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ABSTRACT

Augmented reality (AR) has attracted significant attention and has become an important
topic for many professionals and researchers. This is due to the capability of AR to offer a
multitude of advantages that can enrich various domains of life. In education, AR technol-
ogy has been increasingly used to create new learning experiences and transform real 3D
(three-dimensional) or 2D (two-dimensional) objects into virtual elements, capturing users’
interests and motivation while fostering the growth of various human abilities and attitudes.
The integration and use of educational games and applications based on AR in mathemat-
ics education have historically grown, and their impact has been beneficial for teaching
mathematics and creating effective pedagogical scenarios. This paper presents an experi-
ment we will undertake with our educational mobile application, GeoFormeAR, to animate
a lesson on “Cylinder and Prism” and then compare it with a similar lesson delivered using
the traditional approach in the second class. A post-test was administered to measure the
students’ understanding and application of geometric concepts. Additionally, a questionnaire
was distributed to collect the students’ perceptions of usability and engagement. The results
of this study indicate a significant difference in performance scores between students using
the GeoFormeAR mobile application and those learning geometry using traditional methods.
Moreover, the questionnaire results reveal positive student perceptions regarding the usabil-
ity and engagement of the GeoFormeAR mobile application. In conclusion, this study aims to
broaden the scope of future vision on the conceptions and adoption of AR in mathematics
teaching and learning,.
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1  INTRODUCTION

Augmented reality (AR) can be considered as a new opportunity and innovation that
has the potential to enrich real space with fictive 3D and 2D objects [1], [2], [3]. Owing
to its benefits, integrating this innovative technology into the educational system is cru-
cial for a successful learning and teaching process. It can renew the teaching of math-
ematics lessons and provide other advantages to support educational purposes [4], [5].

Inrecenttimes, educational systems worldwide have focused on investigating and
developing innovative methodologies to enhance students’ competencies and capa-
bilities. These approaches encompass adaptations to learning, the individualization
of education, and immersive learning, founded upon virtual, augmented, and mixed
realities, in addition to the metaverse and artificial intelligence (AI) [6]. Furthermore,
the integration of gamification with AR proves a practical pedagogical approach to
facilitating the comprehension of complex concepts, such as those encountered in
mathematics, while simultaneously enhancing the learning environment [1], [6], [7].

STEM (Science, Technology, Engineering, and Mathematics) education provides
a flexible framework for integrating advanced technological fields across various
educational levels, preparing students for a diverse range of future careers [8].
Mathematics, as a core STEM discipline, plays a crucial role in this framework. This
underscores the importance of innovative educational tools, such as AR applications,
that can effectively support mathematics learning, particularly in complex topics
like geometry, throughout various stages of schooling.

This study aims to develop and test our mobile application, GeoFormeAR, for
the lesson “Cylinder and Prism,” which was designed for first-year middle school
students in the Moroccan education system. Second, at the end of the course, we will
administer a post-test to collect scores on the acquisition of geometric concepts in
the two classes, which have completed their sessions using both the AR and classical
approaches. Finally, to conclude the global perception of the effect of integrating
AR apps for teaching and learning mathematics concepts compared to the traditional
method, we applied quantitative statistical analysis to the data obtained from the
post-test results of the two groups, and we compared the results using descriptive
and T-test statistical methods. The questionnaire responses were also analyzed using
descriptive analysis to assess students’ perceptions of the application’s usability and
engagement. The findings provide a comprehensive understanding of AR’s potential
to enhance student learning, engagement, and motivation in geometry.

2  LITERATURE REVIEW

The adoption of technological tools across various domains has grown signifi-
cantly over the last few decades. In particular, AR technology has a significant impact
on numerous sectors, including healthcare, entertainment, and education [9], [10].
In education, AR technology offers several benefits, including extensive application
across various media, usability in real-life scenarios, enhanced interactivity, simplified
object modelling due to specialization in rendering limited objects, lower produc-
tion costs, and ease of use [8]. Moreover, AR in education offers more engagement,
experiential learning, personalization, collaboration, creativity, and a bridge between
practice and theory, thus revolutionizing traditional modes of teaching [11], [12].

