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Abstract. Chemistry is often regarded as a complex and demanding
subject for youth to learn, partly because of abstract concepts that are
challenging to depict. These areas require spatial reasoning, defined as
the ability to retain, generate and manipulate abstract visual images in
space, either physically or mentally. By allowing the superimposition of
virtual objects in the real world, Augmented Reality (AR) facilitates
students’ understanding of difficult concepts through spatial reasoning
by making them visible and allowing for multidimensional perspectives.
“Periodic Fable” is an AR serious game targeting 8 to 11-year-old chil-
dren, designed to teach them basic chemistry concepts of the Periodic
Table of Elements in non-formal settings. After designing and imple-
menting the game, we conducted an exploratory study with 36 young
participants, using a mixed-method approach. A comparative study be-
tween pre- and post-intervention questionnaires and observation results
shows a positive learning outcome, demonstrating the potential of this
tool in a non-formal context.

Keywords: Augmented Reality · Edutainment· Non-formal learning ·
Periodic Table.

1 Introduction

The acquisition and development of abstract reasoning is extremely important
in children’s. Great part of abstract reasoning acquisition happens during the
learning process of school subjects. These subjects, involve inquiry, experimen-
tation, evidence, the evaluation and analysis of ideas, problem-solving, creative
thinking, and overall understanding of information by making connections with
the real world [44]. Children’s understanding of abstract concepts in STEM dis-
ciplines has been shown to increment by means of spatial reasoning [34] enabling
them to reason about the space around while manipulating real or imaginary
object configurations in space [7].

Playful educational experiences and games have shown positive effects in a
wide spectrum of the development of cognitive skills [25, 19]. Educational games
increase concentration levels and stimulate learning in children [1], allowing for
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the exploration of teaching tools such as metaphors, analogies, and the spatial
manipulation of 3D objects through technologies like Virtual and Augmented Re-
ality [42]. Virtual and Augmented Reality serious games create compelling, col-
laborative and participatory experiences to enhance the user’s engagement and
learning. These experiences can provide alternatives to a real-world environment
for situated learning, allowing the user to experience a sense of “being there”
while applying acquired knowledge [11]. Immersive games hold great potential
for cognitive and motor development, and represent a powerful tool to facilitate
the teaching of school curriculum and an effective way of acquiring knowledge
within a non-formal context. Playing games is also considered a crucial activity
for human development of socialization, expression, and communication skills
[35]. Given these conditions, knowledge is acquired through a participatory pro-
cess whereby the learner is “transformed through his actions and relations with
the world”[6]. As argued by John Dewey, teaching involves “engaging children in
a fun and playful environment, imparting educational content, and instigating
interest in learning more”[12].

Given the possibility of transporting knowledge to other settings, Augmented
Reality enables the connection between content knowledge and user context,
thus making the learning more effective. Many Augmented Reality games have
proved especially effective for STEM subjects. AR enables users to visualize
otherwise inaccessible representations and to experiment in a low-risk and low-
cost platform[3]. Augmented Reality has also been shown to be a powerful tool
in the development of spatial skills, such as student understanding of structures
that can be either invisible to the naked eye or spatially complex [50, 15, 47].

The Periodic Table is one of the biggest achievements in the modern sciences,
not only for chemistry, but also in physics, medicine, earth sciences and biology.
In 2019, the United Nations celebrated the 150th international anniversary of
the discovery of the Periodic System by Dmitri Mendeleev. As a result, numerous
competitions, events and museum exhibitions have been dedicated to this topic.
We took this opportunity to reflect on the Periodic Table and its elements and
introduce them to young children, who might have not experienced them yet in
their school curricula.

