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“The only source of knowledge is experience.” (Albert Einstein )



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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Resumo

A educação científica é fundamental para o desenvolvimento da sociedade, especialmente

nas áreas da física e da química. No entanto, muitos estudantes demonstram pouco in-

teresse nestas disciplinas, particularmente em relação a química, sendo frequentemente

vista como complexa e exigente. A conotação negativa em relação à química pelas crianças

começa desde cedo, antes mesmo de terem contato com a disciplina a nível curricular,

sendo que esta percepção pode condicionar o seu percurso acadêmico e mesmo a futura

escolha da carreira profissional.

Consequentemente, professores e agentes educativos reconhecem a necessidade de

ferramentas inovadoras para cativar as crianças, apoiando intervenções para motivar os

alunos mais cedo, desmistificando percepções negativas e, finalmente, levar as crianças

a investirem na química. São necessárias estratégias educacionais que enfatizem a apli-

cabilidade da química no quotidiano e na resolução de problemas, de modo a tornar o

conteúdo mais relevante e interessante. Além disso, é importante adotar abordagens didá-

ticas inovadoras, como a utilização de tecnologias interativas, jogos e atividades práticas,

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

difíceis ou menos interessantes para os jovens. Contudo, na área da química, estudos

sobre esta ferramenta continuam a focar-se num público alvo acima dos 15 anos de idade,

habitualmente só oferecendo benefícios no que concerne à visualização de fenómenos

científicos.

A investigação presente nesta tese, visa o estudo da eficácia de três jogos educativos

em Realidade Aumentada: A Descoberta da Fábula Periódica, A Fábula Periódica uma

Viagem Aumentada e, por último, a Fábula Periódica na Floresta. Estas ferramentas lúdico-

didáticas procuram facilitar a aprendizagem, cativar o interesse e motivar jovens para a

área química.

A contribuição desta tese está centrada no desenho e aprendizagem obtida durante

a produção de três novos artefatos de jogos sérios de realidade aumentada (RA). Os

resultados desta pesquisa estabelecerão 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, Química, A
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1
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
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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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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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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,
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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 Figure1.1).

• 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.

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., & Romão, 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].

Câmara 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., & Romão, 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., & Romão, 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., & Romão, 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., Dionísio, M., Câmara 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., Dionísio, 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

8



1.5. THESIS STRUCTURE / DOCUMENT ORGANIZATION

Singapore.

Ferreira, M. J., 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.

Cesário, 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.

Cesário, 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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2
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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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

12



2.1. LEARNING FRAMEWORK

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
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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 1 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

1Direção-Geral de Estatísticas da Educação e Ciência, 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
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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)2 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

2Direção-Geral da Educação, 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).

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 3 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

3https://ml1-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.

27



CHAPTER 2. THEORICAL FRAMEWORK

• 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).

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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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).

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 Mäyrä, 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"(Järvinen, 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
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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).

Figure 2.8: Research Theoretical Framework
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3
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"1 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 Lab2 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

1https://funchalnoticias.net/2019/05/30/jogo-digital-volta-as-aulas-de-matematica-na-escola-dos-
louros/

2https://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"3, 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"4 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"5, 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"6 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"7 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.

3https://www.ingress.com/
4https://pikminbloom.com/
5https://playperidot.com/
6https://www.data.ai/en/apps/ios/app/ar-dragon-virtual-pet-game/
7https://www.minecraft.net/en-us/article/minecraft-earth-coming-end
8https://zombiesrungame.com/
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"Jurassic World Alive"9 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

9https://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"10 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, Argüello 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"11, which allows the user to explore chemical structures (3D

models) and interact with virtual objects in real space. "Arloon Chemistry"12 teaches

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

11https://www.alchem.ie/
12http://www.arloon.com/apps/arloon-chemistry/
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learning nomenclature. Happy Atoms13 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"14, "ANSTO XR"15, "Aumentifylt AR Elements -The Periodic Table of Me"16,

"AR VR Molecules Editor AR"17, "Popar Periodic Table of elements 4D smart chart"18, and

"Dáskalos Chemistry" 19.