AR seamlessly integrates digital content with the real world, enabling users to
interact with physical objects and people while engaging with virtual elements,
thereby enhancing their perception of reality [11], [13], [14]. The quality of traditional
modes of learning has been questioned, as inappropriate learning methods and the
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underutilization of learning media contribute to the decline in education quality [8].
To overcome these challenges and enhance students’ learning experience, the effec-
tive incorporation of learning media, such as AR technology, is crucial [9], [15].
Integrating AR into learning activities, particularly within academic subjects, holds
promise for providing a more comprehensive explanation of the content and for
presenting information in a lifelike virtual 3D format [9], [16].

Recent research highlights the critical role of integrating advanced technologies,
such as AR, to create smart, accessible, and flexible learning environments that sup-
port diverse educational needs, including those in resource-constrained and remote
settings [17]. These innovations align with the goals of STEM education to prepare
students for future careers across multiple disciplines by providing interactive,
technology-enhanced tools tailored to different educational levels.

Mathematics is a curriculum subject at every level of education, from primary
school to university. Mathematics learning typically utilizes traditional tools, such
as paper, pencils, chalkboards, or whiteboards. However, this traditional method
often falls short of effectively visualizing and simulating mathematical concepts. As
technology continues to evolve, there is increasing awareness and acknowledge-
ment of AR’s potential to improve mathematics learning experiences [18], [19].
AR is proving to be an effective pedagogical tool, offering new ways to engage
students and deepen their understanding of abstract mathematical concepts at
various educational levels [20], [21], [22].

Recent studies have demonstrated that the use of AR in mathematics teaching
has yielded positive results. These include enhancing interactive learning environ-
ments and increasing academic performance, engagement, enjoyment, visualization
skills, understanding, cooperation, and teamwork [23]. Additionally, the use of AR in
mathematics learning has been found to facilitate the abstraction of mathematical
concepts, leading to improved spatial ability among students [20].

AR has vast prospects and opportunities for students to engage with 3D models
in authentic mathematical environments. Recent research [23] has identified
an increasing number of applications of AR technology, particularly in geometry
instruction and the study of complex mathematical concepts. According to this study,
the integration of AR has been successful, as evidenced by improved learning perfor-
mance and students’ more positive attitudes toward mathematics. AR is especially
helpful in enriching the instruction on solid geometry and other geometric abstrac-
tions, allowing for more practical and interactive learning experiences for students.

A systematic review [24] was conducted to provide a clear overview of research
on AR in mathematics education over the last decade. By analyzing the content of
60 articles published from 2012 to 2021, the authors identified that incorporating
AR applications into mathematics instruction has a positive influence on academic
performance and teaching processes. In addition, AR applications have a positive
impact on students’ attitudes toward mathematics, enhance their motivation in
mathematics lessons, and improve their three-dimensional thinking skills.

Numerous studies have investigated the effectiveness of AR applications in mathe-
matics education, mostly in geometry teaching. One study [6] explored the impact of AR
applications in geometry education on academic achievement, self-regulated learning
skills (SRLS), and motivation for secondary school students. Their qualitative findings
demonstrated that the AR application is engaging and enjoyable for students, resulting
inimproved academic performance and increased active participation in the classroom.

Similarly, several mobile AR applications have been designed to enhance students’
learning of geometry. An AR Geometry application was developed for sixth-grade
students, who received positive user feedback [7]. The AR Geometry Tutorial System
(ARGTS) was developed to enhance students’ 3D geometric thinking skills [25].
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In addition, an AR application was developed to enhance the spatial abilities of
junior high school students [26]. The study concluded that the application was prac-
tical for learning mathematics, enabling teachers and students to engage with solid
geometric concepts in an interactive, real-time manner. They were able to manip-
ulate and measure objects in the AR environment. Another strong example is the
GeoGebra tool, which offers dynamic manipulation of geometric shapes and is well
suited for advanced exploration [27], [28]. Nevertheless, these tools are often not
explicitly designed for guided classroom instruction at the middle school level and
may require continuous internet connectivity, which limits their applicability in
rural or underserved regions. Additionally, some students, particularly those with
limited technological familiarity and expertise, may find these tools less accessible
because of their complexity or lack of instructional scaffolding.