In this article, we present our research based on the design and preliminary
testing results of Periodic Fable, a game intended to promote non-formal learn-
ing of the concepts of the Periodic Table for 11 years old and younger children,
that have not tackled ”chemistry” as a school subject yet. Periodic Fable incor-
porates image recognition, tangible objects, 3D virtual reconstruction of models,
animations, and is part of a growing number of initiatives that seek to utilize
this type of technology to create awareness and engage children in non-formal
science learning. The project was designed and produced to complement the
celebrations of the anniversary of the Periodic Table.
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2 Related Work

2.1 Learning Framework

Situated learning builds upon social learning and development theories, accord-
ing to which the quality of learning depends on social interaction with the learn-
ing context[41][27][49]. Many virtual games and immersive simulations have been
designed for training and education, to motivate students by providing a more
immersive and engaging learning environment to support situated learning. The
seamless integration of virtual content with the real environment can evoke in the
users a perceptual state of non-mediation, a sense of presence reinforcing immer-
sion [40]. AR design strategies create virtual immersive experiences and games,
which are based on action and symbolic and sensory factors. Research has shown
that immersion in virtual environments can enhance education by allowing for
multiple perspectives of the learning content, applying situated pedagogy and
transfer of knowledge [11]. Even exceptional students in formal educational set-
tings often find it difficult to apply what they learn in class to similar real-world
contexts [11]. AR allows users to discern and interact with the real environment
while simultaneously receiving additional digital information into their field of
perception [5]. The simulation of real-world problems and contexts can be ob-
tained by near transfer. This assimilation of knowledge can then be transferred
to other situations, allowing for the construction of more knowledge. Examples
of this process can be found in game simulations for flight and surgical train-
ing, whereby the user can practice and train certain skills, making mistakes and
getting positive feedback when the task is performed in a low-risk environment
before transferring this knowledge to real-world situations.

Children learn by using their senses, playing and performing activities, as-
similating concepts in an intuitive manner [29]. Constructivism theory argues
that children learn by interacting with the physical environment, socially, and
by responding to external stimuli consciously. A constructivist environment al-
lows children to build on previously acquired knowledge, in a reflexive process
directed by a teacher, parent, or colleague [52]. Likewise, learning by doing is a
fundamental activity in children. It is successful when the information is compre-
hended and used, and this, in turn, contributes to a change, hence transformation
in cognitive structure [21]. The potential of Augmented Reality and educational
games is supported by constructivism theories. Learning can also benefit from
novelty effects due to new technologies [38], since the excitement and curiosity
of the students cause them to be more engaged and motivated.

Research shows that students’ performance is affected in different variables
of the learning process, while engaging in an activity individually or in a collabo-
rative process. [2]. Some effects are related to the intrinsic motivation (enjoying
the activity itself), self-efficacy (believe in the capacity to solve a task) and
self-determination (decision to do something). These results have been shown
in many AR experiences where the activity is performed individually, but also
studies shown that there is a tendency for active exchange of knowledge while
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students performed an AR activity [26]. However limited of research is known
about the learning efficacy when comparing both methods[32].

