element
capable of bonding with other whose reactivity makes it
elements, is depicted as a friend- toxic but valuable to humani-
ly creature. It tries to socialize ty. Its disinfectant capacity
with the players by waiving its makes it a strong character.
hand as a sign of salutation.

Figure 4.7: Characters - Hydrogen, Nitrogen, Oxygen, and Chlorine
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Carbon

A stable bonding element.
The character’s posture with
both hands on the hips
shows the character’s
personality trait as a stable
and confident creature.

Silver Platinum
Portrayed as a vain character Sought by its economic value,
because of its value as a it is represented by an aristo-
decorative and lustrous metal. cratic visual image allusive to
Its scarcity is showcased by being considered a noble
its overuse in ornaments and metal.

jewels.

Figure 4.8: Characters - Carbon, Zinc, Arsenic, Helium, Silver, and Platinum
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environments had unique textures created and applied to maintain the same artistic
style and follow the overall aesthetics of the games. The assets were developed using
Autodesk Maya, Mudbox, Adobe Photoshop, and Illustrator. We rely on simple graphic
representations in the tutorial to convey actions that players must take, avoiding an

overload of textual content (see Appendix B).

4.2.2 Technology

Secondary research in Chapter 3 (State of the Art) guides us toward using AR to pro-
vide multi-level information on STEM domains. Besides allowing the display of tri-
dimensional information, AR technology supports other formats and multi-modal ap-
proaches (2D, animations, text, audio), allowing designers and developers to be creative
when adapting the content knowledge according to the adequate pedagogical approach.

This adaptability allowed the team to use analogies, storytelling, and activities to
acquire the content while playing and positive reinforcement employing rewards. It
also allowed using other senses in learning by incorporating tangible interactions and
audio. Furthermore, it allows the exploration of the content according to multi modes
of representation, obtained using 3D AR molecular structures, animations of the cre-
ated substances/reactions, display of the symbolic information of the properties of the

elements and chemical equations, and simultaneous reactions.

The games were developed using Unity Engine  version 2019.3.0al1 with ARcore
v1.10.0 and Fungus SDK to handle the narrative flow. Because of the gameplay mechanics,
we used AR Marker base technology in two of the systems PF Discovery (see Figure 4.9)
and PF in the Wild (see Figure 4.10) and marker-less technology in PF an Augmented
Journey (see Figure 4.11). Marker base technology uses visual cues like images or patterns
as a point to overlay digital information within the real world. The camera or scanner
recognizes the marker to trigger the AR system to display on the screen of the mobile
device the digital content on top of the marker in real time.

PF An Augmented Journey employs marker-less technology, also known as location-
based AR, which uses light estimation and motion tracking technology of the mobile
phone’s camera to identify interesting points, within the environment called features and
track how those points move over time, enabling the system to detect any flat surfaces,
like a table or a floor, and allowing for the placement of virtual objects and any other
type of digital data. AR markerless uses several sensors such as GPS, accelerometers, and
gyroscopes to detect the user’s location and orientation, allowing the virtual information
to be placed in the correct position and perspective in relation to the real world. This
technology allowed the navigation of a 3D virtual world (by moving within the actual
space), a part of the gameplay of PF an Augmented Journey, providing a more natural

and seamless experience and learning through a more immersive and engaging activity.

Zhttps://unity.com/releases/editor/archive
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Figure 4.9: PF Discovery System Overview

66



4.2. INTERACTION DESIGN - PF AESTHETICS AND TECHNOLOGY

1.Young scientist use mobile devices and tangible
objects to gather the information
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Figure 4.10: PF in the Wild System Overview
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In Portugal, mobile devices are widely utilized by preteens in their daily lives. Com-
pared to other AR-enabled equipment, such as head-mounted displays, mobile devices
offer greater cost efficiency and accessibility, particularly within the school environment.

Consequently, mobile devices were chosen as the preferred device for implementation.

User Interaction

| Augmented Journey

Camera Device

L Markerless technology )
Virtual information selection Tracking system - location to place

the virtual information

/ N
Define Virtual Object Detecting surface
Processing

Motion tracking

Models
Textures
Animations
+
Sound, 2D images, Text

3D Rendering
( Concurrent odometry and mapping

Detect feature point

Estimate position and orientation

( Environmental understanding

Detecting surface as planes

Constantly detecting feature points

Superimpose
(input the virtual object within
the real world environment)

Geﬁne Anchors and trackableg

Figure 4.11: PF an Augmented Journey System Overview

While these elements (Aesthetics, Content, and Technology) were shared, the mechan-
ics of the games and storytelling were specific to each game. Using different pedagogical
approaches, and strategies to display the content knowledge incorporated within the
gameplay or game mechanics, allow us to identify the benefits and limitations of AR in
each method. In the next chapter, we describe the mechanics and gameplay decision’s
rationale to evaluate the effectiveness of each game on the student’s affects and learning

outcome.
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4.3 Digital Prototype Development

Once the learning objectives were defined and the game interactions validated, a team
of one programmer, and two 2D/3D artists (see Figure 4.12), started the development
process. This process included the creation of all the 3D assets (characters and different

environmental settings), user interface (UI), story plots, and programming.

Meet the team:

Sandra Olim Michaela Valentina

PHD CANDIDATE, DESIGNER, ANIMATOR, ARTIST AND RESEARCH PROGRAMMER SUPERVISOR
ENVIRONMENTAL AND CHARACTER ASSISTANT
DESIGNER

Figure 4.12: PF Games development team

Three AR Serious Games were designed and developed to introduce and engage chil-
dren (9 to 13 years old) with concepts about the Periodic Table. Each game is developed

with different pedagogical approaches embedded within the game mechanics.

PF Discovery presents children with scientific content supported by physical cubes
manipulable through Tangible Interaction (TI) and AR. The user can create their own
tangible interaction system by downloading a 2D printable plan of the cubes through
our website and assembling it. The system provides content knowledge by rotating and
scanning markers (images or patterns used to deploy the information) on each cube facet.
There are five cubes, each dedicated to one chemical element: oxygen, hydrogen, chlorine,
carbon, and nitrogen. Each facet of the cube displays different information in the Periodic
Table (see Figure 4.13.)

PF An Augmented Journey is an adventure game where the learning content is de-
ployed in favor of the narrative. The learning content is part of a story that develops
around exploring a AR 3D world. Players must find and collect parts of a spaceship in
the 3D world by moving within the real environment to help the protagonists fix their
vehicle and continue their journey. The use of 3D AR technology affords participants’
immersions simultaneously in both the real world and virtual information. The gameplay
allows communicating with characters through textual input and output to gather the
information that helps them to complete the task while learning about the sustainability
of the elements (see Figure 4.14).
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Figure 4.13: Periodic Fable Discovery
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Figure 4.14: Periodic Fable An Augmented Journey

PF in the Wild uses a situated learning pedagogical approach by integrating everyday
routine products (e.g.water bottles, bleach, batteries, balloons) as part of the gameplay
mechanics. The game starts with a tutorial that guides the user toward gathering chemi-
cal elements/atoms by scanning codes (markers) allocated to the products displayed on
shelves (see Figure 4.15).

The learning process is scaffolded through the display of the information of the chemi-
cal elements’ properties (2D) (symbolic understanding), with the respective AR tridimen-
sional model of the covalent bonding (microscopic understanding), and finally, the use of
the real component (macroscopic understanding). The learning content is also reinforced
in a mini-game (like word puzzle 3> mechanics) where the user has to create or re-create

chemical compounds or substances.

Shttps://thewordsearch.com/

70



4.3. DIGITAL PROTOTYPE DEVELOPMENT

PF IN THE WILD

MACRO,
MICRO AND
SYMBOLIC

Figure 4.15: Periodic Fable In The Wild

Periodic Fable Games

Figure 4.16: Link to video showcasing Periodic Fable games
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CHAPTER

PF DiscOVERY

This chapter describes the PF Discovery game interaction design and development process

according to its gameplay mechanics, storytelling attributes, and pedagogical methods.

Periodic Fable Discovery was the first of the three games to be developed and aimed
to facilitate the learning of five selected elements (oxygen, hydrogen, carbon, nitrogen,
and chlorine) at various levels of comprehension. Drawing inspiration from Johnstone’s
viewpoint [161], our game seeks to optimize learning outcomes by enabling students to
engage with information at macroscopic, microscopic, and representational levels. We
incorporated Augmented Reality (AR), 2D displays, and 3D animations to achieve this.
The display of the reactions/substances through AR 3D animations (macro), while simul-
taneously showcasing the symbolic representative information of the chemical equation
involved (2D display), helps to create a mental connection between both. The visu-
alization and interaction with a 3D AR molecular structure at a micro-level allow for

displaying the spatial relationship between the chemical elements (see Figure 5.1).

The game relies on a constructivist pedagogical approach, where preteens can explore
and interact freely with the tangible artifact, thus acquiring knowledge about chemical
elements through AR visualizations and tactile information. The user can also create
their tangible interaction system by downloading a paper file with the 2D plan of a
cube dedicated to each one of the chemical elements (total of five) through our website
(see Appendix F) and assembling it (see Figure 5.2). As per Billinghurst, we explored the
combination of tangible, physical interfaces with tridimensional virtual imagery allowing
children to engage and have fun as they learn, facilitating the cognitive load [37] in a

natural and genuine way [52].
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Parabéns! Criaste
Diéxido de Carbono (CO2)!

(o

Parabéns!
Criaste Aménia (NHs)!

Figure 5.1: Understanding of different levels of chemical bonding.

Figure 5.2: Assembling of the cube
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5.1 Storytelling

Previous work demonstrated that character embodiment and storytelling could promote
exploration and discovery in Science learning [293]. PF Discovery followed this approach
by creating stories relatable to the users and integrating information about reactions and
covalent bonding Storytelling is a known device in digital games to engage and maintain
the players’ focus [40]. Storytelling is explored in two of our games (PF Discovery and PF
an Augmented Journey) in different ways, adapted according to the pedagogical aims of
the game.

We explored storytelling as an informative and memorable medium to create a con-
nection between the element’s behavior and the character. Short and simple plots were
created according to the elements involved in chemical reactions/compounds like water
(oxygen and hydrogen), carbon dioxide (carbon and oxygen), laughing gas (nitrogen and
oxygen), the photosynthesis process, and finally, the chlorine antibacterial properties.
The stories were scripted and storyboarded (see Figure 5.3), and assets and animations
were created by the development team at the ITI institute (see Figure 4.12).

PF Discovery makes use of character design and plotting devices (see Figures 5.4
to 5.8) grounded on the properties of the elements and their most common chemical
reactions. Each element has a dedicated short visual story (the longest being 44 seconds)
built on a tightly structured beginning, development, and end. The aim was to create fun,
short and engaging stories using situations and settings children could empathize with.

A vignette-like short story was created for each one of the elements portrayed within
the cube: Oxygen (see Figure 5.4), Hydrogen (see Figure 5.5), Nitrogen (see Figure 5.6),
Chlorine (see Figure 5.7), and finally Carbon (see Figure 5.8).
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Figure 5.3: Storyboard

5.2 Game Mechanics

The game mechanics of each game are designed to incorporate the pedagogical methods
dedicated to that game. As said before, PF Discovery provides the learning content by
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Oxigénio

Figure 5.4: Oxygen and Carbon (carbon dioxide) showcase how the chemical elements
are part of the photosynthesis process, whereas the plants absorb carbon dioxide, and
then oxygen is liberated.

Oxigénio

Figure 5.5: Hydrogen and Oxygen (water) The story revolves around oxygen losing con-
trol while coming down on a toboggan and smashing into hydrogen, thus creating water.

Nitrogénios - A Oxido Nitroso

Figure 5.6: Nitrogen and Oxygen — the story takes place on a stand-up comedy show,
showcasing Nitrous Oxide, commonly known as laughing gas.
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o - )

Figure 5.8: Carbon story showcased these elements as part of the gasified soft drinks with
a funny twist, showcasing the main character burping.

rendering and uploading the virtual information according to each face of the game. The
criteria for this approach is the delivery of content in manageable portions, preventing
children from feeling overwhelmed and facilitating the understanding and assimilation
of the information, following Bruner’s Cognitive Load Theory [47, 155].

The game starts with a short tutorial that guides the children in understanding the
game’s mechanics: how to explore the faces of a tangible cube, gather the elements/characters,
and use them to create reactions. The participant selects one of the cubes (this selection
can be random) and scans one of the markers/images on each facet, generating/uploading

the information linked to that particular pattern.

* Facet 1: Triggers an animation of a 3D character representing a chemical element.
It also provides information about the chemical symbol, including atomic mass,

chemical name, and atomic number (see Figure 5.9, number 1).

* Facet 2 (Habitat): Uploads an image of an apartment building divided accord-

ing to the blocks of the Periodic Table (atomic weight and arranged in horizontal
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Figure 5.9: PF Discovery Interaction Design

rows/periods and vertical columns /groups). We decided to showcase the different
characters in this block/apartment location, creating an analogy (apartment build-
ing vs. location of the element in the periodic table), so children will assimilate the
lodging of the element in the Periodic Table (see Figure 5.9, number 2).

* Facet 3 (Curiosities): In this facet, corresponding AR scenes and 3D models of prod-
ucts that have that element within their composition are visualized. For example, we
depict oxygen as being a compound that can be found on a Pepsi drink, a cleaning
product like Vanish (see Figure 5.9, number 3). Our design took a situated learning
approach, whereby children can connect with the products in their surroundings

and chemical elements.

* Facet 4 (Stories): Capturing facet triggers a short clip (less than one minute) ded-
icated to that particular element’s reaction with other elements (see Figure 5.9,

number 4).

* Facet 5 (Combinations): Capturing facet 5 allows the children to select and explore
the reactions of different elements. We placed icons on the left side of the screen

for the user to select and then explore several reactions (water, fertilizer, ammonia,
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fire, ozone, or to create a diamond) (see Figure 5.9, number 5). Once the user clicks
on the button, the application will indicate what type of creatures/elements are
needed, and the user will be prompted to scan the corresponding cube with the

mobile device’s camera.

« If this activity is performed correctly, the interface notifies the child with a message
congratulating him or her for the reaction just created and showing the elements
that were part of the reaction. Then an animation of the reaction just created plays
out (see Figure 5.9 - number 5). This action also unlocks the possibility of observing
and interacting with the molecular structure just created (see Figure 5.9, number
6).

The game also provides a final reward once the player has explored all the cubes
and assembled a map using a dedicated facet. This gives access to a selfie with the

player’s favorite chemical element/character (see Figure 5.10).

Ta

Figure 5.10: Map assembling

Each element experience ends when the user has explored all the cube facets dedicated
to that element and captured its reactions. The experience can be repeated for the other
cubes until all cubes have been explored. Since no content dependencies have been
designed, each child can explore one, two, three, or all the cubes, consistently achieving
full closure with each experience. A more detailed illustration of the gameplay interaction

is provided in appendix C.

5.3 Game Playtest and Iterations

Like most forms of design, game design is an iterative process. This implies that several
approaches are tested and refined in a cycle process (prototype, playtest, evaluation, and
design iteration) before a final product.
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The initial testing of a digital interactive system is especially critical in developing
serious games for children. It allows for gathering feedback about the game’s concept,
identifying potential issues (usability or not achieving the learning goals), and identifying
weaknesses to improve the final product. When designing and developing apps for chil-
dren, usability is analyzed according to how quickly and effortlessly children accomplish
tasks and how many mistakes they make along the way [87]. Due to children’s growing
use of technology in education, it is important to assess the usefulness and efficiency of
these tools. The usability assessment allows the understanding and readability of the
material, the ability to retain information by its users, and the application function [227].
It also helps to make the information relevant to the user in a specific situation, allowing

for iteration and adaptability.

Designing for children requires distinct usability approaches, including targeting
content narrowly for children of different ages. Because of this, it is essential that usability
testing is performed by a representative sample of the target users [86]. When designing
and developing apps for children, usability is analyzed according to how quickly and
effortlessly children accomplish tasks and how many mistakes they make along the way
[179].

Various usability evaluation techniques have been used to predict usability issues early
in software design to reduce their severity and avoid redoing the design [208, 355]. Us-
ability in learning environments utilized more general metrics like learnability, efficiency,
memorability, user happiness, effectiveness, simplicity, performance, and understanding
[269]. In the following, we describe the methods and results from preliminary studies
and pilot tests with children 9 to 14 years old as informants towards refinements of the
final prototype.

In the forthcoming section, we present the methods and outcomes of preliminary
studies and pilot tests conducted with children aged 9 to 14. These studies aimed to
gather feedback and insights from the participants, which subsequently informed the
refinements made to the final prototype of each game. This detailed account of the

studies and test results contain within the dedicated chapter of each one of the games.

5.3.1 PF Discovery Pilot Test

PF Discovery’s initial iteration and findings were designed to evaluate the children’s ac-
ceptance and satisfaction of the PF Discovery, engagement, and overall feedback from
our target audience. Although the overall assessment showed positive results in AR’s
entertainment value and usability, a preliminary pilot test (N=8) using a mix-method

approach identified the need for minor gameplay interventions.

Procedure

The eight participants, four females and four females aged 8 to 13, were recruited
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through opportunistic sampling. Children were asked about their interest in participat-
ing, and their parents/guardians were contacted and informed of the study. Then the
children and their parents were informed of the protocol and purpose of the research.
Three participants attended private schools, and the other five public schools. The study
took place at ITI - Interactive Technology Institute installations, and it took about 40
minutes for each child to evaluate the game (30 minutes of interaction with the game
and 10 minutes to fill out surveys and answer questions). While one of the participants
was younger than the identified target group (8-year-old), we included him in the study
to gather information about the system’s usability. The study began with a short expla-
nation of the purpose of the preliminary study, which involved a demographic survey
with questions regarding age, gender, and grade level. We also included questions about
previous knowledge of the Periodic Table and AR technology; 2. Participants had to
interact with the game PF Discovery (using the equipment we provided); 3. While the
players interacted with the game, the lead researcher observed and took notes about the
participant’s comments, expressions, and struggles with the technology or equipment;
4. Finally, we applied post-test questionnaires and interviewed the participants. The
Post-test questionnaires included a usability and satisfaction assessment using the Likert
scale with smileyometer (see Figure 5.11) [259] of five levels - "1"for totally disagree and
"5"for totally agree (see Table 1). The interview questionnaire also evaluated participant
satisfaction and allowed us to gather suggestions from our target users. Questions like:
What did you like the most? What didn’t you like? If you had to change anything, what would
it be? Did you find the game useful? Why? What did you learn? Any suggestions to include in
the game?

Figure 5.11: Smileyometer

Evaluation, Results and Reflections
Regarding the technology, half had previous knowledge or had used augmented reality
applications before by playing other games. Three participants, the oldest (13 years old)
of our sample group, had previous knowledge of the Periodic Table content.

While experiencing PF Discovery, our users had high positive scores in Q1, Q4, Q3,
and Q7, with reported high means of engagement and usability (see Table 2).

During the interview, the participants reported that the game’s most enjoyable part
was viewing the character’s animations. Some of the participant’s comments were: "Hy-
drogen is so funny and calm”; "This is so cool! I can see Oxygen is waving at me!"; "The
characters are so cute!”. The comments also show amusement when viewing the product’s

chemical composition: "My helmet has carbon!"”; "My mom uses chlorine to clean.” When

we asked the participants how to improve the game, most of the recommendations were
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Table 5.1: Usability and satisfaction assessment results from PF Discovery

Q# Question | Mean SD

Q1 Iwould like to play PF Discovery again 5.00  0.000
Q2 Iwould recommend the game to friends and family 4.71 0.488
Q3 Ithought that PF Discovery was easy to use 486  0.378
Q4 Ithink that the game is fun to play 5.00  0.000
Q5 Ifound that the various functions in the game were well integrated 4.00 0.816
Q6 I found the game useful 4.57  0.757
Q7 Iwould imagine that most people would learn to use this game very quickly 4.86  0.488
Q8 I felt very confident using PF Discovery 4.57  0.756

undivided and about the color of the character:"Oxygen should be white because it is on the
air"; "Oxygen should be blue because of the sky”; "Hydrogen should be blue because it is in the
water.” The participants also suggested developing more stories: "I like the story of oxygen,
but what about the other elements?”; "I enjoy the story, but why is it only about Oxygen?";
"My cube says Chlorine, but the story is about Oxygen.” The players considered the game
fun and useful (Q4 and Q6): "I think that this game can be useful for my future classes "; "I
like learning like this, it is fun”. Moreover, the children recalled specific scientific informa-
tion: "I created water by putting together Oxygen and Hydrogen "; "The only symbol of the
elements that is not like the names of the characters is Azoto (Nitrogen) "; "Diamonds are made
of Carbon.” The participants were also asked about allocating the chemical elements since
the participants provided no feedback. What is your opinion about this part (location
of the chemical elements within the Periodic Table)? "The building is cute!”; "I think that
the characters are getting a sun tan”; "I think it is funny that the elements are neighbors of a
hotel.” It was eminent that the learning goal was not obtained or understood. From the
observation notes, it emerged that several participants struggled to find specific areas of
information in the cube. The use of abstract markers did not provide enough guidance to
the participants about the areas of information. The participant manipulated the cubes
back and forth (overlooking the written information), gathering the same information
several times. Their comments demonstrated their frustration: "I want to see Nitrogen,
but I cannot find it"; "Where is the part with the objects?” "I want to see all the parts about the

curiosities, but it takes time."”

Conclusion
In sum, this preliminary test confirms the potential of PF Discovery to gather the interest
of a younger population in the topic of the Periodic Table while pointing at some flaws
that needed refinements, for example, the design of Markers that can quickly allow the
users to identify the areas of exploration, and a new design solution to transfer the content

about the allocation of the chemical elements.
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5.3.2 Design Iterations

After conducting our Pilot Study and consulting with two teachers, PF Discovery was it-
erated to tackle some of the identified flaws. According to Allan Harrison et al., analogies
need to support the mental images and the construction of ideas needed to facilitate the
understanding of a concept [17]. The initial concept was to demonstrate the placement of
the chemical elements through a 3D building (see Figure 5.9, number 2). In contrast, the
characters were allocated in apartments indicative of the row and columns used in the
Periodic Table. Even though the aim was to provide learning information and entertain
the students, this analogy was arbitrary and superficial. Teachers suggested using an
analogy that was specific to the standard content used in the context of the classroom and
chemist books (see Figure 5.12, right).
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Figure 5.12: Iteration of analogy used of the position of the chemical elements within the
Periodic Table.

The Marker’s initial concept aimed only to provide enough detail to the system and
upload the information dedicated to that pattern. To guide the user in gathering the
pretended information and facilitate the mechanism of the game, for each one of the
facets of the tangible interface, it was designed icons and graphic elements representing

the area of exploration (see Figure 5.13).

Histéria

Figure 5.13: Tangible Interface changed from abstract images (left) to an icon that re-
flected the area of exploration and the element to be explored.

5.4 PF Discovery Game Evaluation

PF Discovery has been assessed at different moments in formal and informal learning

contexts. We described several conducted studies, results, and insights in the following.
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The aim was to ensure that the resulting theory would have application in practice by "si-
multaneously and iteratively addressing the scientific processes of discovery, exploration,

confirmation, and dissemination.”

5.4.1 StudyI - Periodic Fable: an Augmented Reality Serious Game to
Introduce and Motivate Young Children Towards Chemistry

In this study, we use the PF Discovery high-fidelity prototype for testing theoretical in-
terventions in the active context of informal educational environments. The research
questions (RQs) and methods were grounded in the relevant literature and practical ex-

perience with Periodic Fable Discovery.

PFDaRQ1: Can mobile Augmented Reality serious games significantly affect students’
learning outcomes and motivation compared to traditional teaching methods while exploring

concepts about the Periodic Table?

PFDbRQ2: How can Augmented Reality serious games design elements (technology, aes-
thetics, story, and mechanics) contribute to facilitating the learning process of scientific con-

cepts?

While previous studies with children were conducted comparing a more traditional
method of teaching with digital games in the learning context, we believe that it was
important to address this study in the context of preteens (9-13 years old) in Madeira

Island, where textbooks continue to be the primary tools used to convey the information.

Procedure

After the pilot study previously described, we were able to identify resources, tech-
nological and time constraints needed for the main study. This information guided us
through the different steps and helped us refine our final protocol. Even though the pilot
study worked well, we anticipated the need to have more than one researcher in our
main study. We could also estimate the study time for each condition (approximately
40 minutes). We recruited 30 participants (15 females and 15 males) from three differ-
ent institutions and clubs: Doutorecos (summer camp), Associagcao Olhar (occupational
social association for children), and CAB Junior Basketball (sports club). The study was
carried out on the premises of the children’s institutions and followed the same process
at the different locations: 1) initial contact and scheduling with the institutions; 2) signed

consent forms from the guardians of each participant; 3) and data gathering.

Data Gathering- Pre-test
Both groups had to complete a pre-test questionnaire to collect demographics, tech-
nology usage, and topic knowledge. The learning outcome was gathered using a test
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Figure 5.14: Left: Experimental condition - right: Control condition

consisting of 5 multiple-choice questions, each worth 5 points. The participants had to
answer: 1. What is the symbol for oxygen? 2. What type of compound results when you mix
hydrogen and oxygen? 3. What is the chemical formula for ozone? 4. What product contains
chlorine? 5. Which element is responsible for diamonds?

The same questionnaire (questions randomly ordered) was applied after the interven-
tion in a post-test to assess the effectiveness of the interventions. We also conducted a
final post-test, using the same questionnaire to evaluate the student’s retention and recall
of the information (sometimes referred to as the week-after test or evaluation of knowl-
edge of the topic-retrieval/recall test). However, since the study took place at a summer
holiday club, attendance was not required, and as a result, many study participants did
not return on the week that we conducted the week-after test. As a result, our sample
group was too small, and we decided not to analyze or report the week-after test results.

Intervention

The participants were randomly separated into two groups (one for each condition);
one group used AR (experimental condition) and the other a textbook (control condi-
tion)(see Figure 5.14).

The participants using the AR applications sat at a table where the tangible cubes
were displayed (five cubes for each participant). The researchers handed each participant
a smartphone (Samsung Edge S7) with a previously installed application. They were
instructed to click on the app, follow the tutorial and freely explore the content. The
participants were also informed to raise their hands in case of any doubt or upon finish-
ing the game. Once the game was finalized, the researcher used the same smartphone to
conduct the post-test questionnaire, created using Google Forms. A similar process was
followed for the experimental condition, with the difference in the resource used, which
was a textbook. The textbook provided the same information as the game, like the narra-
tive of each story in written format using some images (clips gathered from animations
in the app), displaying the actions about the covalent bonding of water, ozone, diamonds,
ammonia, and carbon dioxide. Furthermore, it also showed images (once again gathered
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Figure 5.15: Example of some of the information provided in the textbook

from the app) of the molecular structures of the combined elements, products, and sub-
stances that contain such chemical elements, replicating the same information as in the

cubes (see Figure 5.15).

Data Gathering - Post-test

In education, motivation can be defined as the desire that the individual has to engage
in a learning process [74]. To identify the weaknesses and strengths of our design in mo-
tivating the children to learn, we conducted an Instructional Materials Motivation Survey
(IMMS) [196], which is based on the Attention, Relevance, Confidence, and Satisfaction
(ARCS) motivation model [170]. This particular instrument has been validated by several
research studies using technology as a motivational factor in learning [131, 206, 24]. Since
our users were not English speakers, we adapted a translated version [290]. Besides the
post-test questionnaires, two researchers were involved in the study; one observed and
took notes during the intervention, and the other supported and helped the participants
in case of technical difficulties. In the end, the researchers interviewed 9 participants
from the AR activity.

Finally, a comparative analysis was undertaken to determine the participants’ learn-
ing outcomes between those who used the AR app and those who used the textbook
(between-subjects analysis). We also examined and compared pre and post-tests to assess

the learning differences between groups (within-subject analysis).

Results

According to the demographic results, our users were mostly fifth-grade level stu-
dents (53.3 %); others were in the sixth grade (26.7 %), seven (10 %), and eighth (10 %)
grades. The majority of the participants (13) were ten years old (43.3 %); six were 9 (20
%); six were 11 (20 %); three were 12 (10 %); two were 13 (6.7 %). All the users had access
to or owned a mobile device. Most participants were unfamiliar with Augmented Reality

(56.7 %), and only 11 participants had used it previously (36.7 %). We also asked the
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Table 5.2: Learning outcome (Between-subjects)

Method AR Textbook Sig. (2-tailed) | Effect size

Results | (M=11.67, SD=6.98) | (M=6.67, SD=5.56) 0.03 r=.39

students about their familiarity with the content: "Do you know or have you heard about
the Periodic Table of Elements?” Ten students (33.3 %) responded "yes.”

Learning Outcome: A Shapiro-Wilk’s test (p >0.05) and a visual inspection of his-
tograms, normal Q-Q plots, and box plots showed that the difference of post-pretest
results was normally distributed for both methods, Textbook and AR approaches, with
skewness of 0.412 (SE=0,580) and kurtosis of 0.010 (SE=1.121) for textbook method and
skewness of 0.034 (SE=0.580) and kurtosis of 0.047 (SE=1.121) for AR method. Since
normality is assumed, we identify the parametric test as the tool for our analysis. To
evaluate the differences in the efficiency of learning outcomes, we used the post-test’s

total score (0 - 25) minus the pre-test score (0 -25).

We evaluated the difference in these results using an independent T-test to compare
the learning effect of the participant using the AR method compared to the participants
using the textbook method. The experimental group that used the AR app as their
method of learning had higher learning outcomes (M=11.67, SD=6.98) than the group
that used a Textbook as their method of learning (M=6.67, SD=5.56), resulting in a mean
increase (M=5.00, SD=2.306). The difference between means was significant, t (28) =
2.16, (p=0.03) p < 0.05, two-tailed. The effect size is r=.39 representing a medium effect
(see Table tabA).

We also conducted a repeated measures test (since participants had contact with the
learning content before the experience and during the experience) to evaluate the effect
of the activity in both groups, using Paired sample statistical analysis. The total score of
the pre-test (0 - 25) and the post-test (0-25) was again used. The mean number of post-
test (M=13.67, SD=6.68) was higher than the mean for the pre-test (M=4.50, SD=4.01),
resulting in a mean increase (M=9.167, SD=6.706). This increase was statistically sig-
nificant, t (29) = 7.48, p < 0.001, two-tailed. The effect size r=0,45 represents a fairly
substantial effect. In the specific case of Periodic Fable, constructivism /experiential and
situated learning proved to be valid and valuable approaches (PFDbRQ2). The Usability
questionnaire was applied only to the participants that used the system, n=15. Usability
standards are supported by Cronbach’s alpha coefficient report of & > 0.88.

The Usability and learnability dimension of the system is very positive (see Table
6). Since some questions were inherently negative (Q2, Q4, Q6, Q8, and Q10), before
analyzing the results, we reversed them. Learnability factors (involving questions Q4 and
Q10) mean (M=8.66, SD=1.91) imply that the participant’s interaction with Periodic Fable

86



5.4. PF DISCOVERY GAME EVALUATION

Table 5.3: Usability Results

Q# Question Mean | SD

Q1 I think that I would like to use Periodic Fable frequently 5.00 0.000
Q2 I found the system unnecessarily complex 4.40 1.242
Q3 I thought that Periodic Fable was easy to use 4.67 1.047
Q4 I would need the support of a technical person to be able to use this app. 4.27 0.884
Q5 I found the various functions in this app. were well integrated 4.00 1.254
Q6 I thought there was too much inconsistency in this application 4.60 0.828
Q7 I would imagine that most people would learn to use this app. very quickly | 4.40 0.910
Qs I found the system very cumbersome to use 4.53 0.915
Q9 I felt very confident using Periodic Fable 4.60 0.507
Q10 | Ineeded to learn a lot of things before I could get going with using the app. | 4.40 1.242

Table 5.4: IMMS measurement data results

Textbook AR
IMMS measurement | n M SD M SD t
Attention 15 | 47.13 3.889 | 52.53 6.357 | 0.063 > 0.05
Relevance 15 | 35.73 2987 | 39.80 4.828 | 0.029 <0.05
Confidence 15 | 37.13 3.461 | 41.73 3.751 | 0.023 <0.05
Satisfaction 15 | 22.67 3.716 | 27.87 2.503 | 0.003 < 0.05

was easy. The Usability factor (Q1, Q2, Q3, Q5, Q6, Q7, Q8, and Q9) means (M=36.20,
SD=5.36) showed high acceptance of the system. The average System Usability Scale
(SUS) score for our system is 87.1 > 68), which is very positive and considered over
average (see Table 5.3).

Again-and-Again table results to the question: Would you like to repeat this activity
again? Showed a higher enjoyment among the participants using AR as their method to
learn (MD=1.20, SD= 0.41) than the ones using Textbook (M=1.07 SD=0.59)

The overall reliability of the scales on standardized Cronbach alpha was 0.95 (n=30
on 36 items), and the internal consistency for all IMMS scales was 0.75, which suggested
good reliability of the IMMS result. The Cronbach’s alpha values of the four dimensions
were 0.843, relevance 0.857, confidence 0.857, and satisfaction 0.853, respectively.

Results from IMMS displayed higher motivation to learn from the experimental
group (that used Periodic Fable) (M=161,93, SD=15,243) in comparison to those that
used the traditional method (the textbook) (M=142,666, SD =11,505). Analysis of the four
motivation factors underlying user motivation showed that AR-based learning activities
fostered higher levels of attention, relevance, confidence, and satisfaction than traditional
teaching activities. All the factors (relevance, confidence, and satisfaction), except for
attention, showed significant effects when compared to the traditional method (see Table
5.4). We believe that this positive outcome from the Periodic Fable experience results from
the capability of the AR system to visualize the learning content in real-world contexts.
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Table 5.5: AR correlations data results

Learning outcome | Engagement | Motivation

Learning outcome | Pearson correlation | 1 .634** 732%%

Sig. (2 -tailed) .011 .002

N 15 15 15
Engagement Pearson correlation | .634 ** 1 767

Sig. (2 -tailed) 011 .001

N 15 15 15
Motivation Parson correlation 7324 767 1

Sig. (2 -tailed) .002 .001

N 15

Following a constructivism approach, the participants interpret the information through

observation and are proactive in the learning experience by performing practical tasks

to access the learning content. According to Thomas Malone, these results could also be

associated with factors that trigger intrinsic motivation (internal motivation to do some-

thing) like a challenge, curiosity, control, and fantasy [204]. Periodic Fable mechanics

challenge the participants to find and combine the appropriate elements to create a reac-

tion, use fantasy in the characters with analogies to the elements; users have unrestricted

control of the information and decide which elements and areas to visualize, and finally,

the use of stories and AR technology can inspire the children curiosity. Unblocking the

last facet of the cube to assemble a map and then reach the end of the game could also

contribute to extrinsic motivation (a means to reach a goal); however, further research

must be conducted to corroborate these statements. We also conducted a correlation test

to perceive if there was a relationship between the variables motivation, engagement, and

the participant learning outcome performance. Based on the results obtained, there is a

significant correlation between the variables in both conditions.

In the group that used the AR application, there was a statistically significant between

motivation and learning outcome (r=.732, n=15, p=0.002 <0.05), engagement and learn-

ing outcome (r=.634, n=15, p= 0.011 < 0.05) and also the motivation and engagement
(r=.767,n=15, p=0.001 < 0.05). In the group that used the textbook, we also found sta-

tistically significant between motivation and learning outcome (r=.712, n=15, p=0.003

< 0.05), engagement, and learning outcome (r=.620, n=14, p= 0.014 < 0.05). However,

there was no statistical significance between motivation and engagement. In other words,

changes in motivation do not reliably predict changes in engagement or vice versa within

the sample or population under study, (r=.390, n=15, p= 0,151 > 0.05) (see Table 5.5

and Table 5.6).