In contrast, GeoformeAR was developed as a mobile AR application specifically
designed to support curriculum-aligned geometry instruction in middle schools,
focusing on real-time 3D visualization, offline use, and an intuitive interface suited
for students with varying levels of digital experience, which ensures broad usability.
By addressing these practical and pedagogical gaps, the GeoFormeAR mobile app
aims to enhance spatial understanding in well-connected and resource-constrained
learning environments. Its ability to function entirely offline ensures accessibility in
contexts with limited or no internet infrastructure.

3  PURPOSE OF THE RESEARCH

GeoFormeAR uses AR technology in innovative ways to teach geometry and
spatial geometry. Given the limited research on the benefits of AR in mathematics
education, particularly in spatial geometry, GeoFormeAR fills this gap as a special-
ized teaching tool. Abstract Geometry concepts, especially those involving spatial
relationships, are traditionally challenging to teach using conventional methods
alone. GeoFormeAR enhances student engagement by allowing direct interactions
with 3D geometric shapes. Based on a comprehensive literature review of the edu-
cational benefits of AR, GeoFormeAR introduces a new pedagogical approach and
serves as a practical tool for educators and learners. By leveraging the modern capa-
bilities of AR and user-friendly design principles, this application aims to enhance
the understanding and application of geometry in both theoretical and practical
contexts, potentially revolutionizing mathematics education.

This study aims to answer several essential questions:

e How is AR integrated into educational settings, particularly in mathematics?

e How does GeoFormeAR improve students’ understanding of spatial geometry
compared with conventional teaching methods?

e How do the post-test results reflect GeoFormeAR’s effectiveness in improving the
understanding and application of geometric concepts?

e What are the students’ perceptions of the usability and engagement of the
GeoFormeAR mobile application?

4  MATERIALS AND METHODS

This section outlines the study model, study group, data collection methods,
application processes, and data analysis techniques, providing comprehensive
explanations for each component.
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4.1 Research model

This study employed a mixed-methods approach that combines quantitative
and qualitative methodologies. This study also used the ADDIE model (Analyze,
Design, Develop, Implement, and Evaluate) [29]. The ADDIE model provides a struc-
tured approach for the design, development, implementation, and evaluation of
GeoFormeAR applications.

4.2 ADDIE model implementation

Each phase of the ADDIE model was carefully followed to ensure the development
and evaluation of the GeoFormeAR application. Referencing Figure 1 for the detailed
phases of the ADDIE model helps to illustrate the systematic approach taken in the
development process.

Identifying specific geometric concepts under the needs assessment involved
collecting requirements from educators and students during the analytical phase.

The design phase involved the creation of wireframes and mock-ups that visual-
ized the interface and functionalities of the application.

Development was performed in Unity 3D and Vuforia SDK to integrate marker
detection and 3D geometry rendering features. Using Tinkercad, 3D models of
specific geometric forms were imported into the program. This application was
developed for testing and educational purposes.

Finally, an evaluation stage was conducted after the development process using
the ADDIE model. The purpose of this stage was to assess the quality of the learn-
ing products and processes, both before and after implementation [29]. Evaluation
was conducted before implementation during the analysis, design, development, and
implementation stages to refine and improve the application based on feedback and
testing. Following the implementation, a post-test was conducted to gauge the material’s
mastery level and the effectiveness of the application in enhancing learning outcomes.

The diagram in Figure 1 illustrates the ADDIE steps [29].

Develop

Fig. 1. The ADDIE steps
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4.3 System description of GeoFormeAR

GeoFormeAR is a mobile AR application that focuses on geometry, particularly in
a 3D space. It offers users the possibility of visualizing 3D shapes interactively and
attractively. With GeoFormeAR, students can explore geometric figures in new and
engaging ways, interact with them to enhance their understanding, and enjoy an
immersive and playful experience. Each marker in the application is associated
with a 3D geometry such as a cube, cuboid, cylinder, sphere, pentahedron, or
heptahedron. Marker detection involves two methods: the one-marker method and
the multiple-marker method [9]. The GeoFormeAR application utilized in this study
is based on a one-marker method for marker detection. This method is constrained
to the detection and presentation of only one object or image per marker.