2.2 Augmented Reality

Augmented Reality (AR) is defined as the perception of reality that has been
enhanced through computer-generated inputs and other digital information [3].
AR falls in the realms between a physical and a virtual reality spectrum, meaning
that AR supplements reality, rather than completely replacing it. AR is demon-
strating to hold great potential in the area of Edutainment (education and enter-
tainment) [37]. As a pedagogical tool, AR enables critical thinking and develops
creativity [51]. The continuous investment in Augmented Reality has led to a
proliferation of apps in the educational realm, with an increase in off-the-shelf
wearable devices, like Curioscope [9], a marker-based t-shirt that allows children
to visualize 3D models of human anatomy. Elements 4D, by DAQRI, created an
app for chemistry designed to simulate how elements of the periodic table react
in real life [10]. Animal Alphabet uses AR Flashcards to learn letters. ZooKazam
[30] and Bugs 3D [46] aim to teach about animal species. Arloon Plants [45] al-
lows children to learn about the flora. Star Walk [48] AR app suppor ts learning
about the stars, the solar system and the planets. MerchEdu allows students to
explore and interact with STEM concepts using a tangible cube [33]. Despite
their usefulness, however, many of the commercial AR applications targeted at
children have not been evaluated for their effectiveness in learning outcomes. In
addition, Augmented Reality’s ability to render objects that are hard to visual-
ize using 3D Models (simulation), makes the understanding of abstract concepts
more manageable. AR can enhance learning environments, engage, stimulate and
motivate students [13, 14]. In scientific subjects, complex approaches are required
for the students to envision concepts like micro and macro-worlds, and its assim-
ilation remains a difficult and challenging process. Students make observations,
collaborate with others, inquire, ask questions, investigate and interpret data
when engaging with the AR system [11]. Chemistry in public schools with large
size classes suffers from limited resources and time available, and, as a result,
some students do not have the opportunity to conduct experiments. AR simula-
tion helps to bridge this gap, contributing to the observation of some reactions
on a one- to-one basis[16]. In Switzerland, an AR virtual chemistry laboratory
was created for students to view and acquire atoms through a virtual drag-and
drop technique. This platform allowed students to construct their own complex
molecules, developing active learning skills [20]. Besides the allowance of inquiry-
based learning, using this system also helped students to be active in the learning
process [8]. Low- achieving students benefit considerably by interacting with 3D
models of micro-particles, better understanding the composition of substances
[8]. The teaching of molecule formation, covalent bond and molecule structure
using AR vs traditional methods such as a textbook, proved to be more effective
in improving student performance [36]. StereoChem is a mobile Augmented Re-
ality application used to help students understand stereochemistry, focusing on
the study of stereoisomers (molecular formulas that differ in spatial orientation)
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to help in the perception of the 3D molecules[28]. Augmented Chemistry al-
lows students to obtain and understand information about the spatial relations
between molecules by using the input of keyboards and tangible interaction.
Augmented Chemistry represents the molecules in a 3D environment, providing
multiple viewpoints and control of the interactions [43].

2.3 Tangible Interfaces

The combination of tangible, physical interfaces with tridimensional virtual im-
agery allows children to play, engage, and have fun as they learn, facilitating the
cognitive load [4] in a natural and genuine way [8].

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 [22].

However, regarding the benefits of tangible interactions for children, Horn et
Al.[24], advocate for a hybrid approach (a single interactive system that consists
of two or more equivalent interfaces). Teachers and learners can select the most
appropriate interaction according to the task and needs of a specific situation
[24]. Moreover, Ambient Wood, a large-scale learning activity targeting 11-12-
year-old children, aims to teach children about the nature of scientific inquiry
by means of tangible discovery, reflection, and experimentation. A study of the
system highlighted that, while tangibility per se is not enough to engage children
in a task, it is crucial to have the appropriate tangible system [31].

3 Methods

3.1 System Design

Periodic Fable is a serious AR game for android mobile devices (with gyroscope,
accelerometer and compass sensor), designed and produced to target 8 to 11-
year-old children that come into contact with chemistry for the first time. The
game developed using ARCore, Autodesk Maya, Mudbox and Adobe Photoshop,
provides basic concepts about chemical elements like their symbols, atomic num-
bers, atomic weight, reactions with other elements, and products that contain
the element. It also allows users to obtain information by scanning markers, and
joining elements(depicted as creatures) to create reactions. Thus, the learning
process becomes fun, engaging the students[11].

Content The content of the game was selected with the help of a Ph.D. student
(in a Chemical biology related area) and two Chemistry teachers. It takes into
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account the knowledge of chemistry that our target audience already acquired in
science classes. Children from 8 to 11 learned some basic chemistry notions while
learning about topics like pollution (carbon monoxide), blood components, the
atmosphere, photosynthesis (carbon, oxygen), and the cycle of water (hydrogen,
oxygen), to name some. It is not until later that chemistry becomes a curricular
subject. The elements selected to feature in the Periodic Fable game are the
most abundant in the environment, and have compelling reactions, which makes
the students more curious, inspiring them to speculate about possible combina-
tions. The Periodic Fable design relies upon constructivism as a learning method,
allowing the children to explore and interact freely with the content, thus com-
plementing their knowledge about the chemical elements. Moreover, to create a
connection between the content and the real-world, we decided to include infor-
mation that could be transferred to the everyday routine of the children.