Regarding the acceptance of the system — motivation and enjoyment —the qualitative
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Table 5.6: Textbook correlations data results

Learning outcome | Engagement | Motivation

Learning outcome | Pearson correlation | 1 .620** T2

Sig. (2 -tailed) .014 .003

N 15 15 15
Engagement Pearson correlation | .620 ** 1 .300

Sig. (2 -tailed) .014 .003

N 15 15 15
Motivation Parson correlation 71274 .390 1

Sig. (2 -tailed) .003 151

N 15 15 15

results from the informal interviews are aligned with the results from the questionnaires
in proving that the Periodic Fable is a highly appreciated and engaging system to learn
about chemistry domains. The children were excited about almost all the system features.
When asked what they liked the most, around 80% answered "Everything!”. More articu-
lated participant’s answers stressed different aspects of the system: "The creatures are so
cute!”; "To see that when I scanned the image something happened!”; "I like to watch the videos

"n,on

and learn about the elements”;

", n

I like when the creature moves and does stuff”; "I like to put

n,on

together things and make reactions”; "To view the curiosities and videos.” When asked "What
didn’t you like?”, the majority answered "Nothing!”. One participant replied: "The app
keeps closing,” and another said: "Sometimes I lost what I was looking at.” We also asked if
they thought the app would help them in school and would like to keep using AR in their
learning activities. 100% replied "Yes.” Our last question was, If they could change any-
thing, what would it be? None wanted changes, except for a student who said afterward:
"Perhaps the color of the characters because oxygen is air and so it should be blue.” During
the observation, we also gathered comments like "I just created water, whoa!"; "I want to

L

see oxygen now"; "This is cool!”; "The creature disappeared, oh!"; "I want to touch nitrogen!".
Their facial expression was also of excitement and satisfaction. While watching the story
clips and characters” animations, more than half of the participants were eager to keep
visualizing the story of each one of the elements. They rotate the cubes to look for the
markers with icons dedicated to that area of exploration and scan them. After viewing
the animation clips, the children would look around for their colleagues and smile. We
also observed that two participants showed frustration because the rendering of the in-
formation took longer (oxygen info). We attribute this to the system not recognizing the
markers because of light conditions and the image on the oxygen cube not containing as
much detail as others. However, as reported in previous studies [202], technical prob-

lems and usability issues can reduce engagement, especially for younger users. In this
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particular case, the gameplay flow was interrupted, leading to the participants’ reactions.
One participant also complained that the mobile device was very hot, and sometimes the

program application crashed.

Limitations and Future Work

Some limitations of this research were related to the technology, especially the mal-
functioning of some markers affected by the light conditions, making it sometimes dif-
ficult for the participants to upload the information and creating frustration. This is a
significant issue because of the young age of the participants, where frustrations and
negative experiences can bias their attitudes towards the subject or the technology in
the future. Luckily in our study, only two users among 30 were affected by this issue;
nevertheless, consideration should be taken towards this potential problem in the future.
Moreover, one user in our study reported the overheating of mobile devices when using
AR, and in this instance, it caused the system to crash. This episode highlights how spe-
cial care and constant supervision of the equipment must be in place during these events.
Furthermore, if the system crashes because of the device’s overheating, a substitute device
should be provided to the user so as not to ruin his/her experience. We believe this work

will benefit from future studies with a larger sample group and expand our age gap.

Conclusion

Based on the results presented in this study, it appears that the AR-based edutainment
application Periodic Fable might be more effective than the traditional textbook method
of teaching chemistry to young first-time learners of the subject. However, further inves-
tigation and additional research are needed to confirm and strengthen this claim. Period
Fable Discovery promoted students’ knowledge of the basic principles of the Periodic
Table and fostered motivation toward the instructional material. The results also suggest
that AR edutainment can be effective in non-formal learning contexts. We believe that
the playful approach to teaching chemistry to young children will help demystify the
perception of that subject as difficult and facilitate their learning experience.

We also propose that to establish a positive role of immersive technologies in ed-
ucation and improve their effectiveness, we need to design the scientific content with
reasonable pedagogical goals according to the cognitive development and cultural reality
of the students, understand the balance between the game elements, and finally evaluate
and verify the effectiveness of the tools according to learning goals. Finally, we advo-
cate for further studies investigating AR potential in young children’s scientific learning
environments, long-term retention, and the novelty effect of the technology. The study
highlighted the need for strategies for attendance on non-formal context studies that re-
quired more than one session (for example, a week post-test questionnaire). Our research

will benefit from testing long-term retention.

This study is part of a publication in the Multimedia Tools and Applications Journal
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2023:

Camara Olim, S. M., Nisi,V., & Romado, T. (2023). Periodic Fable Discovery: An Augmented
Reality Serious Game to Introduce and Motivate Young Children Towards Chemistry. Multi-
media tools and applications, 2023. Included in Appendix C

5.4.2 Study II - Augmented Reality Towards Facilitating Abstract Concept

Learning

This study evaluated PF Discovery learning effectiveness according to the AR experience
being conducted by participants individually or in pairs.

Research shows that students’” performance is affected by different variables of the
learning process while engaging in an activity individually or in a collaborative process
[196]. Some effects are related to intrinsic motivation (performing an action or behavior
because of (enjoying the activity itself), self-efficacy (expectation or belief in the capacity
to solve a task), and self-determination (decision to do something). These results have
been shown in many AR experiences where the activity is performed individually. Studies
also showed a tendency for an active exchange of knowledge while students performed
an AR activity [144]. However, limited research is known about the learning efficacy
when comparing both methods [207]. The study aimed to assess whether using the AR
Serious Game facilitates learning concepts related to the Periodic Table. We also wanted
to analyze whether interventions in pairs had higher gains than individual interventions.
The result helped to obtain insights with a research focus on AR Serious Games design

principles towards facilitating the learning process.

Procedure

We based our study on a Computer Science Club at a public school in Madeira, Escola
Basica de Santa Cruz (see Figure 5.16). We engaged 36 participants, 20 females and 16
males aged 8 to 11 years old. The study was designed as in between study, where 18 par-
ticipants experienced the Periodic Fable in pairs (50%) - Experimental Condition/Group
2, while 18 individually (50%) - Control Condition/Group 1. The study was designed to
explore whether the AR game would support learning abstract concepts, such as chem-

istry basic, in children with no previous exposure to the subject and to explore which

interaction conditions (single or pairs) would yield the best learning outcome.

s = -
a7

Figure 5.16: Participants’ interaction with PF Discovery
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The intervention took place on one day, November 27, 2019. On the intervention
day, after a short introduction to the activity, the participants were asked to answer a
pre-test questionnaire, which included questions like What happens when you combine one
oxygen and two hydrogens? What is the symbol for nitrogen? What formed the ozone? What
products have chlorine in them? What are the elements found in diamonds? After answering
the questionnaire, the participants were assigned randomly to one of the two groups,
using a digital generator code to avoid bias.

While in the control condition, individual students were seated at their desks and
given a set of 5 cubes and a mobile phone to explore the cubes by themselves; in the
experimental condition, students sat in pairs and shared the five cubes and the mobile
phone. Both groups of participants had to answer individually a post-intervention ques-
tionnaire with the same questions as in the pre-intervention questionnaire but posed
differently to assess the learning more accurately. Three researchers monitored the partic-
ipants during the interactions. Observation notes were taken regarding struggles with the
application, the points students seemed to enjoy most, confusion with any of the tasks,
and emotional reactions. The whole experience, including pre-and post-questionnaires,
took 30 minutes. The experiment material consisted of an Android smartphone and five

tangible cubes.

Results

Most of the students (32; 88.9%) had access to a mobile device prior to the study, but
four (11.1%) did not. 15 participants (41.7 %) had access to a mobile device less than a
year ago. 11 participants (30.6 %) had had access to a mobile device for more than a year,
7 (19.4%) had had access to a mobile device for over two years, and only four (8.3%) had
no access to a mobile device. Twelve participants (33.3%) knew or had heard about AR
technologies, while five (13.9%) had already used AR. Only four students (11.1%) had
previous knowledge of the Periodic Table.

The normality of the sample in terms of results was evaluated. Since the values of
Skewness and Kurtosis (p= 0.002) showed that the normality assumption was violated,
we used a non-parametric test. We used the Wilcoxon signed rank test for analysis within
each group, with the game played individually (Control Condition or Group 1) and in
pairs (Experimental Condition or Group 2). The results show that the post-intervention
learning outcome is significantly higher for participants in the Control condition (Mdn
= 2), T= 78, p=0.001, r=0,54 (large effect) as well as in the Experimental Condition
(Mdn=1), T=36, p=0.010, r=0.43 (large effect). In sum, the application had a strong,
positive effect on learning concepts about the Periodic Table in both groups (see Table
5.7).

We also conducted a between-group analysis — using the Mann-Whitney test — with
the same conditions as above. When measuring the children’s knowledge before playing
the game (Mdn=.00) U= 110.00, p= 0.10, r=-0.31(medium effect), the results show that

the difference in learning outcomes between groups was not significant. However, in
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Table 5.7: Within Subjects Learning Outcome Results

Individual intervention  Pair intervention
Total N 18 18
L Test Statistic 78,000 36.000
Within Groups
Learning Qutcome standard Error 12124 6.955
Standardized Test Statistic 3217 2.588
Asymptotic Sig. (2-sided test) .001 010

the post-intervention test, the children that played individually had significantly higher
results than those that did the intervention in pairs (Mdn= 1), U= 98.50, p=0.04, r=-
2.09 (medium effect). Contrary to the findings of Martin-SanJosé [207], the individual
intervention had higher learning gains than in a collaborative setting. We attribute these
results to the fact that the participants that did not share the mobile device had more
freedom to explore the tangible cube, controlling the areas that they wanted to visualize,
the time dedicated to each area, and could repeat the tasks ad libitum (see Table 5.8).

Table 5.8: Between Subjects Learning Outcome

Pre test Pos test
Total N 36 36
Man - Whitney U 110.000 98,500
Between Groups Wilcoxcon W 281.00 269,500
Learning OQutcome  Test Statistic 110.000 98.500
Standard Error 27.842 30415
Standardized Test Statistic -1.881 -2.088¢
Asymptatic Sig. (2-sided test) 060 037
Exact Sig. (2 -sided test) 104 044

We also performed a Whitney U analysis to evaluate if there were any gender differ-
ences in the learning outcomes. From the data, we can conclude that gender differences
were not statistically significant (U=139, p=.519) (see Table 5.9).

The second measurement, related to enjoyment, was gathered through questions
about the participants’ intentions to repeat the experience. This measure is based on
the knowledge that people like to do fun things again (J. C. Read, 2008). We also ana-
lyzed which part of the experience was most enjoyable for the participants by answering
"Yes”, "No", and "Maybe" - 2 questions related to each side of the tangible cube (see Table
5.10).

The users were satisfied with factors about the game’s usability, usefulness, ease of use,
and learnability (see Table 5.11). Question 6 (Q6) had the lowest score (Mean=4,25). Few
children had difficulties when scanning the cube’s images/ markers. Kruskal-Walli’s test

results do not demonstrate any difference in the usability and satisfaction of the activity
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Table 5.9: Results of gender difference in the learning outcome

Within groups Learning Outcome / Related-Samples Wilcoxon Signed Rank Test Summary

Between Groups - Independent-Samples Mann-Whitney U Test summaries

Total N
Test Statistic
Standard Error

Standardized Test
Statistic

Asymptotic Sig.(2-sided
test)

Groups: 1

Related-Sample Wilcoxon Signed Rank Test

Individual intervention
m Positive Differences
(12)

mNegative Differences
(0)

Number of Ties = 6

Total N

18 Total N 18 S
1ann-Whitne
78.000 Test Statistic 36.000 =
Wilcoxon W
12.124 Standard Error 6.955 Test Statistic
3.217 Standardized Test 2.588 ‘Standard Error
Statistic Standardized Test
.001 Asymptotic Sig.(2-sided .010 hizis
test)

Asymptotic Sig.(2-sided
test)

Exact Sig.(2-sided test)

36
110.000
281.000
110.000
27.642
-1.881

Total N 36
Mann-Whitney U
Wilcoxon W

98.500
269.500
98.500
30.415
-2.088

Test Statistic

Standard Error

Standardized Test
ic

Groups: 2

Pair intervention )

Individual

m Positive Differences 1
(8)

N-18

.
m \egative Differences Mean Rank = 21.39
0;

)

Number of Ties = 10

I. )

Pretest

N- 18

Intervention in Pairs
2

o
[Mean Rank = 15.61

Post test

Asymptotic Sig.(2-sided .037
test)

Exact Sig.(2-sided test) .044
Individual Intervention in Pairs

1 2
N-18 N-18

s 3
Mean Rank = 22.03 |Mean Rank = 14.97

Frequency
Table 5.10: Again and Again / Engagement scale
Q# Question Percentage Mean / SD
Q1 | Do you want to see the animations of the elements/creatures again? | 94.4% 1.06/0.232
Q2 | Would you like to watch the stories again? 72.2% 1.25/0.500
Q3 Would you like to make more combinations of elements? 86.1% 0.66/ 0.398
Q4 | Would you like to see the habitat of the elements again? 86.1.1% 1.08/0.439
Q5 | Would you like to see more information about the elements? 80.6% 1.19/0.401
Q6 | Did you learn any information from this experience? 88.9 % 1.11/0.319
between the group’s conditions, x%(1) = 0.22, p = 0.15.
Table 5.11: Usability and engagement data results
Q# Question Percentage Mean / SD
Q1 I enjoy using Periodic Fable 88.9% 4,89/0.319
Q2 It was easy to use the application 55.6% 4,39/0.803
Q3 I knew what to do during the game 75% 4,72/ 0.513
Q4 The instructions were easy to follow 61.1% 4,53/0.696
Q5 I always knew what to do during the game 52.8% 4,11/1.214
Q6 The capture of the information with the markers always worked | 44.4 % 4,25/ 0.770
Q7 The camera never lost the information of the marker 55.6% 4,29/0.926
Q8 The application always read the correct marker 77.8 % 4,67/0.717
Q9 It was a great experience to play the game 88.9% 4,83/0.561
Q10 | Iwas always performing the same action during the game 58.3% 4,36/0.961
Q11 The amount of information was enough 69.4% 4,58/0.692
Q12 | The 3D objects always appeared on my mobile screen 66.7% 4,56/0.695
Q13 There was a tutorial 75% 4,67/ 0.676
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Conclusion

In this paper, we have reported on the design and preliminary study of a Periodic
Fable AR serious game designed to support children’s understanding of abstract concepts
such as those found in chemistry. Our study demonstrated that the AR game facilitated
the understanding of chemistry and learning abstract concepts in non-formal settings.
Further research is needed to categorize its benefits and limitations more clearly and

develop guidelines and appropriate tools to address these challenges.
This study was part of a published paper:

Olim, S. C.,& Nisi, V. (2020). Augmented reality towards facilitating abstract concepts
learning. In Entertainment Computing, ICEC 2020: 19th IFIP TC 14 International Con-
ference, ICEC 2020, Xi’an, China, November 10-13, 2020, Proceedings 19 (pp. 188-204).
Springer International Publishing. Included in Appendix C.

5.4.3 Study III - Periodic Fable Using Tangible Interactions and Augmented
Reality to Promote STEM

This study was designed to understand if the multi-level knowledge construction of the
game can contribute to facilitating the learning of scientific concepts. The aim was to as-
sess PF Discovery technology, aesthetics, and game mechanics as tools that could change

the participant’s affects on chemistry.

Procedure

Twenty participants (aged 11 to 13 years old) were recruited through a local public
school, Escola Basica do 2° e 3° Ciclo do Canico (see Figure 5.17). The teachers collected
the signed forms (sent two weeks before the study) and communicated the number of par-
ticipants to the researchers, who prepared all the resources for the study. Demographic

data and previous knowledge of the topic and the technology were collected.

Figure 5.17: Participants’ interaction with PF Discovery
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The content knowledge test developed by the principal researcher and validated by
the teachers attributed a value of "1"for each correct answer and "0"for incorrect - for a
total of 10 points. The same questions were used (in a different order to avoid bias) in a
post-test conducted after the participants interacted with the game. We used a PANAS
scale and added two open questions to measure the participant’s affects:

1. Do you think that chemistry could be your favorite school domain? 2. In the future,
would you like to study or have a profession in chemistry?

We also conducted an informal interview with each child, with open questions like
"Did you like the game? “, “why?”, "What would you change?”, "What is your opinion about
the game? ", and took observational notes during the intervention. After verifying the
consent forms as per the guardian’s authorization to film, we recorded the interaction of
the participants with the game. This provides insights we may have missed while taking

the observation notes.

Results

The female participants had more experience with AR technology and knowledge

about the content (see Figure 5.18).

20 participants from 6° grade

n= Age

7 participants 11 year old

10 12 lj |

8 13 10 male 10 female
Experience with AR technology: 5 “yes” 6 “yes”
Notions about some topics on the chemistry school curriculum 4 “yes” 6 “yes”
Idea or notion about what is the Periodic Table about 4 “yes” 6 “ves”

Figure 5.18: Demographics Results

We assessed the normality of the distribution of the learning scores of the participants
to find what type of analysis to perform. Our result Sig. p =.593 of the Shapiro-Wilks
suggested no violation of the assumption of normality. We used a between-subject para-
metric independent paired T-test using the post-test and the pre-test results. The learning
outcome results after using the PF Discovery game are higher (M=5.80, SD=2.46) than be-
fore using the game (M=4.65, SD=2.73). This difference was positive, t(19)=2.42, p=.026,
and represents a large effect, r= .48 (see Figure 5.19).

The result of the perception of chemistry after interacting with the game showed a
decrease in the negative affects pre-results (M=1.50, SD=0.82) vs post-results (M=0.70,
SD=0.73) and an increase in the positive affects pre-results (M =1.10, SD=1.02) vs post-
results (M=2.20, SD=1.05) (see Figure 5.20). However, in the answers to the question "Do
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Figure 5.19: Learning Outcome Results

you think that chemistry could be your favorite domain? only six said "yes”, two said "no”,

and 12 said "maybe”. Also, their answer to the possibility of having chemistry as a future

profession, only five participants said "yes”, four said "no” and 11 "maybe”.
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Pretest negative results @ PostTest negative results Mean 0.800, SD= 1.056 t= 3,387 p =0.003

Pretest positive results @ PostTest positive results Mean 0.900, SD=1.210 t= 3,327 p =0.004

Figure 5.20: Negative and Positive Affects Results

At the beginning of the game, two participants were sitting, but as the game went

along, they started to stand up to move around to get closer (by moving the mobile phone)

to the characters. The game incentives a cooperative environment. Participants smiled

and communicated with other colleagues, giving tips on how they gathered some chemical

reactions:

"I bet that Oxygen is going to create air", "Have you seen this?". The game shows

97



CHAPTER 5. PF DISCOVERY

potential to promote chemistry literacy and symbolic representation by the participant’s

non

comments when viewing the information: "whoa! I just saw Hydrogen waiving at me", "I am

"non ron

only missing Chlorine story,” "I just made water!”, "Now I have to put together Nitrogen, the
"N"and Oxygen, the "O""What am I going to get now?". The aesthetics and the animations
were appealing to the participants: "Hydrogen just burped...laugh”, "The characters are so
cute!”.

The overall feedback was positive. The satisfaction was apparent "I liked everything”,
"I like it, can I download it?". The children realized that playing the game could enhance
their future chemistry classes: "I like looking at the molecules... this will prepare me for my
future classes”, "I think this game is going to be useful for my classes”. The stories and charac-
ters played an important role in engaging the children: "I enjoy viewing the stories,"”"I will

nn

put shoes on the characters,"and "Oxygen is cool,”"I think that the characters and animations
were amazing!”. One participant reported a technical issue during the game: "I did not

like when I scanned oxygen, and the information was not showing up.”

Conclusion

Periodic Fable Discovery’s objective is to entertain children while engaging them
with the basic of chemistry and the Periodic Table. Using an interdisciplinary approach
allowed the unfolding of our design choices from content aesthetics, game mechanics,
interaction design, and technology, providing adequate methods for our users. The over-
all balance between all the game elements to create an entertaining experience while
engaging children with STEM subjects worked well. Periodic Fable Discovery aesthetics
appeal to our audience by using fun characters and mimicking each element’s properties.
The display of the characters within the AR tridimensional Periodic Table (columns and
rows demonstrating the group and period to which the elements belong) is an innovative
framework for allocating the chemical elements within the Periodic Table. The exhibit of
compounds containing the game elements created curiosity in our users and instigated
them to look for more information. The AR technology allows game elements to foster
children’s engagement with the scientific subject. The creative process was not limited by
AR technology. AR supports different digital formats providing flexibility when adapting
content knowledge to children, e.g., using 2D video clips to display short stories about
the bonding of the elements, 3D animations to showcase the properties of the elements
and 3D AR display of molecular structures.

The manipulation of the cube to gather the information is accessible and stimulating,
which incentives the user to engage with the learning process. The quality of the graphic,
organization of the information, and language used in the app proved to be adequate for
the target group, facilitating the understanding of the information. An active exploration
of the cube facets invites a more exploratory approach and becomes easier to learn as it
reduces cognitive load.

Finally, the user study’s quantitative and qualitative results showcase an opportunity
for using similar guideposts to develop apps to engage children with STEM domains and
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facilitate learning content.

Limitation and Future work

While a tentative was made to include children in the initial design process (10 stu-
dents), their feedback was mainly directed at the character’s color, with no concise opinion.
Another feedback was to add more stories to the app, which can create frustration for the
children. Also, AR technology can lead to equipment overheating and battery draining.

Despite the enthusiastic results obtained, we want to replicate the study with a larger
number of participants to validate our results. We also believe that a longitudinal study
to identify the use of these tools in the students’ perseverance in science education and its

effects on spatial skills development will benefit the research and educational community.

This study is part of a published paper at:
Camara Olim, S. M., Nisi, V., & Rubegni, E. (2023, February). "Periodic Fable Discov-
ery"Using Tangible Interactions and Augmented Reality to Promote STEM Subjects. In Pro-
ceedings of the Seventeenth International Conference on Tangible, Embedded, and Embodied
Interaction (pp. 1-15) - (see appendix C).

5.5 PF Discovery Studies Discussion

In the following, we reflect on the results from the studies with PF Discovery, some with

similar findings and significant positive effects.

5.5.1 Discussion - Study I

The specific research questions of this study aimed to understand whether Augmented
Reality serious games while exploring concepts about the Periodic Table affect learning
outcomes and student motivation compared to traditional teaching methods (PFDaRQ1).
We also sought to investigate how AR serious games design elements (technology, aes-
thetics, story, and mechanics) contribute to facilitating the learning process of scientific
concepts (PFDbRQ?2).

Quantitative and qualitative positive results confirmed that children could benefit
from the affordance of Augmented Reality games to explore content in the chemistry do-
main for the first time. The visualization of 3D information, instead of using the printed
information of the textbook, resulted in a more effective method for understanding the
content administrated, similar to the findings of P.Maier and Klinker [203]. While the
participants that used the textbook had to rely on the mental images and the reading of
the material to understand the information, the experimental group transfer of informa-
tion was facilitated by the visualization of the content using the AR technology, as per

Dunleavy et al. findings [90].
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Using a participatory design approach towards the use of proper analogies and aes-
thetics, selecting and validating the information considering the different educational
stakeholders were crucial in the effectiveness of the Periodic Fable. Children’s learning
motivation towards the Periodic Table also showed significant statistical results advocat-
ing that AR game-based applications are more likely to motivate the learning activity
than a more traditional method. These results are consistent with the results of other
studies claiming that AR-based applications promote higher levels of motivation than
traditional teaching methods.

We also believe that the higher learning outcome results from the game balance of the
elements corroborating Jessy Schell [292] claims, whereby each game element is part of a
whole system and supports each other to help the user experience. The game mechanics
with a constructivism approach provided freedom and control over the time and type
of information the user wanted to explore, allowing a proactive and dynamic learning
process.

When scanning the markers and "revealing"the information, the children’s comments
and attitudes demonstrated that PFD engages, creates interest, and develops children’s
curiosity toward the content. The use of analogies, fun stories, and links to the children’s
environment (routine products) also contributed to their continued desire to explore
the different areas. The use of simple icons and images to illustrate how to interact
with the areas of exploration avoided the employment of extended written instructions,
making the user focus on the content and facilitating the gameplay mechanics. The
characters’ aesthetics and animations were appealing, hankering the children’s interest in
viewing the elements’ representation by rotating the cubes to gather the corresponding
marker. The observation confirms their enthusiasm once the stories and other digital
information are visualized. There seems to be a compelling reason to argue that an ideal
entertainment and learning experience results from the combination of pedagogic (using
the collaboration of educational stakeholders) delivered with the support and adequacy

of game balance elements (technology, mechanic, aesthetics, and storytelling).

5.5.2 Discussion-Study II

The results of study II reinforce the positive effects of gaming techniques and AR tech-
nologies in the engagement and motivation of the students [37].

According to the answers from the questionnaire, the AR visualization of the animated
characters/elements introducing themselves to the players was the most enjoyable part
of the experience. Hence we can infer that the creatures/elements’ captivating characteri-
zations as funny-looking, intriguingly futuristic characters were a successful factor in en-
gaging the children. The participants’ reactions show they enjoy combining the elements
through the cube facets that triggered the AR scenes. One of the students commented
aloud, "I just made water!"and another responded, "I just created a diamond!"According
to the data, the 2D animated short stories about the elements were the least captivating
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part of the experience. Overall, the participants acknowledged learning something new
about the Periodic Table. The data also show that the application increased the children’s
curiosity regarding other chemical elements.

The preliminary study results reported that our game has positive learning outcomes
regarding basic Periodic Table concepts in non-formal settings. Our results also show that
there is potential in combining smartphones and Augmented Reality in non-formal spaces
to facilitate learning content that is not available through the school curriculum. This
helps to create intrinsic motivation toward future STEM subjects. Young students who
came in contact with chemistry through the Periodic Fable game for the first time could
learn while engaging in the activity. However, we need to study further if the engagement
and motivation of the users also result from the novelty of the technology. Our student
participants were excited about technology because they were part of a Computer Science
Club. We need to conduct studies with students from other areas to avoid bias.

Exploring the tangible cube’s faces to gather/visualize information was an intuitive
and rewarding process. Nevertheless, some technical challenges were identified regard-
ing the ease of use of the Augmented Reality application. Technical problems such as
tracking loss made the interaction difficult for some. Since our application depended
on image-based tracking, the experience stopped when moving away from the marker.
This was frustrating to some children who wanted to view the animations without being

interrupted. Other technical limitations when using AR marker-based technology are

* dependency on light quality to read the images/markers;
* delays in the rendering of data;

* over-heating of the equipment;

* battery consumption;

* the need for robust equipment with the required sensors (gyroscope, accelerometer,

and compass).

The results of the study enabled us to distill insights that could be beneficial when

designing an AR serious game for a young audience:

1. Find the appropriate pedagogical framework for the content to be delivered, AR

benefits situated, and constructive methods.
2. Pay attention to the adequacy of aesthetics to the age range.

3. Design analogies and metaphors carefully, ensuring that they support the mental
images and the construction of ideas needed to facilitate the understanding of the

concept.

4. Balance the amount of information delivered with the usability load to avoid cogni-

tive overload.
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5.5.3 Discussion Study III

This study reflects on the design and development of an AR and TI educational game to
support children’s understanding of abstract concepts in science. This study focused on
introducing the content: the properties of the chemical elements, bonding and chemical
reactions, molecular structure, and location of the element found in the Periodic Table,

using tangible interactions.

As in previous studies, the design choices were guided by a participatory design
process including teachers, chemistry specialists, and game experts and evaluated by chil-
dren. The quantitative results showed significant results in the learning outcome of the
participants, increased their positive affects, and decreased their negative affects. These
results are supported by the qualitative data, which showcased the children’s enthusiasm
and engagement with the content.

Overall, we found that the AR technology supports different digital formats provid-
ing flexibility when adapting content knowledge to children, allowing the interaction
with chemistry content on a symbolic, macro, and micro level, and facilitating chemistry
understanding. The display of the reactions/substance using AR animations (macro)
while simultaneously showcasing representational information of the chemical equation
involved in such reactions (symbolic) helps to create a mental connection between both.
At a micro-level, the visualization and interaction with a molecular structure allow for
displaying spatial relationships between the elements. Children can view all the elements
and their covalent bonding, helping to create a more accurate mental process of this phe-
nomenon compared with a more traditional method of learning, as per previous claims
by Uce, Musa, and [lknur Ceyhan [333].

The mechanics of the PF AR system (scanning the markers to get the information)
created a feeling of anticipation, promoting the children’s curiosity and leading them to
gather the information. We believe this is also linked to the aesthetics and animations
used to provide the content. The characters/elements and the stories were designed to be
appealing and funny to the children while providing learning information through the
analogies and narrative plot. According to Jessy Schell, balancing these game elements
(aesthetics, story, mechanics, and technology) can enhance the user experience [292]. The
mechanics also incites the participants to explore the content and view information re-
lated to their real-world (products that contain such elements), promoting a constructivist
learning approach. The physical cubes, besides being intuitive and easy to use (grabbing
and rotating), provide the children with a stronger sense of direct stimuli and a realistic
feeling of the experience by directly interacting with the virtual world.

As previously stated, stakeholders from different areas of knowledge and expertise
contribute in different ways. Teachers can help filter the adequate scientific information
to showcase according to students’ characteristics helping to adapt mechanics, aesthetics,
and assets towards the learning goals, convey the proper analogies, and provide methods

to reinforce the learning content. Game designers can support usability issues, playability,
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and balance of game elements. Finally, children’s usability evaluation allows us to see

their natural interaction with the game’s features validating or not our design decisions.

We believe that the symbiosis between learning content, human factors (teachers,
designers, and students), and technologies (AR and TI) can affect the rapid development
of individual interests in chemistry. AR function appears to be a promising avenue
for promoting students’ long-term engagement in science. It can also provide a novel
interface parallel to the use of tangible physical interaction that stimulates the senses
with benefits to the cognitive process of children while engaging and motivating towards

more abstract domains.

5.5.4 Summary of Lesson Learned

The results from quantitative and qualitative data gathered through our conducted stud-
ies provide essential insights about PF Discovery efficiency according to its usability,
learning outcome, affects towards the domain, engagement with the app, benefits, and

limitations of the technology.

When comparing AR serious games with a more traditional teaching method, we can
conclude that PF Discovery can complement chemistry lessons by providing different
levels of understanding. Teachers can use this technology for the visualization of reac-
tions/phenomena at a Micro level (e.g., displaying a 3D AR model of the bonding of
atoms and molecular structure, not visible to the naked eye, thus making it harder to un-
derstand), simultaneously providing the visualization of the same reactions/phenomena
in a symbolic level (providing 2D representation of the formulated chemical equations)
and finally consolidating the learning process, by showcasing videos/animations of the
created substance/reaction (leading to its understanding at a Macro level). This approach
also offers students who are encountering this content for the first time the understand-
ing that there exists a correlation between these understandings instead of fragmented
information. It was possible to expand the information into these different levels, since
AR can integrate different mediums, such as 2D information, 3D models, animations, and
videos, into a single system. This allows designers and developers to be more creative
and adapt the content according to specific learning goals without significant constraints.
This feature benefits chemistry and other STEM domains that employ diverse approaches

to grasp abstract concepts.

Finally, we believe that the visualization and interaction with the AR 3D informa-
tion also mitigate the occurrence of student misconceptions, which may be harder to
detect by teachers through conventional evaluation methods (which often rewards the
memorization of information), which is supported by previous research [326, 333]. AR dy-
namic visualization facilitates the transferring of information into mental models, which
through a book (2D diagrams and text), is more complex since it lacks essential data for

chemistry like depth.
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While PF Discovery provided better results than the traditional method of teach-
ing/learning, the use of a participatory design process with feedback from teachers and
chemist specialists was critical towards the use of proper analogies, aesthetics, select-
ing and validating the information, and exploring pedagogic methods to facilitate the
learning process.

PF Discovery manipulation of the Tangible Interfaces to uncover the information gave
participants a sense of control and freedom, whereby they could select, view, and in some
cases, review the content. The action of rotating the 4 x 4 object, while natural, provides
the opportunity for the exploration and "discovery"of the virtual information leading to
excitement, fun, and anticipation, boosting preteens’ curiosity. Furthermore, according
to Zimmerman, this type of activity also can provide the opportunity to develop spatial
skills [369].

Simple mechanics avoided the employment of extended written instructions, mak-
ing the user focus on the content and not on the system per se. We can conclude that
PF Discovery gameplay mechanics promote a constructivism learning approach allow-
ing a proactive and dynamic learning process. Study II showed that the participants
that engaged individually with the app had better learning outcomes than those that
interacted with the app in pairs. In the interaction in pairs, while collaboration was
essential, the participants had less time and control to manipulate the cubes and obtain
the information, meaning that the constructivism process was less effective. In this note,
using the participant’s context (routine products) to convey the information facilitates
understanding the concepts and makes it more memorable and relevant. Participants can
remember the information and perceive that chemistry is not only a subject within the
school curriculum but is part of their lives.

To conclude, the motivation and engagement of the participants, according to the
results from the qualitative and qualitative studies, were eminent. Study I corroborates
this by the significant positive results of correlated data between the Learning outcome,
Engagement, and Motivation. Participants showcased engagement with the app in all
the studies, resulting in significant positive results in the learning outcome, engagement,
and affects on chemistry. We attribute these results to the use of the balance of game
elements, pedagogic, and iterations according to the game dynamics (see Periodic Fable
Game Design Framework Approach 2.7). The characters/elements and the stories were
perceived as appealing and funny to the children while providing learning information
through the analogies and narrative plot. The participants’ reactions show they enjoyed
combining the elements through the cube facets that triggered the AR scenes. Besides
helping to guide the users through the game and providing feedback, the gamification
elements promoted the user’s sense of self-efficacy, competence, and satisfaction when
finishing each task.

As per the reported results of study III, we believe that the symbiosis between learning
content, human factors (teachers, designers, and students), and technologies (AR and TI)

can affect the rapid development of individual interest and long-term engagement with
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chemistry. It provides a novel interface parallel to the use of tangible physical interaction
that stimulates the senses with benefits to the cognitive process of children while engaging

and motivating towards more abstract domains.
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CHAPTER

PF AN AUGMENTED JOURNEY

In this chapter, we describe PF An Augmented Journey interaction design and develop-
ment process according to its gameplay mechanics, storytelling attributes, and pedagogi-

cal methods.

The second game, originally intended as a continuation of PF Discovery, can be played
as a standalone experience. Periodic Fable An Augmented Journey is an adventure
game with an expository and consolidating approach (closer to a traditional pedagog-
ical method). In the game, the educational content is introduced at the start, followed by
a narrative-driven progression that leads the player to use this knowledge (consolidation)
on tasks (aligned with specific learning objectives) to complete the game successfully.

Like previous work by Ferraz et al. (2021), we intended to use storytelling as a ped-
agogical method to foster students’ interest in chemistry [109]. Prior research demon-
strated that children could immerse in a narrative, leading to raise interest and change in
attitudes towards the learning of sciences [197]. Furthermore, if the child is emotionally
engaged with a fictional world and character, their interaction with the content is more
memorable and easier to remember [195]. Following this assumption, PF an Augmented
Journey exploits a fictional world (a tri-dimensional map) (see Figure 6.1) and character
design (see Figure 4.7-4.8), promoting the full involvement of the child in the activities,
and providing the sense of being part of the narrative (immersion). Exploring the 3D AR
world, besides promoting the interaction between the real world and digital information,
simultaneously provides a physical activity linked to conceptual understanding of the
educational content, helping with its visuospatial comprehension [297]. Furthermore,
the use of 3D AR technology affords participants’ immersions simultaneously in both the

real world and virtual information.

Storytelling reminds an important teaching and learning tool when adapted meaning-

fully to a school topic, leading to reflection, critical thinking, and a deeper understanding.
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Start point

Obstacles where the player has to
create a reaction

Contact with depleted elements

() » 9 and gathering of reward (piece of
spacecraft)

Figure 6.1: Players can navigate the entire three-dimensional map by successfully over-
coming obstacles, unlocking the subsequent module of the map, and the next task.

By incorporating motives or incentives within the narrative structure, children are more
likely to engage actively and willingly in learning. PF storyline uses an altruistic ap-
proach, where the children are presented with the opportunity to help solve a problem
(fix the spacecraft to help the characters go back to their planet) while acquiring content

knowledge (see Figure 6.2).

The gameplay is also designed for the players to communicate with characters through
textual input and output to gather the information that helps them to complete the task.
The communication with the characters permits an emotional connection with the players
as they learn about the sustainability of the elements. This is supported by Sherry Ruan’s
insights, where character bonding was associated with engagement and interest in the

learning domain [276] (see Figure 6.3).
The gameplay was designed to promote the children’s problem-solving skills by ap-

plying information about the bonding of the elements to overcome some challenges (ob-
stacles). For example, if an empty lake stops the game character, the player must select
water as the correct compound to overcome the obstacle. Once selected, the player can
see oxygen and hydrogen atoms joining and transforming into water. The chemical equa-
tion of the water is also showcased while the combination of the atoms is happening.
This approach follows Johnston’s theory of multi-level knowledge construction process
[160]. As such, the game provides the visualization of the molecular structures used in
the reactions selected to overcome the obstacle (micro), shows its symbolic representa-

tion, and finally, provides an animation of the created compound/reaction (macro) (see

107



CHAPTER 6. PF AN AUGMENTED JOURNEY
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The PF an Augmented Journey
call for action

The story begins with our characters on a recognition flight inside their spaceship.

Some characters play games, sleep, and others spend their time reading to kill time.
Suddenly the spaceship is hit by & meteor!

The situation is critical, and the equipment starts to malfuncticn

The alarm goes on!

The spaceship loses control and is taken out of orbit towards planet Earth.