Below is a detailed description of the user interface components and their
functionalities:

e Main Menu: Upon launching the application, users are greeted with a main menu
containing four buttons:

o Start AR (Démarer): Directs the user to the camera interface to scan the marker
and display the 3D shape. This screen also includes a “Back to Main Menu” button.

e How It Works (Comment ca marche): Provides a guide on how to use the applica-
tion, explaining the steps to scan markers and interact with 3D shapes.

e Print Markers (Imprimer les marqueurs): Allows users to print the markers
required for scanning and visualizing the 3D shapes.

e Quit (Quitter): Closing the application.

4.4 Participants

The experiment was conducted with two first-year middle school classes in a
public school in Tangier, Morocco. The first group, comprising 50 students, received
instructions through an AR application. In contrast, the traditional method (TR)
group comprised 31 students.

In the analysis and interpretation paragraphs, “TR” refers to the group that
learned through the traditional method, while “AR” refers to the group that learned
with the GeoFormeAR application. “Score Tr” and “Score Ar” also represent the score
data of the two groups extracted from the post-test.

4.5 Group selection and sampling procedure

The study employed a quasi-experimental design involving two intact middle-
school classes from the same school, grade, and teacher. Students were assigned
non-randomly to either the AR group, which used the GeoFormeAR application, or
the TR group, which received traditional instructions. Classes were selected through
convenience sampling based on accessibility and willingness to participate, with
efforts to ensure comparable demographic and academic characteristics to reduce
instructional and environmental variability. Although random assignment was
not feasible, this method offered a practical and realistic context for assessing the
educational impact of the GeoFormeAR intervention.
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4.6 Group equivalence and pre-learning conditions

Although a formal pretest was not conducted, several steps were taken to guar-
antee equivalence of the groups before the intervention. Both classes followed the
same national mathematics curriculum and demonstrated academic performance
comparable to that of the previous semesters. Importantly, none of the groups
had prior exposure to geometric concepts through AR or similar technologies.
The mathematics teacher who conducted the experiment confirmed the similari-
ties in prior knowledge and engagement levels through classroom observations
and performance records. These measures supported the assumption of group
homogeneity.

4.7 GeoFormeAR mobile application in use

Using GeoFormeAR unlocks a dynamic experience in geometry education.
Clicking on the first button in the main menu of GeoFormeAR activates the AR mode,
where the camera is activated to detect markers, as shown in the use case presented
in Figure 2. The application’s screens are displayed in Figure 3.

Download/print Markers

Student

Fig. 2. Use case diagram
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Fig. 3. GeoFormeAR mobile application interfaces for geometry learning: user interaction and features

This mode seamlessly integrates 3D geometric shapes into the user environment,
thereby enhancing the visual learning. Each marker is displayed and corresponds to
a specific 3D model, such as cubes, cuboids, cylinders, spheres, pentahedra, or hep-
tahedra. When the student scans each marker, the corresponding 3D model appears,
allowing them to rotate it, view its pattern, and change the color of each face, as
shown in Figure 4. Developed using cutting-edge tools and Unity’s latest features,
GeoFormeAR is specifically designed to teach geometry in a visually engaging and
informative manner to students. Feedback from education professionals and stu-
dents will guide future enhancements and applications of educational AR technology.

Fig. 4. Display of 3D visualization and interactivity using the GeoFormeAR mobile application
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4.8 Data collection

The data were collected from the post-test scores, and the structured question-
naire was distributed to the learners at the end of the lesson.

Quantitative and Qualitative Data. Quantitative data were collected using
a post-test to assess the geometric proficiency of students across multiple groups.
Each group was assigned to a specific learning method. One group learned geometry
through traditional methods (TR), while another utilized the GeoFormeAR applica-
tion (AR). The test evaluated multiple aspects of geometric understanding:

e Identifying the characteristics of right prisms

e Acquiring information about geometric solids

e Recognizing different types of prisms

e Assessing spatial reasoning by asking students to visualize and manipulate
3D shapes

In addition, a structured questionnaire consisting of 8 Likert-scale items (scored
from 1 to 5), one “Yes/No” question, and one open-ended question was adminis-
tered to 50 middle school students in the AR experimental group after they had used
the GeoFormeAR mobile application. Before administration, the questionnaire was
reviewed by educational technology experts to ensure content validity and practical
applicability.

The questionnaire items were thematically grouped into four main categories:
Usability, Learning Effectiveness, Engagement and Satisfaction, and Comparative
Evaluation. As shown in Table 1, each category reflects a specific dimension of
the learners’ interaction with the GeoFormeAR mobile application, from technical
ease to educational value.