Technology/Game Mechanics The AR game uses a marker-based system
and tangible cubes as part of the mechanics. The camera of the mobile phone
scans a pattern/image, recognizes it, and superimposes a digital image on the
screen of the device (in our case, 3D models and animations, 2D images, video,
text and audio). The criteria for the selection of the equipment is based on the
children’s ease of access to mobile devices, their portability, and affordability.
Autodesk Maya, Adobe Photoshop, Adobe AfterEffects and Unity 3D were used
for the development of the game.

We designed a tangible cube as a starting point. The child has to explore
each facet of the cube to gain access to different information, which allows the
user physical manipulation and exploration of spatial arrangement. The decision
is the result of several iterations, heuristic evaluation and small sample testing to
make playing the game easy, without need for supervision (almost intuitive). Few
instructions are necessary, thus avoiding cognitive overload. The game features
a cube per element, and each face of the cube expresses qualities and scientific
facts about that element. At the moment we have developed five cubes, corre-
sponding to oxygen, hydrogen, carbon and nitrogen, because they are the most
important elements; their covalent bond combinations are responsible for most
of the biological molecules on earth. We added chlorine to the list because, like
the other elements, its properties and reactions can be the most interesting and
engaging for the children. In the future, we hope to develop the experience for
all the elements of the Periodic Table, allowing users to position each cube in
the proper location, and to construct their own physical Periodic Table.

Aesthetics Each tangible cube is dedicated to one chemical element. All the
facets of each cube (used as markers) are identified with text and a 2D image
of the character holding an icon indicating the type of information that will be
prompted (story/book, curiosities/ question mark, combination /silhouette of a
group of characters, code name, habitat/building, information / letter ”i”).

The 3D characters were designed taking into consideration the properties
of the elements that they represent. For example, oxygen is a highly reactive
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element, and capable of combining with other elements. Because of this, oxygen
is depicted as a friendly creature, illustrated with the code name of the symbol it
represents: “O”. The atomic number reflects the creature’s age, and the atomic
mass is indicated as its weight (see Fig. 2 number 1). We created these analogies
for each element as a way to facilitate retention of the information. The creature’s
aesthetics, from color to animation, are also keyed to properties of the element
and provided with several iterations to create more empathy with the user.
The colors assigned to each character reflect the Robert Corey, Linus Pauline
and Walter Koltun coloring standard convention known as CPK color, used
to distinguish the atoms of chemical elements in molecular models [23] . The
color scheme is associated with some properties of the elements. For example,
hydrogen, a colorless gas, is white; chlorine is green; carbon is either charcoal
or graphite; nitrogen is blue, since it makes up most of the atmosphere and
oxygen is associated with combustion; blood is red. The inspiration for the base
shape of our 3D character is the ball-and-stick model of the molecular models,
whereas the body of the characters is rounded like the spheres that represented
the atoms, and the arms and legs are rods that can connect and create bonds
with other elements. We designed glasses for each of the individual characters,
and feet, hands, and other human features to animate and give each element a
different personality, so that children can associate the creatures to the element’s
properties, empathize and engage with them. For example, the animation for
hydrogen is a calm Zen creature that floats while meditating, thus portraying
its low density the fact that it is essential for life (see Fig. 1).

Fig. 1. Left to right -hydrogen, nitrogen, oxygen, chlorine and carbon

Story The concept of content-infused story games (CIS Games) builds on the
fusion between games and stories to educate children [17]. Building upon this
concept, a facet of the tangible cube is designed to identify with the element it
represents holding a book. These animations feature in short, funny animation
clips, turning into stories the outcome of joining two or more elements, and the
reactions that this might trigger. For example, one of the stories dedicated to
hydrogen presents the characters having fun in a water-park. Two hydrogens
slide down a water toboggan and get stuck at the end of the ride. The oxygen
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that slides next is unable to stop hitting the two hydrogen creatures, and all
turn into water. Chlorine is depicted as a superhero that saves his friend from a
huge bacterium in a lab. Our aim is to make children learn and remember some
of the chemical combination’s outcomes and properties while having fun.