The player explores the 3D world, dialogues with the characters an overcomes cobstacle.

The spaceship is fixed and the joumey continues.

Figure 6.2: Narrative Development of PF an Augmented Journey

Durante séculos que me tém usado para produzir ligas metdlicas. = i, - overuse to control this problem, | will DISAPPEAR!

Zinco: Estou velho e desgastado... My eyes are burning from all the atmospheric pollution. However, if | am L

/Tempo: 2:41.70 - A ¢ 3 107 Pontuagao: 880

Figure 6.3: Player dialogue with characters learning why these elements are in danger of
depletion
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Figure 6.4). As in traditional teaching methods, the repetition of this activity promotes

the consolidation of the acquired knowledge.

Figure 6.4: Multi-Level Understanding from left to right: Symbolic, Micro and Macro

6.1 PF An Augmented Journey Game Mechanics

As said before, PF and Augmented Journey is deployed in favor of the narrative as a
medium to provide the content knowledge. The game starts with displaying the story plot
through an animation showing the characters/elements (Oxygen, Hydrogen, Chlorine,

Nitrogen, or Carbon) together on a space trip.

 After being hit by a comet, their spacecraft is taken out of orbit and crashes into our

world (see Figure 6.5, number 1).
* The player can select their main character (see Figure 6.5, number 2)

* A short animation shows the composition of some compounds/reactions needed

later in the game to overcome some barriers (see Figure 6.5, number 3).

* The tutorial then asks the player to use the device camera to scan and recognize a
pattern in the surrounding real world to anchor the tri-dimensional AR world 6.5,

number 4).

* The player is asked for action - helping to find the aircraft pieces (see Figure 6.5,

number 5).

» Using a digital joystick, the player navigates the AR world, reaching some barriers
that must be overcome by selecting the appropriate chemical compound or reaction
(see Figure 6.5, number 6).

* If the player selects the appropriate compound/reaction, an animation is displayed.
Also, a 3D AR model of the molecular structure is revealed (see Figure 6.5, numbers
7 and 8), and the obstacle is vanquished. A message, “"please try again!” and sound
feedback indicates the answer is wrong.

* Throughout the game, the player also meets other elements (Helium, Zinc, Arsenic,
Platinum, and Silver) and receives information on why they are almost depleted or

in critical danger (see Figure 6.5, number 9).
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* As the player overcomes obstacles and interacts with other characters, he/she gath-
ers content knowledge and a reward (parts of the spacecraft) (see Figure 6.5, number

10).

* The game ends once the player has explored the entire 3D world and gathered
enough pieces to fix the spaceship. A congratulatory message is then displayed,
and the player can obtain a final reward-Selfie with the characters (see Figure 6.5,

number 11). We also provide a detailed description of the gameplay in appendix C,

IDC publication page 3.

Escolhe a tua personagem

€ selection of reaction

® Muito bem! )
Encontraste uma das pegas da nave!

Tempo: 8:29.01 Pontuacio; 800

)

© Dialog with characters () Rewards

Figure 6.5: The PF an Augmented Journey Game Mechanics
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6.2 PF an Augmented Journey Game Playtest and Iterations

This section described the first exploration assessment of PF An Augmented Journey and

posterior iterations according to the feedback and results.

6.2.1 PF an Augmented Journey Pilot Test

Using the same sample group, we conducted a pilot study for PF and Augmented Journey
and PF in the Wild. In the following, we present initial findings regarding the children’s
acceptance and satisfaction of PF An Augmented Journey usability, engagement, and over-
all feedback from our target audience. Although the overall assessment showed positive
results in AR’s entertainment value and usability, a preliminary pilot test (N=7) using a

mix-method approach identified the need for minor gameplay interventions.

Procedure

Our seven participants, three females and four males aged 11 to 13, were recruited
through opportunistic sampling (see Figure 6.6). Children were asked about their interest
in participating, and their parents/guardians were contacted and informed of the study.
Then the children and their parents were informed of the protocol and purpose of the
research.

Figure 6.6: Participants PF an Augmented Journey game interaction

The participants attended different public schools, and only three students had some
previous knowledge of the content. The study took place at ITI - Interactive Technology
Institute installations, and it took about one hour for each child to evaluate both games.
The study began with a short explanation of the purpose and followed the same protocol
for both games: 1. A demographic survey with questions regarding age, gender, and grade
level. We also included questions about previous knowledge of the Periodic Table and AR
technology; 2. Each participant received a mobile device (Samsung S7 edge smartphone)
with installed games; 3. The first game was Periodic Fable and Augmented Journey. While
the participants played, two researchers observed and took notes regarding struggles,
doubts, expressions, and comments; 4. Finally, we applied post-test questionnaires and
interviewed the participants.

We used a PANAS C test [350], a shortened version of the PANAS (Positive and Neg-
ative Affects Scale) adapted for children (20 items), to evaluate the entertainment value
and the affects of the Apps on the participants. According to Watson et al., Positive
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Table 6.1: Usability and satisfaction assessment results from PF an Augmented Journey

Q# Question Mean SD
Q1 Iwould like to play PF an Augmented Journey again 5.00  0.000
Q2 Iwould recommend the game to friends and family 486  0.378
Q3 Ithought that PF an Augmented Journey was easy to use 4.86  0.488
Q4 Ithink that the game is fun to play 5.00  0.000
Q5 Ifound that the various functions in the game were well integrated 3.71  0.756
Q6 I found the game useful 5.00  0.00
Q7 Iwould imagine that most people would learn to use this game very quickly 4.57  0.757
Q8 Ifelt very confident using PF an Augmented Journey 429  0.756

Affects (PA) represent the extent to which an individual experiences pleasurable engage-
ment with the environment. A high PA score indicates emotion, such as enthusiasm and

alertness. In contrast, a low PA score characterizes emotions such as lethargy or sadness.

The Post-test questionnaires included a usability and satisfaction assessment using a
Likert scale with a smileyometer [259] of five levels - "1"for totally disagree and "5"for
totally agree (see Table 1). The interview questionnaire also evaluated participant satis-
faction and allowed us to gather suggestions from our target users. Questions like: What
did you like the most? What didn’t you like? If you had to change anything, what would it be?
Did you find the game useful? Why? What did you learn? This information was also crucial

for our games’ continuing evaluation and iteration.

Evaluation, Results, and Reflections

Regarding the technology, five of the seven users had previous knowledge or had
used augmented reality applications before. Three participants, the oldest of our sample

group, had knowledge of the Periodic Table content.

While experiencing PF an Augmented Journey, our users had higher Positive affect
scores with Mean Scores (M=18,57; SD= 3.04) than Negative affect Mean Scores (M=6.28;
SD= 0.95). These results show that the participants were engaged with the game. The
results obtained in Q1, Q2, and Q4 (see Table 6.1), where the players reported high means
of engagement, also confirm this.

In addition, the participants reported during the interview that the most enjoyable
part of the game was exploring the 3D world environment through the knowledge ac-
quired about using chemical reactions/compounds to overcome obstacles. Children
lamented the lack of interaction with some characters representing the "almost depleted
chemical elements."Participants said "I want to interact more with these characters”, and "I
did not feel they were doing anything in the game”. When we asked our participants how

to improve the game, their answers reflected previous statements: "make the endangered
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elements/characters more interactive and more expressive”. Upon these comments, the re-
searchers noticed that their facial expressions and movements were almost unnoticeable
since the characters were displayed on top of the large virtual world. While this reveals
a design flaw that can be corrected, on the other hand, these comments highlight the en-
gagement and empathy of the children with the characters and their struggles, pointing at
the potential of characters’ persuasion and narrative immersion in delivering important
messages through such games. While this has been investigated in media and communi-
cation studies [222], further investigations could target the specifics of serious games and
AR games.

The players considered the game easy to play and useful (Q3 and Q6), and it allowed
them to learn about chemical reactions/compounds: "I think this is good for learning, and
I need to use the right compound to keep going”; "I like learning like this, it is not boring”.
Moreover, the children recalled specific scientific information "I learned that ammonia at
room temperature is a gas"; "Water is created with oxygen and hydrogen"”; "Carbon is on a
diamond"; "I learned the symbols of the chemical elements”. Although we need to undertake
additional studies to test the learning effectiveness of the app, these answers confirm
the potential of the technology for learning. From the observation notes, it emerged that
several participants struggled to start the game. It was noted that the digital graphic
joystick implemented to move characters through the 3D environment was not intuitive
or easy to use. Improvements in terms of simplification of usability and instructions are
needed.

In sum, this pilot evaluation confirms the value of PF in the learning of Chemistry and
fostering of spatial reasoning while pointing at some flaws and improvements. All users
engaged and enjoyed both games, with PF An Augmented Journey being more exciting
than PF in the Wild (evaluated simultaneously with results provided in Chapter 8). We
can infer that refinements on fixing the graphic Joystick of PF Augmented journey can
improve its usability. The use of AR in dialogues with the character can be overlooked,
losing its impact. Close up of the character while expressing emotions is needed to create

empathy.

6.2.2 PF An Augmented Journey Design Iterations

While AR can enhance the child’s experience by allowing the visualization of real objects
within the real world, it may not be the most effective tool for generating empathy in
a scenario with dialogues. The players reported the need to have a close-up view of
the character’s expressions and other detail, and being distracted by the background
(real-world) made it hard to follow the dialogue and feel an emotional connection (see
Figure6.7).

The joystick design was improved by augmenting the size and providing visual feed-
back at the beginning of the game on how to move (left, right, up, and down). Some bugs

were also fixed, and the game was optimized.
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Prata: Obrigadal
Este ganancioso tem dado cabo da minha familia, s6 para criar j6ias.

Prata: Obrigada!
Este ganancioso tem dado cabo da minha familia, 56 para criar jéias.

——
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Figure 6.7: The use of AR (right) was substituted by uploading video animations (left)
after reaching the characters to create an emotional connection with them and the topic
that was being presented, the sustainability of the chemical elements.

6.3 PF An Augmented Journey Game Evaluation

After the exploratory study and game iterations, we used the high-fidelity game prototype

to continue our research.

6.3.1 Periodic Fable Augmenting Chemistry with Technology, Character, and
Storytelling

In this study, we address the use of game elements within AR Serious Games, focusing
on character design and storytelling to promote interest in Chemistry. We assessed the
role of storytelling through levels of narrative transportation as a mechanism that can

improve preteen perception and learning outcomes of chemistry.

Procedure

On the day of the study, the leading researcher presented a small debrief about the
activity and study process. The 21 young participants, five females and 16 males, were
divided into two groups (10 and 11 participants) for ease of logistics. Half of the students
stayed in the classroom with their school teacher. In contrast, the other half moved to the
school library, where the other two researchers had previously prepared the game’s mobile
devices and the study’s equipment (recording cameras). A mobile phone (Samsung S7
Edge) with the game installed was provided to each participant, who was asked to follow
the game instructions. The participants were given 15 minutes to interact with the game
(the time necessary to beat the game) while all the researchers took observation notes.
The session was also recorded. After all the participants finished the game, they were
guided to the classroom and asked to complete several questionnaires. The remaining
participants were asked to move to the library and follow the same procedure. These

questionnaires gather data again about the participants’ perception of chemistry as a
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subject and content knowledge about the Periodic Table.

The children were also asked to compile a narrative transportation scale measurement,
to investigate the potential and effects of storytelling in this context. While previous
research has been conducted using the narrative transportation scale by Green and Brock,
2000 [132] to analyze the effect of stories as a medium to influence attitudes, beliefs, and
behavior [9], it is mainly applied to films or in the written context of a book; however,
it is a novel approach when applied to a serious game narrative. We believe it is crucial
to quantify the participants’ immersion and cognitive and emotional empathy with the
characters as a part of the game elements that contribute to the overall engagement of the
users. For this reason, we conducted qualitative and exploratory research to identify the
dimensions of narrative transportation (loss of the notion of reality and time, projection
in the narrative universe, or development of mental imagery and identification with the
character).

We created the following research question to guide our research:
PFJaRQ1: Can AR serious games change students’ perception of Chemistry?

PFJbRQ2: How to design AR serious games balancing mechanics, technology, story, and
aesthetics to provide content knowledge to children about the Periodic Table effectively?

PFJcRQ3: Can character and storytelling engage students with Chemistry while facilitating

the learning process?

Results

Participants were familiar with Chemistry as a domain. Quantitative and open ques-
tions answers reflected that even though Chemistry is a subject only introduced in the 7th
grade, students already have an overall perception of this area (see Figure 6.8). However,
regarding the Periodic Table topic, only 12 of the participants had some knowledge about

it. Some of the participant’s answers were: "I learn about chemical equations,””We do lab

nn mmn

experiences,”"We learn how to mix two or more elements,”"Learn about substances, energy,

and other things,"”"We learn about the Periodic Table".

Demographics

76.2% 23.8%

“Are you familiar, heard or interacted Do you know what do you study in Do you know what is the
with Augmented Reality before? Chemistry? The Periodic Table?

71.4%

0
yes /665”)\ 57.1%
50%

no

21 participants
Figure 6.8: Demographics Result
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Multiple choice pre-intervention (before using PF an Augmented Journey) and post-
intervention (after using PF an Augmented Journey) questionnaire with a negative and
positive perception of chemistry. Compared results from Pre-intervention and Post-
intervention about the participants’ perception of Chemistry exposed a decrease in the
negative perception and an increase in the positive perceptions of the participants (see
Figure 6.9).

Participants perception of Chemistry

\/

difficult interesting complex boring useful no-useful fun easy cumbersome simple

Pre-intervention Post-intervention

Decrease in the negative perception (items 1, 3, 4, 6, 9)

(M = 1.400, SD= 0,753) (M = 0.950, SD= 0.944)

(M =0.952, SD= 0.973) + (M =1.428,SD=1.121)

Increase in the positive perception (items 2, 5, 7, 8, 10)
Figure 6.9: Participants Perception of Chemistry Results

The assessment of the normality of the distribution from learning outcomes, Shapiro-
Wilk test Sig. p <.093 suggested a non-violation of the assumption of normality. A Paired-
samples t-test revealed a statistically significant difference between the Post-intervention
and Pre-intervention scores, with mean scores of 1.04 and 95% confidence interval rang-
ing from .045 to 2.04. The eta squared (n2p) statistic (.19) indicated a large effect size.
These optimistic results showcased the game’s potential to facilitate the learning process
in the context of chemistry (see Figure 6.10).

The Narrative Transportation Scale had good internal consistency, with a Cronbach
alpha coefficient reported of 1 =0.93. According to Elodie Jarrier et al.[18], the transporta-
tion scale identifies various factors. The first factor reflects the participant’s experience of
becoming the character and having an emotional empathic reaction (first six questions).
The second factor (question 7) is the emotional involvement in the story. Finally, the third

factor is the imaginative facet which covers the imagination produced by the story (4 last
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Learning Outcome

Select from Select an Ozone is Whatis Whatisthe Whatis the What is Identify Chemical Select the

the list, the element created the symbol element  carbondioxide the the diamond equation molecular o

element in in danger of from? of responsavel for  chemical composition chemical of water representation Pre;and|Rostquestions
scarcity extintion nitrogen? diamons? structure? of water? structure of water

Pre-intervention Post-intervention

(M =3.904, SD= 2.79) (M = 4.952, SD= 2.37)
Significant difference t(20) = 2.4, p < .000t (two-tailed)

Increase of learning outcome Mean scores of 1.04, with 95%
confidence interval ranging from 0.45 to 2.04.

Figure 6.10: Participants Learning Outcome Results

questions). In our results, the highest scores were obtained in the first factor (mdn= 4),

then the mental imagery (mdn=3), and finally emotion with the lowest score (mdn=2)
(see Figure 6.11).

Character and Story Engagement

While | was following ~ While | was viewing the | could picture myself

| was mentally After finishing the | wanted to learn how The narrative | found myself My mind was The events in The events in
the narrative, | could  video, | was aware of the in the scene of the events;nyoived in the narrative narrative, | found it easyto  the narrative ended affected me. thinking of ways. wandering during the narrative are the narrative have
easily picture the the surrounding  described in the narmative  \yhile following it put it out of my mind (mdn=4) emotionally the narrative could have the visualization relevant to my changed my life
events (negative wording) (mdn=3) (mdn=3) (negative wording) (mdn=2) turned out differently of the story everyday and behaviour
taking place (mdn=4) (mdn=2) (mdn=3) (mdn=3) life (mdn=3)
(mdn=4) | (mdn=3)
Emotional involvement _ S—
Cognitive and emotional empathy with the characters Feel like they were experiencing the event themselves

Figure 6.11: Narrative Transportation Scale (TS) Results

The evaluation of the system helps to understand how technology, game mechanics,
aesthetics and story (character and narrative), and pedagogics can provide interactive
ways to foster children’s interest in chemistry and the potential for their career path. Our
findings suggest that children’s engagement with the system positively affected the learn-
ing process of the content knowledge; however, despite our positive results, our small
sample group limited our study. This research will benefit from future studies with a
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larger number of participants to validate our findings in formal and non-formal settings.
The design of educational serious games is a complex process that includes designers,
game developers, and pedagogical experts that must be able to efficiently communicate

to produce a product that is both educationally efficient and fun to play.
This study is part of a published paper:

Cdmara Olim, S. M., Nisi, V., & Rubegni, E. (2022, June). Periodic Fable Augmenting
Chemistry with Technology, Characters, and Storytelling. In IDC — Interaction Design and
Children (pp. 123-136). Included in Appendix C

6.4 PF An Augmented Journey Study Discussion

The PF An Augmented Journey is designed to facilitate better learning acquisition through
gaming and storytelling. The results of our study showcased the potential of PF as a tool
that can engage and help understand concepts in the context of Chemistry. Regarding
our PFJbRQ2, there were significant learning outcomes, indicating that the interaction
with the game elements facilitated the acquisition of knowledge about the Periodic Table.
We believe that these results positively reflected some of our design and development

goals and design choices, which can be summarized in:

Designing the game mechanics to implement specific pedagogical approaches can
optimize the learning experience. The gameplay mechanic must be designed according
to the most suitable method for the learning goal. PF, by allowing virtual objects’ su-
perimposition on the real world, AR facilitates children’s understanding of complex and
abstract concepts through spatial reasoning by making them visible and allowing for mul-
tidimensional perspectives. The participants could visualize 3D AR atoms bonding in
different perspectives by moving around the physical space, contributing to their notion
of molecular structure. The use of AR also allowed for the movement of the participants
in a real-world, making the space part of the gameplay, increasing the children’s immer-
sion support [85]. However, AR was not the best technology to showcase dialogue with
endangers elements because of its scalability. The participants wanted a close-up of the
character’s expressions and movements while acquiring the information.

The cognitive and emotional empathy with characters incites problem-solving skills
while acquiring scientific content knowledge. Experiencing emotions through characters
engages the child and maintains his/her desire to reach the game’s final goal. PF supports
the players’ identity transfer into the game world to form a bond with the virtual identity,
promoting the desire to explore (3D environment and other characters) to discover a
solution (gathering pieces of the spaceship) and reach the final goal (help the character
reach their planet). This supports Schloss, L. et al. claims about the potential of character
embodiment as a tool to promote exploration and discovery in science learning [293].
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AR'’s playful experiences also positively affected the student’s motivation and atti-
tudes toward the sciences. After interacting with the game, the participants’ positive
perception of chemistry increased, while the negative decreased, showcasing that PF can
help improve students’ attitudes toward scientific domains (answer to PFJaRQ1). Design-
ing visual storytelling, plot development, and characters is critical when developing an
educational game. PF exploits visual storytelling and gaming balance elements to foster
players’ immersion (full involvement in the activity and the sense of being part of the
narrative).

The Narrative Transportation scale can provide insights toward identifying the user’s
immersion in an interactive AR story. As per our results, Periodic Fable ignites both
narrative-induced imaginative immersion, "character immersion,"and "narrative immer-
sion"(PFJcRQ3). PF calls for a strong connection with the learning content by immersing
the player in the character and the story. It is also possible that the fantasy world cre-
ated by the narrative offered a more friendly learning environment and a mechanism
for learner-character bonding, which aligns with prior work by Sherry Ruan et al. [276].
These results are also supported by Steen, F., & Owens, S., who stated that the more im-
mersed children are in a game, the more they invest and the more educational potential

the game can harness [318].

6.5 PF An Augmented Journey Summary of Lessons Learned

The evaluation and analysis of PF an Augmented Journey according to its usability, learn-
ing outcomes, engagement, affects on chemistry, and the effects of game elements, includ-
ing pedagogic, help us to distill some insights about the effectiveness of using AR serious

games towards facilitating the teaching/learning of concepts about the Periodic Table:

* Following previous claims about the use of storytelling to promote student interest
in chemistry (received increasing attention)[109], PF narrative flow is a valuable
pedagogical method. Using a storyline with an altruistic approach, where the chil-
dren were presented with the opportunity to help solve a problem (fix the spacecraft
to help the characters return to their planet) while acquiring content knowledge,
seems effective. Participants attitudes and comments demonstrated a connection
between the characters (character immersion) and narrative immersion with the
AR experience. This connection led the participants to focus on the tasks, which
evolved around the learning content, to finalize the game and bring closure to the

story narrative.

* As Shelton and Hedley’s research [297], PF an Augmented Journey promotes the
interaction between the real world and digital information simultaneously (moving
around the real space to explore the 3D AR map), providing a physical activity
that is linked to conceptual understanding of the Periodic Table, helping with its
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visuospatial comprehension. Furthermore, the use of AR also allowed for the move-
ment of the participants in a real-world, making the space part of the gameplay,
increasing the children’s immersion support [85]. The micro, macro, and symbolic
representation is also provided in the dynamic visualizing of 3D AR atoms bonding
(in different perspectives by moving around the physical space), making the con-

nection between content and context and the acquisition of knowledge memorable.

* In the context of augmented reality (AR), character immersion can be achieved.
However, designers must consider whether the interaction with characters requires
a closer approach to convey emotions or obtain information through dialogues ef-
fectively. In our initial attempt, we failed to adequately address the characters’
expressions and movements and maintain the participant’s focus in this interaction.
This resulted in a lack of empathy and overlooking the dialogue messages within

the overall environment.

* The use of similar actions throughout the game (chemical reaction to overcome
obstacles) also contributes to learning. The decreased complexity and need for skill

acquisition of game mechanics help participants to focus on learning content.

* Finally, like in the case of PF Discovery, AR playful experiences also positively
affected the student’s motivation and attitudes towards chemistry. Using character
and storytelling balance with AR technology and pedagogic (within the gameplay
mechanics) incited students to continually engage with the educational content,

thus full filling the learning goals thus gathering positive learning outcomes.
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PF iNn THE WILD

This chapter describes PF in the Wild interaction design and development process accord-

ing to its gameplay mechanics, storytelling attributes, and pedagogical methods.

PF in the Wild employs a Situated learning pedagogical approach by integrating com-
monly used products found in everyday routines (such as water bottles, bleach, batteries,
and balloons) into its gameplay mechanics. By incorporating real physical products and
AR technology, users engage in a multi-level learning experience where they acquire sci-
entific knowledge about chemical properties and reactions. This pedagogical approach
builds upon social and development theories, according to which the quality of learning

depends on social interaction with the learning context [14].

In this line, Constructivism theory refers that children learn by interacting with the
physical environment, connecting socially, and responding to external stimuli consciously
[371]. Supporting this method is the work of Dunleavy et al., who demonstrated that even
high-achieving students in formal educational settings can benefit from the connection
of content and context since they also struggle to apply their knowledge in real-world
context [90]. As such, PF in the Wild builds in the simulation of real-world problems
within the context, allowing the user to practice and develop specific skills, make mis-
takes, and get positive feedback when the task is performed in a low-risk environment
before transferring this knowledge to real-world situations.

The game uses the same approach as the previous games, allowing users to view
information about chemical reactions at different levels of understanding (see Figure
7.1).

The game uses a method of exploration and discovery wherein the player is tasked
with gathering atoms from products dispersed in real space. By navigating and interacting
with the space freely to accomplish the tasks, the users must mentally manipulate and
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Figure 7.1: PF in the Wild Uses Real Products within the Game Mechanics

Figure 7.2: Preteens move around the real-space to accomplish the task

visualize spatial information, such as distances, directions, and relationships between
objects. This active engagement with the spatial environment helps preteens to enhance
their spatial reasoning skills, including spatial awareness, mental rotation, visualization,
and spatial problem-solving abilities. Previous research with similar interventions proves
that users significantly improved learners’ spatial performances, which suggests that
having learners exposed to spatial stimuli or explicitly instructing strategies for spatial
thinking is an effective pedagogical intervention [95, 119].

In addition to enhancing spatial reasoning skills, this type of interaction fosters col-
laboration and dialogue among participants, thereby promoting teamwork to accomplish
the tasks. The activity encourages participants to communicate, exchange ideas, and
cooperate to overcome the game challenges (see Figure 7.2).

Another feature of PF in the Wild is a mini-puzzle 2D game dedicated to joining the
collected atoms to replicate substances and chemical reactions, thus consolidating the
learning content. The mini-game, with similar mechanics as a word puzzle, ! asks the
player to select from the previously gathered atoms the correct combination by press-
ing and holding the finger on top of the atoms that are needed to be joined together.

Afterward, the player can see the created molecular structure and interact with it.

7.1 PFin The Wild Game Mechanics

The game starts with a tutorial that guides the user toward gathering chemical ele-

ments/atoms by scanning markers allocated to products displayed on shelves.

Thttps://thewordsearch.com/
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Bem-vindo a0 \NNANANININANNIN
Periodic Fable!
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Figure 7.3: PF In the Wild Interaction Design
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7.2

1. The user needs to move within a physical space to gather chemical atoms (allo-
cated on the products) that are part of a certain compound (see Figure 7.3, number
1); Once the marker is scanned, besides gathering the elements, the user will be
able to visualize animations of the character representing such elements with infor-

mation about its properties.

2. While collecting the atoms, the user can also view the character’s animations (see

Figure 7.3, number 2);

3. All the collected elements are displayed afterwards on a 2D grid. The application
indicates to the player when he/she has collected enough elements by blocking the
capture button. The child is then asked to reconstruct the chemical composition of
the selected product by combining the atoms (using a mini-word puzzle game) (see

Figure 7.3, number 3);

4. Once the chemical bonding is achieved, the player can visualize and interact with
the tri-dimensional AR compound/molecular structure he/she created (see Figure
7.3, number 4);

5. A congratulatory message is showcased (see Figure 7.3, number 5);

6. A selfie screen is displayed as a reward after the participant has completed all
the compounds/ products. Like the other games, this selfie screen invites the player
to take pictures with their favorite characters to share with family and friends (see

Figure 7.3, number 6).

PF in the Wild Game Playtest and Iterations

As in the previous games, PF in the Wild exploratory assessment provided feedback

incorporated within the high-fidelity prototype. Since this game was assessed at the

same time as PF an Augmented Journey, we described the results of PF in the Wild and

provided a joint conclusion of both games.

7.2.1 PF in the Wild Pilot Study

As in the previous games, PF in the Wild was assessed through a Pilot Study to gather

information about the participants’ acceptance and satisfaction of the games PF in the

Wild usability, engagement, and overall feedback from our target audience. The overall

assessment was positive, with encouraging results in AR’s entertainment value and us-

ability. However, using a mix-method approach, insights from the preliminary pilot test

(N=7) identified the need for minor gameplay interventions.

Procedure
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Table 7.1: Usability and satisfaction assessment results from PF in the Wild

Q# Question Mean SD

Q1 Iwould like to play PF in the Wild again 414  0.900
Q2 Iwould recommend the game to friends and family 4.00  0.690
Q3 Ithought that PF in the Wild was easy to use 4.71 0.488
Q4 Ithink that the game is fun to play 414  0.690
Q5 Ifound that the various functions in the game were well integrated 3.29  0.756
Q6 I found the game useful 471  0.488
Q7 Iwould imagine that most people would learn to use this game very quickly 4.29  0.756
Q8 Ifelt very confident using PF in the Wild 4.00 0.816

The procedure was the same as the pilot study of PF an Augmented Journey, in Chap-
ter 7, where seven participants, aged 11 to 13, took a demographic survey, pre-test ques-

tionnaire, interacted with PF in The Wild, and finally, responded to a Post-questionnaires.

PF in the Wild Results

The participants reported higher Positive affect scores (M=18.00; SD= 2.12) than
Negative (M= 6.00; SD= 0.70). The players enjoyed the exploration task of looking around
the space and finding the products that displayed the game-specific markers. Scanning
markers located on the product boxes and containers to collect the atoms of the chemical
elements was also reported as a fun activity. Nevertheless, we also observed that once
the players got familiar with the gameplay, they scanned the product markers to gather
the proper atoms without reflecting on the product’s composition. This was not intended
to happen, and a second prototype iteration should ensure the design of a reflective
activity after such a task. Children’ found the animation of the characters representing
the elements entertaining. They considered the game easy and useful since it allowed
them to learn some products’ composition and visualize the 3D molecular/compound
structures (see Table 7.1).

They enjoyed this feature the most since they had to move around and collect atoms.
However, they also highlighted some drawbacks of the game mechanics, identified mainly
in repeating some tasks. The players observed: "The mini-game of joining the atoms was
repetitive”; "I thought it was too repetitive to put the atoms together”; "I would change the part
of putting atoms together, and put something different every time.” Regardless, when asked
if they would like to play both games again, all of them answered affirmatively.

Conclusion From Pilot Study of PF an Augmented Journey and PF in the Wild
Although we identified gameplay elements that need refinement, the overall play-
ers’ assessment was very positive. The Positive and Negative Affects Scale for Children

(PANASC) results with positive affect higher than negative means value affects indicate
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pleasure and engagement with the games. The fact that the participants regarded the
game as easy and useful and expressed the desire to play it again, indicates that the play-
ers were thoroughly engaged. Due to the reduced number of participants in the study,
however, the game prototypes could not be fully validated. Our next step is to act on the
feedback and to conduct a broader study and usability testing of the AR serious games
with larger sample groups in formal and non-formal settings.

Protocol refinements will also be implemented to recruit participants from schools,
summer camps, and children’s associations. Participants will be randomly divided into
control (to play PF an Augmented Journey) and experimental (PF in the Wild) groups.

We intend to assess and compare both games’ effectiveness in learning outcomes (pre-
and post-questionnaires), motivation (Instructional Materials Motivation Survey), and

engagement. We also aim to evaluate the games as to their benefits towards spatial skill

development by conducting Pre and Postgame interaction tests using as an instrument
the Mental Rotation Test (MRT) [248] and the Paper Folding Test (PFT) [298].

Figure 7.4: PF In the Wild Pilot Study

This study was part of a published paper:

Camara, S., Nisi, V., & Romao, T. (2021, October). Enhancing Children Spatial Skills with
Augmented Reality Serious Games. In Extended Abstracts of the 2021 Annual Symposium on
Computer-Human Interaction in Play (pp. 94-100). Included in appendix C.

7.2.2 Game Iterations

Feedback from the playtest with PF in the Wild indicated that the mini-puzzle game
activity was too repetitive. As a result, the tasks were shortened, and animations and the
visualization of the molecular structures were added. A punctuation system was used,
whereas scanning the wrong atoms will reduce the score, promoting the need for the

players to reflect the product’s composition (see Figure 7.5).

7.3 Games Evaluation

The game "PF in the Wild"was the final game to be developed and was in its final stages
of completion when the World Health Organization implemented Covid-19 pandemic re-
strictions. Consequently, the entire population was placed under lockdown, significantly
limiting the opportunities to assess "PF in the Wild"compared to the other two games.
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Figure 7.5: Iterations left to right - Decreased number of tasks from 15 to 10; added
characters animations, 3D molecular structure, and a Leader board

Following a pilot study conducted exclusively on "PF in the Wild,"the subsequent and
final evaluation encompassed all three games. The following section provides a detailed

account of this last evaluation.

7.3.1 A Multi-level of Chemistry Understanding Using Augmented Reality

Serious Games

In this study, we evaluate the design and implementation of PF AR games as learning
experiences that can provide chemistry content at three levels: macroscopic, microscopic,
and symbolic. We evaluated our experiences with 66 children (11-13 years old) (see Figure
7.6) with significant results: higher learning gains, an increase in the positive affect, and

a decrease in the negative affect.

Figure 7.6: Participants’ Interactions with the games

For this purpose, we created the following research questions:

e PFWaRQ1 - How can we incorporate different pedagogical methods in AR serious games

to facilitate the learning process of scientific concepts?
* PFWbRQ?2 - Can AR serious games improve student’ affects on chemistry?

* And, finally, PFWbRRQ3 - Can AR Serious Games engage and facilitate the learning of

abstract content about the Periodic Table?

We used the game prototypes to validate our research questions. The participants, a
total of n=66, all students from 6th grade (ages ranging from 11 to 13), were recruited at
Escola Basica dos 2° e 3° Ciclo do Canigo. According to the national school curriculum,
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the participants had no previous contact with the topic of the Periodic Table, which is

only addressed in the 8th grade.

Procedure:

After the Ethical Committee at the Secretariat Regional of Education at Madeira approved
the study, the public school teachers (n=3) and I recruited the participants. The children’s
guardians granted permission for their children to participate by signing a consent form.
The document briefly explained the proposed research, the nature of the participation,
and information about its confidentiality and image rights.

The study was conducted over three days by three researchers, me, and two assistants.
The participants were randomly assigned to a game and followed the same study protocol.
The aim of this process was to assess the pedagogical methods used in each AR serious
game and their efficiency in facilitating the process involved in learning the scientific

concepts. It followed the steps described below:

* The leading researcher briefly introduced the activity to the participants.

* Gathering of quantitative data -Pre-questionnaire to collect demographic data, pre-
vious experience with AR, awareness of chemistry and the Periodic Table, percep-
tion of chemistry, the preferred method of teaching/learning, content knowledge,
Paper Folding Test (PFT), a Mental Rotation Test (MRT). -Subsequently, participants
received a mobile phone with the previously installed games (the investigators’ re-
sponsibility), and the researchers indicated which of the three games to interact
with. - After the interaction, participants answered a post-questionnaire (the same
questions about content knowledge and perception of chemistry, but in random or-
der to avoid bias). We also added another question: Would you play the game again?

to assess the participant’s engagement with the game.

* Gathering of qualitative data - While the participants interacted with the games,
the researchers took observational notes and recorded the session (to capture in-
sights through expression, body movements, and comments). Once the participants
finished interacting with the game, the researchers conducted a structured inter-
view with open questions (ten participants from each game). The aim was to obtain
information about usability and perception of the game’s pedagogical value. The

study took around 50 to 60 minutes, depending on the game.

The content knowledge data
Knowledge data was obtained through a questionnaire prepared by the researchers and
validated by the teachers: What is Ozone made of? Which element is responsible for dia-
monds? Which of these compounds contains nitrogen? What is the chemical equation of carbon
dioxide? And water? Identify a diamond’s chemical structure; What is ammonium’s covalent

bonding? What is the chemical symbol of nitrogen? Each correct answer was given a "1"point,
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and wrong answers received a "0". Afterward, we compare the pre and post-questionnaire

scores of each participant .

The perception of chemistry
This data was measured through an adapted Panas scale (Positive and Negative affect
scale) [92]. A Panas scale contains several words describing different feelings and emo-
tions. We used ten items; five questions reflected negative perceptions about chemistry,
and five reflected positive perceptions. The participants could select more than one an-
swer: I think chemistry is difficult, interesting, boring, simple, not useful, complex, easy,
cumbersome, useful, and fun. Each selected answer was attributed a "1"point and grouped
according to positive or negative perception. The results of the pre-and post-intervention
questionnaires were then compared according to the group (e.g., pre-questionnaire posi-

tive perception compared to post-questionnaire positive perception).

Spatial skills
Since chemistry depends on comprehending, interpreting, and manipulating submicro-
scopic representations such as atoms and molecular structures, spatial skills are crucial
in this field. Investigating spatial ability can offer valuable insights into how to enhance
the learning process for preteens, particularly those with low spatial skills. Augmented
reality (AR) can aid in visualizing information from multiple perspectives, facilitating
the comprehension of phenomena in STEM domains. As part of the study, we conducted
an exploratory study to gather data to reflect on the potential of PF Games in developing
spatial skills. As such, we gather data from a Pre and Post-test using a Mental Rotation
Test (MRT) and a Paper Folding Test (PFT), included in Appendix E.

The structured interview was guided by the following questions: Did you like the
game? Why? If you had the opportunity, what would you change? What is your overall opinion

about the game?

7.3.1.1 Results

The results were obtained by analyzing the data using Statistical Package for the Social
Science (SPSS) 25, Chicago, Illinois) and using 2-tailed testing at a of 0.05. The assump-
tion of Normality was tested by analyzing Kurtosis and Skewness (and their standard
errors) and normality tests (Shapiro-Wilk). All the data was normally distributed and
thus satisfied the assumptions required for parametric testing. We used a between-subject
parametric independent paired T-test to compare the results of the content knowledge
questionnaires (pre- and post-) and the chemistry affects. We used a cumulative frequency
distribution analysis to calculate the means of the participants’ preferred methods of
teaching/learning.