Table 1. Categorization of questionnaire items by main category, subcategory, and focus
Main Category  Sub-Category (Item) Focus
1. Usability Q1 — Navigation Ease Ease of navigating through the app interface

Q2 —Interface Design Clarity, aesthetics, and usability of the design

Q3 —Technical Stability | Stability and absence of bugs or interruptions

2. Learning Q4 — Conceptual Improvement in understanding 3D geometric concepts
Effectiveness | Understanding
Q5 — Information Ability to remember and apply learned geometric
Retention concepts
3. Engagement & | Q6 — Engagement Level | Enjoyment and immersion during learning with the app
Satisfaction o o . . .
Q7 — Satisfaction Level | Willingness to continue or repeat the learning experience
4. Comparative | Q8 — Comparison Comparison to traditional learning
Evaluation

4.9 Data analysis and interpretation procedure

The data from the post-test and the qualitative questionnaire were analyzed
using the IBM SPSS tool (version 26.0), employing descriptive statistics and a
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t-test approach. Finally, the findings obtained from all the analysis procedures were
interpreted in the subsequent paragraphs to conclude the results and provide an
overall perception of the integration in the generalization of AR application use in
the mathematics teaching process.

4.10 Ethics considerations

The study targeted minors in an educational setting, and all the respondents
voluntarily participated in this study. Before data collection, written informed
consent was obtained from the legal guardians of all the participating students.
Additionally, assent was obtained from the students themselves.

No identifying information, including name, image, video, or personal data,
was collected or disclosed. All responses and data were anonymized and used
for research purposes. The anonymity and confidentiality of all participants were
preserved throughout the study.

5  RESULTS

The data from the post-test results and questionnaire were analyzed using
IBM SPSS software and statistical quantitative methods. The analysis commenced
with descriptive statistics, as illustrated in the histograms of Score Tr and Score AR

in Figure 5.
Student Score Histogram in the AR Group Student Score Histogram in the TR Group
20 8
18 7
16
6
14 -
g 12 2 s
] Q
s 10 o 4
g @
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2
4
S se @ H , B ink
3 4 6 7 8 9 10 11 13 2 3 4 6 7 8 95 10 11 12 13
Score Ar Score Tr

Fig. 5. Comparative analysis of score distributions: Score Ar (left chart) and Score Tr (right chart)

In addition to the study groups, as presented in Table 2.

Table 2. Statistical comparison results between the TR and AR groups

Group Statistics

Mean Std. Deviation  Std. Error Mean
Score TR 31 8.84 3.35 0.60
AR 50 10.20 2.66 0.38
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The subsequent interpretations are as follows:

e The mean of the AR group was superior to that of the TR group (10.20 > 8.84)
because the AR scores were superior to the TR scores.

e The TR group was more dispersed than the AR group because of the difference
between the Std. Deviation (3.35 > 2.66).

e The mean estimation of the AR group appeared more precise than that of the
TR group because of the comparison between their values of the standard error
mean (0.38 < 0.60).

The descriptive statistical analysis results indicated that the AR group had a higher
mean score and lower standard deviation than the TR group. The minor standard
error of the mean for the AR group also suggested a more precise estimation of the
mean for this group. To gain further insight, performing a significance test (such as a
t-test) would be beneficial to determine whether the difference between the means
of the two groups is statistically significant.

In the next step, we will apply the t-test to the independent samples, as presented
in Table 3, to compare the scores of the two groups, AR and TR.

Table 3. Results of the independent samples t-test for comparison of mean scores between the AR and TR groups

Independent Samples Test

Levene’s Test for Equality
of Variances

t-Test for Equality of Means

95% Confidence Interval

Sig Df Sig. Mean Std. Error of the Difference
: (2-Tailed) Difference Difference

Lower Upper
Score | Equal variances | 249 | 012 | -2.03 79 0.04 -1.36 .67 -2.70 —-0.02
assumed
Equal variances -1.92 53 0.06 -1.36 71 -2.78 0.06
not assumed

The results of this t-test indicate the following conclusions:

e The Levene test indicates that the p-value is more significant than 0.05
(0.12 > 0.05), thereby rejecting the null hypothesis of equality of variances.
Consequently, it can be assumed that the variances of the two groups were equal
in the t-test analysis.

e The t-test for equality of means indicated that the p-value was less than
0.05 (0.04 < 0.05), thereby rejecting the null hypothesis that the means of the
two groups were equal. This indicated a statistically significant difference
between the means of the TR and AR groups.

