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ABSTRACT

The rapid development of artificial intelligence (AI) globally has pushed educational
systems to focus on AI literacy in K-12 curricula. However, teaching AI at this level
presents challenges due to the abstract and complex nature of AI concepts, which
can be difficult for younger students to understand. Game-based learning (GBL)
offers an effective solution, providing interactive and immersive experiences that
can boost student engagement and help them better understand these complex
concepts. This paper explores how to integrate GBL into K-12 AI education, focusing
on key design elements, game mechanics that improve engagement and learning
outcomes, and the challenges of implementation. Based on a review of relevant
literature from 2019 to 2024, the study proposes several design principles and practical
recommendations. The findings highlight the importance of selecting suitable game
types for different grade levels and learning goals, using game mechanics that
encourage both competition and cooperation, and structuring learning in phases to
improve engagement and learning results. At the same time, the shortage of resources
and the integration of games and curriculum objectives are still the main obstacles to
the implementation of GBL.
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INTRODUCTION

Artificial intelligence (AI) is rapidly changing the global landscape, impacting
industries, education, and daily life (Long and Magerko, 2020; Yang,
2022). Recognizing the critical role of AI, countries around the world have
incorporated AI education into their strategic plans, aiming to foster AI
literacy and train future innovators (UNESCO, 2022; Kong et al., 2021).
However, K-12 AI education faces significant challenges. The abstraction and
complexity of AI concepts such as algorithms, machine learning, and ethics
can often overwhelm young learners (Chiu, 2021). In addition, the lack of
a standardized curriculum further exacerbates these difficulties, resulting in
ineffective teaching methods and limited student engagement (Chiu, 2021).

GBL has emerged as a promising pedagogical approach to address these
challenges (Bado, 2022). By leveraging interactive and immersive features,
GBL can increase student motivation and promote understanding of complex
and abstract concepts (Margoudi et al., 2016). Empirical studies have
shown its potential to improve programming skills and promote conceptual
understanding, making it an effective tool for introducing AI concepts
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to younger students. However, the GBL’s success largely depends on its
design. Alignment between play elements, educational goals, and student
development needs is critical to achieving meaningful learning outcomes
(Deterding et al., 2011; Kim et al., 2019). On the other hand, poorly designed
GBL experiences can be distracting or fail to achieve instructional goals,
ultimately hampering student progress (Leitner et al., 2023).

Given the transformative potential of GBL and the urgent need for effective
K-12 AI education, this review aims to systematically examine the current
application of GBL in this field. It seeks to explore how GBL can be
integrated with specific AI learning content, investigate design principles
to maximize student engagement and learning outcomes, and analyze the
challenges and opportunities of incorporating GBL into K-12 AI education.
By synthesizing existing research, this review provides actionable insights for
educators, researchers, and policymakers, contributing to the advancement
of AI education in the K-12 environment.

RELATED WORK

Educational games are widely recognized for their ability to promote
excitement, engagement, and deep learning in a variety of situations
(Steinkuehler and Squire, 2014). By providing tangible and interactive
experiences, these games can help learners grasp abstract concepts more
effectively (Margoudi et al., 2016). For young learners, game-based
approaches show particular promise in simplifying complex subjects and
supporting cognitive development.

In the field of AI education, many studies have explored the potential
of GBL. For example, the MIT Media Lab (2019) developed a program
that utilizes social robots as learning partners and programmable tools to
effectively help young children understand basic AI concepts. Guei et al.
(2018) implemented a game similar to 2048 to teach reinforcement learning
and game algorithms, demonstrating its ability to improve studentmotivation
and educational outcomes. Similarly, Gupta (2024) designed PRIMARYAI,
a GBL platform that engages students in science-based inquiry adventures
that explore technologies such as image recognition and semi-automatic
navigation. Most recently, Maxyn Leitner (2023) launched ARIN-561, a
game that helps high school students learn artificial intelligence concepts,
applied math skills, and build computational thinking.

Although gamification is popular and in high demand, most games have
yet to achieve the desired outcomes (Gomes). This may be attributed to
several factors, including the complexity of the educational content itself.
The field of AI encompasses a vast and intricate body of knowledge, covering
areas such as machine learning, deep learning, natural language processing,
and other specialized domains. This complexity makes it necessary for
designers to have deep knowledge of educational psychology and accurate
comprehension of AI content in gamification design, so as to accurately
find the balance between education and entertainment in the process of
game construction (Dominguez et al., 2013; Leitner et al., 2023; Donovan
et al., 2013). This means that game content should not focus solely on
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superficial fun at the expense of its core educational value. Instead, it is
crucial to carefully refine aspects such as game mechanics, level design, and
reward systems to stimulate students’ intrinsic motivation and encourage
their continued engagement in the gamified learning process (Deterding et al.,
2011; Kim et al., 2019). Although there are relevant literatures that provide
certain theoretical basis and ideas for gamification design (Mora et al., 2017).
However, there is still a research gap in K-12 AI teaching. The cognitive level,
learning ability and interest points of students in K-12 stage are significantly
different from those in other stages. They are in the critical period of
knowledge system construction and thinking mode formation, and they need
a more gradual and lively way to accept and understand AI knowledge.