Demographics
We distributed 66 participants (n=66) (41 males and 25 females) throughout the three
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games. On the first day, 20 children played the game PF Discovery (10 females and ten
males). On the second day, 25 participants interacted with PF In the Wild (10 females and
15 males). Finally, on the third day, 21 participants played PF An Augmented Journey (5
females and 16 males). Most of the participants had previous experience with AR (male
65% and female 40%). Also more than half of the participants (54%) were aware of the
chemistry curriculum school programs, including the Periodic Table (57%) (see Table
7.2).

The majority of the participants (65%) preferred the constructivist approach, followed
by an expository approach (50%), and finally, the use of storytelling (18%). Two teach-
ers commented that using storytelling to provide content knowledge is not a standard

method used within the classroom.

Table 7.2: Demographics, Previous experience with AR, Participants with the notion of
the topics administered in chemistry, Participants with notions about the Periodic Table.

Games N Age Gender AR experience Chemistry Periodic Table
7 11 year-old
. 10 females  60% (12 participants) 55% (n=11) 50% (n=10)
PF Discovery 10 12
5 13 10 males (male=6, female=6) (male= 5, female=6) (male=4, female=6)
11 11 year-old
5 females 66.7% (n=14) 71.4% (n=15) 57.1% (n=12)
PF an Augmented Journey 7 12
5 13 16 males (male=12, female=2) (male=12, female=3)  (male=10, female=2)
13 11 year-old
. . 10 females 44% (n=11) 40% (n=10) 64% (n=16)
PF in the Wild 11 12
1 13 15 males (male=9, female=2) (male=7, female=3) (male=11, female=5)

Learning Outcome

The assessment of the AR Serious Games to facilitate the learning of concepts related
to the Periodic Table was conducted by comparing the results of the post-questionnaires
(after using the games) with the results from the pre-questionnaire (before interacting
with the game). Results were positive for all the games, meaning the participants had
higher learning gains after interacting with PF Discovery, PF An Augmented Journey, and
PF in the Wild (see Table 7.3).

We also analyzed the overall results from all the participants for both genders. The
results were also positive and significant for both genders: female (Mn= 2.040, Sd= 2.336),
p=0.001, t=4.367 and male (Mn= 1.463, Sd= 1.451), p=0.001, t=6.459.

Participant’s affects towards chemistry
The results of the participants’ affects comparative analysis showed that, after playing
with the games, their positive affects scores were higher than previously, and the differ-
ence was statistically significant for PF Discovery and PF in the Wild. PF An Augmented
Journey, while gathering higher positive scores, the difference was not statistically signifi-
cant (see Table 7.4). The negative affects also show significant positive results, meaning
that the users’ negative feelings about chemistry decreased after interacting with the
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Table 7.3: Learning outcome results with higher learning outcome for PF in the Wild, PF
Discovery, and finally PF an Augmented Journey.

Games Mean Std. Deviation t df Significance
Discovery 1.650 2.033 3.629 19 p=0.002
An Augmented Journey  1.280 1.369 3.337 20 p=0.003
In the Wild 2.080 1.778 5.850 24 p=0.001
Overall results (all games) 1.196 1.790 5.430 24 p=0.001

games (see Table 7.5).

We also conducted a comparative analysis of all the participants and examined the

results for both genders. Results from the positive affects of chemistry were also higher.
The female participants results were (Mn= 1.160, Sd= 0.943) p=0.001, t=6.148 and male
results were: (Mn= 0.878, Sd= 0.714), p=0.001, t=7.875. The negative affects also show a
decrease: female (Mn= 1.040, Sd= 1.274), p=0.001, t=4.081 and male (Mn= 0.780, Sd=

01.037), p=0.001, t=4.819.

Table 7.4: Positive Affects Results

Pre-test Post-test
Games Mean Std. Deviation Mean Std. Deviation t df Significance
Discovery 1.10 1.021 2.00  0.858 3.327 19 p=0.004
An Augmented Journey  1.14 0.910 1.430 1.121 1.000 20 0.005<0.329
In the Wild 1.280 0.980 1.840 0.898 2.682 24 p=0.013
Opverall (all games) 1.169 0.961 1.769  0.980 4.088 65 p=0.001
Table 7.5: Negative Affects Results
Pre-test Post-test
Games Mean Std. Deviation Mean Std. Deviation t df Significance
Discovery 1.650 2.033 0.700 0.723 3.629 19 p=0.003
An Augmented Journey 1.238 0.768 0.761 0.700 3.337 20 p=0.004
In the Wild 2.080 1.778 0.560 0.820 5.850 24 p=0.001
Overall (all games) 1.484 0.827 0.727 0.814 5.410 65 p=0.001

In addition, we conducted a correlation analysis between learning outcomes and the

participant’s preferred method of learning/teaching; the Pearson Correlation Coefficient

did not show any correlation.
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Most of the participants (79%) agreed with the possibility of playing the games again,
which indicates that they enjoyed them.

Spatial Skills Results

The comparative analysis of the MRT, while providing better results in the post-test
(Mn=2.651, Sd= 2.53) than in the pre-test (Mn= 2.181, Sd= 2.16), did not show significant
results (Mn= 0.469, Sd= 2.39) p=0.054, t=1.960. Results according to gender also did not

provide significant results (see Table 7.6).

Table 7.6: MRT Results

MRT Pre -Post Results (Meand and SD)
Std. Std. Error
Mean N Deviation Mean
Pair 1  PostMRT 2.6515 66 2.53281 31177
PreMRT 2.1818 66 2.16908 .26699

MRT Paired Samples Test

Paired Differences Significance
95% Confidence Interval of

Std. std. Error the Difference

Mean Deviation Mean Lower Upper t df One-Sided p  Two-Sided p
Pair 1  PostMRT - PreMRT .46970 1.94715 .23968 -.00897 .94837 1.960 65 .027 .054

MRT Results by Game

Paired Differences Significance
95% Confidence Interval of
std. std. Error the Difference
games Mean Deviation Mean Lower Upper t df One-Sided p  Two-Sided p
Discovery Pair 1  PostMRT - PreMRT .75000 2.26820 .50719 -.31155 1.81155 1.479 19 .078 .156
In The Wild  Pair 1  PostMRT - PreMRT .60000 2.43242 .48648 -.40405 1.60405 1.233 24 115 229
Journey Pair 1  PostMRT - PreMRT .04762 .21822 .04762 -.05171 .14695 1.000 20 .165 E329)

MRT Results According to Gender

Paired Differences Significance
95% Confidence Interval of
Std. std. Error the Difference
gender Mean Deviation Mean Lower Upper t df One-Sided p  Two-Sided p
female Pair 1  PostMRT - PreMRT .28000 1.96893 .39379 -.53273 1.09273 711 24 242 484
male Pair 1 PostMRT - PreMRT .58537 1.94905 .30439 -.02983 1.20056 1.923 40 .031 .062

The comparative analysis of the PFT showcased significant positive results (Mn=
0.393, Sd= 1.58) p=0.04, t=2.016. The results from the comparative study (pre and post)
according to the game also provided a significant positive result for PF an Augmented
Journey (Mn= 0.333, Sd= 0.57) p=0.01, t=2.646, while the other did not showcase any
significance.

The gender comparative studies also showed a significant positive result for the male
participants (Mn= 4.390, Sd= 1.361) p=0.04, t=2.065, while the female participants did
not show any significance (see Table 7.7).

As stated before, these results are exploratory and guide us toward future studies to
validate the benefits of the games towards the development of spatial skills, thus facili-

tating the learning process of topics within the chemistry domain.
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Table 7.7: Paper Folding Results

Paper Folding Test Results (Mean and SD)
Std. Std. Error
Mean N Deviation Mean
Pair 1  PostPaperFolding 3.2879 66 1.68034 .20684
PrePaperFolding 2.8939 66 1.82402 22452
Paper Folding Test Results
Paired Differences Significance
95% Confidence Interval of
Std. Std. Error the Difference
Mean Deviation Mean Lower Upper t df One-Sided p  Two-Sided p
Pair 1 PostPaperfolding - 39394 1.58725 .19538 .00375 .78413 2.016 65 .024 .048
PrePaperFolding
Paper Folding Results by Gender
Paired Differences Significance
95% Confidence Interval of
std. std. Error the Difference
I gender Mean Deviation Mean Lower Upper t df One-Sided p  Two-Sided p
female Pair 1  PostPaperFolding - .32000 1.93046 .38609 -.47685 1.11685 .829 24 .208 415
PrePaperFolding
male Pair 1 PostPaperFolding - 43902 1.36104 .21256 .00943 .86862 2.065 40 .023 .045
PrePaperFolding
Paper Folding Result by Game
Paired Differences Significance
95% Confidence Interval of
N Std. Error the Difference
games Mean Deviation lean Lower Upper t df One-Sided p  Two-Sided p
Discovery Pair 1  PostPaperFolding - .30000 1.75019 .39135 -.51911 1.11911 767 19 226 453
PrePaperFolding
In The Wild ~ Pair 1  PostPaperFolding - .52000 2.02320 40464 -.31514 1.35514 1.285 24 .106 211
PrePaperFolding
Journey Pair 1  PostPaperFolding - ;33333 .57735 .12599 .07053 .59614 2.646 20 .008 .016
PrePaperFolding

Qualitative results

The qualitative results from the observational notes, video analysis, and structured

interview contributed to support the result of the quantitative data about the participant’s

engagement and emotions towards the games, providing insights into technical issues

with the systems as well.

Results from observational notes and video analysis

According to the observational notes and video analysis, participants showed engage-

ment with the content. The players’ overall attitudes were enthusiastic and eager to

uncover the information. They constantly made positive comments and smiled during

the interactions. We describe the qualitative findings from the observations and video in

more detail below.

While using PF Discovery, two participants stood up and moved the mobile closer

to the cubes to observe the character’s animations, commenting, "This is cool!”. Some par-

ticipants showed satisfaction with their performance: "I just made water!", "Did you see

this?. Participants also collaborated by giving tips regarding how some chemical reactions

could be obtained. The eagerness to view the information was displayed by comments

such as: "I bet that Oxygen is going to create air”; "I am only missing the Chlorine story”.
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This was also reflected in the manipulation of the cubes (quick and constant movement
to scan the facet). The students also enjoyed the stories and the characters: "Hydrogen
just burped”(Laughter); "The characters are so cute!”. While playing AR PF Discovery, the
comments show that the game promotes chemistry literacy and symbolic representation:

"Hydrogen is floating!"; "Whoa! I just saw Carbon waiving at me"”; "Now I have to put together
Nitrogen!"the "N"and Oxygen, the "O".

PF An Augmented Journey - At the beginning of the game, two students struggle to
anchor the 3D digital map within actual space, showing frustration. While playing the
game, they lamented that the 3D digital world had moved too far and needed to change
positions. Most participants seemed immersed in exploring the 3D AR world and showed
empathy with the characters: "Whoa! I will play with nitrogen since he seems cool”; "I
will play with oxygen; I like the color, and it is cute” (this was related to the possibility of
selecting a main character for the game), "Oh! Only five characters are leaving the planet;
what happens to the other ones?” The aesthetics of the animations supported the learning
content: "This is cool! And very pretty”; "Oxygen is swimming!"(Laughter); "I can see the
balloons (atoms in a chemical structure) joining together!"”; "Amazing! It is now creating a

diamond!”; "I need to use another reaction to go over the bridge!”; "This character (referring

to zinc) just gave me a piece of the spacecraft.”

PF in the Wild - The participants paid attention to the instructions, gathering one
chemical element at a time to create specific substances individually. However, this pro-
cess became a collaborative and competitive effort. The participants formed groups of
two or three, communicating the location of the elements needed to finish each task first.
Some of their comments were: "We just finished creating ammonia!!l Let’s go!"; "You need
to scan hydrogen twice!”; "Go to the bottle of peroxide to collect the oxygen!"”; "We only need
three more substances to finish!"; "Have you seen the animations?”

Interview results

The analysis of the participants’ interviews showed that the stories and characters
played an important role in engaging the children with PF Discovery: "I enjoy viewing the
stories”; "I think that the characters and animations were amazing!"”; "I will put shoes on the
characters”; "Oxygen is cool”. The children realized that playing the game could enhance
their future chemistry classes: "I like looking at the molecules. .. this will prepare me for my
future classes”; "I think this game is going to be useful for my classes”. The game also appeals
to the participants: "I liked everything”; "I like it, can I download it?".

As in PF Discovery, the characters in PF An Augmented Journey played critical roles in
the emotional connection: "At the end, I would like to take all the characters in the spacecraft
with me!”; "I loved the characters”. The satisfaction was noticeable: "I enjoyed everything!”;
"I would not make any changes”. The macro and micro representations were of interest:

"I like seeing the transformation of the chemical solutions (chemical structures of water in
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this case) into the actual product”. The usefulness of the game for chemistry curriculum
and content knowledge was foreseen: "This is fun and a good way to learn”; "I want to
use this game in my future chemistry classes”; "I learned that diamonds are made of carbon”.
A technical issue compromised the experience of one student: "I lost the 3D map In the
middle of the game, and I did not like that”.

The children were highly confident and satisfied with the learning experience of PF
in the Wild: "I like it because I learn things that I did not know, like the products that have
some of these elements”; "I enjoy it because I learn by playing”. The game was defined as
useful, encouraging an active learning attitude: "I think it is fun and good to learn about the

n,on

elements”; "I will enjoy using the game during my chemistry classes”. Other positive player

responses: "I enjoyed this game, and I think it is well done"”; "Can I download the game?";
"The characters are cute and cool!".

7.4 PF in the Wild Summary of Lessons Learned

While this study encompasses all Periodic Fable games, we first single out PF in the Wild
evaluation and analysis of its effectiveness as an educational tool. Subsequently, we will
compare these findings to the other games with a comprehensive discussion about the
affordances and outcomes based on the study results for all three games.

As we analyzed PF in the Wild, there are some similarities with the other PF games

that account for the positive results:

* Employs tangible real-world products that are part of the children’s reality, such as
a bike helmet, bleach, a bottle of water, and party balloons to provide awareness of
chemistry as part of their world and not only as a school subject. As said previously,
the more the students perception that the Periodic Table is part of their reality
and the knowledge can be applied to their context, their engagement and sense of

usefulness increases.

* Provides a collaborative and competitive environment (activity moving around the
physical space to scan and combine chemical elements), promotes inquiry, active ob-
servation, reciprocal teaching through colleagues, and peripheral participation with
multiple modes of representation. Also, working with peers allows participants to
acquire information (e.g., which chemical elements to join) that is assimilated and
accommodated into their existing knowledge (need to combine elements to create
substances) and to adapt this information to their real world (problem-solving to
overcome the challenge), thus contributing to their cognitive development. This
process is aligned with Piaget’s constructivism idea of equilibration, which claims
that when presented with new or unexpected knowledge, we try to assimilate it
by rearranging it in a manner that can be accommodated to make sense, leading

to a cognitive adaptation [127, 306]. According to Piaget and Vygotsky, activities
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that provide the opportunity for social interaction and language adaptation can
facilitate the child’s cognitive transition from concrete to formal operational stage
[250, 347, 234].

* The reinforcement of the learning content is provided by using repetitive actions at
different moments: gathering the chemical element through scanning the product,
the mini-game to reconstruct or create new substance/reactions, and viewing and

manipulating the element on the molecular structure of such substance.

* The movement within the real space to gather the elements situated in different
parts of the room can also contribute to the development of spatial orientation. Ac-
cording to Yakimanskaya (1991), spatial thinking skills develop through identifying

properties and relationships of space using problem-solving activities [363].

7.4.1 Discussion

In this study, we reflected on designing and developing the three AR serious games to sup-
port and engage 9- to 13-year-old children with abstract scientific concepts related to the
Periodic Table. Our approach leverages human factors (participatory design approach), a
multi-mode or multi-level chemistry representation, and AR technology with game-based
learning (see Figure 1.1). The study allows us to understand how children can engage
with chemistry content through AR serious gameplay interactions and tangible interfaces.
The results were optimistic, showing significant positive learning outcomes. The increase
in positive affects towards chemistry and the decrease in negative ones indicates that PF
games can engage children with content knowledge and improve their attitudes, thus
facilitating learning.

The qualitative data from observational notes, video analysis, and interviews demon-
strated that aesthetics, storytelling, and character development could support learning
content through analogies (mimicking chemical elements) and animations, contributing
significantly to the child’s curiosity and interest. Like, Panagiotis Sarantopoulos and
Georgios Tsaparlt’s work [288], using these methods appeals to children and facilitates
the connection with the learning objectives. The learning achieved through the gameplay
mechanics by joining elements to create chemical reactions and substances can promote
children’s confidence, satisfaction, and chemistry literacy, which as per A. Bandura [31]
can lead to self-efficiency and increase intrinsic motivation. The participants’ acceptance
is also evident in their perception of the games as useful and valuable for their future
chemistry classes.

When comparing the games’ performance, PF An Augmented Journey had the lowest
scores. Several factors, ranging from design strategies to usability issues, may contribute

to this, for example:

* Compared to the other games, PF An Augmented Journey lacks relatedness (use
real-world products/substances). PF Discovery and PF in the Wild complement the
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information about the chemical elements by linking the content to the preteen’s
context, making it relevant and useful with real-life applications. As previous
research indicates, using everyday objects can help successfully transfer information
because it provides cues that the learner associates with the new skill or knowledge
[273, 263]. If the learning content and the scientific literacy are associated with the

daily life and situations of the student, the higher their interest.

PF an Augmented Journey also lacks tactile support. PF Discovery uses tangible
cubes, and PF in the Wild uses product containers, adding an extra layer to the
learning process. The ability to physically grab, rotate, and manipulate these ob-
jects reinforces learning by providing an extra cue in the learning process. This
approach also offers an innovative method of controlling the virtual space, which
can be particularly appealing to preteens and more effective in facilitating active col-
laboration. Furthermore, unlike the other games, PF in the Wild used the physical
space combined with the tangible interface and seemed more engaging toward com-
petitive and collaborative behavior. The results demonstrated that while interacting
with PF in the Wild, participants swiftly formed groups, engaging in communica-
tion and idea exchange to be the first to complete the game and achieve the highest

scores.

In this note, AR technology design strategies, whereas the focus of the activity heav-
ily depends on the virtual information, can prevent collaborative environments, as
per the supra-cited "tunneling effect"by Ann Morrison [221]. PF an Augmented Jour-
ney gameplay, required the children to make quick decisions based on the displayed
virtual information (exploration of the digital map and selection-observation of the
reactions), preventing the users from interacting with other participants. We also
believe that, in addition, this game provided an extra layer to learning content (the
sustainability of the chemical elements), increasing the amount of information to

understand, which can lead to cognitive overload.

When exploring the multi-level understanding of chemistry, PF in the Wild sub-
stituted a visual representation (animation /video) to provide a Macro-level un-
derstanding using real-world world products. The game was also heavier in the
symbolic representation, showcasing the atoms and equation of the combined ele-
ments more often than PF Discovery and PF an Augmented Journey. While not part
of this study, this could be a factor that led to a better performance of the partici-
pants that interacted with the game. However, further studies need to be conducted

to validate this statement.

Finally, regarding the game’s technical stability, marker base technology seems ade-
quate to our users, providing fewer technical disruptions within the game flow. In
the case of PF an Augmented Journey, the anchoring of the 3D world and position

within the virtual world was compromised by sudden movements and excitement
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of the students. The system’s need to continue reading the patterns within the real
world to allocate the digital information, which is done through the mobile device’s
camera, requires the steadiness of the equipment. The activity needs to be con-
ducted in spaces with floor plans that incorporate distinct strong patterns/shapes
and colors or design the activity pacing the movements of the users to avoid the
disruption of the flow leading to frustration. However, we also believe this issue

may be resolved with the continuing investment and research of AR technology.

We can also conclude that the overall success of AR interventions depends not only
on the technology’s technical characteristics; its success is also associated with the ped-
agogical strategies used to implement them. The participatory design approach helps
design and customize the learning objectives and balance game elements to engage and
create a better learning experience. Using several elements from animations, character
design, storytelling, and gamification helped achieve positive game dynamics that led to
acquiring the learning goals. In this context, the human element and learning levels of
chemistry (microscopic, macroscopic, and symbolic) need to be investigated according to

students’ characteristics to improve learning attitudes and achievements in this domain.
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CHAPTER

DiscussioN AND CONTRIBUTIONS

This chapter reflects on the results of the research questions, which are aligned with our

research contribution.

By analyzing the literature review, there is a lack of clearly defined strategies that con-
sider the connection between learning attributes and game elements to achieve a balance
between learning chemistry and play. This is because a limited amount of evidence-based
research compares various game designs with a specific pedagogical model in chemistry
or vice versa. As a result, educators who want to incorporate games into the classroom
feel uneasy about selecting serious games that can effectively incorporate specific learning
goals within the classroom context. While AR serious games provided positive empir-
ical results in the understanding and engagement of students with scientific concepts,
teachers’ lack of time, technical training, and resources create a barrier to its adoption in
the domain of chemistry. Furthermore, research on AR and Serious Games in chemistry
mainly addressed older students. Limited research is provided on strategies, methods,
and tools to gather a younger population’s interest in chemistry. The body of work pre-
sented in this thesis provides an overview of the need to further conduct chemistry re-
search to demystify preteens’ negative perception of chemistry, increasing their interest,
and motivation towards this subject, thus increasing their academic achievement and

future career choices in the field.

To this end, we contribute with the design and development of three novel AR serious
games artifacts: Periodic Fable Discovery, Periodic Fable An Augmented Journey, and,
finally, Periodic Fable in the Wild, developed to facilitate the learning of abstract concepts
about the Periodic Table while engaging preteens with chemistry.

The design and development of these systems followed Alex Johnstone’s (chemistry
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understanding) and Benjamin Bloom’s (taxonomy of learning) theoretical approach; hu-
man factors (teachers and game designers’ contribution) and game elements align with
pedagogic.

These artifacts were evaluated, iterated, and analyzed, providing insights into the ben-
efits and limitations of AR Serious Games to facilitate and engage preteens (9 to 13 years
old) in learning abstract scientific content. It also provides insights to distill guidelines
to help researchers design and develop effective AR serious games for teaching/learning
chemistry while engaging the students with the content.

The rest of this chapter provides the research contributions guided by the research

questions.

* RQ1 How can Augmented Reality game design balance: aesthetic, story, gameplay,
technology and pedagogical methods facilitate the learning process of abstract scientific

concepts encountered in the Periodic Table

* RQ2 What design considerations-guidelines should be taken into account in the develop-

ment of Augmented Reality (AR) serious games to effectively support science education?

* RQ3 Can AR Serious Games improve children’s affects on chemistry and facilitate the

learning of abstract content about the Periodic Table?

RQ1 -How can Augmented Reality game design balance: aesthetic, story, gameplay,
technology, and pedagogical methods facilitate the learning process of abstract scien-

tific concepts encountered in the Periodic Table?

By analyzing the results from the participant’s interactions with PF experiences, we
can argue that game elements balance and gamification are critical to captivating and
engaging children with learning content. Each game component, from the aesthetics,
storytelling, mechanics, technology, and pedagogic, influences the game’s dynamics and
contributes to the overall experience. All the conducted studies showcased the partici-
pant’s empathy with the characters and engagement with the stories, providing insight
into how cognitive and emotional attachment can incite problem-solving skills while ac-
quiring scientific content knowledge. The bonding of the participant with the character
can maintain the player’s desire to reach the final goal of the game, leading to explor-
ing all the selected learning content about the Periodic Table. The qualitative studies
also provide an overview of the players” attachment to the character’s visual appearance
and personality reflected through their animations. These results validated our design
solution for character development, which, while having an entertainment intention,
also provided learning information through the analogies to represented chemical ele-
ments. Chemical elements are part of the substances and all of which matter is composed;
however, they are abstract concepts represented by symbols (unknown or unfamiliar to
children). Using an analogy in the form of characters can facilitate the cognitive and

emotional connection with the Periodic Table, leading to an effective learning experience.
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Likewise, the results of our studies showed that the stories portrayed on PF Discovery
and PF An Augmented Journey fostered player immersion, meaning that the participants
felt part of the narrative. This also provides an easiness and a more friendly environment
where children explore the learning content freely. Supported by previous research, while
preteens felt transported into a story world, the events and actions within the narrative
seemed closer and more personal, leading to a more memorable experience [224]. Since
the actions and events of the stories of PF games evolved around the learning content, we
believe that the more memorable and more likely preteens are to remember the concepts.

Roselli Fabrigaret et al. argues that attitudes based on cognitive and emotional foun-
dations are more persistent over time ([104]. The interviews and observation notes prove
that PF games created an emotional connection with the overall aesthetics, character, and
story plot, leading to increased interest and a positive attitude towards chemistry, which
can benefit preteens’ perceptions and future intervention with the domain.

Each technology offers unique possibilities and limitations, making them more suited
for some jobs and activities than others. Earlier on, an extended body of work indicated
the affordance of AR in facilitating the learning process in STEM domains. This is eminent
in the case of the visualization of abstract concepts in chemistry by providing valuable
benefits for the student’s cognitive process and attitudes. Visualizing the information
from different perspectives by rotating a cube or walking around a space, besides being
interesting according to the results, was allusive and exciting to the participants. In
several studies, students commented on the "revealing"of information as being engaging,
which prompted their curiosity and desired to keep exploring the learning information
by either scanning the facet of the cubes in the case of PF Discovery, exploring the 3D
AR map using PF an Augmented Journey or by scanning the product on the shelves in
PF in the Wild. The children’s enthusiasm and eagerness to uncover the information
suggest that they were actively interested in visualizing the information and invested in
the learning process. Additionally, the fact that they commented on their achievements at
each disclosure indicates that they were taking pride in their progress and feeling a sense
of accomplishment as they gained new knowledge. As previously cited [31], the sense of
self-efficiency increases intrinsic motivation, promotes performance gains, and sustains
engagement. These factors have previously been linked to students’ positive learning
outcomes and academic achievement [261], which our results support.

AR can also allow designers to creatively use other mediums, like animations, 2D
data, sound, and video, to complement the information provided in the content in the
context of chemistry (significant for understanding phenomena that happen at different
levels).

Finally, mechanics and gameplay in a serious game need to be in accordance with
the learning goal. Designing and developing PF games towards this goal was complex
and led to many interactions, from the concept stage to the final product. Designing
and developing mechanics/gameplay aimed to provide engagement with the interactive

environment while incorporating strategies, actions, and rules that deliver the defined
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learning goals. While balancing other elements, the positive results from our research
rely heavily on how to implement the pedagogics within the gameplay in parallel to
how it will affect the Game Dynamics. We summarize the insights from the design and
development of PF Discovery, PF and Augmented Journey, and PF in the Wild; each
developed with unique mechanics in RQ3.

Regarding the pedagogical methods as per Bloom’s Taxonomy, learning is an overlap-
ping of skills domains — by thinking, doing, and feeling [180]. In this sense, PF games
elements contributed to different levels of learning by allowing preteens to think (making
sure that the information was adapted to their cognitive development), by doing (using
constructivism and a situated learning approach), and finally by feeling (using game ele-
ments like aesthetics, storytelling, and gameplay elements to create empathy and engage
our users).

As previously stated, teachers’ pedagogical practice and continued involvement with
preteens provide opportunities to adapt strategies and methods used within the context
of science classes in PF games, resulting in different benefits showcased in our studies
towards the learning process:

Utilizing a preteen’s existing knowledge and experiences can serve as a foundation
for establishing meaningful connections with new content. In science education, con-
cepts such as photosynthesis, the circulatory blood system, pollution, and climate change
can offer a contextual backdrop for comprehending the Periodic Table. By identifying
and leveraging these relevant elements, the cognitive learning process can be facilitated,
fostering a stronger connection and understanding of the content. Also, by integrating
children’s reality, from objects that are part of their daily routine to the game’s activities,
science becomes closer to the student making chemistry part of their world and not only
a school subject.

Considering the child’s environment, providing activities where the participant moves
around their physical space (in the case of PF to scan and combine chemical elements),
and using other senses promoting inquiry, active observation, reciprocal teaching through
colleagues, and peripheral participation with multiple modes of representation. Provid-
ing a physical activity linked to a conceptual understanding of the educational content
helps with its visuospatial comprehension supporting Shelton and Hedley’s findings
[297].

Promoting activities where preteens can discover and explore the information (Con-
structivism approach) with continued feedback and guided learning tasks. PF game
mechanics allowed preteens to explore the content at their own pace and time. Several
factors were considered within the design of PF games to provide the participants the

freedom and also the desire to explore the learning content:

1. Selecting and dividing the information throughout the games in a form that is not

overwhelming for the user and can easily be assimilated.

2. Using repetitive actions, a pedagogical method, showed benefits within the class
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context to retain and help remember the information for a more extended period
of time. As a gameplay instrument, it also optimizes the process of conveying
information. Using similar actions throughout the game decreases the complexity

and need for skill acquisition of game mechanics.

3. Using natural, easy, and intuitive mechanics that do not subordinate the cognitive
learning process. By using simple mechanics, preteens engaged in the learning
content without having to focus their attention on how to use or manipulate the
technology, also avoiding cognitive overload. Furthermore, using multi-modal plat-
forms (PF Discovery and in the Wild), besides being an activity that is natural,
provides an extra layer in the learning process (tactile information). We also believe

that PF games can promote learning through epistemic actions using trial and error.

4. Providing continuous feedback within the games to convey information on the
successful execution of each action and offering updates on progress and achieve-
ments (gamification elements). This facilitates preteens in adapting their strategies,

instilling a sense of security and accomplishment.

The overall positive study results showcased that the participants felt a sense of ac-
complishment when able to follow the instructions and finish each task, increasing their
motivation, interest, and enjoyment. However, the technology must also be constant to
provide the information without breaking the flow. Qualitative results showed that in
a few cases, the inconsistency in the tracking of the AR technology created frustration.
While we believe that the continued development of the technology will improve and
minimize these situations, the AR system needs to be consistent, accurate, and quick
since any interruption or delay can break and disrupt the experience.

Designing collaborative experiences within the learning environment using AR Seri-
ous. As said before, AR Serious Games can promote collaborative learning environments
(144, 201], which benefits students employing reciprocal teaching. However, this affor-
dance depends on the mechanism and activities inherent to the technology. In PF in the
Wild, the children move within the space (using their entire body) as part of the mechan-
ics to view the AR information, resulting in the gathering of small groups that worked
collaboratively and competitively to be the first to solve the tasks (with significant positive
results). In the case of PF Discovery, the mechanics were more restricted (manipulation
of the cube to gather the AR information), decreasing collaborative interactions. Lastly,
although PF and Augmented Journey mechanics also rely on the participant’s movement
within the real space, the activity-heavy dependency on the digital world did provide the
condition for children to work collaboratively. While viewing the dialogues, exploring
the AR map, and following instructions to finish the game, the players did not connect
or interact with other participants but instead concentrated on the game. Overall, AR
collaborative and competitive environments depend on the design activity and methods

to reach the learning objectives.

143



CHAPTER 8. DISCUSSION AND CONTRIBUTIONS

Finally, designing to "learn by feeling"involves engaging participants emotionally and
affective with the content. The body of work and study results presented in this thesis
demonstrated that the influence of emotions and affects is a powerful tool in learning.
Emotions towards a domain, discipline, or topic can change the student’s attitudes and

behavior, leading to willingness and interest.

RQ2 - What design considerations-guidelines should be taken into account in the
development of Augmented Reality (AR) serious games to effectively support science

education?

Guidelines help designers and researchers understand users’ learning process and
make reasonable decisions about designing effective tools for education. In the following,
we share our guidelines, derived from the design and development process, iteration,
and evaluation of PF Games. We aim to inform and contribute to the research of AR
Serious Games intended to effectively engage preteens and facilitate their understanding
of scientific content in the domain of chemistry.

G1 Using AR display for multi-level understanding (Macro, Micro, and Symbolic represen-

tation)

PF game technology supports different digital formats, providing flexibility to the
transition between the different levels of chemistry representation in an ongoing game
event. As per Johnstone and other theorists, the interactions between these levels should
be explicitly taught [138, 91, 258, 330], providing a deeper understanding of chemistry.
The display of the reactions/substances through AR animations (macro), while simulta-
neously showcasing the symbolic representative information of the chemical equation
involved, helps to create a mental connection between both. The visualization and inter-
action with a 3D AR molecular structure at a micro-level allow for displaying the spatial
relationship between the chemical elements. While our results are provided in the do-
main of chemistry, AR adaptability can help the understanding of abstract phenomena in
other STEM subjects by demonstrating concepts within a system and not as an isolated
item of information, helping children to attain an understanding connected at different
levels and expanding their mental connection and retrieval learning process. This is also
supported by the spatial contiguity effect, which indicates that students learn better and
more effectively when multiple representations of the same information are presented

simultaneously rather than separated in time [169].
G2 Providing guided learning tasks

From a constructivist perspective, learning needs to be an active contextual process

leading to the construction of knowledge [311]. The task is to find a suitable level for
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learners to bridge their past knowledge with new knowledge [359, 345]. PF games follow
constructivist strategies: exploring and discovering information in easy steps (progres-
sively revealing more information), provided in segments to avoid cognitive overload and
increase the students’ curiosity. A participatory design approach can help identify real
and attainable learning goals while providing the exploration of pedagogical methods
to facilitate the process. AR mechanics complexity must be considered and decreased to
focus on skill acquisition and learning content. In the case of PF Discovery and PF in the
Wild, the reinforcement of the learning content is provided by using repetitive actions
(gathering the chemical element through scanning the product, use of the same elements
to create substances, and viewing and manipulating the element on the molecular struc-
ture of such substance). PF an Augmented Journey also uses repetitive action to provide
the learning content while supporting the story plot (explore the map, find an obstacle,
use the content knowledge about chemical reactions, dialogue with character, and obtain
a reward). Gamification elements can also reinforce learning acquisition by providing

reinforcement and feedback.
G3 Connecting context and content

Prior STEM research explored the use of everyday objects to make the content relevant
to students, facilitating the learning process [166]. However, limited work has focused
on exploring how those objects can be used for chemistry learning. PF in the Wild uses
tangible everyday routine products within the game mechanics. At the same time, PF
Discovery provides a connection with the children’s context by displaying 3D AR digital
objects/substances, increasing relevance and bringing science closer to the student’s ev-
eryday life and interests as per Vygotsky’s theory of cultural context of knowledge [46].
In the case of PF in the Wild, it employs tangible real-world products that are part of the
children’s reality, such as a bike helmet, bleach, a bottle of water, and party balloons to
provide awareness of chemistry as part of their world and not only as a school subject.

This bridge between educational content and the real-world context of the children
creates a meaningful connection, facilitating retention and adding relevance to the topic
explored (Periodic Table). Moreover, it also enables a conceptual connection between
abstract and concrete representation. This assumption is supported by several authors,
according to whom the proper connection of abstract concepts with physical objects can
help to support both memory and the understanding of symbolic representations [332,
252, 263].