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.

13https://schellgames.com/portfolio/happy-atoms
14https://www.360ed.org/products/elements-ar/
15https://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.html?hl=en
18https://popartoys.com/products/popar-periodic-table-of-elements-smart-chart
19https://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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4
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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Figure 4.2: Design Factors when developing chemistry apps
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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 (H2O), 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

59



CHAPTER 4. OVERVIEW OF THE METHODOLOGY

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].

Kaiqing 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

1https://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

Figure 4.7: Characters - Hydrogen, Nitrogen, Oxygen, and Chlorine
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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 2 version 2019.3.0a11 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.

2https://unity.com/releases/editor/archive
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Figure 4.9: PF Discovery System Overview
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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.

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.

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

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.

3https://thewordsearch.com/

70



4.3. DIGITAL PROTOTYPE DEVELOPMENT

Figure 4.15: Periodic Fable In The Wild

Figure 4.16: Link to video showcasing Periodic Fable games
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5
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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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).

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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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.

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.

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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Figure 5.7: Chlorine is portrayed as a superhero because of its disinfecting properties.

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).

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 I would like to play PF Discovery again 5.00 0.000
Q2 I would recommend the game to friends and family 4.71 0.488
Q3 I thought that PF Discovery was easy to use 4.86 0.378
Q4 I think that the game is fun to play 5.00 0.000
Q5 I found 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 I would 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).

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).

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 Study I - 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), Associação 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 α > 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
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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

Q8 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 I needed 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 2.987 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 .732** .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** .712**

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 .712** .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
and learn about the elements"; "I 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 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
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., & Romão, 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

Básica 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.

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

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 Martín-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

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

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, χ2(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 I was 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

94



5.4. PF DISCOVERY GAME EVALUATION

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 Básica do 2º e 3º Ciclo do Caniço (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).

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".

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

comments when viewing the information: "whoa! I just saw Hydrogen waiving at me", "I am
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
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 (PFDbRQ2).

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 Üce, Musa, and İlknur 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,

102



5.5. PF DISCOVERY STUDIES DISCUSSION

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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6
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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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
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Figure 6.2: Narrative Development of PF an Augmented Journey

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.

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 I would like to play PF an Augmented Journey again 5.00 0.000

Q2 I would recommend the game to friends and family 4.86 0.378

Q3 I thought that PF an Augmented Journey was easy to use 4.86 0.488

Q4 I think that the game is fun to play 5.00 0.000

Q5 I found 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 I would imagine that most people would learn to use this game very quickly 4.57 0.757

Q8 I felt very confident using PF an Augmented Journey 4.29 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.

113



CHAPTER 6. PF AN AUGMENTED JOURNEY

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
experiences,""We learn how to mix two or more elements,""Learn about substances, energy,
and other things,""We learn about the Periodic Table".

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).

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 (ŋ2p) 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 ŋ =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

116



6.3. PF AN AUGMENTED JOURNEY GAME EVALUATION

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).

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:

Câmara 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, I. 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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7
PF in 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, 1 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 PF in 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.

1https://thewordsearch.com/

122



7.1. PF IN THE WILD GAME MECHANICS

Figure 7.3: PF In the Wild Interaction Design
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• 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).

7.2 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 I would like to play PF in the Wild again 4.14 0.900

Q2 I would recommend the game to friends and family 4.00 0.690

Q3 I thought that PF in the Wild was easy to use 4.71 0.488

Q4 I think that the game is fun to play 4.14 0.690

Q5 I found that the various functions in the game were well integrated 3.29 0.756

Q6 I found the game useful 4.71 0.488

Q7 I would imagine that most people would learn to use this game very quickly 4.29 0.756

Q8 I felt 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., & Romão, 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.

126



7.3. GAMES EVALUATION

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:

• PFWaRQ1 - How can we incorporate different pedagogical methods in AR serious games
to facilitate the learning process of scientific concepts?