METHOD

Searches were conducted in multiple digital libraries, including ACM Digital
Library, Google Scholar, Web of Science, and Scopus, which are widely
acclaimed for their coverage of educational technology and AI-related
research. This article focuses on identifying research that employs gamified
learning to enhance AI education at the K-12 level, with a particular emphasis
on 20 empirical studies published between 2019 and 2024, along with key
relevant reviews to capture the latest developments in the field. The primary
search terms include “game-based learning”“AI education”“K-12,” and “AI
education games” Secondary keywords, such as “AI algorithms,” “AI ethics,”
“AI literacy,” and “K-12 game design,” are used to expand the search.

RESULTS

RQ1: What Are the Key Design Considerations for Integrating GBL
With AI Learning in K-12 Education?

According to existing research (Shahid et al., 2019), the design of games must
take into account the level of cognitive development of students, especially
in the lower grades (K-5), to avoid the cognitive burden of overly complex
technical content. Younger students can be guided to understand basic AI
concepts through figurative and screenless forms of play, such as board games
and physical programming blocks (Kim et al., 2019; Li et al., 2023). For
older students (grades 6-12), the depth of AI learning can be progressively
increased, and games should be designed to lead students to think about
complex issues such as AI ethics, social implications, and decision logic,
thereby introducing more abstract concepts such as neural networks and data
bias (Priya et al., 2024).

Additionally, selecting appropriate game types to correspond with AI
learning content is crucial. Different types of games must be aligned with AI
educational objectives to effectively promote the understanding of knowledge
and the development of skills (Zhan et al., 2022). According to existing
research, games can be divided into five categories: simulation games (Si),
role playing games (Rp), reasoning strategy games (RS), puzzle games (Pu),
and robot games (Ro). Simulation games, such as ArtBot, allow students to
make decisions using AI in a virtual environment, effectively teaching the
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application of AI in areas like resource management, system optimization,
and data analysis. Through interactive experiences, these games help students
understand the practical value of AI in the real world (Leitner et al., 2023;
Voulgari et al., 2021; Microsoft Corporation, 2019). Role-playing games
such as ML-Quest and PRIMARYAI provide students with an immersive
environment to help them understand and explore the application of AI
technology, and are suitable for guiding students to understand higher-order
applications of AI, such as ethical decision-making, situational adaptation,
and complex system simulation (Priya et al., 2024; Gupta, et al., 2024; Henry
et al., 2021; Kajiwara et al., 2023; McGinley, 2024). Robot games, such
as IRobotQ3D, help students understand the principles of robots through
practical activities (Zhan et al., 2022; Williams et al., 2019). Reasoning
strategy games such as Color Conquest help students understand how to solve
problems by reasoning and choosing optimal strategies, and then master the
reasoning mechanism and algorithmic logic in AI (Kim et al., 2019; Su et al.,
2024; Nautiyal et al., 2024; Ng et al., 2024). Games like Treasure Island,
Guess Whose Face, and other puzzle games are well-suited for teaching
basic AI concepts, especially for beginners in K-12 education, thanks to
their intuitive interfaces and flexible design. These games provide a relaxed
and engaging environment that helps students grasp fundamental algorithms
and programming concepts (Goslen et al., 2024; Ali et al., 2023; Lee et al.,
2021b; Leitner et al., 2023; Nautiyal et al., 2024). Ensuring a close
match between game mechanics and AI knowledge points helps students
to deeply understand AI concepts and skills, thus promoting the effective
implementation of AI education.

RQ2: Which Game Mechanisms Maximize Engagement and Learning
Outcomes in K-12 AI Education?

In order to increase K-12 students’ engagement and learning outcomes in AI
education, competition, cooperation and reward mechanisms in the game are
integral elements of the design (Zainuddin et al., 2020; Zhan et al., 2022).
Meanwhile, phased learning is suitable for students to learn complex AI
knowledge (Van Roy&Zaman, 2018). Competition mechanism can enhance
students’ motivation and participation by stimulating their competitive spirit
(Du et al., 2023; Ali et al., 2023; Lim et al., 2024; McGinley, 2024; Nautiyal
et al., 2024). The cooperation mechanism fosters students’ understanding
of complex AI concepts through teamwork and interaction, enhancing
knowledge sharing and collective problem-solving skills. By collaborating
to solve AI-related tasks, students deepen their understanding of AI content
(Williams et al., 2019; Zhang et al., 2023; Gupta, et al., 2024; Lim et al.,
2024). Reward mechanisms (such as scores, leaderboards, etc.) can enhance
students’ sense of achievement and get feedback on task completion, thus
deepening their understanding of the concept of AI (Voulgari et al., 2021;
Kim et al., 2019; Du et al., 2023; Goslen et al., 2024; Ng et al., 2024).
Phased learning can effectively reduce the cognitive burden that students may
face in the process of mastering complex AI concepts, and gradually build a
deep understanding of AI knowledge by breaking learning content into small