Moreover, we can conclude with the following final interpretations:

e The hypothesis of equality of variance was assumed, and a significant difference
was found between the means of the TR and AR groups.

e The data did not support the Equality of Variances Non-Assumption hypothesis,
as no significant difference was found between the mean scores of the TR and
AR groups.
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In the absence of evidence to the contrary (i.e., a significant result from the
Levene test), it is reasonable to rely on the initial hypothesis of equal variances,
which indicates a statistically significant difference between the two group means.

The 95% confidence interval for the mean difference (-1.36) ranged from -2.70
to —0.02, indicating a reliable difference under the assumption of equal variances.

Cohen’s d was used to assess the practical significance of the observed effect. The
resulting value of 0.46 indicates a moderate effect size, which is based on conven-
tional benchmarks (0.20 = small, 0.50 = moderate, 0.80 =1arge). This suggests that the
AR intervention had a meaningful impact on student learning outcomes.

Following the analysis of the post-test results, this section presents the find-
ings from the student questionnaire, which aimed to capture the learners’ overall
perceptions of their experience with the GeoFormeAR mobile application.

The analysis of the questionnaire began with descriptive statistics to summa-
rize the user responses. Table 4 presents the descriptive statistics (mean, mode, and
standard deviation) for each item in the questionnaire, grouped into four thematic
categories: Usability, Learning Effectiveness, Engagement & Satisfaction, and
Comparative Evaluation.

Table 4. Descriptive statistics of questionnaire items grouped by four categories

Catgory  Subcategory  Mean  Mode  pCEE0 CUEIY (o Deviation
Usability Q1 4.46 5 0.67 4.63 0.70

Q2 4.66 5 0.47

Q3 4.76 5 0.95
Learning Q4 4770 5 0.50 4.67 0.49
Effectiveness 05 464 5 0.48
Engagement & Q6 482 5 0.38 477 042
Satisfaction 07 470 5 045
Comparative Q8 4.64 5 0.48 - -
Evaluation

The descriptive analysis of the questionnaire responses, presented in Table 4
and grouped into four main categories, generally showed high levels of satisfaction
and effectiveness associated with the GeoFormeAR mobile application. The usabil-
ity category, which evaluated ease of navigation, interface design, and technical
reliability, revealed a high mean score of 4.63 with a standard deviation of 0.70, indi-
cating that students found the mobile device application intuitive and accessible.

In the learning effectiveness category, which focused on conceptual understand-
ing and information retention, the results were similarly positive, with a mean of
4.67 and a standard deviation of 0.49, demonstrating the application’s strong support
for cognitive learning outcomes.

The engagement and satisfaction category yielded the highest overall scores, with
a mean of 4.77 and a standard deviation of 0.42, confirming that learners found the
experience highly engaging and satisfying. Finally, the comparison evaluation item
assessed how the GeoFormeAR mobile application compared to traditional learning
methods, receiving a mean score of 4.64 and a standard deviation of 0.48, suggest-
ing a strong preference for the interactive and immersive learning environment
provided by GeoFormeAR. In general, the low standard deviation values across
categories highlight the consistency of positive responses among the participants.
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Notably, the mode value for each of the four categories was 5, indicating that
the most frequently selected response by students reflected the highest level of
agreement, which reinforces the positive perception and consistent satisfaction with
the GeoFormeAR mobile application.

Following the analysis of the Likert-scale items, the next section presents the
results and interpretation of the “Yes/No” question. Table 5 displays the frequency
and percentage distribution of student responses regarding their willingness to
recommend the GeoFormeAR application. These results are visually supported by
the bar chart shown in Figure 6.