• PFWbRQ2 - 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 Básica dos 2º e 3º Ciclo do Caniço. 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 α 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

PF Discovery

7

10

3

11 year-old

12

13

10 females

10 males

60% (12 participants)

(male=6, female=6)

55% (n=11)

(male= 5, female=6)

50% (n=10)

(male=4, female=6)

PF an Augmented Journey

11

7

3

11 year-old

12

13

5 females

16 males

66.7% (n=14)

(male=12, female=2)

71.4% (n=15)

(male=12, female=3)

57.1% (n=12)

(male=10, female=2)

PF in the Wild

13

11

1

11 year-old

12

13

10 females

15 males

44% (n=11)

(male=9, female=2)

40% (n=10)

(male=7, female=3)

64% (n=16)

(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

Overall (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

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

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!!! 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
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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8
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.
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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

145



CHAPTER 8. DISCUSSION AND CONTRIBUTIONS

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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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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9
Conclusion, Limitations, 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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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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[326] M. Teplá, P. Teplỳ, and P. Šmejkal. “Influence of 3D models and animations on

students in natural subjects”. In: International Journal of STEM Education 9.1

(2022), p. 65 (cit. on p. 103).

[327] M. Teppo, R. Soobard, and M. Rannikmäe. “A study comparing intrinsic motiva-

tion and opinions on learning science (grades 6) and taking the international PISA

test (grade 9)”. In: Education Sciences 11.1 (2021), p. 14. url: https://doi.org/1

0.3390/educsci11010014 (cit. on pp. 2, 13, 14).

[328] F. Thomas, O. Johnston, and F. Thomas. The illusion of life: Disney animation.

Hyperion New York, 1995 (cit. on p. 31).

[329] B. Tillman. Creative character design. Crc Press, 2012 (cit. on pp. 31, 32).

[330] D. Treagust, G. Chittleborough, and T. Mamiala. “The role of submicroscopic and

symbolic representations in chemical explanations”. In: International journal of
science education 25.11 (2003), pp. 1353–1368. url: https://doi.org/10.1080

/0950069032000070306 (cit. on pp. 16, 144).

[331] E. Tribble, R. Skariah, E. Tran, and O. Gulacar. “Exploring the Effects of a Ne-

glected Area: The United Nations Sustainable Development Goals in Science

Education”. In: Journal of College Science Teaching 51.3 (2022), pp. 37–42 (cit. on

p. 14).

[332] B. Tversky. “Structures of mental spaces: How people think about space”. In:

Environment and behavior 35.1 (2003), pp. 66–80 (cit. on p. 145).

[333] M. Üce and İ. Ceyhan. “Misconception in Chemistry Education and Practices to

Eliminate Them: Literature Analysis.” In: Journal of Education and Training Studies
7.3 (2019), pp. 202–208. url: https://doi.org/10.11114/jets.v7i3.3990

(cit. on pp. 17, 102, 103).

[334] D. H. Uttal, D. I. Miller, and N. S. Newcombe. “Exploring and enhancing spatial

thinking: Links to achievement in science, technology, engineering, and mathe-

matics?” In: Current Directions in Psychological Science 22.5 (2013), pp. 367–373.

url: https://doi.org/10.1177/0963721413484756 (cit. on pp. 13, 16).

[335] A. Uysal and I. G. Yildirim. “Self-determination theory in digital games”. In:

Gamer psychology and behavior (2016), pp. 123–135. url: https://doi.org/10

.1007/978-3-319-29904-4_8 (cit. on p. 34).

[336] A. Vahldick, P. R. Farah, M. J. Marcelino, and A. J. Mendes. “A blocks-based

serious game to support introductory computer programming in undergraduate

education”. In: Computers in Human Behavior Reports 2 (2020), p. 100037 (cit. on

p. 41).