194 Li and Liu

stages that are easy to understand and digest (Lee et al., 2021b; Voulgari et al.,
2021; Priya et al., 2024; Su et al., 2023; Kajiwara et al., 2023; Zammit et al.,
2021). In conclusion, game design should ensure an organic alignment with
AI educational objectives. Through the combination of competition and
cooperation mechanisms, students can stimulate higher learning interest in
challenge and collaboration, and improve their learning effect in AI courses
through personalized rewards. However, these mechanisms also need to be
moderate and truly integrated into phased learning to help students better
grasp knowledge and improve their overall participation in AI education and
long-term effects.

Figure 1: Example of competition mechanism (a) cooperation mechanism (b) reward
mechanism (c) and phased learning mechanism (d) (Du et al., 2023; Lee et al., 2021b;
Ng et al., 2024; Priya et al., 2024).

RQ3: What Are the Major Design Challenges in Implementing GBL for
K-12 AI Education?

While GBL shows great potential in K-12 AI education, its design and
implementation still face several challenges. First, insufficient resources are a
major obstacle. The design and development of high-quality AI educational
games require professional teams, adequate funding and technical support
(Dominguez et al., 2013; O’Donovan et al., 2013; Zhan et al., 2024).
However, many schools, especially those in rural areas and with limited
funding, often face tight budgets and inadequate technical facilities, making
it more difficult to develop and apply AI educational games on a large scale
(Goslen et al., 2024; Shahid et al., 2019). To solve this problem, exploring
low-cost development solutions, utilizing open source platforms, or through
cross-school collaboration may be an effective strategy.
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Moreover, the integration of the game with the course objectives is another
complex challenge. Compared to traditional disciplines, AI education is not
yet widespread, and many existing games have not been adequately tested
and evaluated in the classroom (Goslen et al., 2024; McGinley, 2024).
When designing games, it is important to ensure that they are not only
entertaining, but also effective in connecting with the objectives of the course
and stimulating students to think deeply and understand the concepts of
AI. However, the balance between entertainment and education is often
difficult to grasp. Too much emphasis on entertainment may lead students
to neglect the deep understanding of AI knowledge (Bayliss, 2012; Graesser
et al., 2016; Leitner et al., 2023). If the game design is monotonous or
time consuming, it may reduce student engagement and thus affect learning
outcomes (Zammit et al., 2021). As a result, designing games that engage
students without causing excessive cognitive burden remains an urgent
challenge. To ensure the educational effectiveness of games, designers should
work closely with educational experts (Gupta et al., 2024) to ensure that
the difficulty and content of games progressively lead students to master and
apply AI concepts, rather than just complete tasks.

CONCLUSION

This study provides a comprehensive examination of the application of
game-based learning (GBL) in K-12 AI education. Through a comprehensive
analysis of existing research, it has significant findings on three key research
questions.

In terms of design considerations for the effective integration of GBL
with specific AI learning content, it is clear that games need to be designed
according to the level of cognitive development of students, lower grade
students use concrete, screenless game forms to understand basic AI concepts,
and higher grade students can gradually learn abstract concepts. Additionally,
for different types of AI knowledge, selecting the most suitable game
types is essential. For example, simulation games can be used to teach AI
applications in areas such as resource management, and role-playing games
help students understand advanced AI applications, thus promoting a deeper
understanding of AI concepts and skills.

When it comes to game mechanics that promote engagement and
learning outcomes in K-12 AI education, competition, cooperation, reward
mechanisms, and phased learning play an important role. Competition
mechanism stimulates students’ competitive spirit, cooperation mechanism
promotes knowledge sharing and problem solving, reward mechanism
enhances sense of achievement, and phased learning reduces cognitive
burden. Combining these mechanisms with AI teaching goals can
significantly improve students’ participation and learning effect in AI
education.

Although GBL has great potential in K-12 AI education, there are still
many challenges in the design and implementation process. AI knowledge
is complex, and designing educational games requires significant resources
and costs, which limits the development and application of high-quality AI
education games. Additionally, the integration of games with curriculum
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objectives is challenging, including the lack of feedback on the game’s use in
formal classrooms, as well as the difficulty in balancing entertainment with
education. These factors hinder the effective promotion of GBL in K-12 AI
education.

Overall, the findings of this study provide guidance for educators in
applying GBL in classroom practice, offer direction for further research in
this field, and serve as a strong foundation for policymakers in developing
relevant policies. It is hoped that this research will contribute to fostering
more AI-literate and future-ready learners in the future.
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