While the gameplay in PF an Augmented Journey does not include real objects per se,
exploring the 3D map by moving in the real world as part of the gameplay increases the
children’s immersion. In addition, this promotes kinesthetic abilities (physically perform-
ing an activity to facilitate the learning process). This aspect has yet to be explored in
great detail with Augmented Reality [147]. According to previous research, using AR ma-

nipulation to align the information with different points of the virtual 3D map (accessed
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by moving in the physical space) can aid the memory retrieval process [192]. Following
Shelton and Hedley’s research, PF an Augmented Journey promotes the interaction be-
tween the real world and digital information, simultaneously providing a physical activity
that is linked to conceptual understanding of the educational content, helping with its
visuospatial comprehension [297]. Moreover, PF games promote meaningful connections,
relevance, and a sense of usefulness (important for student’s personal development by
improving learning in chemistry). They can promote interest in chemistry, going beyond

their initial novelty. However, further research is needed to sustain this hypothesis.
G4 Employing Character and Storytelling

Previous research demonstrates that character embodiment can promote exploration
and discovery in science learning [293]. PF games support this approach by using the
story plot to create empathy with the characters, inciting problem-solving and maintain-
ing the child’s desire to reach the game’s final goal while acquiring scientific knowledge.
PF an Augmented Journey exploits visual storytelling and character design, promoting
the full involvement of the child in the activities and providing the sense of being part
of the narrative (immersion). Furthermore, using a storyline with an altruistic approach,
where the children are presented with the opportunity to help solve a problem (fix the
spacecraft to help the characters return to their planet) while acquiring content knowl-
edge, seems effective. Moreover, storytelling to promote student interest in chemistry
has received increasing attention, proving a valuable pedagogical method. PF Discovery
stories’ narrative revolves around the chemical elements’ covalent bonding, portrayed
through fun and engaging situations with the characters. Short stories that, while pro-
viding learning content, are fun and relatable to the children’s universe (e.g., action on
a water park with a character sliding on a toboggan, burping of one of the characters, a

superhero story) can captivate their interest.
G5 Providing Multi-sensory opportunities

Gathering information by rotating and scanning the physical cubes and manipulating
the product containers allows the child to control the type of content and time dedicated
to such information. In the particular case of PF Discovery, the manipulation of tangi-
ble interfaces (cubes) allowing the rotation of the molecular structure at any angle can
develop the student’s ability to see, think, and relate the structures of molecules with
their properties. This activity encourages participants to actively explore the content and
view the information, promoting a constructivist learning approach. The richness of the
haptic experience in unveiling information creates a sense of anticipation. It stimulates a
student’s curiosity, leading him or her to acquire more information about the content of
the Periodic Table. Besides being intuitive and easy to use — only grabbing and rotating
— the physical tangibles give children a stronger sense of direct stimuli and a realistic
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feeling by interacting directly with the virtual world. AR games that leverage the child’s
natural interaction in the physical world (moving around to change perspective, moving
closer/farther to change scale) are appropriate for education and can reduce the cognitive
mental workload associated with learning new technologies. Since the cognitive process
generated by cognitive activities that are not directly related to the learning goal is re-
duced, the learning effects of the experience increase. We also believe that PF games
can promote learning through epistemic actions, that is, actions performed to uncover
complex information to compute mentally, sometimes through trial-and-error [201]. Be-
sides providing feedback, the audio cues used in the games promote chemistry literacy

by repeating the names of the elements selected in the covalent bonding.
G6 Promoting collaboration

Augmented Reality techniques can develop different interfaces, providing a collabo-
rative learning environment. PF in the Wild offered a collaborative environment, where
the virtual and real space interactions promoted communication behaviors, leading the
children to perform the game tasks together. While each participant had access to the
game using their mobile phone, students gathered and directed each other to overcome
game challenges associated with the educational content. According to research, collabo-
rative experiences provide deeper learning since children consider various perspectives
and direct each other to study different aspects of the educational content [201, 67].

In the case of PF in the Wild, the game supports a collaborative and competitive
environment (activity moving around the physical space to scan and combine chemical
elements). It promotes inquiry, active observation, reciprocal teaching through colleagues,
and peripheral participation with multiple modes of representation. Also, working with
peers allows participants to acquire information (e.g., which chemical elements to join)
that is assimilated and accommodated into their existing knowledge (need to combine
elements to create substances) and to adapt this information to their real world (problem-
solving to overcome the challenge), thus contributing to their cognitive development.
This process is aligned with Piaget’s constructivism idea of equilibration, which claims
that when presented with new or unexpected knowledge, we try to assimilate it by rear-
ranging it in a manner that can be accommodated to make sense, leading to a cognitive
adaptation [127, 306]. According to Piaget and Vygotsky, activities that provide the oppor-
tunity for social interaction and language adaptation can facilitate the child’s cognitive
transition from concrete to formal operational stage [250, 345, 234].

Nevertheless, while PF in the Wild and PF Discovery fostered a collaborative environ-
ment, PF an Augmented Journey gameplay activities, which required a greater focus on
AR information, did not provide such interactions. Consequently, to establish a collab-
orative setting, it is imperative to design AR technology to facilitate activities enabling
this kind of collaboration.
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CHAPTER 8. DISCUSSION AND CONTRIBUTIONS

RQ3- Can AR Serious Games improve children’s affects on chemistry and facilitate

the learning of abstract content about the Periodic Table?

AR Serious Games can potentially facilitate the learning of concepts of the Periodic
Table. All quantitative results demonstrated a significant positive improvement in the
learning outcome of the participants, with one of the studies showing a correlation be-
tween the motivation and engagement of the participants and the learning outcome.
Using a framework that integrates Chemistry’s multi-level of understanding, applying
learning by thinking, feeling, and doing approach, and balancing game elements with
pedagogical methods can positively affect the student’s performance in chemistry. While
the games displayed new and abstract concepts, the use of the game’s pedagogical ap-
proach described previously seems effective.

AR Serious games can help demystify children’s perceptions of the complexity of
chemistry and encourage them to continue their studies with an open mind. After inter-
acting with PF games, all our studies showed a significant positive change in the affects of
chemistry. Quantitative results showcase an increase in the positive affects and decreasing
in the negative affects. Our qualitative results from observational notes, video analyses,
and interviews reaffirm these results; besides showing enjoyment while interacting with
the games, preteens voice their opinions about chemistry being interesting and useful.

Overall, we believe that the results from the conducted studies during this thesis
showcase the potential of the PF games to facilitate the learning and understanding the
basic concept of the Periodic Table. In this manner, PF games enabled us to address the
complexity of chemistry in all its representational modes to facilitate its understanding

while engaging and promoting the interest of preteens.
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CHAPTER

CoNcLusioN, LiMmiTATIONS, AND FUTURE WORK

The final chapter of this thesis discusses the research conclusions, limitations, future
research directions, and final remarks.

This research thesis’s initially stated overarching aim was to investigate how AR seri-
ous games can facilitate and engage preteen students with chemistry and STEM domains.
Based on the previous body of work, we identified a need for more scientific design princi-
ples and more application with an assessment of the pedagogical methods to analyze the
efficacy of these tools and their impact on younger students. We designed and developed
three novel AR serious games to support teaching and learning chemistry, namely: PF
Discovery, PF an Augmented Journey, and finally, PF in the Wild. The games were iter-
ated, tested, and refined, providing the opportunity to analyze and find evidence of the
potential of AR Serious Games to engage and enhance preteens’ understanding of chem-
istry concepts employing the Research through Design methodology. This was achieved
by providing adapted learning content, using game elements (balancing technology, me-
chanics, pedagogy, aesthetics, and storytelling), and finally, providing assessment and

iterations according to the game dynamics in both formal and informal learning contexts.

The thesis contribution is centered around the design and lessons learned while pro-
ducing three novel AR serious game artifacts. The research outcomes provide guidelines
that can be implemented by game designers and developers aiming to create educational
Augmented Reality (AR) Serious Games.

In this context, participatory and collaborative design approaches can shape key meth-
ods, including pedagogical and game elements strategies, to provide effective and mean-
ingful learning impact. Balancing game elements and incorporating gamification ele-
ments are crucial to captivating and engaging children with the learning content. Each
game component, including aesthetics, storytelling, mechanics, technology, and peda-
gogical methods, influences the game’s dynamics and impacts the overall experience and
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CHAPTER 9. CONCLUSION, LIMITATIONS, AND FUTURE WORK

learning.

While the overall study results of the presented thesis were optimistic, several limita-
tions in this research could be addressed in the future.

Logistics and the Covid-19 pandemic limited the opportunity to engage more children
in the co-design and incremental development of the games. We aim to expand on this
missed opportunity in the future.

The games were coded/developed for a non-responsive specific aspect ratio, limiting
the apps to run on the Samsung Edge 7 mobile device. As a result, the number of partici-
pants who interacted with the games at the time was limited by the available equipment
(10 mobile phones). This led to the study design considering other activities to keep
some students occupied while waiting for their turn to interact with the games. It also
increased the time and human resources needed to conclude each study.

Conducting studies at school premises while providing the opportunity for larger sam-
ple groups limits the number of studies according to student class and teacher availability.
During the school year, there are specific moments when teachers and coordinators can
dedicate time to extracurricular activities, such as before the end of the school year or
just before a long holiday (like Christmas or Easter). While the recall or week-after-study
could provide insights into the retention of content knowledge, the school time restric-
tions (in our case, the end of the school year) limited the gathering of this data. A similar
situation occurs in a non-formal learning school context, where children’s attendance
is optional, and only a limited number of participants came back for a follow-up study
to gather week-after data. We aim to collaborate with designated teachers and schools
to conduct several studies throughout the school year that can be integrated into their
lessons.

We also believe that the PF AR gameplay (rotation of the cube to gather information
and movement within the space to collect elements or navigate the 3D world) can benefit
preteens’ development of spatial skills. However, while we attempted to correlate the in-
teraction of PF games, participants’ spatial skills, and learning outcomes, only one study
was conducted, and these claims need to be validated. In the future, we intend to conduct
a longitudinal study, allowing participants to interact with the games at several points,
gather data, and analyze their effects. The collaboration with designated schools will
also allow us to assess the novelty effect, which can be a factor influencing participants’
engagement.

Finally, in the future, we aim to include more chemical elements within the games
to expand the content regarding the Periodic Table and increase the replayability of the

games.

In conclusion, we recommend the symbiosis of pedagogical experience and technical
expertise to fully leverage the potential of AR serious games. The success of these tools
is based on more than just the technology’s technical characteristics but on the effective
implementation of pedagogical strategies. Designers and developers can contribute their
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technical skills and knowledge to ensure the usability and engagement of the participants,
while teachers provide pedagogical guidance regarding the content. Combining these two

aspects can create impactful and engaging AR serious games for educational purposes.
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Estudos prévios demonstram que a crian¢a tem uma percecao da disciplina de fisico/quimica
como sendo dificil e complexa, mesmo antes de ter contacto com as mesmas por meio dos
programas curriculares (Luraschi et al., 2012)(Morais, 2015). Um dos fatores identificados
para esta percecdo é a utilizagdo de conceitos abstratos os quais, ndo sendo observdveis a
olho nu, tornam a sua compreensao mais dificil (Treagust et al., 2003) (Bucat & Mocerino,
2009).

Esta percecdo pode contribuir para a desmotivacdo e fraco desempenho nesta area pelos
alunos, podendo até influenciar em futuras escolhas a nivel profissional. Estudos também
indicam que os alunos que tém contacto precoce com dreas das ciéncias no geral, em
contexto formal e informal, demonstram melhores prestacbes e mais sucesso a nivel
académico e, mais importante, maior incidéncia na escolha de uma profissdo nestas areas
(Fleer & Pramling, 2015)(Teppo et al., 2021)(Dewi et al., 2021). Por outro lado, a tecnologia
de Realidade Aumentada permite a visualizacdo de informagdo digital no mundo real,
possibilitando a observacao de contetdos e fendmenos das areas das ciéncias que de outra
forma ndo seria possivel, facilitando o processo de aprendizagem. Outra ferramenta que tem
demonstrado ser eficaz e versatil na administracdo de conteldos educativos é os jogos
digitais. Estes permitem adaptar diferentes métodos pedagdgicos nas suas mecdnicas de
jogos, facilitando o processo de aprendizagem e motivando os alunos para diversas disciplinas
escolares, de acordo com as habilidades dos alunos (Prensky, 2001).

Mesta perspetiva, o projeto “A Fabula Periddica” tem como intuito promover o interesse dos
alunos, com idades compreendidas entre os 9 aos 13 anos, antes de estes terem contacto
com o contelido da Tabela Periddica o qual, em contexto escolar e no dmbito curricular de
Fisico/Quimica, deve acontecer no 82 ano de escolaridade. O critério de sele¢do é ainda
baseado no desenvolvimento cognitivo da crianga, que nesta faixa etéaria ja tem capacidade
de compreensdo de conceitos abstratos.

A Fabula Periddica é composta por trés jogos didaticos, desenhados e desenvolvidos
utilizando a tecnologia da Realidade Aumentada (AR), como ferramentas de investigacdo: “
Descoberta da Fdbula Periddica”, “Fabula Periddica uma Viagem Aumentada”, e finalmente
“A Fdbula Periddica no Meio”. Cada jogo apresenta a mesma informacgdo ou conteldo
educativo. Porém, a sua abordagem pedagdgica, a qual esta integrada na prépria mecénica
dos jogos, é diferente (ver anexo | — Descricdo dos jogos). O nosso estudo visa investigar a
eficacia destas ferramentas na aprendizagem de conceitos abstratos sobre a Tabela Periddica
e o seu efeito a nivel da motivacdo e interesse pela quimica.
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Participantes

0O estudo estd a decorrer nas Escola Basicas dos 22 e 32 Ciclo da Regido Auténoma da Madeira
(ver anexo Il — Lista nominal das escolas). Tem como principal objetivo a recolha de dados
sobre eficdcia dos jogos educativos em Realidade Aumentada (AR) na aprendizagem de
conceitos abstratos sobre a Tabela Periddica e quais sao os efeitos destas ferramentas no
ambito da percecdo sobre a disciplina da quimica.

Mesta primeira etapa, as criancas (alunos do 52 ao 72 ano) cujos encarregados de educagdo
autorizarem a participar no estudo (ver Anexo Il - Consentimento Informado Encarregados
Educacdo), serdo convidados ao preenchimento de inquéritos e a interagir com um dos jogos
da Fabula Periddica. Esta atividade sera realizada em dois blocos de 45 minutos e
acompanhada pelo professor responsavel da turma, o investigador principal e dois assistentes
do investigador.

Descricdo do estudo
0O estudo ird ser implementado usando um desenho experimental “Intra-Sujeitos” (ou
medidas repetitivas), exemplificado pelo cendrio proposto na Figura 1.

Pequena introdugso sobre Pre enchimento Entregade Filmagerm s sesio jdan‘} Fresnchimenta Entresista com ouido
2 atividdacle pela investigadoe e incueritas e — & vt abservataliss = - de inguesites
pireipal O pogas presianents PO e 305
mvalhﬂns‘n investigadores
s /4 )
X \- x|
v [
Particigan
(i i Prévintervengao I I P Interveng o
Perces o ¢ afetos sobine a quimica. Inberaghs com jogos - Percogaa & afetas schre 3 quimica.
Carheciments sobre o cantedda it Conhediments sobie o conteido
educativ edurcative

Figura 1 - Cendrio proposto para estudo

Serdo recolhidos dados quantitativos, nomeadamente: dodos demogrdficos (género, idade,
experiéncia prévia com a tecnologia e com o contelido, método ensino/aprendizagem
preferido), dados sobre a compreensdo do conteddo (elaborados e validados por professores
da area), e finalmente perce¢Go sobre a quimica como discipling (utilizando como
instrumento uma adaptacdo a escala de PANAS (Ebesutani et al., 2012). Entrevistas, notas de
observacdo (sobre as expressdes faciais dos participantes, movimentos e interagdo com os
jogos, comentarios, e dificuldades durante a atividade e filmagens serdo utilizados como
dados qualitativos. Os resultados dos inquéritos pré e pds intervengdo serdo comparados
utilizando a ferramenta estatistica IBM Spss.
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Processo

Mo inicio do estudo, os professores responsaveis pela turma, em conjunto com a
investigadora principal, fardo uma breve apresentacao da atividade. A investigadora principal
fard ainda uma breve introducdo sobre o projeto de forma muito geral e indicard as diferentes
etapas do processo inerente ao estudo. Seguidamente, serd colocado em cada aluno um
autocolante com um cddigo identificativo (atribuido pelos investigadores), permitindo a
comparacdo dos resultados dos inquéritos de pré e pds intervencdo a serem preenchidos
durante a atividade.

Urna vez apresentada a atividade, os participantes terdo que responder um pré-ingquérito (ver
em Anexo IV).

Seguidamente serdo recolhidos os pré-inquéritos, e os alunos serdo convidados pelo
investigador a interagir com os jogos. A atribuicdo do jogo a ser explorado seré indicado pelo
investigador principal. Os participantes, com ajuda do tutorial presente no inicio do jogo,
serdo guiados para diversas tarefas ludico-didaticas onde poderdo explorar informactes
sobre as propriedades dos elementos quimicos (nimero atémico, peso, simbologia); a sua
localizagdo na Tabela Periddica; produtos e objetos do quotidiano que apresentam estes
elementos na sua composicdo; atividade de jungdo covalente que visam a criagdo de
substdncias e visualizacdo da estrutura molecular das substéncias criadas. A intervengao sera
gravada (video e dudio) de modo a possibilitar catalogacdo de: comportamentos, emocoes,
expressdes orais, entre outros. No caso de pelo menos um encarregado de Educagdo da turma
em intervengdo ndo permitir a gravacao de dudio do seu educando este passo serd ignorado
para esta turma. Neste caso concreto, serdo feitas sé as anotacdes por parte dos
investigadores em sala de: comportamentos, emocoes, expressdes orais, entre outros, para
futura andlise.

A interacdo com os jogos sera feita usando um telemdvel Samsung Edge S7, propriedade do
Instituto de Investigacdo ITI, com os jogos previamente instalados. Este equipamento, sera
entregue aos alunos pelos investigadores e recolhido pelos mesmos apds a intervencdo
(interagdo com os jogos). Enquanto os participantes interagem com as aplicaces, serd
filmada as interagdes dos mesmaos e os investigadores tiraram notas.

Apds a interagdo com os jogos, os participantes deverdo responder a um pods-inguérito com
as mesmas perguntas que o pré-inquérito mais organizadas de forma aleatdria (ver anexo V).
Sera ainda realizada uma entrevista para recolher informacao sobre usabilidade e para aferir
a opinido dos alunos sobre os sistemas ladicos e sua importdncia e pertinéncia para a
aprendizagem da quimica (ver anexo V).

Com a andlise dos dados recolhidos através de andlise estatistica, espera-se conseguir
perceber:

® Beneficios e limitagdes da Realidade Aumentada no ambito da aprendizagem da
quimica.

e Se existem dados significativos que demonstram que os jogos de Realidade
Aumentada podem melhorar os resultados da aprendizagem do conteddo educativo.
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® Se a utilizacdo desta ferramenta pode promover o interesse e melhorar a percecdo
dos alunos sobre a quimica.
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Anexos

Anexo | - Jogos Ludico-Educativos “A Fabula Periodica”

A Fabula Periédica é um conjunto de trés jogos educativos em Realidade Aumentada,
direcionada a criancas com idades compreendidas entre os 9 e os 13 anos, com o intuito de
motivar e facilitar a aprendizagem de conceitos bdsicos sobre a Tabela Periddica. O conjunto
de jogos dispbe de diferentes abordagens pedagogicas (como a utilizagdo de analogias,
histdrias e animagbes) para que a transposicao e assimilagdo dos conceitos educativos seja
feita de uma forma lidica. Cada uma das personagens representa um elemento quimico,
nurn total de dez elementos abordados nesta fase do desenvolvimento.

Descrigdo dos jogos
12 Jogo - “Descoberta da Fdbula Periddica™

logo com uma vertente construtivista onde a aprendizagem é feita pela exploracdo e
aquisicdo de informacgdo (com recurso a um telemdvel e a interface fisica de um cubo).

A experiéncia inicia-se com um tutorial que indica a mecanica do jogo - exploracgdo das fases
do cubo com recurso @ cdmara do telemdvel para visualizar a informacdo (animacodes,
modelos tridimensionais, dudio, texto, etc.). A cada cubo (cinco) é atribuido um elemento
quimico: oxigénio, hidrogénio, nitrogénio, cloro e carbono. Cada um destes elementos
quimicos possibilita diferentes dreas de exploragdo: propriedades do elemento quimico,
produtos que contém esse elemento, histdrias, localizagdo do elemento na tabela periddica,
combinagdes de elementos para criar reacdes e, finalmente, o mapa que da acesso a uma
recompensa (Selfie).

22 Jogo — “Fdbula Periddica uma Viagem Aumentada™

192



I i 'Ir:?l::ﬁr;ieslnstitule N VA NOVAL'NCS FCT

no LABORATORY FOR COMPUTER Furdicio pars o aci « s Temslegh
LARSYS SCIENCE AND INFORMATICS ==

E um jogo de aventura que se desenvolve em prol de uma narrativa para a introducdo do
contetdo educativo. O jogo inicia-se com a exibicdo da histdria - personagens a navegar no
espaco, desvio e queda num planeta. Apds esta introducdo, o jogador é convidado a ajudar a
personagem principal a explorar um mundo em 3D, dialogar com outros personagens
(elementos quimicos em fase de extingao pelo sua sobre-exploracdo), ultrapassar obstaculos
com a utilizacdo de reagdes quimicas e recuperar pecas da nave.

Intraduco da histaria
Selecgao de personagem principal

Animagao de criacio de substancias/compostos
[para ultapassar obstaculos)

Exploracio da munda virtual
y Escolha de reaccdo quimica para o obstacuke

Animagao da estrutura quimica e desblogueio
de passagem

Dilogo com elementos quimicos em
quimicos em fase de extingao

Conclusio do jogo - animagao

Selfie

3¢ Jogo — “Fabula Periddica no Meio™

Esta experiéncia é baseada na utilizagdo de produtos do nosso quotidiano como parte da
mecanica do jogo. O jogo inicia-se com um tutorial que indica aos participantes que utilizem
a camara do dispositivo moével para “capturar” atomos que fazem parte dos compostos de
alguns objetos/substincias (como lixivia, 4gua, um capacete, baterias e outros). Apds a
aquisicdo dos dtomos, os jogadores usam um mini-jogo que permite gue juntem os dtomos e
criem moléculas/compostos quimicos e os visualizem em 3D. Ao finalizar o jogo, a crianga
recebe uma mensagem de parabéns e a oportunidade de tirar um selfie com todas as
personagens do jogo.
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Tutorial
Digitalizagao de marcador
{imagem que incita a execucaa da informagac)

Comblinaga dos dtamas para criar substanclas
{mini jego parecide a palavras cruzadas)

. Observacio de estrutura quimica criada
{modelo 30

° Ecrd de parabéns e visualizagdo de pontuagio final

. Selfie

https://periodicfable.m-iti.org/

Videos sobre a interacdo dos dois primeiros jogos.
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Anexo Il — Lista Nominal das Escolas onde se pretende realizar os
estudos

Tabela 1 - Lista nominal de possiveis escolas dos 22 e 32 Ciclo da Regidio Auténoma da
Madeira onde se pretende realizar os estudos

Escola Ano

Escola Basica dos 22 e 32 Ciclo do Canigo 5¢, 62 e 72 ano de escolaridade

Escola BS de Santa Cruz 52 62 e 72 ano de escolaridade

Escala BS Dr. Angelo Augusto da Silva 5¢, 62 e 72 ano de escolaridade

Escola BS de Machico 5¢, 62 e 72 ano de escolaridade

Escola BS Gongalves Zarco 52, 62 e 72 ano de escolaridade

Escola Basica dos 22 e 32 Ciclos Dr. 5¢, 62 e 72 ano de escolaridade
Horacio Bento Gouveia

Escola Basica dos 22 e 32 Ciclos da Torre 5¢, 62 e 72 ano de escolaridade

Escola BS da Ponta do Sol 52, 62 e 72 ano de escolaridade

Escola BS Padre Manuel Alvares 52, 62 e 72 ano de escolaridade
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Anexo Il — Consentimento Informado

Projecto “A Fébula Periddica”
Consentimento: informagdo aos Pais

Investigadores Principais: Sandra Olim, Valentina Misi e Teresa Romio

Faculdade de Ciéndias e Tecnologias da Universidade Nova de Lishoa e Interactive Technology Institute. Contacto:
S.0limi@ campis fietunlpt

Titulo do Estudo: A Realidade Aumentada como ferramenta para motivar e facilitar a aprendizagem de conceitos
sobre a Tabela Periddica dos elementos quimicos.

Objetivo do Estudo: O objetivo deste estudo ¢ tentar compreender se a utilizagio de jogos educativos em realidade
aumentada, em dmbito educativo formal e informal, podem promover @ maotivar as criangas para a drea da quimica,
assim comao facilitar a aprendizagem e retenco de conceitos bdsicos sobre Tabela Periddica.

Earo encarregado de Educagdo,

O grupo de investigagio do Interactive Technology Institute (Madeira Tecnopolo) ird colaborar com a pome do
escolo durante o dia goto do estude, no contexto do projeto A Fibula Periddica™.

A utilizagho de conceitos abstratos em disciplinas como & matematica, Ciéncias & outras, Bpresentam-se Ccoma um
obstadculo para alguns alunos. Neste sentide, métodos que facilitem esta aprendizagem no ensino basico podem
ser Uteds.

A Realidade Aumentada (RA] ¢ umna tecnologia que apresenta a possibilidade de interagio entre o mundo fisico e o
digital, facilitando a visualizagho de conteddes mais complexos. Esta tecnologia pede ainda facilitar o papel de
educadores e professores, motivar a aprendizagem ativa dos alunos nas escolas e ajudd-los na retenclo e
aprendizagem de diversos conteddos.

Com a intengio de analisar a eficicia desta ferramenta, foram desenvolvidas trés aplicagdes em Realidade
Aumentada pelos investigadores sobre os conceitos bdsicos dos elementos da Tabela Periddica, Neste dmbito, serd
pedido a0 seu educando para interagir com um dos jogos, a fim de explorar informagio relacionada com as
propriedades dos elementos quimicos; a sua localizag 3o na Tabela Periddica; produtos e objetos do quotidiano que

estes na sua do e, finalmente, uma atividade que visa a oriacdo digital de
substiincias quimicas. No fim do jogo, o seu educando terd 3 opglio de tirar um seifie com uma dis suas personagens
preferidas (como compensagio por finalizar o jogo), ficando esta informagiio alocada no equipamento e disponivel
a0 aluno para partilhar com amigos ou familiares s6 no momento do estude. Os selfies serdio parmanentemente
apagados do equipamento apds o estudo. Serd ainda pedido ao seu educando para responder alguns inguéritos e
fazer uma pequena entrévista apds a utilizacio da aplicaglo. O estudo ird decorrer durante a ulo d¢ ou atividade
escolar, local ou sala & terd urmna duraglo de 1 h - 1h 30 min, aproximadamente. A atividade serd explicada de forma
acessivel &s criangas. O seu educando poderd recusar-se a participar no estudo ou desistir do mesmo a qualquer
momento, sem ter que apresentar alguma justificagdo.

Riscos: N3o existern riscos associados a esta experiéncia, sendo que esta é uma atividade similar a dos participantes
numa sala de aulas.

Beneficios: Ao participar nesta experiéncia estard a melhorar as téenicas para aumentar o interesse e a
aprendizagem de conceitos sobre a quimica pelas criangas, utilizando ferramentas digitais.

Compensagbes e Custos: N3o existem custos nem compensagies por participar neste estudo

Confidencialidade: Esta declarag3o de consentimento serd arquivada nas instalagBes do Interactive Technologies
Institute e ndo serd divulgada a terceiros. Durante o estudo serdo recolhidos dados sobre todas as escolhas que
ofa) seufua) educando(a) fizer usando as aplicagfes disponibilizada com conteldos relatives aos elementos
quimicos, questiondrio apresentado e entrevista. Serd também recolhido material de dudio, video & imagem para
posterior andlise. O rial Ihido ndo serd online nem publicitodo de nenh; forma. Os dados
destinam-se apenas o andlise Os dados r idos s& poderdo ser divulgades em revistas, eventos
cientificos ou em contexto educativo. Cada participante ird ser identificado através de um cddigo aleatdrio, que
nio permitird identifica-lola) a si ou aold) seu(ua) educandola) pessoalmente. Todos os dados recolhidos serlio
mantidos em anonimato e serdo armazenados num servidor do IT-nteractive Technology Institute, 30 qual apenas
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05 Investigadores envolvidos neste estudo poderdo aceder até ao final de 2024. O tratamento dos dados serd feito
pela investigadora Sandra Cdmara Olim (5. 0lim@campus.fct.unl.pt).

Arecolha e tratamento de dados pessoais, no dmbito do estudo em causa, estd de acordo coma legislacio em vigor,
nomeadamente, a Lel n®, 58/2019 de & de agosto, que assegura a execugdo, na ordem juridica nacional, do
Regulamento Geral de Prateglo de Dados (EU) 2016/679 do Parlamento e do Conselho, de 27 de abril de 2016,
relativo 3 protegio das pessoas singulares no que diz respeito ao tratamento de dados pessoais e  livre circulagio
desses dados.

Direitos: A qualquer momento ofa) 5r{a) responsivel pela educagio da crianga poderd pedir para aceder aos dados
do sew educando, bem como pedir para remover os seus dados da nossa base de dados ou até mesmo apresentar
reclamagdo junto da CNPD (Comiss3o Nacional de Protecdo de Dados) http:y/fwww.cnpd.ptf. Tem ainda o direito
de retirar consentimento em qualquer altura, sem comprometer a licitude do tratamento efetuade com base no
consentimento previamente dado. A recusa em participar ou interrupg3o da participacdo ndo resultard em qualguer
penalizagio ou perda de eventuals benefickos ou direitos. O investigador principal poderd decidir, de forma
fundamentada, interromper a participagio do interveniente neste estude. Mesme neste case, nie haverd qualquer
penalizagho ou perda de eventuais beneficios ou direitos. Se o interveniente tiver dividas sobre este estudo, desejar
obter mais informagies ou pretender interromper a sua participagio no estudo, podera entrar em contato com o
Investigador Principal (por e-mail). & informagiio de contato estd disponivel no inicio da primeira pdgina deste
documento.

Menores: Os menores (individuos com idade inferior a 18 anos) ndo podem legalmente dar o consentimento para
participar em estudos de investigagdo. O consentimento s0 pode ser dado pelo paifmde do participante ou
responsdvel legal.

Consentimento Voluntirio
Entendo que os investigadores podem querer usar fotografias, video ou dudio para ilustrar apresentagdes efou

publicacdes deste trabalha, para fins cientificos ou educativos. Dou autorizacio para fazé-lo, desde que o nome &
rosto do meu educando no sejam identificiveis: SIM

Ao assinar este decumento, o participante confirma gue leu a informaglo acima descrita sobre este estudo e que
todas as suas perguntas foram respondidas. Mesmo assim, o participante poderd farer perguntas adicionals a
qualquer momento durante o estudo e mesmo apds este ter terminado, Ao assinar este documento, concorda que
o seu filho participe neste estudo de investigagio.

ASSINATURA DO PAI/MAE/RESPONSAVEL LEGAL DATA

NOME DO MENOR:

Investigador que obtém o consentimento: Como membro da equipa de | igacio, confirmo que expliquel ao
participante acima referido a natureza e finalidade deste estudo de investigacSo, e que esclarece quais os potenciais
beneficios e eventuais riscos da participag3o no estudo. Todas as perguntas foram respondidas e estou disponivel
para esclarecer quaisquer dividas que possam surgir ao longo do estuedo.

ASSINATURA DO INVESTIGADOR DATA
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Anexo IV - Pré-inquérito

e B
P-er.ugdl.é Jogo a Fibula Periddica Pré-inquérito
able

A Fibula Periddica & um conjunto de trds jogos educativos em Realidade Aumentada, desenhados e
desenvolvidos com o Intulto de motivar e facilitar a aprendizagem de conceltos bdsicos sobre a Tabela Periddica.

Para avaliar a eficicia desta ferramenta, pedimos que sejam respondidas as seguintes perguntas:

1D do participante mimers no autocalante;

Género: e [] femi O

Idode: Ano de escoloridode:

1. Conhece ou 4 utilizow a tecnologia de Realidade Aumentada?
sm [ nso [
2. Jaowiu falar nos elementos quimicos da Tabela Periddica?

sm [ o O

3. Sabe o gue é aguimica?
sim [ nso [

4. 0 gue acha que se aprende na quimica?

5. Mesta pergunta pode escolher mais do que uma resposta. Acha gue a quimica &

difict [ facil O
interessante D simples D
divertiga  [] complena [
L il O
aborrecida [ magadora [

6. Tem outra opinido sobre a quimica?
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7. Qual é o método de ensing / aprendizagem gue prefere? Pode escolher mais do que uma resposta

Que o professor explique a matéria / conteddo a
Explorar @ contedda por conta prépria, utilizando a intermet ou um joge L
Aprender par meio de histdrias m]
Nenhuma das opges acima indicadas (]

Conhedmento prévio sobre a Tabela Periddica

WVamas comegar por identificar se tem algum conhecimento prévio deste conteddo. Por vezes, ji
ouvimos falar, sabemos alguma coisa, ou ndo sabemos nada sobré o tema, o que ¢ perfeitamente
normal! Recorde gue ndo ha respostas certas ou erradas,

1. O ozono é formado por:

dois oxigénios O cinco carbonos O
nitrogénio e hidrogénia O niio sei 0
trids oxigénios 0 outro 0
2. Qual é o simbelo do nitrogénio, também conhecido por azoto?
N2 Az N i N30 sei
O ] O O O
3. Quantos hidrogénios tem a seguinte malécula?
Cl=1 H=4 M=1 H=3 Mo sei
O O O O ]

4. Qual é o simbolo quimico do cloro?
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o cL CH Lixfwia Nao sel

O O [ O O
5. Qual é o elemento responsavel pela constituiclo dos diamantes?

Cloro Carbono Hid i M éni N3o sei

O O O O a

6. Qual destes elementos existe na composicho quimica da dgua?

Cloro Nitrogénio Oxigénio Platina Hlo sei
O O O O O

7. Qual é a férmula quimica do didxido de carbono?

COz2 H20 NHs 03 C(C202
o o

[+ 12 ] a
a o ] o o

B, Qual é a fdrmula quimica da 4gua?

COz2 H20 NHs: 03 C202
o = o o o

O O O O O

9. Qual destas moléculas estd presente na estrutura de um diamante?

. i : v (1] B
@rg@ &° o
o o o = 1
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O O O O O

10. Qwal destas moléculas representa dgua?

. Lo & B

W)
2] = = i1}
a O O

Obrigado pela sua participac3ol
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Anexo IV - Pds-inquérito

. ..
Pe”?adt!ﬁ Jogo a Fébula Periédica Pés-inquérito

10 do participante nidmero no autocolante: I:l

1.  Mesta pergunta pode escolher mais do que uma resposta, Achas que 3 quimica é:

dificit O facil O
interessante (] simples [
divertida [J complexa ]
intil O il O
aborrecida [ magadora O

2. Tens outra opinido sobre a quimica?

3. Qual é o simbolo do nitrogénio, também conhecido por azoto?

N2 Az N ] Hio sei

m} (m] 0 o u

4. 0 ozono é formado por:

dois oxigénios 0 cinco carbonos O
nitrogénio e hidrogénio O ndo sel O
triés oxigénios O outro O

5. Quantos hidrogénios tem a seguinte molécula?
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Cl=1 H=4 M=l H=3 MNio sei
O [m] O O O
6. Qual destes elementos existe na compeosic3o quimica da dgua?
Cloro Nitrogénio Oxigénio Platina N0 sei
O O O O a
7. Qual é o elemento responsdvel pela constitulgdo dos diamantes?
Cloro Carbono drogéni A N3o sel
O O O O a

8. Qual é a fdrmula quimica do didxido de carbono?

CO2 H20 NHs Oz C202
o

O O o m} o

9. Qual destas moléculas estd presente na estrutura de um diamante?

P EeTy

- | =
o o o O

10. Cual destas moléoulas representa dgua?
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11. Qual é a fdrmula quimica da dgua?

COz2 Hz20 NHs 03 C20:2
L o o

[ 2] 2]
O 0 O O O
Obrigada pela tua participagdo!
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Anexo VI — Guido da Entrevista poés interacdo com aplicagao

0 que é que mais gostas-te na aplicagdo com gue interagiste?

0O qgue é que menos gostas-te no jogo com que interagiste?

Voltarias a jogar?

Achaste que faltava alguma coisa na aplicacdo? Se sim, indica o qué?

Se tivesses a oportunidade de modificar ou mudar alguma coisa no o jogo, o que séria?
Recomendavas o jogo aos teus colegas?

Achas gue este jogo pode ser Gtil no teu futuro? Se sim, porque?

Ao interagir com o jogo, sentiste alguma dificuldade?

0 N o oin o W
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Ma resposta indicar a «Nossa Referéncian. Em cada oficio tratar <4 de um assunto

Exma. Senhora
Dra. Sandra CAmara Olim

s.olim@campus.fct.unl.pt

ASSUNTQ: Pedido de autorizagio para realizagio de estudo em escolas da RAM

Na sequéncia da vossa solicitacdo, com entrada nos servigos a 28-12-2022,
informa-se Vossa Excia de que, por despacho do Diretor Regional de Educacdo de 07 de
dezembro de 2022, estd autorizada a realizar um estudo de dmbito académico, nas Escolas
de 2.2 e 3.2 Ciclos do Ensino Basico da RAM.

O estudo intitulado “A Realidade Aumentada como ferramenta para motivar e
facilitar a aprendizagem de conceitos sobre a Tabela Periddica dos elementos quimicos”
insere-se no Doutoramento em Media Digitais, da Universidade Nova de Lisboa, em parceria
com o Instituto de Tecnologias Interativas da Madeira (ITl}, sob a orientagdo da Professora
Doutora Valentina Nizi.