181

https://doi.org/10.3390/educsci11010014
https://doi.org/10.3390/educsci11010014
https://doi.org/10.1080/0950069032000070306
https://doi.org/10.1080/0950069032000070306
https://doi.org/10.11114/jets.v7i3.3990
https://doi.org/10.1177/0963721413484756
https://doi.org/10.1007/978-3-319-29904-4_8
https://doi.org/10.1007/978-3-319-29904-4_8


BIBLIOGRAPHY

[337] R. B. Valimont, D. A. Vincenzi, S. N. Gangadharan, and A. Majoros. “The ef-

fectiveness of augmented reality as a facilitator of information acquisition”. In:

Proceedings. The 21st Digital Avionics Systems Conference. Vol. 2. IEEE. 2002,

pp. 7C5–7C5. url: https://doi.org/10.1109/DASC.2002.1052926 (cit. on

p. 21).

[338] D. Van Krevelen and R. Poelman. “A survey of augmented reality technologies,

applications and limitations”. In: International journal of virtual reality 9.2 (2010),

pp. 1–20. url: https://doi.org/10.20870/IJVR.2010.9.2.2767 (cit. on

p. 20).

[339] J. C. Vega Garzón, M. L. Magrini, and E. Galembeck. “Using augmented reality

to teach and learn biochemistry”. In: Biochemistry and molecular biology education
45.5 (2017), pp. 417–420. url: https://doi.org/10.1002/bmb.21063 (cit. on

p. 48).

[340] C. Vidal Carulla. “Children’s emergent chemistry in the preschool”. PhD thesis.

Linnaeus University Press, 2020 (cit. on p. 58).

[341] P. Vilia and A. A. Candeias. “Attitude towards the discipline of physics-chemistry

and school achievement: revisiting factor structure to assess gender differences

in Portuguese high-school students”. In: International Journal of Science Education
42.1 (2020), pp. 133–150. url: https://doi.org/10.1080/09500693.2019.170

6012 (cit. on p. 16).

[342] S. M. Villafañe and J. E. Lewis. “Exploring a measure of science attitude for differ-

ent groups of students enrolled in introductory college chemistry”. In: Chemistry
Education Research and Practice 17.4 (2016), pp. 731–742. url: https://doi.

org/10.1039/C5RP00185D (cit. on p. 2).

[343] A. Villanueva, Z. Zhu, Z. Liu, K. Peppler, T. Redick, and K. Ramani. “Meta-AR-

app: an authoring platform for collaborative augmented reality in STEM class-

rooms”. In: Proceedings of the 2020 CHI conference on human factors in computing
systems. 2020, pp. 1–14. url: https://doi.org/10.1145/3313831.3376146

(cit. on p. 21).

[344] P. Vlachogianni and N. Tselios. “Perceived usability evaluation of educational

technology using the System Usability Scale (SUS): A systematic review”. In:

Journal of Research on Technology in Education 54.3 (2022), pp. 392–409 (cit. on

p. 38).

[345] L. S. Vygotsky. “Play and its role in the mental development of the child”. In:

Soviet psychology 5.3 (1967), pp. 6–18. url: https://doi.org/10.2753/RPO106

1-040505036 (cit. on pp. 26, 145, 147).

[346] L. S. Vygotsky. Thought and language. MIT press, 2012 (cit. on p. 27).

182

https://doi.org/10.1109/DASC.2002.1052926
https://doi.org/10.20870/IJVR.2010.9.2.2767
https://doi.org/10.1002/bmb.21063
https://doi.org/10.1080/09500693.2019.1706012
https://doi.org/10.1080/09500693.2019.1706012
https://doi.org/10.1039/C5RP00185D
https://doi.org/10.1039/C5RP00185D
https://doi.org/10.1145/3313831.3376146
https://doi.org/10.2753/RPO1061-040505036
https://doi.org/10.2753/RPO1061-040505036


BIBLIOGRAPHY

[347] L. S. Vygotsky. “Play and Its Role in the Mental Development of the Child.” In:

International Research in Early Childhood Education 7.2 (2016), pp. 3–25 (cit. on

p. 136).