Table 5. Frequency and percentage of students’ responses to the recommendation question

Recommendations
Frequency Percent Valid Percent Cumulative Percent
Valid No 1 2.0 2.0 2.0
Yes 49 98.0 98.0 100.0
Total 50 100.0 100.0
120%
100% 98%
E som
5
?30 60%
g
5 40%
=¥
20%
2%
0%
Yes No
Response

Fig. 6. Bar chart of the percentage of students willing to recommend the GeoFormeAR mobile application

Based on Table 5 and Figure 6, out of 50 students, 98% responded ‘Yes’ to
recommending the GeoFormeAR application to others, while only 2% responded
negatively. This indicates a high level of user satisfaction and perceived usefulness,
which also aligns with the high satisfaction mean of 4.72 on the satisfaction scale,
suggesting that the GeoFormeAR app can be effectively generalized for use among
similar middle school student populations.

Following the analysis of the “Yes/No” question, open-ended responses were
examined to identify additional feature suggestions and user expectations for future
versions of the GeoFormeAR mobile application.

The analysis of the open-ended questions revealed that students suggested
enhancements, including audio explanations, interactive quizzes, improved
customization options, and the inclusion of language support such as Arabic or
English. It is important to note that GeoFormeAR already integrates key features,
including dynamic explanatory animations for each geometric shape and color cus-
tomization capabilities. Interestingly, as already mentioned, some students suggested
adding support for the Arabic and English languages, which is an excellent recom-
mendation that should be considered for future versions, as it enhances accessibility
and promotes inclusivity for diverse learners. These suggestions demonstrate a high
level of user engagement and confirm the relevance of existing features while also
providing constructive insights for future enhancements that build upon the strong
foundation of the current version.
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Based on these results, it can be concluded that the GeoFormeAR mobile appli-
cation successfully met students’ expectations by providing an engaging and educa-
tional experience, as reflected in the high satisfaction rates and positive feedback.
The overwhelming affirmative responses and constructive suggestions confirm
its effectiveness and highlight areas for enhancement. These results emphasize
the application’s strong potential to support inclusive and accessible learning in
geometric education.

6  DISCUSSION

The results of this study demonstrate a significant difference in performance
between students using the GeoFormeAR application and those learning geometry
using traditional methods. Specifically, the AR group utilizing GeoFormeAR achieved
a higher mean score of 10.20 than the TR group’s mean score of 8.84. The minor stan-
dard deviation in the AR group suggested that the scores were more consistent among
these students, further indicating the effectiveness of the AR application in providing a
uniform learning experience. The lower standard error in the AR group also indicates
that the mean estimate was more precise, supporting the reliability of these findings.

The greater performance noted in the AR group can be attributed to several
characteristics unique to the GeoFormeAR mobile application. AR interactivity with
3D visualization of geometric concepts can be assumed to contribute to deepening
students’ understanding and retention of their learning material. An immersive
environment enhanced learners’ engagement and, in turn, improved their academic
outcomes. This study affirms the worldwide trend of integrating AR into the educa-
tional system, particularly in mathematics. In general, AR applications in education
demonstrate that this technology enables learning and stimulates student interest
by integrating educational and entertainment objectives. This combination goes
a long way toward classroom management and engendering a more positive and
motivated learning environment.

In addition to the post-test results, the questionnaire provided valuable insights
into the students’ perceptions of the GeoFormeAR mobile application. The high mean
scores and low standard deviations across the four categories (usability, learning
effectiveness, engagement and satisfaction, and comparison evaluation) demon-
strate strong user approval and alignment with pedagogical objectives. Moreover,
the 98% positive response rate to the recommendation question further reinforced
the acceptability of the application among middle school learners. Open-ended
feedback suggests the integration of additional features such as audio explanations
and language support, reflecting an important interest in further personalization
and accessibility. These findings confirm the educational value of the GeoFormeAR
mobile application and suggest pathways for iterative improvement.

The outcomes of this study are consistent with those of earlier investigations of
the effectiveness of AR in education. For example, researchers have demonstrated
that the use of AR apps in geometry instruction enhances academic performance,
self-regulated learning strategies (SRLS), and student motivation in secondary school
students [6]. Similarly, AR applications have also had a favorable impact on geometry
learning and 3D thinking skills [7], [25]. The findings of this study are supported
by additional studies that noted the significant improvement of junior high school
students’ spatial skills by AR [30], [31].

Additionally, the gamification aspect of AR, which combines learning with fun
and interactive experiences, is becoming increasingly recommended for the new
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generation of students. In this way, knowledge acquisition is enhanced, and a positive
and motivated classroom environment is created. The positive student feedback in
this study reinforces the idea that AR is best suited for motivation and engagement.