No entanto, informa-se que a aplicagdo do estudo deve atender as observagies

seguintes:

a) A realizagdo do estudo fica sujeita a autorizagdo das direces dos
estabelecimentos de educacdo e ensino, a contactar para o efeito, a quem compete
autorizar a realizagdo de intervengdes educativas/desenvolvimento de atividades/programas
em meio escolar, junto de alunos em contexto de sala de aula ou em qualquer outro espago
escolar, por ser suscetivel de interferir no ato educativo, a quem incumbe, também, a gestio
dos recursos humanos, bem como, salvaguardar o direito da confidencialidade dos dados
pessoais dos alunos, nos termos do n.2 1 do Artigo 7.2 do Decreto Legislativo Regional n.2
21/2013/M, de 28 de junho, que estabelece o Estatuto do Aluno e Etica Escolar da RAM. O
estudo em meio escolar devera fazer-se em estreita articulagio com as dire¢des das escolas,
que decidirdo sobre o modo, o momento e condi¢des de aplicacdo dos instrumentos de
recolha de dados em meio escolar;

b) Autorizada a realizagio do estudo pelas direcBes das escolas, fica ao critério
de cada docente aceitar ou ndo a realizagdo do estudo durante a sua aula ou atividade e de

E£ || Rua D. Joda, n.2 57, Quinta Olinda * 9054-510 Funchal |1 Tel.: (+351) 291 705 360
Imp.03.06
i | | wwow.madeira-edu.pt/dre * dre@edu.madeira.gov.pt | | NIPC: 671 000 497
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cada encarregado de educagdo autorizar ou ndo a participagio do seu educando e de cada
aluno aceitar ou ndo participar na investigacéo;

c) Deve considerar-se o disposto legal em matéria de garantia de anonimato dos
implicados, confidencialidade, prote¢io e seguranca dos dados. Considerados os
documentos que foram anexados e para efeitos de protegio dos dados pessoais a recolher
junto dos participantes, em cumprimento da legislacdo em vigor (Lei n.2 58/2019, de 8 de
agosto, que assegura a execugdo, na ordem juridica portuguesa, do Regulamento Geral de
Protecdo de Dados (EU) 2016/679 do Parlamento e do Conselho, de 27 de abril de 2018,
relativo a protecdo de pessoas singulares no que diz respeito a protegdo de dados pessoais e
a sua livre circulagdo) resultam obrigagdes que a responsdvel se propde cumprir. Destas
deve dar conhecimento a todos os inquiridos e a quem intervenha na recolha e tratamento
de dados pessoais. E obrigatorio recolher as declaracdes de consentimento informado e
esclarecido a utilizar junto dos representantes legais dos titulares dos dados. N3o deve haver
cruzamento ou associagdo de dados entre os que sdo recolhidos pelos instrumentos de
inguirigdo e os constantes das declaragdes de consentimento informado.

d) A autorizagdo expressa deve vincular-se em exclusivo a aplicagio dos
instrumentos de inquiricdo e ndo a quaisquer outros atos ou medidas da inteira
responsabilidade da requerente ou de terceiros.

Com os melhores cumprimentos,

O Diretor de Servicos de Investigacao,
Formacdo e Inovagdo Educacional

\ s w:é D/;f ﬂﬂ“‘"

(Bernardo Lage Valério)

GF/LB
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ABSTRACT

Augmented reality (AR) applications have shown to be extremely
valuable for entertainment and educational purposes. AR experi=
ences support the learning performance of scientific subjects by
providing visualization of phenomena and abstract concepts. This
process facilitates the transfer of 2D information into 3D mental
models, a cognitive process essential in the Chemistry domain. In
the pages that follow, we contribute to the design and development
of two AR serious games that combine participatory design with
human=computer interaction principles to introduce Periodic Ta-
ble concepts to 9-13=year old children. We present initial findings
regarding the children’s acceptance and satisfaction of the games,
usability, engagement and overall feedback from our target audi-
ence. Although the overall assessment showed positive results in
AR's entertainment value and usability, a preliminary pilot test
(N=7) using a mix-method approach identified the need for mi-
nor game=play interventions. We aim to optimize our games by
continuing our research with our target audience, analyzing their
feedback, making refinements and assessing the game's learning
effectiveness. Our purpose is to research and create guidelines for
designing AR serious games to facilitate the learning of abstract
concepts while supporting spatial skills. We also aim to change
student perception of Chemistry as challenging and dull, and to
motivate children to invest in this area.
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1 INTRODUCTION

The motivation of children towards a domain can lead to their suc-
cess and future career choices. Many entities acknowledge the need
to prepare citizens in the areas of Science, Technology, Engineer-
ing and Math. These areas, however, are sometimes perceived as
complex and difficult, discouraging students from following these
paths [15]. In some cases, the use of textbooks and 2D information
to provide abstract content in Chemistry is not the most reliable
method to create cognitive connections and to facilitate the learn-
ing process. There is a clear need for innovative tools that enhance
learning through meaningful connections with the students’ con-
text, engaging them towards the subject being taught.

Along these lines, we developed Periodic Fable, a couple of AR
serious game, instrumental to conduct design=based research about
AR as a tool that, while facilitating the learning of abstract concepts
in Chemistry, supports visual-spatial skills. While using similar as-
sets, both parts of the game have different pedagogical approaches,
using play mechanics to provide content knowledge in a ludic man-
ner. This paper discusses preliminary feedback gathered from our
target audience’s first pilot test, to identify technology, game de-
sign, motivation and usability issues. Our aim is to continue the
optimization of our game by conducting future studies with larger
sample groups to answer our research questions and to create de-
sign guidelines that contribute to the production of efficient and
engaging AR serious games.

2 LITERATURE REVIEW

Chemistry demands student imagination to comprehend concepts
like atoms, molecules, chemical bonds, and other concepts which,
without visible or physical referents, can be a challenging process.
The understanding of abstract concepts is specially demanding
when the cognitive capacity of children to create mental images,
rotate and envisage elements in space is low. These abilities, re=
ferred to as spatial skills, visual-spatial or spatial abilities, allow
students to translate external representations like 2D visualization
into internal 3D models [10]. In this context, it is important to note
that, when children are overwhelmed by information that they can-
not assimilate, the result is often tantamount to cognitive overload,
frustration and lack of interest [20] towards the content.

Like other STEM subjects, Chemistry is perceived by young
children as challenging, difficult, unattractive, and less relevant
to everyday life [11, 15, 17]. As a result, educational stakeholders
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have acknowledged the need to incorporate tools that can improve
students’ engagement, arising interest and enjoyment, in order
to enhance their behavior towards this domain [13]. Education
professionals also advocate for the introduction of more *student-
friendly” activities that integrate real=life context with learning
content into school curricula. The development of positive attitudes
towards these subjects, together with earlier contact with scientific
phenomena, will significantly impact STEM literacy. This will also
promote the understanding and development of scientific thinking,
thus influencing children's perception of these domains [11].

Previous studies showed that Augmented Reality (AR) helps to
learn scientific subjects such as Chemistry by materializing visual=
izations of abstract and complex concepts through animations, 3D
modeling, and other digital information [4, 8, 9]. AR characteristics
of superimposing digital information within the real environment
provides children with the opportunity to engage with educational
content in digital format [18] while relating them to the actual phys-
ical world [1-3] . Furthermore, activities using 3D objects, either
virtual or physical, develop broader spatial skills by providing an
effective context for teaching [7], and can lead to growth in spatial
reasoning ability [7].

3 SYSTEM DESIGN

Periodic Fable's games interaction design, aesthetics, mechanies,
storytelling, technology and content are the results from ideation
rounds and participatory design methods with educational stake=
holders (chemistry school’s teachers, chemistry researchers and
students) and heuristic evaluation with game designers. The imple-
mentation of the participatory design feedback are incorporated
in the characters analogies, storyline, showcase of 3D models of
molecular/compound structures, creation of meaningful connec-
tions between the leamning content with the real world, use of
appealing aesthetics and offering the player an active role and fun
game-play mechanics. We also envision the use of tasks within the
games=play to train spatial skills like the understanding of space
(thinking about the location of objectsfeontainers needed for the ac-
tivity), visualisation of three=dimensional (3D) molecular structure
and map exploration (to gather chemical elements) [14].

To begin, we selected only ten chemical elements to explore. The
criteria was their abundance in the environment (oxygen, hydrogen,
nitrogen, carbon, chlorine), and the urgent need to tackle elements
considered critical because of their overuse and exploitation (he-
lium, platinum, silver, zinc and arsenic). The games were developed
for android mobile devices using ARCore SDK for Unity 3D.

3.1 Periodic Fable An Augmented Journey
FPeriodic Fable (PF) An Augmented Journey is an adventure game
where the user has to apply the knowledge of chemical reactions
displayed through animations at the beginning of the game, to be
able to overcome obstacles while navigating an AR 3D world. The
game stresses the narrative, in different game components:

(1) Displaying the story plot through entry screen animation.
The animation shows a group of characters, Oxygen, Hydro=-
gen, Chlorine, Nitrogen or Carbon, together in a space trip.
After being hit by a comet, their spacecraft is taken out of
orbit and crashes into our world. The player can help the
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characters go back to their planet by collecting parts of the
spacecrall scattered on the 3D world (Fig.1 - no. 1);

(2) Character selection. It is up to the player to select the main
character for the game by clicking in one of the creatures
displayed on the screen (Fig 1 = no. 2);

(3) Visualization of compound elements. Before the player can
start to navigate the 3D world, a short animation shows
what elements are in the compound/reactions needed for the
obstacles. The compound/reactions are represented by icons
displayed at the left side of the screen (Fig.1 = no. 3);

(4) Anchoring the AR visualization of the game 3D world in
the real world. The player has to use the device camera to
scan and recognize patterns in the real- world player sur-
roundings. The AR application will build the AR experience
around that location and allow the visualization of the tri-
dimensional AR world;

(5) Explore the 3D world by guiding the character with a digital
joystick. Once the 3D world has been anchored, a message
asking for help is displayed. A 3D character standing on
one of the 3D world modules can be guided through the 3D
environment with the joystick (Fig.1 = no. 4);

(6) Owvercoming obstacles by selecting the appropriate com-
pound/reaction (identified by an icon on the left side of the
screen). While exploring the 3D world, some passages are
blocked because of circumstances like climate change (high
ultraviolet rays, dry lakes, ete.) that can be overturned by
selecting a proper reaction/compound like water, ozone, ete.
(Fig.1 = mno. 5).

(7) Visualization of compound/reaction and unblocking of obsta-
cleIf the player selection of the appropriate compound/reaction
15 correct, an animation of atoms joining together is revealed
and the obstacle is vanguished, allowing him/her to collect
a part of the spacecraft. If the player selects the wrong com-
pound/reaction , a message and sound feedback asks him/her
to try again (Fig.1 - no. 6);

(8) Dialog with elements at risk of being depleted (Helium, Zine,
Arsenic, Platinum and Silver). At each passage of an obstacle,
the main character meets with other chemical elements and
receives information regarding why they are almost depleted
or in critical danger because of overuse (Fig.1 - no. 7);

(9) Gathering parts of the spacecraft. As the player interacts
with the elements at risk of being depleted, or overcomes an
obstacle, hefshe gathers a part of the spacecraft displayed
at the top left corner of the screen (Figure 1- no. 4). Onece
all the parts are gathered, an animation of the spacecraft
assembling and flying away is revealed (Fig.1 - no. 8);

(10} Conclusion of the game experience. A message of congratu-
lations is displayed:

(11} Game Reward A Reward-Selfie screen is displayed at the
end of the experience, inviting the player to take a picture
with one, two or as many characters the participant chooses
to share (Fig.1- number %).

3.2 Periodic Fable in the Wild

The second game, Periodic Fable (PF) in the Wild, uses a situated
learning pedagogical approach by integrating everyday routine
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Figure 1: Periodic Fable An Augmented Journey game flow

products (e.g., a water bottle, bleach, batteries, balloons) as part
of the pame-play mechanics. The game starts with a tutorial that
guides the user towards the different game components:

(1} Gathering of chemical atoms composing the product in ques-
tion. The atoms are gathered by scanning markers allocated
in the products displayed on shelves. All the collected atoms
are displayed afterwards on a 2D grid. The application indi=
cates when it has collected enough atoms by blocking the
capture button. An animation of a character that represents
an element with such atoms will also be showcased (Fig.2 -
no. 1);

(2) Reconstruction of chemical composition of the selected prod-
uct by combining the atoms identified in the screens chemical
structures through a mini word puzzle kind of game. The
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(3)

(4)

collected atom’ icons are aligned on a simple grid, and need
to be connected by the participant’s fingertip, one atom at a
time. The player is guided in the sliding action by the chem-
ical formula, which shows the order of the atoms, and is
displayed on the right side of the screen (Fig.2 - no. 2);
Anchoring the AR visualization in the real world. The player
again has to use the camera device to scan and recognize a
pattern for the visualization of the tridimensional AR com-
pound/molecular structure that hefshe has created (Fig.2 -
no. 3);

Conclusion of the game experience. Message of congratula-
tions and player score display appear after the AR experience.
The player’s score is calculated by the time hefshe spent on
each activity (Fig.2 - no_4);
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(5) Game reward A Reward- Selfie screen is displayed at the
end of the experience, inviting the player to take a picture
with all the game characters to share with family and friends
(Fig.2 = no. 5).

4 METHODS

Our seven participants, three females and four males aged 11 to
13 were recruited through opportunistic sampling. Children were
asked about their interest in participating, and their parents/guardians
were contacted and informed of the study. Then the children and
their parents were informed of the protocol and purpose of the
research.

The participants attended different public schools, and sinee in
Portugal the Periodic Table is not introduced until the 8th grade (13
to 14=years old), only three students had some previous knowledge
of the content. The study took place at ITI - Interactive Technology
Institute installations and it took about one hour for each children
to evaluate both games. The study began with a short explana-
tion of the purpose and the same protocol was followed for both
pames: 1. A demographic survey with questions regarding age, gen-
der and grade level We also included questions about previous
knowledge of the Periodic Table and AR technology; 2. Each par=
ticipant received a mobile device (Samsung 57 edge smartphone)
with installed games; 3. The first game was Periodic Fable and Aug-
mented Journey. While the participants played, two researchers
observed and took notes regarding struggles, doubts, expressions
and comments; 4. Finally, we applied post-test questionnaires and
interviewed the participants.

We used a PANAS C test [19], a shortened version of the PANAS
(Positive and Negative Affects Scale) adapted for children (20 items),
to evaluate the entertainment value and the affects of the Apps on
the participants. According to Watson et al., Positive Affects (PA)
represent the extent to which an individual experiences pleasurable
engagement with the environment. A high PA score 1s indicative
of emotion, such as enthusiasm and alertness. In contrast, a low PA
seore characterizes emotions such as lethargy or sadness. The Post-
test questionnaires included a usability and satisfaction assessment
using likert scale with smileyometer [16] of five levels - *1° for
totally disagree and 5" for totally agree (Table 1). The interview
questionnaire evaluated participant satisfaction as well, and gave
us the opportunity to gather suggestions from our target users.
Questions like: What did you like the most? What didn’t you like?
If you had to change anything, what would it be? Did you find the
game useful? Why? What did you learn? This information was also
crucial for the continuing evaluation and iteration of our games.

5 EVALUATION, RESULTS AND
REFLECTIONS

Regarding the technology, five of the seven users had previous

knowledge or had used augmented reality applications before.

Three participant, the oldest of our sample group, had knowledge
of the Periodic Table content.

i et al.

5.1 PF An Augmented Journey Results

While experiencing PF an Augmented Journey, our users had higher
Positive affect scores with Mean Scores (Mm18,57; SDm 3.04) than
MNegative affect Mean Scores (Mm6.28; SDs 00.95). These results show
that the participants were engaged with the game. The results ob-
tained in Q1, Q2 and Q4 (Table 1), where the players reported high
means of engagement, also confirm this. In addition, the participants
reported during the interview that the most enjoyable part of the
game was exploring the 3D world environment through the knowl-
edge acquired about the use of chemical reactions/compounds to
avercome ohstacles. Children's lamented lack of interaction with
some characters representing the "almost depleted chemical ele-
ments”. Participants said "I want to interact more with these char-
acters”, and T did not feel they were doing anything in the game”.
When we asked our participants how to improve the game, their
answers reflected previous statements: “make the endangered el-
ements/characters more interactive and more expressive”. Upon
these comments the researchers noticed that since the characters
were displayed on top of the large virtual world. their facial ex=
pressions and movements were almost unnoticeable. While this
reveals a design flaw that can be corrected. on the other hand these
comments highlight the engagement and empathy of the children’s
with the characters and their struggles, pointing at the potential of
characters persuasion and narrative immersion in delivering impor=
tant messages through such games. While this is something that
has been investigate in media and communication studies [5, 12],
further investigations could target the specifics of serious games
and AR games.

The players considered the game easy to play and useful (Q3 and
26} and it allowed them to learn about chemical reactions/compounds:
“I think this is good for learning and I need to use the right com=
pound to keep going®; *T like learning like this, it is not boring”.
Moreover, the children recalled specific scientific information "I
learned that ammonia at room temperature is a gas”; "Water is
created with oxygen and hydrogen®; *Carbon is on a diamond”; "I
learned the symbols of the chemical elements”. Although we need
to undertake additional studies to test the learning effectiveness of
the app, these answers confirm the potential of the technology for
learning,

From the observations notes, it emerged that several participant
struggled to start the game. It was noted that the digital graphic
joystick implemented to move characters through the 3D environ=
ment was not intuitive or easy to use. Improvements in terms of
simplification of usability and instructions are needed.

5.2 PF in the Wild Results

PFin the Wild users reported higher Positive affect scores (Mw18.00;
SDm 2.12) than Negative (Mm 6.00; SDw 0.70). The players enjoyed
the exploration task of looking around the space and finding the
products that displayed the game specific markers (see Fig 3 - first
image). Scanning markers located on the products boxes and con-
tainers to collect the atoms of the chemical elements was also
reported as a fun activity. Nevertheless, we also observed that,
once the players got familiar with the game-play, they scanned the
products markers to gather the proper atoms without reflecting in
the products composition. This was not intended to happen, and
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Figure 3: Pilot study

Table 1: Usability results from PF an Augmented Journey

Q#  Questions Mean SD

Q1 I'would like to play PF an Augmented Journey again 5.00 0000
Q2 I'would recommend the game to friends and family 4.86 0378
Q3 Ithought that PF an Augmented Journey was easy to use 0486 0378
4 1 think that the game is fun to play 5.00 0.000
Q5 Ifound that the various functions in the game, were well integrated 371 0.756
Q6 Ifound the game useful 5.00 0000
Q7 I'would image that most people would learn to use this game very quickly 457 0.757
Q8 Ifelt very confident using PF an Augmented Journey 429 0756

98
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Table 2: Usability results from PF in the Wild

Q%  Question Mean SD

Q1 Twould like to play PF in the Wild again 4.14 0900
Q2 Iwould recommend the game to friends and family 4.00 0690
Q3 Ithought that PF in the Wild was easy to use 0471 0488
Q4 Ithink that the game is fun to play 4.14 0.690
Q5 Ifound that the various functions in the game, were well integrated 329 0756
Q6 I found the game useful 4.71 0.488
Q7 I'would image that most people would learn to use this game very quickly 429 0.756
Q8 Ifelt very confident using FF in the Wild 4.00 0816

a second iteration of the prototype should ensure the design of a
reflective activity after such task. Childrens’ found the animation
of the characters representing the elements entertaining. They con=
sidered the game easy and useful since it allowed them to learn
the compasition of some products and to visualize the 3D molee-
ular/compound structures. This was the feature they enjoyed the
maost, since they had to move around and collect atoms. However,
they also highlighted some drawbacks of the game mechanics iden-
tified mainly in the repetition of some tasks. The players observed:
*The mini game of joining the atoms was repetitive”; "I thought it
was too repetitive to put the atoms together”; *T would change the
part of putting atoms together, and put something different every
time”. Regardless, when asked if they would like to play both games
again, all of them answered affirmatively.

In sum, this pilot evaluation confirms the value of PF in the
learning of Chemistry and fostering of spatial reasoning, while
pointing at some flaws and improvements. All users engaged and
enjoyed both games, with PF An Augmented Journey being more
exciting compared to PF in the Wild. We can infer that refinements
on the repetitive tasks could improve the positive engagement with
the PF in the wild game, while fixing the graphic Joystick of PF
Augmented journey can improve its usability.

6 CONCLUSION AND FUTURE WORK

We have described the design and results of a pilot evaluation of
Periodic Fable, a couple of serious game designed to support spatial
reasoning and chemistry in 9=13-year old children. Although we
identified game-play el that need refi the overall
players’ assessment was very positive. The PANAS=C results with
positive affect higher than negative means value affects indicate
pleasure and engagement with the games. The fact that the partici-
pants regarded the game as easy, useful, and expressed the desire
to play it again also indicates that the players were thoroughly
engaged. Due to reduced number of participants in the study, how-
ever, the game prototypes could not be fully validated. Our next
step is to act on the feedback and to conduct a broader study and
usability testing of the AR serious games with larger sample groups
in formal and non-formal settings. Protocol refinements will also
be implemented, so as to recruit participants from schools, sum-
mer camps and children associations. Participants will be randomly
divided into control (to play PF an Augmented Journey) and experi=
mental (PF in the Wild) groups. We intend to assess and compare
both games as the effectiveness of learning outcomes (Pre and

Post-guestionnaires), motivation (Instructional Materials Motiva-
tion Survey), and engagement. We also aim to evaluate the games
as to its benefits towards spatial skill development, by conducting
Pre and Post game interactions test using as instrument the Purdue
Spatial Visualization Test Rotation (PSVT:R) [6].
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Abstract. Augmented Reality (AR) applications have the potential to
improve students’ (}heu.lisl.ry learning per[onu&uté. By idél]l.ifyiu,g the
unigue features and affordances of this technology, we can design more
effective tools to facilitate the learning process of abstract concepts. We
developed Periodic Fable in the Wild, an AR serious game as an in-
strument to conduct design-based research. The game aims to lacilitate
the learning of abstract concepts related to the Periodic Table by chil-
dren (9 to 13 years old). We intend to optimize our game by continuing
our research with our target audience, analysing their feedback, making
refinements and continuing testing.

Keywords: Augmented Reality - Serious games - Spatial skills - Cl
istry.

1 Introduction

Children, as young as nine years old, have already a perception of Chemistry
as complex, not so attractive, less relevant to everyday life and a challenging
domain [1,2]. Some of the factors that contribute to a negative perception of
Chemistry are that it demands imagination, since there is no visible or physical
referent: translating 2D information into 3D mental models can lead to cogni-
tive overload and students with low spatial skills struggle with mental models [2].

Augmented Reality (AR) uniqueness of superimposing digital information
within the real environment provides children’s opportunities to:

1. Engage with educational content in digital format [3] while relating them to
the actual physical world [4].

2. Provide visualization of abstract and complex concepts through animations,
3D modeling and other digital information.

3. Develop broader spatial skills by using activities with 3D ohjects (virtual or
physical), providing an effective context for teaching [5].
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By developing an AR serious game to conduct design-based research, we intend
to identify AR features and affordances towards facilitating the learning of ab-
stract concepts in Chemistry. We also intend to change the negative perspective
of this domain by using game design elements to engage children toward the
learning content.

2 Periodic Fable in the Wild Systems Designs

Periodic Fable (PF) in the Wild is an AR serious game targeting 9 to 13-year-old
children, designed to teach them basic chemistry concepts of the Periodic Table
of Elements in formal and non-formal educational settings. The game’s sub-
theme evolves around the chemical composition of some products and substances
(verified and validated by a chemistry teacher and a chemistry researcher). The
AR game uses a marker-based system that operates with images/patterns (scan
by the mobile device) to trigger the upload of virtual information (in our case,
tridimensional models, animations, text, sound and a 2D minigame). The app
was developed for android mobile devices using ARCore SDK for Unity 3D.

PF in the Wild was also developed with the aim to integrate every day rou-
tine products, that children are accustomed to (water bottle, bleach, batteries,
balloons), as part of the game-play mechanics. The game = situated learning ap-
proach allows our target group to gain scientific knowledge about the chemical
compounds that form the products. The goal is to achieve this by interacting
with physical objects, AR technology and collaborating with other colleagnes.
PF in the Wild contributes to the learning process by creating meaningful con=
nections between the content and the context.

The game starts with a tutorial that guides the user through the different
ZAIME COMPONents:

1. The gathering of chemical atoms composing the product in question. The
atoms are collected by scanning markers allocated in the products displayed
on shelves (see Fig.l - number 1). All the collected atoms are displayed
afterward on a 2D grid (see Fig.1 - number 2). The application indicates the
player when it has collected enough atoms by blocking the capture button.
An animation of a character that represents an element with such atoms will
also be showcase (see Fig.1 - number 1).

. Reconstruction of chemical composition of the selected product by combining
the atoms identified in the screen ‘s chemical structures (using a mini word
puzzle kind of game). The collected atoms’ icons are aligned on a simple
grid and need to be connected by the participant’s tip of the finger from one
atom to the next. The player is guided in the sliding action by the chemical
formmla, which shows the order of the atoms, and it is displayed on the right
side of the screen (see Fig.1 - number 2).

3. Anchoring the AR visualization in the real world. The player has to use the

device camera to scan and recognize a pattern in the real-world plaver sur-
rounding. The AR application will build the AR experience around that loca=

[~
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tion and allow the visualization of the tridimensional AR compound fmolecular
structure created by the player (see Fig.1 - number 3).

4. Conclusion of the game experience. Congratulation message and player score
display appear after the AR experience. The player's score is ealeulated by
the time they spend on each activity within the game (see Fig.1 - number
4).

5. Game reward. A Reward- Selfie screen is displaved at the end of the expe-
rience inviting the player to take a picture with all the game characters to
share with family and friends (see Fig.1l - number 3).

Fig. 1. PF in the Wild game How

To get an overall understanding of the game, we conducted a pilot study with
five participants (three female and two male). Children with ages ranging from
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11 to 13 played the game for about 10 minutes. Some of the comments that we
gather from post-game experience interviews point to the learning potential of
the game "1 think this is good for learning since 1 need to use the right compound
to keep going”; usability 7it is easy and good for learning™: the repetitiveness
of the game mechanics " mini-game is too repetitive.” We also asked the players
to think aloud and took observation notes. In this note, we observed one of
the players seems lost in collecting the elements and manifested frustration by
saying, "I forgot which compound I was trving to form.” Nevertheless, when
asked: Will you play again? all of the participants answered "yes”.

3 Conclusion and Future Work

We developed an AR serious game to evaluate the features and affordance of
the technology towards facilitating the learning of abstract concepts of the Pe-
riodic Table. After a preliminary pilot study with the five children, we identify
game-play elements that need refinements, such as the game’s repetitiveness,
which we plan to address by incorporating new elements, like animations and
visnal feedback between each task. Also as to better guide the user towards the
compound that needs to be created at the different stages of the game, we will
implement the display of Ul with an images of the compounds structure until
the tasks are accomplished (see Fig.l, number 2 - right corner). Nevertheless,
the overall players’ assessment was positive and the comments oversee the app’s
potential as a tool to engage children with the content knowledge, in order to
validate the game, further research is needed. This research’s next step is con-
cept and usability testing of the AR serious game with larger sample groups in
formal and non-formal settings.

Acknowledgement This work has been supported by MITIExcell (M1420-
01-0145-FEDER-000002), MADEIRA 14-20 FEDER funded project Beanstalk
{2015-2020), LARSyS-FCT Pluriannual funding 2020-2023 (UIDB/50009,/2020).
FCT Ph.D. Grant PD/BD/150286/2019, and by FCT/MCTES NOVA LINCS
PEst UID/CEC/04516,/2019.
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Conclusion

Preliminary pilot study with the 5 children, we
identify gameplay elements that need refine-
ment; nevertheless, the overall players' assess-
ment was positive, however, due to few partici-
pants in the user study, the game prototype
could not be fully validated. This research's next
step is concept and usability testing of the AR
serious games with larger sample groups in
formal and non-formal settings.
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Abstract. Chemistry is often regarded as a complex and demanding
subject for youth to learn, partly because of abstract concepts that are
challenging to depict. These areas require spatial reasoning, defined as
the ability to retain, generate and manipulate abstract visual images in
space, either physically or mentally. By allowing the superimposition of
virtual objects in the real world, Augmented Reality (AR) facilitates
students’ understanding of difficult coneepts through spatial reasoning
by making them visible and allowing for multidimensional perspectives.
“Periodie Fable™ is an AR serious game targeting 8 to 11-year-old chil-
dren, designed to teach them basic chemistry concepts of the Periodic
Table of Elements in non-formal settings. After designing and imple-
menting the game, we conducted an exploratory study with 36 young
participants, using a mixed-method approach. A comparative study be-
tween pre- and post-intervention questionnaires and observation results
shows a positive learning outeome, demonstrating the potential of this
tool in a non-formal context.

Keywords: Augmented Reality - Edutainment. Non-formal learning -
Periodic Table.

1 Introduction

The acquisition and development of abstract reasoning is extremely important
in children’s. Great part of abstract reasoning acquisition happens during the
learning process of school subjects. These subjects. involve inquiry. experimens
tation, evidence, the evaluation and analysis of ideas. problem-solving, creative
thinking, and overall understanding of information by making connections with
the real world [44]. Children’s understanding of abstract concepts in STEM dis-
ciplines has been shown to increment by means of spatial reasoning [34] enabling
them to reason about the space around while manipulating real or imaginary
object configurations in space [7].

Playtul educational experiences and games have shown positive effects in a
wide spectrum of the development of cognitive skills [25, 19]. Educational games
increase concentration levels and stimulate learning in children [1]. allowing for
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the exploration of teaching tools such as metaphors, analogies, and the spatial
manipulation of 3D objects through technologies like Virtual and Augmented Re-
ality [42]. Virtual and Augmented Reality serious games create compelling, col-
laborative and participatory experiences to enhance the user’s engagement and
learning. These experiences can provide alternatives to a real-world environment
for situated learning, allowing the user to experience a sense of “being there”
while applying acquired knowledge [11]. Immersive games hold great potential
for cognitive and motor development, and represent a powerful tool to facilitate
the teaching of school curriculum and an effective way of acquiring knowledge
within a non-formal context. Playing games is also considered a erueial activity
for hnman development of socialization, expression, and communication skills
[35]. Given these conditions, knowledge is acquired through a participatory pro-
cess whereby the learner is “transformed through his actions and relations with
the world” [6]. As argued by John Dewey, teaching involves “engaging children in
a fun and playful environment, imparting educational content, and instigating
interest in learning more”[12].

Given the possibility of transporting knowledge to other settings, Augmented
Reality enables the connection between content knowledge and user context,
thus making the learning more effective. Many Augmented Reality games have
proved especially effective for STEM subjects. AR enables users to visualize
otherwise inaccessible representations and to experiment in a low-risk and low-
cost platform[3]. Augmented Reality has also been shown to be a powerful tool
in the development of spatial skills, such as student understanding of structures
that can be either invisible to the naked eye or spatially complex [50, 15, 47].

The Periodic Table is one of the biggest achievements in the modern sciences,
not only for chemistry, but also in physics, medicine, earth sciences and biology.
In 2019, the United Nations celebrated the 150th international anniversary of
the discovery of the Periodic System by Dmitri Mendeleev. As a result, mumerous
competitions, events and musenm exhibitions have been dedicated to this topic.
We took this opportunity to reflect on the Periodic Table and its elements and
introduce them to young children, who might have not experienced them yet in
their school curricula.

In this article, we present our research based on the design and preliminary
testing results of Periodic Fable, a game intended to promote non-formal learn-
ing of the concepts of the Periodic Table for 11 years old and younger children,
that have not tackled "chemistry” as a school subject yet. Periodic Fable incor-
porates image recognition, tangible ohjects, 3D virtual reconstruction of models,
animations, and is part of a growing number of initiatives that seek to utilize
this type of technology to create awareness and engage children in non-formal
science learning. The project was designed and produced to complement the
celebrations of the anniversary of the Periodic Table.
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2 Related Work

2.1 Learning Framework

Situated learning builds upon social learning and development theories, accord-
ing to which the quality of learning depends on social interaction with the learn-
ing context[41][27] [49]. Many virtual games and immersive simulations have been
designed for training and education, to motivate students by providing a more
immersive and engaging learning environment to support situated learning, The
seamless integration of virtual content with the real environment can evoke in the
users a perceptual state of non-mediation, a sense of presence reinforcing immer-
sion [40]. AR design strategies create virtual immersive experiences and games,
which are based on action and symbaolic and sensory factors. Research has shown
that immersion in virtual environments can enhance education by allowing for
multiple perspectives of the learning content, applying situated pedagogy and
transfer of knowledge [11]. Even exceptional students in formal educational set-
tings often find it difficult to apply what they learn in class to similar real-world
contexts [11]. AR allows users to discern and interact with the real environment
while simultaneously receiving additional digital information into their field of
perception [5]. The simulation of real-world problems and contexts can be ob-
tained by near transfer. This assimilation of knowledge can then be transferred
to other situations, allowing for the construction of more knowledge. Examples
of this process can be found in game simulations for flight and surgical train-
ing, whereby the user can practice and train certain skills, making mistakes and
getting positive feedback when the task is performed in a low-risk environment
before transferring this knowledge to real-world situations.

Children learn by using their senses, playing and performing activities, as-
similating concepts in an intuitive manner [29]. Constructivism theory argues
that children learn by interacting with the physical environment, socially, and
by responding to external stimuli consciously. A constructivist environment al-
lows children to build on previously acquired knowledge, in a reflexive process
directed by a teacher, parent, or colleagne [32]. Likewise, learning by doing is a
fundamental activity in children. It is suceessful when the information is compre-
hended and nsed, and this, in turn, contributes to a change, hence transformation
in cognitive structure [21]. The potential of Angmented Reality and educational
games is supported by constructivism theories. Learning can also benefit from
novelty effects due to new technologies [38], since the excitement and curiosity
of the students canse them to be more engaged and motivated.

Research shows that students’ performance is affected in different variables
of the learning process, while engaging in an activity individually or in a collabo-
rative process. [2]. Some effects are related to the intrinsic motivation (enjoying
the activity itself), self-efficacy (believe in the capacity to solve a task) and
self-determination (decision to do something). These results have been shown
in many AR experiences where the activity is performed individually, but also
studies shown that there is a tendency for active exchange of knowledge while
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students performed an AR activity [26]. However limited of research is known
about the learning efficacy when comparing both methods[32].

2.2 Augmented Reality

Augmented Reality (AR) is defined as the perception of reality that has been
enhanced throngh computer-generated inputs and other digital information [3].
AR falls in the realms between a physical and a virtual reality spectrum, meaning
that AR supplements reality, rather than completely replacing it. AR is demon-
strating to hold great potential in the area of Edutaimment (education and enter=
tainment) [37]. As a pedagogical tool. AR enables critical thinking and develops
creativity [51]. The continuous investment in Augmented Reality has led to a
proliferation of apps in the edueational realm, with an increase in off-the-shelf
wearahle devices, like Curioscope [9]. a marker-based t-shirt that allows children
to visualize 3D models of human anatomy. Elements 4D, by DAQRI, created an
app for chemistry designed to simulate how elements of the periodic table react
in real life [10]. Animal Alphabet uses AR Flasheards to learn letters. ZooKazam
[30] and Bugs 3D [46] aim to teach about animal species. Arloon Plants [45] al-
lows children to learn about the flora. Star Walk [48] AR app suppor ts learning
about the stars, the solar system and the planets. MerchEdu allows students to
explore and interact with STEM concepts using a tangible cube [33]. Despite
their usefulness, however, many of the commercial AR applications targeted at
children have not been evaluated for their effectiveness in learning outcomes. In
addition, Augmented Reality’s ability to render objects that are hard to visnal-
ize using 3D Models (simulation), makes the understanding of abstract concepts
more manageable. AR can enhance learning environments, engage, stimulate and
motivate students [13. 14]. In scientific subjects, complex approaches are required
for the students to envision concepts like micro and macro-worlds, and its assim-
ilation remains a difficult and challenging process. Students make observations,
collaborate with others, inquire, ask questions. investigate and interpret data
when engaging with the AR system [11]. Chemistry in public schools with large
size classes suffers from limited resources and time available, and. as a result,
some students do not have the opportunity to conduet experiments. AR simula-
tion helps to bridge this gap, contributing to the observation of some reactions
on a one- to-one hasis[16]. In Switzerland. an AR virtual chemistry laboratory
was created for students to view and acquire atoms through a virtual drag-and
drop technique. This platform allowed students to construct their own complex
molecules, developing active learning skills [20]. Besides the allowance of inquiry-
based learning, using this system also helped students to be active in the learning
process [8]. Low- achieving students benefit considerably by interacting with 3D
models of micro-particles, better understanding the composition of substances
[4]. The teaching of molecule formation, covalent bond and molecule structure
using AR vs traditional methods such as a textbook, proved to be more effective
in improving student performance [36]. StereoChem is a mobile Augmented Re-
ality application used to help students understand stereochemistry, focusing on
the study of stereoisomers (molecular formulas that differ in spatial orientation)
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to help in the perception of the 3D molecules[28]. Augmented Chemistry al-
lows students to obtain and understand information about the spatial relations
between molecules by using the input of keyboards and tangible interaction.
Aungmented Chemistry represents the molecules in a 3D environment, providing
multiple viewpoints and control of the interactions [43].