[348] H. Wang, J. Bowerman, and F. Yang. “Do learning websites reflect users’ aesthetic

preferences”. In: Tenth International Conference on the Arts in Society. 2015, pp. 1–

5 (cit. on p. 31).

[349] X. Wang. “Why students choose STEM majors: Motivation, high school learning,

and postsecondary context of support”. In: American Educational Research Journal
50.5 (2013), pp. 1081–1121. url: https://doi.org/10.3102/000283121348862

2 (cit. on pp. 13, 14).

[350] D. Watson, L. A. Clark, and A. Tellegen. “Development and validation of brief

measures of positive and negative affect: the PANAS scales.” In: Journal of person-
ality and social psychology 54.6 (1988), p. 1063 (cit. on p. 111).

[351] D. Weintrop, E. Beheshti, M. Horn, K. Orton, K. Jona, L. Trouille, and U. Wilensky.

“Defining computational thinking for mathematics and science classrooms”. In:

Journal of science education and technology 25 (2016), pp. 127–147 (cit. on p. 41).

[352] C. Weng, A. Rathinasabapathi, A. Weng, and C. Zagita. “Mixed reality in sci-

ence education as a learning support: a revitalized science book”. In: Journal of
Educational Computing Research 57.3 (2019), pp. 777–807 (cit. on p. 45).

[353] N. Whitton. Learning with digital games: A practical guide to engaging students in
higher education. Routledge, 2009 (cit. on p. 40).

[354] P. Wijdenes, D. Borkenhagen, J. Babione, I. Ma, and G. Hallihan. “Leveraging

augmented reality training tool for medical education: A case study in central

venous catheterization”. In: Extended Abstracts of the 2018 CHI Conference on
Human Factors in Computing Systems. 2018, pp. 1–7. url: https://doi.org/10

.1145/3170427.3174361 (cit. on p. 21).

[355] E. V. Wilson and S. Djamasbi. “Measuring mobile user experience instruments

for research and practice”. In: Communications of the Association for Information
Systems 44.1 (2019), p. 8 (cit. on p. 79).

[356] B. M. Winn. “The design, play, and experience framework”. In: Handbook of
research on effective electronic gaming in education. IGI Global, 2009, pp. 1010–

1024. url: https://doi.org/10.4018/978-1-59904-808-6.ch058 (cit. on

pp. 26, 55).

[357] B. G. Witmer and M. J. Singer. “Measuring presence in virtual environments: A

presence questionnaire”. In: Presence 7.3 (1998), pp. 225–240 (cit. on p. 36).

[358] W. Wolf. “Aesthetic illusion”. In: Immersion and Distance. Brill, 2013, pp. vii–63

(cit. on p. 61).

183

https://doi.org/10.3102/0002831213488622
https://doi.org/10.3102/0002831213488622
https://doi.org/10.1145/3170427.3174361
https://doi.org/10.1145/3170427.3174361
https://doi.org/10.4018/978-1-59904-808-6.ch058


BIBLIOGRAPHY

[359] E. Wood and J. Attfield. Play, Learning, and t he Early Childhood Curriculum. 2005.

url: https://doi.org/10.4135/9781446280393 (cit. on pp. 13, 145).

[360] J.-Y. Wu, Y.-C. Hsiao, and M.-W. Nian. “Using supervised machine learning on

large-scale online forums to classify course-related Facebook messages in predict-

ing learning achievement within the personal learning environment”. In: Interac-
tive Learning Environments 28.1 (2020), pp. 65–80. url: https://doi.org/10.1

080/10494820.2017.1294608 (cit. on p. 48).

[361] P. Wyeth and H. C. Purchase. “Tangible programming elements for young chil-

dren”. In: CHI’02 extended abstracts on Human factors in computing systems. 2002,

pp. 774–775. url: https://doi.org/10.1145/506443.506591 (cit. on p. 23).

[362] X. Xu and J. E. Lewis. “Refinement of a chemistry attitude measure for college

students”. In: Journal of Chemical Education 88.5 (2011), pp. 561–568. url: https:

//doi.org/10.1021/ed900071q (cit. on p. 16).