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

Facet 1 (Information) Triggers an animation of a 3D character representing
a chemical element. It also provides information about the chemical symbol,
including atomic mass, chemical name and atomic number(see Fig. 2 number 1).

Facet 2 (Habitat) Uploads an image of an apartment building divided accord-
ing to the blocks of Periodic Table (atomic weight and arranged in horizontal
rows/periods and vertical columns /groups). We decided to showcase the differ-
ent characters in this blocks/apartment location creating an analogy (apartment
building vs location of the element in the periodic table), so children will assim-
ilate the lodging of the element in the Periodic Table (see Fig. 2 number 2).

Facet 3 (Curiosities) In this facet corresponding AR scenes, 3D models of prod-
ucts that have that element within their composition are visualised (see Fig. 2
left-number 3).For example, we depict oxygen as being a compound that can be
found on a Pepsi drink, a cleaning product like Vanish (see Fig. 2 right - number
3). Our design took a situated learning approach, whereby children can create
connections with the products in their surroundings and chemical elements.

Facet 4 (Stories) Capturing facet triggers short clip (less than one minute)
dedicated to that particular element reaction with another elements (see Fig. 2
number 4)

Facet 5 (Combinations) Capturing facet 5 allows the children to select and
explore the reactions of different elements. We placed icons on the left side
of the screen for the user to select and then explore several reactions (water,
fertilizer, ammonia, fire, ozone, or to create a diamond) (see Fig. 2 number
5). Once the user clicks on the button, the application will indicate what type
of creatures/elements are needed, and the user will be prompted to scan the
corresponding cube with the camera of the mobile device (see Fig. 2 number 6).

If this activity is performed correctly, the interface notifies the child with
a message congratulating him or her for the reaction just created (see Fig. 3
number 2) and showing the elements that were part of the reaction (Fig. 3
number 3). Then an animation of the reaction just created plays out (see Fig. 2
number 6).
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Each element experience ends when the user has explored all the facets of
the cube dedicated to that element, and captured its reactions. The experience
can be repeated for the other cubes, until all cubes have been explored. Since
no dependencies of content have been designed, each child can explore one, two,
three, or all the cubes, always achieving full closure with each experience.
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Fig. 2. Left: 2D representation of tangible cube; Right - Interaction with the faces.
1. information/animation; 2. Habitat- location of the characters/elements within the
Periodic Table; 3. Products that contain the elements; 4. Stories; 5. Combination of
the elements; 6. Reactions

Fig. 3. 1. Icons reactions; 2. Congratulation messages; 3. Elements that participated
in the reaction
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3.2 Participants Demographic and Data Collection

According to school curricula in Portugal, Chemistry becomes available as a sub-
ject only during the 7th grade, where students are 12 years old. To experiment
if the AR based game facilitated the learning of abstract concepts in early child-
hood we decided to evaluate our game with children before they had engaged
with abstract concept of chemistry as a school curricular activity. We based our
study at a Computer Science Club at a public school in Madeira. We engaged
36 participants, 20 females (55.6%) and 16 males (44.4%) ranging from 8 to 11
years old. The study was designed as in between study, where 18 participants
experienced the Periodic Fable in pairs (50%)-Experimental Condition or Group
2, while 18 individually (50%) - Control Condition – or Group 1. The study
was designed to explore if the AR game would support the learning of abstract
concepts such as chemistry basic, in children with no previous exposure to the
subject and to explore which interaction conditions (single or pairs ) would yield
the best learning outcome. The study took place during one day, on November
27, 2019.

3.3 User Technology Access

Most of the students (32; 88.9%) had access to a mobile device prior to the study,
but four (11.1%) did not. 15 participants (41.7%) had access to a mobile device
less than a year ago. 11 participants (30.6%) had had access to a mobile device
for more than a year, 7 (19.4%) had had access to a mobile device for over 2 years,
and only four (8.3%) had no access to a mobile device. 12 participants (33.3%)
knew or had heard about AR technologies, while five (13.9%) had already used
AR. Only four students (11.1%) had previous knowledge of the Periodic Table.