2.3 Tangible Interfaces

The combination of tangible, physical interfaces with tridimensional virtual im-
agery allows children to play, engage, and have fun as they learn, facilitating the
cognitive load [4] in a natural and genuine way [4].

Tangible interfaces can ease the communication of abstract concepts. This
is the case of Digital MiMs, computer enhanced building blocks that support
learning in mathematics, probabilistic behavior and more. Another example is
ProBoNo, a software and tangible hardware prototype developed for children
from four to six years of age. PrBoNo allows children to navigate virtual worlds
maore playfully and engagingly. A study of this system concluded that the tangible
interface facilitated the transfer of knowledge acquired in a digital environment
to a situation in the real world [22].

However, regarding the benefits of tangible interactions for children, Hormn et
AL[24], advocate for a hybrid approach (a single interactive system that consists
of two or more equivalent interfaces). Teachers and learners can select the most
appropriate interaction according to the task and needs of a specific situation
[24]. Moreover, Ambient Wood. a large-scale learning activity targeting 11-12-
vear-old children, aims to teach children about the nature of scientific inguiry
by means of tangible discovery, reflection, and experimentation. A study of the
system highlighted that, while tangibility per se is not enough to engage children
in a task, it is crucial to have the appropriate tangible system [31].

3 Methods

3.1 System Design

Periodic Fable is a serious AR game for android mobile devices (with gyroscope,
accelerometer and compass sensor), designed and produced to target 8 to 11-
vear=old children that come into contact with chemistry for the first time. The
game developed using ARCore, Autodesk Maya, Mudbox and Adobe Photoshop,
provides basic coneepts about chemical elements like their symbols, atomic num-
bers, atomic weight, reactions with other elements, and products that contain
the element. It also allows nsers to obtain information by scanning markers, and
joining elements(depicted as creatures) to create reactions. Thus. the learning
process becomes fun, engaging the students[11].

Content The content of the game was selected with the help of a Ph.D. student
(in a Chemical biology related area) and two Chemistry teachers. It takes into
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account the knowledge of chemistry that our target andience already acquired in
science classes. Children from 8 to 11 learned some basic chemistry notions while
learning about topics like pollution (carbon monoxide), blood components, the
atmosphere, photosynthesis (carbon, oxygen), and the cycle of water (hydrogen,
oxygen), to name some. It is not until later that chemistry becomes a curricular
subject. The elements selected to feature in the Periodic Fable game are the
most abundant in the environment, and have compelling reactions, which makes
the students more curious, inspiring them to speculate about possible combina-
tions. The Periodic Fable design relies upon constructivism as a learning method,
allowing the children to explore and interact freely with the content, thus com-
plementing their knowledge about the chemical elements. Moreover, to create a
connection between the content and the real-world, we decided to include infor-
mation that could be transferred to the everyday routine of the children.

Technology/Game Mechanics The AR game uses a marker-based system
and tangible cubes as part of the mechanics. The camera of the mobile phone
scans a pattern/image, recognizes it, and superimposes a digital image on the
screen of the device (in our case, 3D models and animations, 2D images, video,
text and audio). The criteria for the selection of the equipment is based on the
children’s ease of access to mobile devices, their portability, and affordability.
Autodesk Maya, Adobe Photoshop, Adobe AfterEffects and Unity 3D were used
for the development of the game.

We designed a tangible cube as a starting point. The child has to explore
each facet of the cube to gain access to different information, which allows the
user physical manipulation and exploration of spatial arrangement. The decision
is the result of several iterations, heuristic evaluation and small sample testing to
make playing the game easy, without need for supervision (almost intuitive). Few
instructions are necessary, thus avoiding cognitive overload. The game features
a cube per element, and each face of the cube expresses qualities and scientific
facts about that element. At the moment we have developed five cubes, corre-
sponding to oxygen, hydrogen, carbon and nitrogen. because they are the most
important elements; their covalent bond combinations are responsible for most
of the biological molecules on earth. We added chlorine to the list because, like
the other elements, its properties and reactions can be the most interesting and
engaging for the children. In the future, we hope to develop the experience for
all the elements of the Periodic Table, allowing users to position each cube in
the proper location, and to construct their own physical Periodic Table.

Aesthetics Each tangible cube is dedicated to one chemical element. All the
facets of each cube (used as markers) are identified with text and a 2D image
of the character holding an icon indicating the type of information that will be
prompted (story/book, curiosities/ question mark, combination fsilhonette of a
eroup of characters, code name, habitat /building, information / letter "i").
The 3D characters were designed taking into consideration the properties
of the elements that they represent. For example, oxygen is a highly reactive

259



APPENDIX C. PUBLICATIONS

Augmented Reality towards facilitating abstract concepts learning 7

element, and capable of combining with other elements. Becanse of this, oxygzen
is depicted as a friendly creature, illustrated with the code name of the symbol it
represents: “0)". The atomic number reflects the creature’s age, and the atomic
mass is indicated as its weight (see Fig. 2 number 1). We created these analogies
for each element as a way to facilitate retention of the information. The creature’s
aesthetics, from color to animation, are also keyed to properties of the element
and provided with several iterations to create more empathy with the user.
The colors assigned to each character reflect the Robert Corey, Linus Pauline
and Walter Koltun coloring standard convention known as CPK color, used
to distinguish the atoms of chemical elements in molecular models [23] . The
color scheme is associated with some properties of the elements. For example,
hydrogen, a colorless gas, is white; chlorine is green: carbon is either charcoal
ar graphite; nitrogen is blue, since it makes up most of the atmosphere and
axygen is associated with combustion: blood is red. The inspiration for the base
shape of our 3D character is the ball-and-stick model of the molecular models,
whereas the body of the characters is rounded like the spheres that represented
the atoms, and the arms and legs are rods that can connect and create bonds
with other elements. We designed glasses for each of the individual characters,
and feet, hands, and other human features to animate and give each element a
different personality, so that children can associate the creatures to the element’s
properties, empathize and engage with them. For example, the animation for
hydrogen is a calm Zen creature that floats while meditating, thus portraying
its low density the fact that it is essential for life (see Fig. 1).

Fig. 1. Left to right -hydrogen, nitrogen. omcygen, chlorine and carbon

Story The concept of content-infused story games (CIS Games) builds on the
fusion between games and stories to educate children [17]. Building upon this
concept, a facet of the tangible cube is designed to identify with the element it
represents holding a book. These animations feature in short, funny animation
clips, turning into stories the outcome of joining two or more elements, and the
reactions that this might trigger. For example, one of the stories dedicated to
hydrogen presents the characters having fun in a water-park. Two hydrogens
slide down a water toboggan and get stuck at the end of the ride. The oxygen
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that slides next is unable to stop hitting the two hydrogen creatures, and all
turn into water. Chlorine is depicted as a superhero that saves his friend from a
huge bacterium in a lab. Our aim is to make children learn and remember some
of the chemical combination’s outcomes and properties while having fun.

Game-play The game starts with a short tutorial that guides the children in
understanding the mechanics of the game: how to explore the faces of a tangible
cube, gather the elements/characters, and use them to create reactions. The
participant selects one of the cubes (this selection can be random) and scans
one of the markers/images on each facet, generating/uploading the information
linked to that particular pattern.

Facet 1 (Information) Triggers an animation of a 3D character representing
a chemical element. It also provides information about the chemical symbol,
including atomic mass, chemical name and atomic mumber(see Fig. 2 number 1).

Facet 2 {Habitat) Uploads an image of an apartment building divided accord-
ing to the blocks of Periodic Table (atomic weight and arranged in horizontal
rows periods and vertical columns fgroups). We decided to showcase the differ-
ent characters in this blocks/apartment location creating an analogy (apartment
building vs location of the element in the periodic table), so children will assim-
ilate the lodging of the element in the Periodic Table (see Fig. 2 oumber 2).

Facet § (Curiosities) In this facet corresponding AR scenes, 3D models of prod-
ucts that have that element within their composition are visualised (see Fig. 2
left-number 3).For example, we depict oxygen as being a compound that can be
found on a Pepsi drink, a cleaning product like Vanish (see Fig. 2 right - number
3). Our design took a situated leamming approach, whereby children can create
connections with the products in their surroundings and chemical elements.

Facet § (Stories) Capturing facet triggers short elip (less than one minute)
dedicated to that particular element reaction with another elements (see Fig. 2
number 4)

Facet 5 (Combinations) Capturing facet 5 allows the children to select and
explore the reactions of different elements. We placed icons on the left side
of the screen for the user to select and then explore several reactions (water,
fertilizer, ammonia, fire, ozone, or to create a diamond) (see Fig. 2 number
5). Once the user clicks on the button, the application will indicate what type
of creatures/elements are needed, and the user will be prompted to scan the
corresponding cube with the camera of the mobile device (see Fig. 2 number 6).

If this activity is performed correctly, the interface notifies the child with
a message congratulating him or her for the reaction just created (see Fig. 3
number 2) and showing the elements that were part of the reaction (Fig. 3
mumber 3). Then an animation of the reaction just created plays out (see Fig. 2
number ).
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Each element experience ends when the user has explored all the facets of
the cube dedicated to that element, and captured its reactions. The experience
can be repeated for the other cubes, until all cubes have been explored. Since
no dependencies of content have been designed. each child can explore one, two,
three, or all the cubes, always achieving full closure with each experience.

Fig. 2. Left: 2D representation of tangible cube; Right - Interaction with the faces.
L. informationfanimation; 2. Habitat- location of the characters/elements within the
Periodie Table: 3. Produets that contain the elements; 4. Stories; 5. Combination of
the elements; 6. Reactions

)

Farabéng!
Criaste Agua (HaOp

\1
J

PEO®G6
[CIONCIOICIG)

Fig. 3. L. leons reactions; 2. Congratulation messages: 3. Elements that participated
in the reaction
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3.2 Participants Demographic and Data Collection

Aeccording to school eurricula in Portugal, Chemistry becomes available as a sub-
ject only during the Tth grade, where students are 12 vears old. To experiment
if the AR based game facilitated the learning of abstract concepts in early child-
hood we decided to evaluate our game with children before they had engaged
with abstract concept of chemistry as a school curricular activity. We based our
study at a Computer Science Club at a public school in Madeira. We engaged
36 participants, 20 females (55.6%) and 16 males (44.4%) ranging from 8 to 11
vears old. The study was designed as in between study, where 18 participants
experienced the Periodic Fable in pairs (50% }-Experimental Condition or Group
2, while 18 individually (50%) - Control Condition — or Group 1. The study
was designed to explore if the AR game would support the learning of abstract
concepts such as chemistry basic, in children with no previous exposure to the
subject and to explore which interaction conditions (single or pairs ) would yield
the best learning ontcome. The study took place during one day, on November
27, 2019.

3.3 User Technology Access

Most of the students (32; 88.9%) had access to a mobile device prior to the study,
but four (11.1%) did not. 15 participants (41.7%) had access to a mobile device
less than a year ago. 11 participants (30.6%) had had access to a mobile device
for more than a year, 7 (19.4%) had had access to a mobile device for over 2 years,
and only four (8.3%) had no access to a mobile device. 12 participants (33.3%)
knew or had heard about AR technologies, while five (13.9%) had already used
AR. Only four students (11.1%) had previous knowledge of the Periodic Table.

3.4 User Study Protocol

Recruitment was done through a local school at Santa Cruz, Madeira. The exper-
imenter contacted a teacher from the school Computer Science club, explained
the project’s objectives and demonstrated the study procedures. Parents signed
Parental Consent before the intervention. which included information about the
date and time of the study. On the intervention day, we briefed the participants
and asked them to answer a pre-test questionnaire, which included questions
like: What happens when you combine one oxygen and two hydrogen? What is
the symhbol for nitrogen? What formed the ozone? What products have chlorine
in them? What are the elements found in diamonds? After having answered the
questionnaire, the participants were assigned randomly to one of the two groups,
to avoid any bias.

Each group of participants experienced one condition. Group 1 (Control Con=
dition) performed the intervention individually while, Group 2 (Experimental
Condition) performed the intervention in pairs (see Fig. 4) While in the control
condition, individual students were seated at their desks and given a set of 5
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cubes and a mobile phone to explore the cubes by themselves; in the experimen-
tal condition, students sat in pairs and shared the 5 cubes and the mobile phone.
Both groups of participants had to answer individually a post- intervention ques-
tionnaire with the same questions as in the pre-intervention questionnaire, but
posed in different order, so as to assess the learning more accurately. The partic-
ipants were monitored by three researchers during the interactions. Observation
notes were taken regarding struggles with the application, the points students
seemed to enjoy most, confusion with any of the tasks, and emotional reactions.
The whole experience, including pre- and post questionnaires, took 30 minutes.
The experiment material consisted of an android smartphone and the five tan-
gible cubes. Data regarding usability and satisfaction on part of the students
were collected using a questionnaire with a Smileyometer [39] Likert scale (it
uses pictorial representation) of 5 levels - *17 for totally disagree and “57 for
totally agree (see Table 1).

Table 1. Usability and engagement data results

Q7 [Question [Percentage]Mean 7 5D
Q1 |1 enjoy using Periodic Fable 55.9% 4,50,/0.519
Q2 |1t was easy to use the application 55.6% 4,30,f0.80
Q3 |1 knew what to do during the game 75% 4,72/ 0.513
Q4 |The instructions were sasy to follow 61.1% 4,53,/0.696
Q5 |1 always knew what to do during the game 52.8% 4,11/1.214
Q6 [The capture of the information with the markers always worked [44.4 % 4,25/ 0.770
QT |The camera never lost the information of the marker 55.6% 4,20,/0.026
Q8 |The application always read the correct marker TTR % 4670717
Q9 |1t was a great experience to play the game 58.9% 4,53/0.561
Q101 was always performing the same action during the game 58.3% 4,536,/0.961
Q11 |The amount of information was enough 69.4% 4,58,/0.692
12| The 3D objects always appeared on my mobile screen 66.75 4,56,/0.695
Ql:i There was a tutorial 5% 4.671’ 0676

Table 2. Again and Again / Engagement scale

7 [ Question [Fercentage|Mean § S0
1 (Do you want to see the animations of the elements/creatures again? |94 4% 1.06/0.252
Q2 |Would you like to watch the stories again? T2.2% 1.25,/0.500
Q3 |Would you like to make more combinations of elements? 26.1% 0.66, 0.398
Q4 |Would you like to see the habitat of the clements again? 56.1.1%  [1.08/0.459

5 [Would you like to see more information about the elements? E0.6% 1.189/0.401
Qi |Did you learn any information from this experience? BE.0 % 1.11) 0.319
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The second measurement, related to enjoyment, was gathered through an
Again-Again table. This measure is based on the knowledge that people like to
do fun things again [39]. We also analyzed which part of the experience was
most enjoyable for the participants by answering “Yes” as code 1, “No” code as
0, and “Maybe” as code 2 questions related to each side of the tangible cube
(see Table2). To estimate gains in learning outcomes regarding the concepts
of the Periodic Table, we used the multiple-choice pre-intervention and post-
intervention questionnaire data. We also conducted two comparative analyses
using a non-parametric test within and between groups

4 Results

The study aimed to assess whether the use of the AR Serious Game facilitates
the learning of concepts related the Periodic Table. We also wanted to analyze
whether interventions in pairs had higher gains than individual interventions.

The normality of the sample in terms of results was evaluated, and since
the values of Skewness and Kurtosis (p= 0.002) showed that the assumption of
normality was violated, we used a non-parametrie test. For analysis within each
group, we used the Wilcoxon signed rank test. with the game played individually
{Control Condition or Group 1) and in pairs (Experimental Condition or Group
2). The results show that the post-intervention learning outcome is significantly
higher for participants in the Control condition (Mdn = 2), T= T8, p=0.001,
r=0,54 (large effect) as well as in the Experimental Condition (Mdn=1), T=36,
p=0.010, r=0.43 (large effect). In sum, the application had a strong, positive
effect in the learning of concepts about the Periodic Table in both groups (see
Fig. 4).

We conducted a between group analysis — using the Mann-Whitney test —
with the same conditions as above. When measuring the children’s knowledge
before playing the game (Mdn=.00) U= 110.00, p= 0.10, r=-0.31{medium effect),
the results show that the difference in learning ontcomes between groups was
not significant. However. in the post- intervention test, the children that played
individually had significantly higher results than those that did the intervention
in pairs (Mdn= 1), U= 98.50, p=0.04, r=-2.09 (medium effect). Contrary to the
findings of Martin-SanJosé [32] individual intervention had higher learning gains
that in a collaborative setting. We attribute these results to the fact that the
participants that did not share the mobile device had more freedom to explore
the tangible cube, controlling the areas that they wanted to visualize, the time
dedicated to each area, and could repeat the tasks ad libitum (see Fig. 4).

We also performed a Whitney 17 analysis to evaluate if there were any gen-
der differences in the learning outcomes. From the data, we can conclude that
gender differences were not statistically significant (U=139, p=.519). The users
were pleased with factors about the usability and engagement of the game (see
Table 1). Question 6 ((6) had the lowest score (Mean=4,25). Few children had
difficulties when scanning the cubes images; markers(see Fig. 4).
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Felated-Samples Wilcomon Signed fank Test Su
Individual intervention __Pair intervention
Tatal N 18 18
Withie G Test Statistic TEO0 36.000
Learning Dutcome  Standard Error 12124 6955
Standardized Test Statistic 7 2588
Asymptatic Sig. (2-skded test) 00 010
Independen e Mann-Whitney U Test summaries
Pre test Pas test
Tatal N 36 E3
Man - Whitresy U 110,000 SE500
BetweenGroups  WEaRCan W 8100 269.500
Learning Outcome  Test Statistic 110,000 SE500
Standard Error 7842 0415
Standardized Test Statistic 1881 -2088:
Asymptotic Sig. (2-sided test) D60 07
Exact Sig. {2 -sided test) ELT) 044

Fig. 4. Top: Results within subject learning outeome - Bottom: Results between sub-
jects learning outeome

The Kruskal-Wallis test results do not demonstrate any difference in the
usability and engagement of the activity between the groups conditions,*(1) =
0.22, p = 0.15

5 Discussion, Limitations and Future Work

Ohir results reinforce the positive effects of gaming techniques and AR technolo-
gies in the engagement and motivation of the students [4]. According to the
questionnaire, the AR visualization of the animated characters/elements intro-
ducing themselves to the players was the most enjoyable part of the experience,
hence we can infer that the creatures/elements captivating characterizations as
funny locking, intrigningly futuristic characters was a successful factor in engag-
ing the children(see Table 2). The participants’ reactions show that they enjoy
combining the elements through the cube facets that triggered the AR scenes.
Ome of the students commented aloud “I just made water!” and another re-
sponded, “I just created a diamond!” According to the data, the 2D animated
short stories about the elements were the least captivating part of the experi-
ence. Overall, the participants acknowledged that they had learned something
new about the Periodic Table. The data also show that the application increased
the curiosity of the children regarding other chemical elements.

The results of the preliminary study reported that our game, has positive
learning outcomes regarding basic Periodic Table concepts in non-formal set-
tings. Our results also show that there is potential in combining smart phones
and Augmented Reality in non=formal spaces to facilitate the learning of content
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that is not available through the school curriculum, and that this helps to create
intrinsic motivation towards future STEM subjects. Young students who came
in contact with chemistry through the Periodic Fable game for the first time
were able to learn while engaging in the activity.

Exploring all the faces of the tangible cube to gather/visualize information
was an intuitive and rewarding process. Nevertheless, some technical challenges
were identified regarding the ease of use of the Augmented Reality application.
Technical problems such as tracking loss made the interaction difficult for some.
Since our application depended on image-based tracking, the experience stopped
when moving away from the marker. This was frustrating to some children who
wanted to view the animations without being interrupted. Other technical limi-
tations when using AR marker-based technology are dependency on light quality
to read the images /markers; delays in the rendering of data: over-heating of the
equipment; battery consumption: the need for robust equipment with the re-
quired sensors (gyroscope, accelerometer, and compass).

The results of the study enabled us to distill insights that eould be beneficial
when designing an AR serious game for a young audience: 1) find the appropriate
pedagogical framework for the content to be delivered [18], AR benefits sitnated
and constructive methods: 2) pay attention to the adequacy of aesthetics to
the age range: 3) design analogies and metaphors carefully, ensuring that they
support the mental images and the construction of ideas needed to facilitate the
understanding of the concept; 5) balance the amount of information delivered
with the usability load to avoid cognitive overload.

6 Conclusion

In this paper we have reported on the design and preliminary study of a Pe-
riodic Fable AR serious game designed to support children’s understanding of
abstract concepts such as those found in chemistry. Our study demonstrated
that the AR game facilitated the understanding of chemistry and the learning
of abstract concepts in non-formal settings. Further research is needed to cate-
gorize its benefits and limitations more clearly, and to develop clear guidelines
and appropriate tools to address these challenges.
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Abstract

Children’s interest in new technologies and games creates oppor-
tunities to use these tools to facilitate their thinking processes
for scientific content and education, especially to support abstract
reasoning in the areas of Science, Technology, Engineering, Maths
(STEM). Chemistry concepts, in particular, can benefit from being
presented through hybrid physical /digital interfaces. However, the
actual impact of immersive gaming technologies on learning and
teaching chemistry to voung children can benefit from further eval-
uations. We developed the "Pericdic Fable Discovery™ AR game to
fill this gap. "Periodic Fable Discovery”™ is an AR serious game that
uses & tangible interface and storyvtelling to introduce and teach
bhasic chemistry concepts to young children from 9 to 13 vears old.
Aftor designing and implementing the pgame, we conducted a
study with 30 children, wsing & mived-method approach, com-
paring the AR pgame wversus a traditional method of teaching
activity,. The results show a significant positive learning out-
come, higher motivation and engagement in the AR experience.

Keywords: Augmented Reality, Serious Games, Chemistry, Periodic Table,
Childremn
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1 Introduction

Learners of Digital Era (LoDE) is a term coined by Rapetti and Cantoni
to address 21st-century citizens that are used to digital technologies [77].
21st-century children use technologies as part of their everyday routine to
communicate, visualize videos, share ideas, browse different information, and
play. As a result, many institutions advocate a need for a radical change in
edueation, since many schools do not meet the needs of a new generation
of "tech-savvy” learners. These arguments are supported by several authors,
declaring that the continued exposure to modern technology changes the way
children behave, think and learn [3, 38, 47, 49]. Education systems and insti-
tutions are not averse to change, but these adjustments need the cooperation
of other actors and stakeholders [68)].

On the other hand, commercial, corporate interest has produced off the
shelve educational games, although mostly lacking integrating teaching models
or pedagogy assessment. Consequently, it is necessary to promote the idea
of innovating learning and teaching practices, not simply introducing new
technological mediums in education, but rather to educate through these tools.
Furthermore, previous research identifies motivation and interest as factors
that can affect the student’s performance and future career cholces [81]. STEM
domains are viewed by students as complex and difficult subjects, leading
to continued disinterest and lack of investment [21, 71, 91, 93]. Meanwhile,
immersive technologies have shown positive effects in motivating children with
abstract learning content in chemistry [15]. Augmented Reality's uniqueness
of allowing the display of digital information within the real world facilitates
the understanding of concepts without a physical referent that may be hard
to depict. AR technology has been used in chemistry for the 3D visualization
of structures of atoms and molecules [48] and chemical bonds [67]. since these
topics are essential for understanding the chemical behaviours and properties
of matter [56]. Positive results reinforce the perception that AR facilitates the
understanding of the spatial processes and struetures of the molecules, which
by conventional teaching methods, is more difficult for students to grasp [31].
However, while previons research showeases the potential of using Augmented
Reality (AR) in the chemistry domain, most of this research is geared towards
high school and college students. Further research is needed to understand how
these systems can facilitate and engage yvoung children in learning abstract
scientific content.

Based on this notion, this paper presents the design and development pro-
cess of Perfodic Fable Discovery (PFD), a Tangible Angmented Reality serious
game platform for mobile devices, targeting 9-13-year old children coming in
contact with chemistry for the first time. The PFD follows an interdisciplinary
system approach by integrating the affordances of AR and Tangible Interac-
tion (TI) technologies, game elements (aesthetics, mechanies, story) and using
a participatory design approach towards identifying the best pedagogics and
methods to facilitate and engage young children with content related to the
Periodic Table of chemical elements.
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We reflect in accordance with the theoretical framework, the design pro-
cess, and its iterations with varions stakeholders. Finally, we describe our
research method and analyse the system’s effectiveness compared to a more
traditional method of teaching /learning and children’s engagement.

We contribute by:

* Providing the research commmunity with our guidepost in the design and
development of Periodic Fable Discovery (PFD).

¢ Reflecting upon the contributions of teachers and game designers towards
facilitating and engaging young children in learning abstract sclentifie
content about the Periodic Table of chemical elements.

* Reporting the affordances of Tangible Interaction (TI) and Augmented
Reality {AR) based games to administer scientific content to young children.

* Finally, showeasing our findings from a user study with 30 participants (9
to 13 years old children) using a mix-method approach, showeasing positive
significant results in the learning outeome and motivation of the app when
compared to a more traditional method of teaching.

2 Related Work

Playful experiences have a positive effect on student motivation and attitudes
towards the Sciences, and this can help to remedy the decreasing interest of
students in scientific domains [18, 106, 107].

Edutainment, educational games (EG). game-based learning (BGL) and
serlous games are defined as experiences that focus on learning and educa-
tional deliverance in an enjoyable and fun mannerie., entertainment that
embodies and facilitates a learning outcome [4, 54, 75, 85]. These experiences
engage users through entertainment while intending to convey an idea, con-
tent, or even to persuade, by influencing their thoughts and actions in a real-life
context, thus exceeding the self-contained scope of the game.

Besides being recreational, game-based experiences are fundamental to the
psychological, physiological, and soclal development of a child [14, 37]. By
engaging in this type of activity, children learn about themselves and others,
acquire problem-solving and soclal skills, and enrich their ereativity. "Playing
is a leading source of child development, since it is a voluntary act, enjoyvable
in itself, and intrinsically self-motivating, making the child engage actively™
100G
| ["]']EL'EILh::'lE:L‘s, for a game to be suceessful, many elements need to be con-
sidered in the design process. Jessy Schell colned the term "Elemental Tetrad”
to categorize four basic elements: technology, story, aesthetics and mechanics
[86]. These items create a specific experiential flow; however, the elements can-
not be independently developed since they all interrelate and need to conneet.
The technology is any medinm that permits the game’s construction, allowing
or restricting certain activities. The story is a sequence of events or situations
that unfolds within the game. The aesthetics have the most direct relationship
with the user since it provides the visuals and tone of the game. Finally, the
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mechanics are the process and rules needed to achieve the game goals. Like
Kalmpourtzis [40], we support the inclusion of pedagogy as another element
to this equation when designing games as tools for learning (see Figure 1).

Fig- 1 Adaptation of the elemental Tetrad {Jessy Schell and Kalmpourtsis)

Balancing all these elements is a challenging process that requires an inter-
diseiplinary approach and several collaborators like teachers, game designers,

programmers, and students.

2.1 Playvful Immersive Experiences In Chemistry Context

In the domain of chemistry, serious games have been explored to facilitate
scientific knowledge acquisition, problem-solving skills and engagement. How-
ever, Chemistry continues to be one of the least explored fields within the
STEM domains [50, 96). As reported by Rastegarpour, H.& Marashi, P.
(2012)[78], "Playing a chemistry-themed game is a relaxing experience that can
motivate students to explore and use chemical concepts in a stimulating and
fun way, making studying a more enjoyable task” Games developed to explore
different affordances towards Chemistry already exist [19, 20, 27, 66, 67). In
particular, exploratory Augmented Reality (AR) games generate interest in
discovering selentific concepts. Augmented Reality (AR) is a technology that
allows the superimposition of digital information within the real-world [8].
For example, ModelAR Organde Chemistry allows the user to explore chem-
ical structures (3D models) and interact with virtual objects in real space [2].
The Mix Reality (MR) Chemistry Lab and HoloLAE Champions aim to famil-
iarize students with experimental procedures, safety and protocol knowledge
while conducting experiments [27, 33]. StereoChem is a mobile Augmented
Reality application used to understand Stereochemistry to help in the per-
ception of 3D molecules [44]. Arloon Chemistry teaches students how to write
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inorganic formulae and chemical compounds, thus facilitating learning nomen-
clature [97). Atomicfrenzy is a combination of AR, tangible cards, and online
resources that use the mnemonic techniques to help users to learn about
chemical elements [66].

Printed material to trigger the AR information is also used to aid the learn-
ing process, like in 360ed Elements AR [101), ANSTO XR [69], Auwmentifylt
AR Elements - The Periodic Table of Me 7], AR VR Molecules Edilor AR
[1], Popar Periodic Table of elements 40 smart chart [74], Ddskalos Chemistry
[24], Chemistry AR+ [99], and fmmersive Chemistry AR [61].

Some of the positive effects of the games are the better comprehension,
performance and motivation of the students towards chemistry subjects. These
results are linked to the technology affordance like the multimodal representa-
tion of chemical structures and phenomena, the possibility of virtual chemical
experimental procedures and interaction with 3D information [44, 95].

Some serious games use visual and audible feedback, angmented by tactile
(touch) feedback to increment the learning experience. Combining tangible
user interfaces and AR systems can produce objects that hold natural affor-
dances to support interactions and enable the user to acquire concrete learning
experiences through active experimentation [19]. Happy Atoms combine a
physical set of atom models with digital information, allowing the users to
manually join the tangible molecules and generate more digital information
through scanning [87]. Elements 4D uses tangible cubes to demonstrate a
360 view of individual chemical elements, including their respective symbaol,
state, color, atomie number, and mass through the mobile device's screen
[20]. ARChemEX is a card-based or box-based marker design that reflects the
users’ mimic physical action (shaking and pouring) in chemistry experiments
[48]. Professor Marwell's {1 Augmented Reality Science Kit allows users to
follow a manual in order to create new chemical compounds [62]). Element
Capsule created small interactive toys to represent each of the 118 elements.
The toys/characters are sold in capsules and provide basic information about
the properties of the elements [17]. The continuous investment in AR by some
of the most prominent industry players (Apple, Google, Microsoft) and chil-
dren’s increased access to mobile devices have contributed to the popularity
and development of AR off-the-shelfl sclence kits and products for chemistry
context. However, a lack of assessment of these artifacts’ effectiveness as ped-
agogical tools in this domain persists. AR's edutainment approach to learning
and education is still relatively new and challenging, and even though we start
to see more investment in this area, most of these immersive games and sim-
ulations have been carried on in a high school educational context neglecting
the younger users. Also, despite a great amount of research on AR technologies
and education during the last decades, a common eriticism is that while edu-
cational games improve the learning interest of youth, there is little scientific
design in the games, insufficient application of educational and pedagogical
methods and lack of assessment tools to analyze its efficacy and impact on
students [11, 49].
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2.2 Pedagogical Benefits of Augmented Reality

Situated learning builds upon soclal and development theories according to
which the quality of learning depends on social interaction with the learn-
ing context [5, 25, 82]. Constructivism theory argues that children learn by
interacting with the physical environment, by connecting socially, and by
responding to external stimuli consciously [108]. Experiential learning also
builds upon constructivism and active learning, whereby students learn from
their own experiences in a cyelical manner and without the help of an adult,
constructing their knowledge [64]. The success of the learning qualities of any
AR gaming experience depends on the adequacy of the interaction between
all the elements {mainly eultural, physical and social)[28].

One of the benefits of AR, from a pedagogical point of view, is to pro-
vide users an opportunity to be within the context and the content at the
same time [12]. This characteristic is beneficial to learners; as Dunleavy et
al. demonstrated, even high achieving students in formal educational settings
often find it challenging to apply what they learn in class to the real-world con-
texts [30]. Dunleavy et al. [30] posit that immersion in virtual environments
can enhance education by allowing for multiple perspectives of the learning
content, applying situated pedagogy and transfer of knowledge, leading to
improved performance [41]. Many Augmented Reality and immersive simu-
lations have been designed for training and education, to motivate users by
providing a more immersive and engaging learning environment to support sit-
nated learning [29, 32, 104]. AR allows users to discern and interact with the
real environment while simultaneously receiving additional digital information
into their field of perception [12].

The simulation of real-world problems and contexts can be obtained by
near transfer. This assimilation of knowledge can then be transferred to other
situations, allowing for the construction of more knowledge. Examples of this
process can be found in game simulations for fight and surgical training,
whereby the user can practice and develop specifie skills, making mistakes and
getting positive feedback when the task is performed in a low-risk environment
before transferring this knowledge to real-world situations.

AR supports many types of communication cues, immediate feedback by
colleagues, and stimulates better behavior and smoother interaction among
children, encouraging them to achieve higher levels of learning efficiency,
engagement and enjoyment [16).

Learners receive the stimulus through the processing continuum, which
contains the broad diversity of learning styles [46]. Most studies identify AR
as being aligned with situated and constructivist learning theories by placing
the learner within a real-world and soeial environment while facilitating meta-
cognitive learning process (Inguiry, active observation, reciprocal teaching and
peripheral participation with multiple modes of representation) [29, 45, M4].
However, it is essential to identify different theoretical approaches when
designing pedagogical tools like games and Augmented Reality experiences to
facilitate children’s learning process.
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Extended comparative studies indicate that studemts learn better by using
AR than printed media or desktop software, specially in visunal thinking
domains such as engineering graph [59], geometric shapes [80], chemical
structures [56], or electromagnetizm [76).

2.3 AR Technology in the context of Chemistry

M. Luraschi et al. [53] suggest that children as early as 9 or 10 year old have
already established their viewpoint regarding sciences and that it remains sta-
ble until they reach secondary school. This perception will resonate in their
career cholces [53, 63]. Empirical evidence states that children have a negative
perception of STEM domains and chemistry in particular [83, 92]. This atti-
tude is troublesome, for it is necessary to prepare young people for a future that
will require a good average of sclentific and technological literacy [39, 63, T0].

Chemistry is a subject that demands student imagination to eomprehend
abstract concepts without visible or physical referents in the real world (atoms,
molecules, chemical bonds, biochemical processes). This process is highly chal-
lenging; translating external representations like 2D visualization into 3D
mental models can lead to cognitive overload, especially if the content itself is
highly complex [103]. Hsin-Kai Wu and Priti Shah [103] study shows that stu-
dents with low spatial skills (ability to generate and manipulate mental visual
images in space) often fail at translating external representations into inter-
nal models. Furthermore, teachers and chemists struggle to communicate and
transfer knowledge about chemical equations, symbolic representation, and the
description of chemical changes, thus creating a barrier in the learning process
[51, 98]. On the other hand, large lab-based Chemistry classes in public schools
have limited resources, including time, space, equipment, and safety hazards.
As a result, some students do not have the opportunity to conduet the exper-
iments needed to develop the practical ability, creative thinking, innovation
and problem-solving [102]. Previous studies showed that Augmented Reality
helps to teach Chemistry by providing visualization of abstract and complex
concepts through animations, 3D modeling and other digital information and
data (text, audio-visual or haptics) [6, 15, 65, 88, 100]. Moreover, AR can
support higher learning outeomes by providing learners with the opportunity
to select and organize relevant spatial information [35]. AR technology pro-
vides the opportunity for hands-on experiments and inguiry-based action by
being able to deliver ™ virtual™ chemistry experiments in formal and informal
contexts [27, 73].

3 Periodic Fable Discovery System Design

Periodic Fable Discovery is a mobile AR tangible serious game designed to
teach concepts of the Periodic Table of Elements in formal and non-formal
settings to 9-13 year old children. The system has been developed using a
marker-based AR technology for android mobile deviees using Unity ARCore
SDK. The marker-base trigger works with the mobile device's camera and
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renders the corresponding digital information on the device's sereen (see Figure

2).
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Fig. 2 Periodic Fable System Overview

The experience starts with a short introduction and tutorial that guides the
children to understand the mechanies of the game: exploring the faces of five
tangible physical cubes, each one identifying a chemical element represented by
a distinet character with the same name as the element it represents {oxygen,
hydrogen, nitrogen, carbon and chlorine) (see Figure 3).

Each cube face triggers the display of AR scientific digital information
about a character embodying a chemical element’s properties, location within
the Periodic Table, products that contain such element, 3D animation clips
about character/element reaction and reaction experiments (see Figure 6).
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The information is delivered in 3D models, 2D images, animations, text and
audio. The tangible cube allows physical manipulation and freedom to control
the areas to explore. Since no content dependencies have been designed, each
child can explore one, two, or three facets of each cube without a specific
order. The design principle was to make the interaction easy to avoid cognitive
overload. The game's high fidelity prototype results from several iterations
with educational stakeholders, game designers and evaluation with children
(see Appendix A).