[363] I. S. Yakimanskaya. The Development of Spatial Thinking in Schoolchildren. Soviet
Studies in Mathematics Education. Volume 3. ERIC, 1991 (cit. on p. 136).

[364] S. Yang, B. Mei, and X. Yue. Mobile augmented reality assisted chemical education:
insights from elements 4D. 2018 (cit. on pp. 47, 48).

[365] S. Yoon, E. Anderson, J. Lin, and K. Elinich. “How augmented reality enables con-

ceptual understanding of challenging science content”. In: Journal of Educational
Technology & Society 20.1 (2017), pp. 156–168 (cit. on p. 46).

[366] H. Yu. “What Pokémon Go’s Success Means for the Future of Augmented Reality”.

In: Fortune 23 (2016), p. 16 (cit. on p. 43).

[367] Z. Yu, M. Gao, and L. Wang. “The effect of educational games on learning out-

comes, student motivation, engagement and satisfaction”. In: Journal of Educa-
tional Computing Research 59.3 (2021), pp. 522–546. url: https://doi.org/10

.1177/0735633120969214 (cit. on p. 2).

[368] J. Zimmerman, J. Forlizzi, and S. Evenson. “Research through design as a method

for interaction design research in HCI”. In: Proceedings of the SIGCHI conference on
Human factors in computing systems. 2007, pp. 493–502. url: https://doi.org/1

0.1145/1240624.1240704 (cit. on pp. 4, 52, 53).

[369] L. Zimmermann, L. Foster, R. M. Golinkoff, and K. Hirsh-Pasek. “Spatial Thinking

and STEM: How Playing with Blocks Supports Early Math.” In: American Educator
42.4 (2019), pp. 22–27 (cit. on p. 104).

[370] F. Zünd, M. Ryffel, S. Magnenat, A. Marra, M. Nitti, M. Kapadia, G. Noris, K.

Mitchell, M. Gross, and R. W. Sumner. “Augmented creativity: bridging the real

and virtual worlds to enhance creative play”. In: SIGGRAPH Asia 2015 Mobile
Graphics and Interactive Applications. 2015, pp. 1–7 (cit. on p. 21).

184

https://doi.org/10.4135/9781446280393
https://doi.org/10.1080/10494820.2017.1294608
https://doi.org/10.1080/10494820.2017.1294608
https://doi.org/10.1145/506443.506591
https://doi.org/10.1021/ed900071q
https://doi.org/10.1021/ed900071q
https://doi.org/10.1177/0735633120969214
https://doi.org/10.1177/0735633120969214
https://doi.org/10.1145/1240624.1240704
https://doi.org/10.1145/1240624.1240704


BIBLIOGRAPHY

[371] G. Zurita and M. Nussbaum. “A constructivist mobile learning environment sup-

ported by a wireless handheld network”. In: Journal of computer assisted learning
20.4 (2004), pp. 235–243 (cit. on p. 121).

This document was created using the (pdf/Xe/Lua)LATEX processor, based on the NOVAthesis template, developed at the Dep. Informática of FCT-NOVA by João M. Lourenço. [1]

[1] J. M. Lourenço. The NOVAthesis LATEX Template User’s Manual. NOVA University Lisbon. 2021. URL: https://github.com/joaomlourenco/novathesis/raw/master/template.pdf (cit. on p. 185).

185

https://github.com/joaomlourenco/novathesis
http://www.di.fct.unl.pt
https://docentes.fct.unl.pt/joao-lourenco
https://github.com/joaomlourenco/novathesis/raw/master/template.pdf


A
p
p
e
n
d
i
x

A
Secretary of Education Ethical Approval

This Appendix contains the documents that are required to obtain Ethical Approval by

the Secretary of Education.