3.4 User Study Protocol

Recruitment was done through a local school at Santa Cruz, Madeira. The exper-
imenter contacted a teacher from the school Computer Science club, explained
the project’s objectives and demonstrated the study procedures. Parents signed
Parental Consent before the intervention, which included information about the
date and time of the study. On the intervention day, we briefed the participants
and asked them to answer a pre-test questionnaire, which included questions
like: What happens when you combine one oxygen and two hydrogen? What is
the symbol for nitrogen? What formed the ozone? What products have chlorine
in them? What are the elements found in diamonds? After having answered the
questionnaire, the participants were assigned randomly to one of the two groups,
to avoid any bias.

Each group of participants experienced one condition. Group 1 (Control Con-
dition) performed the intervention individually while, Group 2 (Experimental
Condition) performed the intervention in pairs (see Fig. 4) While in the control
condition, individual students were seated at their desks and given a set of 5
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cubes and a mobile phone to explore the cubes by themselves; in the experimen-
tal condition, students sat in pairs and shared the 5 cubes and the mobile phone.
Both groups of participants had to answer individually a post- intervention ques-
tionnaire with the same questions as in the pre-intervention questionnaire, but
posed in different order, so as to assess the learning more accurately. The partic-
ipants were monitored by three researchers during the interactions. Observation
notes were taken regarding struggles with the application, the points students
seemed to enjoy most, confusion with any of the tasks, and emotional reactions.
The whole experience, including pre- and post questionnaires, took 30 minutes.
The experiment material consisted of an android smartphone and the five tan-
gible cubes. Data regarding usability and satisfaction on part of the students
were collected using a questionnaire with a Smileyometer [39] Likert scale (it
uses pictorial representation) of 5 levels - “1” for totally disagree and “5” for
totally agree (see Table 1).

Table 1. 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

Table 2. 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
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The second measurement, related to enjoyment, was gathered through an
Again-Again table. This measure is based on the knowledge that people like to
do fun things again [39]. We also analyzed which part of the experience was
most enjoyable for the participants by answering “Yes” as code 1, “No” code as
0, and “Maybe” as code 2 questions related to each side of the tangible cube
(see Table2). To estimate gains in learning outcomes regarding the concepts
of the Periodic Table, we used the multiple-choice pre-intervention and post-
intervention questionnaire data. We also conducted two comparative analyses
using a non-parametric test within and between groups

4 Results

The study aimed to assess whether the use of the AR Serious Game facilitates
the learning of concepts related the Periodic Table. We also wanted to analyze
whether interventions in pairs had higher gains than individual interventions.

The normality of the sample in terms of results was evaluated, and since
the values of Skewness and Kurtosis (p= 0.002) showed that the assumption of
normality was violated, we used a non-parametric test. For analysis within each
group, we used the Wilcoxon signed rank test, with the game played individually
(Control Condition or Group 1) and in pairs (Experimental Condition or Group
2). The results show that the post-intervention learning outcome is significantly
higher for participants in the Control condition (Mdn = 2), T= 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 in the learning of concepts about the Periodic Table in both groups (see
Fig. 4).

We conducted a between group analysis – using the Mann-Whitney test –
with the same conditions as above. When measuring the children’s knowledge
before playing the game (Mdn=.00) U= 110.00, p= 0.10, r=-0.31(medium effect),
the results show that the difference in learning outcomes between groups was
not significant. However, in the post- intervention test, the children that played
individually had significantly higher results than those that did the intervention
in pairs (Mdn= 1), U= 98.50, p=0.04, r=-2.09 (medium effect). Contrary to the
findings of Mart́ın-SanJosé [32] individual intervention had higher learning gains
that in a collaborative setting. We attribute these results to the fact that the
participants that did not share the mobile device had more freedom to explore
the tangible cube, controlling the areas that they wanted to visualize, the time
dedicated to each area, and could repeat the tasks ad libitum (see Fig. 4).