3.1 Periodic Fable Discovery Learning Content

The content of this pame was delineated and verified with a chemistry
researcher (Ph.D. student in the area of Chemical Biology), one science and
two chemistry teachers. This collaboration is erueial not only to validate the
information but also to understand the characteristics of the users. The con-
tent is designed specifically for voung students (ages 9 to 13 years old) who,
along with the sclences classes in primary and middle school, are introduced
to the designation of oxygen, carbon elements in the topics of photosynthe-
sis, pollution, water cycle (hydrogen). In Portugal, Chemistry is introduced
to students in the Tth grade (when students are approximately 12 to 13 vears
old), but it is only in the 8th grade (when students are approcimately 13 to
14 years old) that the Periodic Table is tanght as a subject.

The eriteria for the five elements selected to feature in the PFD depend on
their abundance in the environment and their compelling reactions. Four of
these elements {oxygen, hydrogen, carbon and nitrogen) are considered most
important becanse their covalent bond combinations are responsible for most
of the biological molecules on earth. We added chlorine to the list because
of its properties and varied reactions, which can be exeiting and engaging
for young users, encouraging them to speculate about possible combinations.
The designed areas of exploration are developed in pro of these elements.
A facet of the cube designated as "habitat™ is used to accustom children to
visualize the location of the chemical elements within the Periodic Table, also
introducing the notion of the existence of other elements organized within a
tabular arrangement (see Figure 6, number 5). The facet of the cube identified
as "euriosities” showeases products or substances that contain such elements
within their composition to create a connection between the content and the
participant’s environments (see Figure 6, number 2).

3.2 Storytelling development

Narrative is one of the most prominent ways of promoting effective sclence
education [72]. Chemistry. like other STEM domains, uses narrative as a tool
to motivate students in the development of inguiry-based learning approaches
[72]. In the Periodic Fable Discovery, the narrative consists of five distinet
stories and their chemical element protagonists, each one showeasing distinet
properties and combination of the featuring chemical elements. The stories
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were designed to be fun, combined with an accurate depiction of the edu-
cational content. Attention was paid to time constraints; each story was
condensed to less than 1 minute to optimise the children's attention span.
The Oxygen's story Is inspired by the photosynthesis process when oxygen
maolecules join carbon. The animated clip shows two oxygen molecules and a
carbon molecule tryving to grab a banana when they lose stability and fall on a
banana tree leal, being absorbed by it (photosynthesis process). The result is
the oxygen release when the sunlight finally shines on the leal. The Hydrogen
story takes place in a water park, showing two hydrogen characters on the edge
of a swimming pool. They are suddenly hit by an Oxygen character, which
loses control while coming down from the toboggan. The resulting reaction
and the end of the story are the hydrogen and the oxygen molecules joining
together and creating water. The Nitrogen story is inspired by the Nitrous
oxide, also called dinitrogen monoxide (nitrogen and oxygen), which creates
langhing gas. Oxygen is showeased as boring and alone while performing on
a stand-up comedy scenario, but the performance becomes funny once two
Nitrogens join it. The story of Carbon shows a Hydrogen character opening
and drinking a fizzy drink, leading to the release of two happy carbons. The
story of Chlorine is based on its power as a cleaning agent, and it is portrayed
as a superhero that smashes viruses (see Figure 3).

Fig- 3 Left vo right: axygen, hydrmogen, nitrogen, carbon amd chlorine

3.3 Aesthetics

The aesthetics of the Periodic Fable's characters are the result of several
ideations cycles to create empathy with the voung users (see Figure 4).
The concept design process was initiated with a mood board with character
sketches to gather feedback from educational stakeholders. The aestheties of
the tri-dimensional ereatures are inspired by the properties of the chemical
elements and the form and colour of the physical molecular model (ball-and-
stick). Additional accessories were designed to highlight the anthropomorphic
personification of the characters. The characters convey some of the proper-
ties of the elements within their behavior, which are designed around their
chemical properties; for example, Oxygen, being highly reactive and capable of
bonding with other elements, is depicted as a friendly creature. Being lighter
than air, Hydrogen has a zen and relaxed attitude towards its surroundings.
These analogies are used for all five elements (oxygen, hydrogen, carbon, chlo-
rine and nitrogen). The educators’ suggestions were related to appreciating

280



the anthropomorphic features and the use of colors for the characters repre-
senting the elements. The colour of each creature follows the color code of
standard convention known as CPK color (Corey, Pauline and Koltun), used
to distinguish the atoms of chemical elements in molecular models [36].

Fig.- 4 Characier Design

3.4 Game Mechanics

The structure of the information distributed on the six different facets of the
cubes s intended to make the interactions more dynamic, splitting the content
into distinet and manageable learning chunks, hence easier to remember. Each
facet of the cubes displays a 2D image of the character(s), icon(s) and text to
identify the element represented and the area of exploration. The decision of
using tangible cubes as part of the user interface on our design is becanse of
the opportunity it offers for the development of children’s spatial skills [89].
According to Paul Clifton et al.(2016), the use of tangible embodied interfaces
can leverage the relationship between the body and spatial cognition to engage,
support and improve spatial skills [22]. We also believe that manipulating a
cube to gather information (repetitive action of rotation) is an easy task for
children to perform, avoiding a long set of instructions and giving freedom
and control to the participants over the information (see Figure 5).

AR also allows children to move around the space to explore and visualize
different perspectives of the information, e.g., the anchoring in the real world of
an AR molecular structure. The novelty of the technology of superimposing the
information over the cubes can incite the children’s curiosity towards finding
more information and engaging them in the learning process. Druin et al.
(1999) recommend to consider factors such as: curiosity, repetitive actions and
need for control, when designing technological tools for children|26]. These
mechanics also allow the children to explore the information at their own pace,
space and time, supporting constructivism (construct the understanding of
the topic by experiencing and reflecting), experiential and situated learning
approach (by interacting with digital agents, artifacts and contexts).
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Fig. 5 Interaction with the cubes

3.5 Game Play

The player starts the game with a welcome sereen, followed by a short tutorial
that instructs him /her to scan the faces of each cube to explore different types
of information. The player then has to click on the start button, which will acti-
vate the camera to start scanning the markers. The eubes to be explored and
scanned can be selected randomly sinee there are no dependencies. According
to the marker selected, which is identified with an icon and text indicating
the type of information, the player will visualize the properties of the element
isee Figure 6, number 1), products or substance with that element within
their composition (see Figure 6, number 2), their location within the Periodie
Table (see Figure 6, number 5), and story showeasing such element bonding
{see Figure 6, number 6). The cubes share two common activities. One of the
activities allows the user to select a compound or substance (by clicking on
one of six icons, located on the left of the screen) and look for the appropriate
element combination to ereate such substance (see Figure 6, number 4). Onece
this s accomplished, an animation and the chemical formula of the created
substance is showcased. The user can also visualize and interact with the AR
maolecular structure by clicking on a button and anchoring the object in the
real world. The other activity is unlocked once all the facets of the cubes and
combinations are explored. The user needs to assemble a map using the facets
that contain a piece of that map to be assembled according to the instructions
and gather a reward (see Figure 6, number 3).

4 Methodology

In this study, we use design-based research (DBR), a research design method
created explicitly for systematically testing theoretical interventions in the
active context of educational environments [90]. The aim is to ensure that
the resulting theory will have application in practice by "simultanecusly and
iteratively [addressing] the sclentific processes of discovery, exploration, con-
firmation, and dissemination™ [43]. The research questions (R(Qs) and methods
are grounded in the relevant literature and practical experience with Periodie
Fable Discovery.

282



(=)
@

@ Info @ Curiosities
Animaton with infrmaton about the proparies of Tricimensianal madels of products that have that
= siement (syrmisol, ainmic mass, chemical names srman within their compostion.
ard atomic numbe )

r

ap
If the user decides o explore Al the facets of the fve cubes, a5 a final slep a messape asks the user o pul toge-
ther a map by joining all the facets of e tangble cubes and scan fiem bogether. This acion prorps 8 screen
asking e user o select Meir lavorile character (Dygen, Hydmogen, Mirogen, Chionne or Carbon ), and ks 8

. 1=
EEL o

@ Combinations

laores on e lefl sde of $e sceen aliows the user bo sekss Several reachons (waber, ferfiizern, armmonia, fre, ceone, of 1o
reste & disrnord). Thes apphcaton indicaies whal e of amenl is ressded 1o Snish e resction thl was selected, and ha
ez will b peoampled Lo use e mobide plone e 0 s T8 culsd hal coneapond o i eguinsd seenanl B ihs Sciiy
i perlormed comectly, T intertace rolifes the child with & message congralulating hiener for the resciion jusl craaied.
Aferwanie. an animaion of T reacten just cresiad plays ol The user sleo hes e opporiundy i have 8 30 visw and
Inbarsact with s miokeaciibs of the nera compound. IT e user doss. nod parfonm comecly, & sound Teedbsck nolifies him'har that
e combinstion 5 wiong an B Message saplsns the nesd o scan the progper sleman

]
o m
al e
T
. N
— L o —_— -
e e | e SRR
@ Habitat 9 story
IO i il Lhe Prariodi: Tabde with & peotudirsg bock, Piays 8 ahoel avimaton of ha cubs element and
of the alermert exploned, An animabon of he o shiacaces is property in the siory.
et represaning such eleman & displayed on op of

e ok ceddicalid 10 thal alement.
Fig. 6 Periodic Fable Discovery Game Play

283



APPENDIX C. PUBLICATIONS

RQ1: Can mobile Augmented Reality serious games significantly affecl
students” learning oulcomes and motivation compared to traditional teaching
methods while exploving concepts aboul the Periodic Table?

RQ2: How can Augmented Realily serious games design elements [lech-
nology, aesthetics, story and mechanics) contribute to facilitating the learning
process of seientific concepls?

Previous studies with children have been conducted comparing a more
traditional method of teaching with digital games in the learning context;
however, we believe that it is important to address this study in the context of
vounger children (9-13 years old), where textbooks continue to be the primary
tools used to convey the information.

4.1 Study

A pilot study was conducted, a couple of days before the main study with
five participants to identify resources, technological and time constraints. This
information guided us through the different steps and helped us refine our
final protocol. Even though the pilot study worked well, we anticipated the
need to have more than one researcher in our main study. We were also able to
estimate the time of the study for each condition (approximately 40 minutes).

Our main study gathered 30 participants (15 females and 15 males) from
three different institutions and clubs: Doutorecos (summer camp), Assoclacao
Olhar (occupational social association for children) and CAB Junior Basket-
ball (sports club). The study was carried out on the premises of the children's
institutions and followed the same process at the different locations: 1) initial
contact and scheduling with the institutions; 2) signed consent forms from the
guardians of each participant; 3) and data gathering.

4.1.1 Data Gathering Pre-test

Both of the groups had to fill out a pre-test questionnaire to collect demograph-
ics, technology usage and knowledge of the topic. The test for the knowledge
of the topic was designed by the researchers involved in the experiment and
examined for content validity by a chemistry teacher. Participants were pre-
sented with five guestions, each offering five answer options with only one
being correct: 1. What is the symbaol for oxygen? 2. What type of eompound
results when you mix hydrogen and oxygen? 3. What is the chemical formula
for ozone? 4. What produet contains chlorine? 5. Which element is responsible
for diamonds? Participants were awarded five points for each correct answer,
and "0" for each wrong answer. The "57 point reward provided the researcher
with greater diserimination to reflect on the variation in performance among
participants.

The same guestionnaire (questions randomly ordered) was applied after
the intervention in a post-test to assess the effectiveness of the interventions.
We also conducted a final post-test, using the same questionnaire to evaluate
the student’s retention and recall of the information (sometimes referred as
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week-after test or evaluation of knowledge of the topic-retrieval frecall test).
However, sinee the study took place at a summer holiday club, attendance was
not required and as a result, many participants of the study did not came back
on the week that we conducted the week-after test. As a result, our sample
group was too small and we decided not to analyse or report the the week-after
test results.

4.1.2 Intervention

The participants were randomly separated into two groups (one for each con-
dition); one group used AR {experimental condition) and the other a textbook
(control condition){see Figure 7). The participants using the AR applications
sat at a table where the tangible cubes were displayed (five cubes for each
participant). The researchers handed each participant a smartphone (Sam-
sung Edge 57) with a previously installed application. They were instructed
to click on the app, follow the tutorial and freely explore the content. The
participants were also informed to raise their hand in case of any doubt or
upon finishing the game. Once the game was finalized, the researcher used
the same smartphone to conduct the post-test questionnaire, created using
Google Forms. A similar process was followed for the experimental condition,
with the difference of the resouree used, which was a textbook. The textbook
provided the same information as the game, like the narrative of each story in
written format using some images (clips gather from animations in the app),
displaying the actions about the covalent bonding of water, ozone, diamonds,
ammonia and carbon dioxide. Furthermore, it also showed images (onee again
gather from the app) of the molecular structures of the combined elements,
products and substances that contain such chemical elements, replicating the
same information as in the enbes (see Figure 8).

4.1.3 Data Gathering Post-test

In education, motivation can be defined as the desire that the individual has to
engage in a learning process [23]. To identify the weaknesses and strengths of
our design in motivating the children to learn, we conducted an Fnstructional
Materials Motivation Survey {IMMS) [52], which is based on the Attention,
Relevance, Confidence, and Satisfaction [ARCS) motivation model [42]. This
particular instrument has been validated by several research studies using
technology as a motivational factor in learning [0, 34, 58). Since our users were
not English speakers, we adapted a translated version [84]. Data were collected
using a questionnaire with a Smileyometer [T9] Likert scale (it uses pictorial
representation) of 5 levels: 717 for totally disagree and "5" for totally agree.

We almed to assess if the design of the learning activities captivated pae-
ticipants” attention. the relevance of the learning content as well as student
confidence and satisfaction after completing the activities.

The system’s usability was measured through the Systemn Usability Scale
(SUS) [13] questionnaire. Since our users were not English speakers, we used
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Fig. T lefi: Experimental condition - right: Control condition

a validated Portuguese version [60]. Data was again collected using a ques-
tionnaire with a Smileyometer [T9]. Likert scale of 5 levels - "17 for totally
disarree and "57 for totally agree. We pather subjective assessments of usabil-
ity to identify the efficiency, effectiveness, learnability (questions 4 and 10)
and users” satisfaction in regards to our system (see Table 2). The scale uses
reverse form in some questions (2, 4, 6, 8 and 10) as to avoid bias.

In our study, we emploved the Again-Again tool to assess wsers’ post-
activity enjoyvment levels, Participants were asked to indicate their willingness
to replay the game by selecting one of the following response options:”Yes,”
"No” or "Maybe.”

Chualitative data was also collected by observation using o suideline by
Devan Scheme [10)] and semi-structured interviews. Some of the observation
guidelines were related to execution problems, impatience (repeatedly click-
ing or expression), stopping the activity before reaching the final goal, doubt,
surprise. unclarity as to whether the action was appropriately executed, dif-
ficulty, puzzlement when executing the action, being bored, being unable to
perform the task without help, and comments while experiencing the activ-
ity. The interviewees were selected randomly, with open gquestions about the
activity that had just been performed.

Two researchers were involved in the study; one observed and took notes
during the intervention and the other supported and helped the participants
in ¢ase of technical difficulties. In the end, the researchers interviewed 9
participants from the AR activity.

Finally, a comparative analysis was undertaken to determine the partici-
pants’ learning onteomes between the participants who used the AR app versus
those who used the textbook (between-subjects analysis). We also examined
and compared pre and post-tests o assess Lthe learning differences between
groups (within-subject analysis).

For Data Analysis. we used the Statistical Package for Social Science (IBM
- SPSS) to compare and measure the results of the data gathering (means,
standard deviations).
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Fig. 8 Example of some of the information provided in the textbook

5 Results

In Portugal, the school system is organized as pre-school (3-5- year old), pri-
mary (6-14) and finally secondary grade level (15-18). Primary education is
organized in three eyeles (grades 1-4, 5-6, and 7-9). According to the demo-
graphic results our users were mostly fifth-grade level students (53.3%); others
were in the sixth-grade (26.7%), seven (10%), and eight (10%) grades. The
majority of the participants (13) were 10 years old (43.3%); six were 0 (20%);
six were 11 (20%); three were 12 (10%); two were 13 (6.7%). All the users had
access o or owned a mobile device. Most participants were unfamiliar with
Aungmented Reality (56.7%), and only 11 participants had used it previously
(36.7%). We also asked the students about their familiarity with the content:
"D you know or have you heard about the Periodic Table of Elements?” Ten
students (33.3%) responded "yes”

5.1 Learning Outcome

A Shapiro-Wilk's test (p >0.05) and a visual inspection of histograms, normal
Q-0 plots and box plots showed that the difference of post-pretest results was
normally distributed for both methods, Textbook and AR approaches, with
skewness of 0.412 (SE=0.580) and kurtosis of 0.010 (SE=1.121) for textbook
method and skewness of 0.034 (SE=0.580) and kurtosis of 0.047 (SE=1.121)
for AR method. Since normality is assumed, we identify the parametric test
as the tool for our analysis. To evaluate the differences in the efficiency of
learning outcomes, we used the total score (0 - 25) of the post-test minus the
pre-test score (0 -25). We evaluated the difference of these results using an
independent T-test to compare the learning effect of the participant using the
AR method compared to the participants using the textbook method. The
experimental group that used the AR app as their method of learning had
higher learning outeomes (M=11.67, SD=6.98) than the group that used a
Textbook as their method of learning {M=6.67, SD=>5.56), resulting in a mean
increase (M=5.00, SD=2.306). The difference between means was significant,
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Table 1 Learning outeome [betwesn-subjects)

Method AR Texthook Sig. (2 tailed) | Effect size

Results | (M=11.67, SD=6.98) | (M=06.67, SD=5.56) 0,03 r=.39

Table 2 lzability Resulis

[*T3 CFusstion Kean | =0
(a3 TERinK that | woald GEe b bee Periedic Falie Treqently T TH TR
I fonnd the system unnocessarily comphes 4.40 1242
% I thowght that Pericdic Fable was easy to nse 467 1047
I wonld moisd the support of & technleal person to e able to use ths app 4.27 1.884
i I fonnd the warkons fanctions in this app. were well integrated 4.0 1.264
%; I thowght there was too nuch Inoomktency in this application 460 01525
T I would imagine that most people would learm to use ths app. very quickly 4.40 PR ]
I fonsd the system very cumbersems 1o use 4.53 0815
i I felt very confident using Periodic Fable 450 (L.GIFT
o | 1 bexl tir benrn & lot of things before | could get going with using the app. | 4.40 1.242

t(28)= 2.16,(p=0.03) p= 0.05, two-tailed. The effect size is r=.39 representing
a medinm effect (see Table 1).

We also conducted a repeated measures test (since participants had contact
with the learning content before the experience and during the experience)
to evaluate the effect of the activity in both groups, using Paired sample
statistic analysis. The total score of the pre-test (0 - 25) and the post-test
(0-25) was again used. The mean number of post-test (M=13.67, SD=6.68)
was higher than the mean for the pre-test (M=4.50, SD=4.01), resulting in
a mean inerease (M=9.167, SD=6.706). This increase was statistically signif-
icant, t(20)= 748, p < 0.001, two-tailed. The effect size r=0.45 represents a
fairly substantial effect. In the specific case of Periodic Fable, constructivism
Jexperiential and situated learning proved to be valid and valuable approaches
(RQ2). The Usability questionnaire was applied only for the participants that
used the system, n=15. Usability standards are supported by the Cronbach's
alpha coefficient report of a>0.88.

5.1.1 Usabhility

The Usability and learnability dimension of the system is very positive (see
Table 2). Since some questions were inherently negative (Q2,04.06.08 and
QI10), before analysing the results, we reverse them. Learnability factors
(involving question (4 and Q10) mean (M=8.66, SD=1.91) imply that the
participant’s interaction with Periodic Fable was easy. The Usability factor
(Q1.02,03,05,Q6.07,Q8 and Q9) means (M=36.20 . SD=5.36) showed that
the system’s aceeptance was very high. The average SUS score for our system
is 87.1 > 68), which is very positive and considered over average.

Again-and-Again table results to the question: Would you like to repeat
this activity again? showed a higher enjoyment among the participants using
AR as their method to learn (MD=1.20, SD= 0.41) than the ones using
Textbook (M=1.07 SD=0.50).
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5.1.2 Motivation

The overall reliability of the scales on standardized Cronbach alpha was 0.95
(n=30 on 36 items) and the internal consistency for all IMMS Scale was 0.75,
which suggested good reliability of the IMMS result. The Cronbach’s alpha
values also of the four dimensions were 0.843, relevance 0.857, confidence 0_857
and satisfaction 0.853, respectively.

Results from IMMS displayed higher motivation to learn, from the experi-
mental group (that used Periodic Fable) (M=161.93, SD=15,243) in compari-
son to those that used the traditional method (the textbook) (M=142666, 5D
=11,505). Analysis of the four motivation factors underlying user motivation
showed that AR-based learning activities fostered higher levels of attention,
relevance, confidence and satisfaction than traditional teaching activities.
All the factors (relevance, confidence and satisfaction), except for attention,
showed significant effects when compared to the traditional method (see Table
3). We believe that this positive outcome from the Periodic Fable experience
results from the capability of the AR system to visualize the learning content
in real-world contexts. Following a constructivism approach, the participants
interpret the information through observation and are proactive in the learn-
ing experience by performing practical tasks to access the learning content.
These results also could be associated with factors, which according to Thomas
Malone, triggers intrinsic motivation (internal motivation to do something)
like challenge, curiosity, control and fantasy [57].

Periodic Fable mechanics challenge the participants to find and combine
the appropriate elements to create a reaction; use fantasy in the characters
with analogies to the elements: users have unrestricted control of the informa-
tion and decide which elements and areas to visualize and finally, the use of
stories and AR technology can inspire the children curiosity. Unblocking the
last facet of the cube to assemble a map and then reach the end of the game
could also contribute to extrinsic motivation (a means to reach a goal); how-
ever, further research needs to be conducted to corroborate these statements.
We also conducted a correlation test to percelve if there was a relationship
between the variables motivation, engagement and the participant learning
outcome performance. Based on the results obtained, there is a significant
correlation between the variables in both conditions. In the group that used
the AR application there was statistical significant between motivation and
learning outcome | r= .732, n=15, p=0.002 <0.05), engagement and learn-
ing outcome | r= 634, n=15, p= 0.011 < 0.05) and also the motivation and
engagement | r= 767, n=15, p=0.001 < 0.05). In the group that used the
textbook we also found statistical significant between motivation and learning
outcome | r= 712, n=15, p=0.003 <0.05), engagement and learning outcome
( r= .620, n=14, p= 0.014 < 0.05). However, there was not statistical signifi-
cance between motivation and engagement (r= 390, n=15, p= 0,151 = 0.05)
{see Table 4 and 5).

Regarding the acceptance of the system — motivation and enjoyment —the
qualitative results from the informal interviews are aligned with the results

289



APPENDIX C. PUBLICATIONS

Table 3 IMIMS messurement data results

Texthook N1
T TRIEIE measurcment n 3| 18] 3 18] i
Attention 15 AT 13 TERT [ haT [T TOGE _5 T
Relevanos 14 A5.73 2agT 0.8 4828 0.O0Z% < (05
Confidence 15 47.1a 3461 41.73 1.751 0.02% E (XL
Satisfaction 145 22467 A.T16 | 2787 2500 0.00F < (05

Table 4 AR correlations data resulis

Learning outeome | Engagement | Motivation

Learning outcome | Pearson correlation 1 B a1 T

Sig. (2 -tailed) 11 D2

N 15 15 15
Engagement Pearson eorrelation g+ 1 TGI T

Sig. (2 -tailed) A1 -0l

N 15 15 15
hMativation Parson eorrelation Tiaww TET** 1

Sig. (2 -tailed) Ao 001

N 15

Table 5 Textbook correlations data resulis
Learning outeome | Engagement | Motivation

Learning outeome | Pearson correlation 1 GA T ik

Sig. (2 -tailed) 014 Biis

N 15 15 15
Engagement Pearson correlation 2 T 1 ETI]

Sig. (2 -tailed) 14 Biis

N 13 15 15
Motivation Parson correlation T1a== L 1

Sig. (2 -tailed) 003 151

N 13 15 15

from the questionnaires in proving the Periodic Fable is a highly appreciated
and engaging system to learn about chemistry domains. The children were
excited about almost all the system features. When asked what they liked
the mast, around 80%% answered "Everything!™. More articulated participant’s
answers stressed different aspects of the system: "The creatures are so cute!”;
"To see that when I scanned the image something happened!™; "I like to watch
the videos and learn about the elememts™ 71 like when the creature moves
and does stuff™; "I like to put together things and make reactions™; "To view
the curiosities and videos” When asked "What didn't you like?”, the major-
ity answered "Nothing!™ One participant replied: "The app keeps closing,”
and another said: "Sometimes [ lost what I was looking at.” We also asked if
they thought the app would help them in the school and if they would like
to keep using AR in their learning activities. 100% replied "Yes” Our last
question was If they could change anything, what would it be? None wanted
changes, except for a student who sald afterwards: "Perhaps the color of the
characters because oxvgen is air and so it should be blue.” During the obser-
vation, we also gathered comments like: 71 just ereated water, whoa!™; 71 want
to see oxyvgen now”™; "This is cool!™; "The creature disappeared, oh!™; "I want

290



to touch nitrogen!™. Their facial expression were also of excitement aned satis-
faction. While watching the story clips and characters animations, more than
half of the participants were eager to keep visualizing the story of each one of
the elements. They rotate the cubes to look for the markers with fcons dedi-
cated to that area of exploration and scanned them. When finishing viewing
the animation clips. the children would look around for their colleagues and
smile. We also observed that two participants showed frustration because the
rendering of the information took longer (oxygen info). We attribute this to
the system not recognizing the markers because of light conditions and the
image on the oxygen cube not containing as much detail as others. However, as
reported in previous studies [55], technical problems and usability issues can
reduce engagement, especially for younger users. In this particular case, the
game-play fow was interrupted, leading to the participants’ reaction. One par-
ticipant also complained that the mobile device was very hot, and sometimes
the program application crashed.

6 Discussion

The specific research questions of this study aim to understand whether Aug-
mented Reality serious games while exploring concepts about the Periodic
Table affect learning outcomes and student motivation compared to tradi-
tional teaching methods (RQ1). We also sought to investigate, how can AR
serious games design elements (technology, aesthetics, story and mechanics)
contribute to facilitating the learning process of scientific concepts?{RQ2).
Quantitative and qualitative positive results confirm that children can ben-
efit from the affordance of Augmented Reality games to explore content in
the chemistry domain for the first time. The visualization of 3D information,
instead of using the printed information of the textbook, resulted in a more
effective method for the understanding of the content administrated, similarly
to the findings of P.Maier and Klinker [56]. While the participants that used
the textbook had to rely in the mental images and the reading of the material
to understand the information, the experimental group transfer of information
was facilitated by the visnalization of the content using the AR technology.
PFD provided students with a unique and immersive learning experience,
especially when it comes to visualizing complex concepts such as molecular
structures. By using AR, students can view phenomena from different angles
and perspectives, including depth, which can help them better understand the
spatial relationships between atoms within a moleeule. This type of interactive
learning can also help students avoid common misconceptions and deepen their
understanding of the subject matter. By experiencing these concepts in a 3D
space, students can engage with the material in a more tangible way, which
can help increase their retention and comprehension of the subject matter.
Using a participatory design approach towards the use of proper analogies,
aesthetics, the selection and validation of the information taking into consid-
eration the different educational stakeholders was crucial in the effectiveness
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of the Periodic Fable. Children's learning motivation towards the periodic
table also showed significant statistical results advocating that AR game-based
applications are more likely to motivate the learning activity than a more tra-
ditional method. These results are consistent with results of other studies that
claim that AR-based applications promote higher levels of motivation than
traditional methods of teaching.

We also believe that the higher learning outecome is the result of the game
balance of the elements corroborating Jessy Schell [86] claims, whereby each
game element is part of a whole system and support each other as to help
the user experience. The game mechanics with a constructivism approach pro-
vided freedom and control over the time and type of information that the user
wanted to explore, allowing a pro-active and dynamic learning process. By
scanning markers and revealing information through AR, students can have
a more interactive and engaging experlence with the learning content, which
can help pique their interest and encourage them to explore it further leading
to better retention of information. By using PFD, students can view informa-
tion at their own pace and in a way that is tailored to their individual learning
style having the ability to view information multiple times, which is partic-
ularly beneficial for students who may need extra time to process or review
the content knowledge. This can help to reinforce thelr understanding and
consolidate their knowledge, leading to better long-term retention of content.

PFD also provides the opportunity for the participants to view the
information in different levels simultaneously (macroscopic, microscopic and
representational), belping to solidify the students understanding of the
concepts.

The use of analogies, fun stories, and links to the children’s environ-
ment (routine products) also contributed to their continued desire to explore
the different areas. The use of simple lcons and Images to illustrate how to
interact with the areas of exploration aveided the emplovment of extended
written instructions, making the user’s focus on the content and facilitating
the mechanics of the game-play. The aesthetics of the characters and anima-
tions were appealing, hankering the children's interest in viewing the elements’
representation by rotating the cubes to gather the corresponding marker. The
observation confirms their enthusiasm onee the stories and other digital infor-
mation are visualised. There seem to be compelling reason to argue that an
ideal entertainment and learning experience is the result of the combination of
pedagogic (using the collaboration of educational stakeholders) delivered with
the support and adequacy of game balance elements (technology, mechanic,
aesthetics and storytelling).

7 Limitations and Future Work

Some limitations of our research are related to the technology, especially the
malfunctioning of some markers affected by the light conditions, making it
sometimes difficult for the participants to upload the information and ereating
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frustration. This is a significant issue because of the young age of the partic-
ipants, where frustrations and negative experiences can bias their attitudes
towards the subject or the technology in the future. Luckily in our study, anly
two users among 30 were affected by this issue; nevertheless, consideration
should be taken towards this potential problem in the future. Moreover, one
user in our study reported the overheating of mobile devices when using AR,
and in this instance, it caused the system to crash. This episode highlights
how special care and constant supervision of the equipment must be in place
during these events. Furthermore, if the system erashes because of the deviee's
overheating, a substitute deviee should be provided to the user so as not to
ruin his/her experience.

We believe that this work will benefit from future studies with a larger
sample group and expanding our age gap. In future studies, we also envision
assessing and comparing the effects of the medinms per se (textbook, AR and
VR) as factors that can affect the learning outcome and engagement of the

participants.
8 Conclusion

Based on the results presented in this study, we concluded that the AR-based
edutainment application Periodic Fable was more effective than the traditional
texthook method of teaching chemistry to young frst-time learners of the
subject. Period Fable promoted students’ knowledge of basic principles of the
Periodic Table and fostered motivation toward the instructional material. The
results also suggest that AR edutainment can be an effective learning tool in
non-formal learning contexts. We believe that the playful approach to teaching
chemistry to young children will help demystily the perception of that subject
as difficult and facilitate their learning experience. We also propose that to
establish a positive role of immersive technologies in education and Improve
their effectiveness, we need to design the scientific content with reasonable
pedagogical goals according to the cognitive development and cultural reality
of the students, understand the balance between the game elements, and finally
evaluate and verify the effectiveness of the tools according to learning goals.

Finally, we advocate for the need for further studies investigating AR
potential in young children’s scientific learning environments, long-term reten-
tion and novelty effect of the technology. The study highlighted the need for
strategles for attendance on non-formal context studies that required more
than one session (for example, a week post-test guestionnaire). Our research
will benefit from testing long-term retention .

In the future, we plan to extend the Periodic Fable experience to all the
chemical elements, allowing users to position each physical cube within the
proper location and to construet their own physical Periodic Table.
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9 Selection and Participation of Children

Prior to conducting the study, we contacted the Regional Secretary for Educa-
tion, Science and Technology of Madeira to approve the studies. The Consents
forms, study protoeols and questionnaires were analyzed and approved by this
entity to conduct the studies at the different institutions. Since the studies
were conducted in a non-formal educational context, we also gathered the
approval of the coordinators of each institution where the studies took place.

The recruitment was done through three different institutions: Doutore-
cos (summer camp), Associagio Olhar (occupational social association for
children) and CAB associacio desportiva (sport club). We contacted the coor-
dinators from the different institutions, showcased the AR experiences and
guided them through the study design and procedure. We sent an informed
parental consent form which, besides requiring approval for the study, photos
and video recording, included a brief description of the study. The parents
were also informed about the confidentiality of the data. We relied on the
coordinators to gather information regarding participants with special needs
and to collect the signed forms.
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Teste de rotagio mental (MRT-A) ¥ H
Por favar, as i Lemb que ndo ha certas ou erradas.
Image title

Par favor, abserva estas cncos figuras:

ol 2

Nota que tores as § primeiras figuras sb 2 bjeto, mostredo de di angules
magia o mow da obje dor do ot Riras duas sode um
objecta diferente, que nio & o resultado da ralagdo do objelo mostradas ne 5 desenhos iniiais.

IENEE

ohln?ua. : o . o °

.

Observa o objeto
Duas destas
imagens
mostram o
mesmo objeto n [_]
daimagem Oa
Seleciona 50
duas opgdes. As respostas corretas sda 1 e 3, porgue s3 do abjeto Oa. rodad

diferente ingulos
indo o leci dois d hos que rep o mesmo objeto mostrado de *

diferentes dngulos.

7| |4).8)% b

1 2 3 4
Duas destas imag... O | ] O
Question *
e ° l ° ‘ L ° ° ‘
1 2 3 4
Dois destas image__. O | 7 O
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Question *
| % |Bn
’f%@ | | & |
imagem 13 e e
1 2 3 4
Duas destas imag... J | J J
Question *
1 2 3 4
Duas destas imag... O | ] O
Question *

Imagem 5.2

Duas destas imag... O | 1 O
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Question *

5

Imagem Ba

Duas destas imag...

Question *

o

Imagem 9.2

Duas destas imag...

Question *

N

Imagem 10.a

Duas destas imag...

Question *

%

Imagem 112

Duas destas imag...

Question *

iy

Imagem 12.a

Duas destas imag...

WY

125
P50
iy
S
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Exercicio mental - dobragem de papel

Imagina que tens uma folha de papel quadrado a qual teras que dobrar mentalmente e fazer
um furo. Agora imagina qual seré o resultado dessa folha uma vez que a abras novamente.
No exemplo apresentado a resposta correta é aimagem C.

- p——

/_\ o

*

35.  Apos dobrar o canto do quadrado e realizar o um furo nessa dobra, qual o resultado
obtido? S6 existe uma resposta certa.

o oo o 8
o o
() (] (0] e
A B c D E

36. Apos dobrar duas vezes o quadrado e realizar o um furo nessa dobra, qual o resultado  *

obtido?

00

37. Apos dobrar o quadrado e realizar um furo na zona indicada , qual o resultado obtido? *

=00 I
3 : 0

©] Ol Ol

o

Mark only one oval per row.

38. Apos dobrar o quadrado e realizar um furo na zona indicada , qual o resultado obtido? *

[ [ [¢ [eX¢) <) o)
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39.

40.

41.

42.

43.

44.

Apbs dobrar o quadrado e realizar um furo na zona indicada , qual o resultado obtido? *

o

o

Mark only one oval per row.

A B C D E

Apos dobrar o quadrado e realizar um furo na zona indicada , qual o resultado obtido? *

Mark only one oval per row.

[e)e]

Apos dobrar o quadrado e realizar um furo na zona indicada , qual o resultado obtido? *

Mark only one oval per row.

A B [+ D E

Apbs dobrar o quadrado e realizar um furo na zona indicada , qual o resultado obtido? *

Mark only one oval per row.

A B C D E

Apos dobrar o quadrado e realizar um furo na zona indicada , qual o resultado obtido? *
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APPENDIX

PeEr1ioDic FABLE WEBSITE

A website was created to allow teachers, parents and students to find information about
our project. The website also provides the opportunity to download and print a 2D plant
of the PF Discovery tangible interaction cubes https://periodicfable.arditi.pt/.
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Watch on I Yaafube

Playful-Educational Games “The Periodic Fable™

eriodic Fable

year-old o

Games

Sugmerhe:

Periodic Fable Discovery Perigdic Fable An Augmented Journey The Periodec Fable n e Wild
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Perlodle Fable Discovery

Periodic Fable O

covery is an exploratory sericus game that uses
tangible cubes as its ingerface. The game relies on & constructiist
pedagogical method approach, whene the users can explone and
Interact freety with the tangible artifact , thus acquirng knowledge
about chiemnical slements through

UL Zatons.

Features

4«

Characters

Areas of Explorabion

Mechanics
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