186



187



APPENDIX A. SECRETARY OF EDUCATION ETHICAL APPROVAL

188



189



APPENDIX A. SECRETARY OF EDUCATION ETHICAL APPROVAL

190



191



APPENDIX A. SECRETARY OF EDUCATION ETHICAL APPROVAL

192



193



APPENDIX A. SECRETARY OF EDUCATION ETHICAL APPROVAL

194



195



APPENDIX A. SECRETARY OF EDUCATION ETHICAL APPROVAL

196



197



APPENDIX A. SECRETARY OF EDUCATION ETHICAL APPROVAL

198



199



APPENDIX A. SECRETARY OF EDUCATION ETHICAL APPROVAL

200



201



APPENDIX A. SECRETARY OF EDUCATION ETHICAL APPROVAL

202



203



APPENDIX A. SECRETARY OF EDUCATION ETHICAL APPROVAL

204



205



APPENDIX A. SECRETARY OF EDUCATION ETHICAL APPROVAL

206



207



A
p
p
e
n
d
i
x

B
Aesthetics - Environmental Assets

208



209



APPENDIX B. AESTHETICS - ENVIRONMENTAL ASSETS

210



A
p
p
e
n
d
i
x

C
Publications

211



APPENDIX C. PUBLICATIONS

212



213



APPENDIX C. PUBLICATIONS

214



215



APPENDIX C. PUBLICATIONS

216



217



APPENDIX C. PUBLICATIONS

218



219



APPENDIX C. PUBLICATIONS

220



221



APPENDIX C. PUBLICATIONS

222



223



APPENDIX C. PUBLICATIONS

224



225



APPENDIX C. PUBLICATIONS

226



227



APPENDIX C. PUBLICATIONS

228



229



APPENDIX C. PUBLICATIONS

230



231



APPENDIX C. PUBLICATIONS

232



233



APPENDIX C. PUBLICATIONS

234



235



APPENDIX C. PUBLICATIONS

236



237



APPENDIX C. PUBLICATIONS

238



239



APPENDIX C. PUBLICATIONS

240



241



APPENDIX C. PUBLICATIONS

242



243



APPENDIX C. PUBLICATIONS

244



245



APPENDIX C. PUBLICATIONS

246



247



APPENDIX C. PUBLICATIONS

248



249



APPENDIX C. PUBLICATIONS

250



251



APPENDIX C. PUBLICATIONS

252



253



APPENDIX C. PUBLICATIONS

v

254



255



APPENDIX C. PUBLICATIONS

256



257



APPENDIX C. PUBLICATIONS

258



259



APPENDIX C. PUBLICATIONS

260



261



APPENDIX C. PUBLICATIONS

262



263



APPENDIX C. PUBLICATIONS

264



265



APPENDIX C. PUBLICATIONS

266



267



APPENDIX C. PUBLICATIONS

268



269



APPENDIX C. PUBLICATIONS

270



271



APPENDIX C. PUBLICATIONS

272



273



APPENDIX C. PUBLICATIONS

274



275



APPENDIX C. PUBLICATIONS

276



277



APPENDIX C. PUBLICATIONS

278



279



APPENDIX C. PUBLICATIONS

280



281



APPENDIX C. PUBLICATIONS

282



283



APPENDIX C. PUBLICATIONS

284



285



APPENDIX C. PUBLICATIONS

286



287



APPENDIX C. PUBLICATIONS

288



289



APPENDIX C. PUBLICATIONS

290



291



APPENDIX C. PUBLICATIONS

292



293



APPENDIX C. PUBLICATIONS

294



295



APPENDIX C. PUBLICATIONS

296



297



APPENDIX C. PUBLICATIONS

298



299



A
p
p
e
n
d
i
x

D
Game Designers and HCI Experts Feedback

300



301



A
p
p
e
n
d
i
x

E
Spatial Skills Tests

302



303



APPENDIX E. SPATIAL SKILLS TESTS

304



305



APPENDIX E. SPATIAL SKILLS TESTS

306



307



APPENDIX E. SPATIAL SKILLS TESTS

308



A
p
p
e
n
d
i
x

F
Periodic 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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