The findings of this study support key priorities outlined in international digital
education frameworks such as the European Framework for the Digital Competence
of Educators (DigCompEdu) and the Digital Education Action Plan 2021-2027.
These frameworks emphasize the integration of innovative technologies, such as
AR, to enhance learning experiences, promote equitable access to digital tools in
resource-constrained settings, and foster digital competencies among educators and
learners. By demonstrating the effectiveness of the GeoFormeAR mobile applica-
tion in middle school geometry education, this study provides practical evidence
aligned with these policy goals, contributing to scalable and inclusive STEM educa-
tion strategies worldwide.

Moreover, these insights are particularly valuable for the Global South and
low-resource contexts, where scalable, mobile-based AR tools like GeoFormeAR can
help bridge gaps in infrastructure and promote equitable access to quality STEM
education.

The evidence presented tomorrow from the results of this study will contribute
to the growing literature on ARs in education, particularly in supporting geometry
learning. The performance of students’ academic learning was improved through
the GeoFormeAR mobile app. This implies that AR has the potential to modernize
and improve mathematics teaching and learning.

Building on these findings, promoting the scalable and sustainable adoption of
AR in education requires integrating AR tools within broader curricular frameworks
rather than treating them as isolated interventions. Embedding AR activities across
multiple subjects and grade levels can create a cohesive learning experience that
progressively reinforces key concepts, fostering a deeper understanding of the
material. Equally important is providing comprehensive professional development
for educators, equipping them to incorporate AR technologies effectively into their
teaching practices. Such training should address not only technical proficiency
but also pedagogical strategies to engage diverse learners and align AR content
with curricular goals. Ongoing support, including coaching and resource shar-
ing, will further enhance the sustainability of AR integration, fostering long-term
improvements in teaching and learning.

While this study provides evidence of the GeoFormeAR application’s positive
impact on middle school students’ geometry learning, motivation, and engagement,
it focused on short-term outcomes within a classroom context. Long-term reten-
tion of knowledge and the transferability of acquired skills to other mathematical
domains or real-life problem-solving remain critical areas for further investigation.
Future research could adopt longitudinal designs to explore whether the benefits
of mobile AR persist over time and extend to broader STEM competencies, thereby
informing more sustainable integration of AR technologies into curricula.

7  LIMITATIONS

This study has several limitations. While the results are promising, the modest
sample size limits the generalizability of the findings. The lack of a pre-test pre-
vents measurement of learning gains relative to baseline knowledge. Additionally,
the quasi-experimental design and non-random sampling may have introduced
confounding variables affecting group equivalence.
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8 CONCLUSION

The rapid development of technology in domains such as augmented reality,
virtual reality, and gamification of learning presents both opportunities and
challenges for incorporating these technologies into educational practices. In the
current study, we compared two approaches to learning 3D polyhedra: AR and tra-
ditional methods. We also examined the recommendation scores of AR games or
applications in math lessons. Following the ADDIE model steps, we rolled out our
GeoFormeAR learning mobile application for math classes to teach 3D polyhedra in
two classes and conducted a test. Our findings indicate that the GeoFormeAR mobile
application proved more effective than traditional learning methods, with most
students enjoying learning 3D geometry through the app and appreciating the new
interaction it brought to their math classes. Moreover, it is crucial to acknowledge
the challenges of familiarizing learners with tablets or phones and, consequently,
AR tools. These challenges can result in significant time and concentration losses
during the learning process. To address this, conducting pre-sessions in collabo-
ration with informatics teachers to cover fundamental informatics concepts and
ensure familiarity with the relevant technological tools is recommended.

Looking ahead, integrating AR games or applications into the Moroccan
educational system is essential, as it could meet the evolving needs of younger learn-
ers, enabling them to learn through innovative methods and fostering creativity.
Furthermore, the findings of this study have relevance beyond the Moroccan
context, contributing valuable evidence to global discussions on the integration of
AR in STEM education.

Future work will focus on developing virtual and mixed-reality educational tools
for teaching mathematics and other subjects. Accordingly, the GeoFormeAR mobile
application will be refined and tested further in future studies.
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