We also performed a Whitney U analysis to evaluate if there were any gen-
der differences in the learning outcomes. From the data, we can conclude that
gender differences were not statistically significant (U=139, p=.519). The users
were pleased with factors about the usability and engagement of the game (see
Table 1). Question 6 (Q6) had the lowest score (Mean=4,25). Few children had
difficulties when scanning the cubes images/ markers(see Fig. 4).
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Independent-Samples Mann-Whitney U Test summaries

Total N

Test Statistic

Standardized Test Statistic

Asymptotic Sig. (2-sided test)

Total N

Man - Whitney U

Wilcoxcon W

Test Statistic

Standard Error

Standardized Test Statistic

Asymptotic Sig. (2-sided test)

Related-Samples Wilcoxon Signed Rank Test Summary

Standard Error

Between Groups

Learning Outcome

Within Groups

Learning Outcome

Individual intervention Pair intervention

Pre test Pos test

36 36

110.000 98.500

281.00 269.500

110.000 98.500

27.842 30.415

-1.881 -2.088c

.037

Exact Sig. (2 -sided test) 0.44

.060

.104

18 18

78.000 36.000

12.124 6.955

3.217 2.588

.001 .010

Fig. 4. Top: Results within subject learning outcome - Bottom: Results between sub-
jects learning outcome

The Kruskal-Wallis test results do not demonstrate any difference in the
usability and engagement of the activity between the groups conditions,χ2(1) =
0.22, p = 0.15.

5 Discussion, Limitations and Future Work

Our results reinforce the positive effects of gaming techniques and AR technolo-
gies in the engagement and motivation of the students [4]. According to the
questionnaire, the AR visualization of the animated characters/elements intro-
ducing themselves to the players was the most enjoyable part of the experience,
hence we can infer that the creatures/elements captivating characterizations as
funny looking, intriguingly futuristic characters was a successful factor in engag-
ing the children(see Table 2). The participants’ reactions show that they enjoy
combining the elements through the cube facets that triggered the AR scenes.
One of the students commented aloud “I just made water!” and another re-
sponded, “I just created a diamond!” According to the data, the 2D animated
short stories about the elements were the least captivating part of the experi-
ence. Overall, the participants acknowledged that they had learned something
new about the Periodic Table. The data also show that the application increased
the curiosity of the children regarding other chemical elements.

The results of the preliminary study reported that our game, has positive
learning outcomes regarding basic Periodic Table concepts in non-formal set-
tings. Our results also show that there is potential in combining smart phones
and Augmented Reality in non-formal spaces to facilitate the learning of content
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that is not available through the school curriculum, and that this helps to create
intrinsic motivation towards future STEM subjects. Young students who came
in contact with chemistry through the Periodic Fable game for the first time
were able to learn while engaging in the activity.

Exploring all the faces of the tangible cube to gather/visualize information
was an intuitive and rewarding process. Nevertheless, some technical challenges
were identified regarding the ease of use of the Augmented Reality application.
Technical problems such as tracking loss made the interaction difficult for some.
Since our application depended on image-based tracking, the experience stopped
when moving away from the marker. This was frustrating to some children who
wanted to view the animations without being interrupted. Other technical limi-
tations when using AR marker-based technology are dependency on light quality
to read the images/markers; delays in the rendering of data; over-heating of the
equipment; battery consumption; the need for robust equipment with the re-
quired sensors (gyroscope, accelerometer, and compass).

The results of the study enabled us to distill insights that 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 [18], 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; 5) balance the amount of information delivered
with the usability load to avoid cognitive overload.

6 Conclusion

In this paper we have reported on the design and preliminary study of a Pe-
riodic Fable AR serious game designed to support children’s understanding of
abstract concepts such as those found in chemistry. Our study demonstrated
that the AR game facilitated the understanding of chemistry and the learning
of abstract concepts in non-formal settings. Further research is needed to cate-
gorize its benefits and limitations more clearly, and to develop clear guidelines
and appropriate tools to address these challenges.
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(2003)
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