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Abstract

This systematic literature review examines how technology is integrated into Innovative Learning
Environments (ILEs) to support mathematical knowledge, skills, and STEM learning. Following the PRISMA
guidelines, 22 studies published between 2013 and 2025 were selected from Scopus and Google Scholar.
The review addressed six areas: research trends, definitions and characteristics of ILEs, forms of
technology integration, types of mathematical knowledge and skills developed, contributions to 21st-
century skills, and support for STEM integration. The findings indicate that Learning Management
Systems, Virtual Learning Environments, interactive simulations, gamification, and Virtual Reality were
among the most frequently reported technologies. Across the reviewed studies, these technologies were
associated with the development of conceptual and procedural mathematical knowledge and the 4C skills
of critical thinking, creativity, collaboration, and communication. Technology-enhanced ILEs also
supported STEM integration through interdisciplinary and project-based activities connecting
mathematical concepts with science, technology, and engineering contexts. However, the reported
outcomes varied according to pedagogical design, teacher readiness, infrastructure, and local context.
This review provides an integrated synthesis of the physical, pedagogical, social, and technological
dimensions of ILEs and offers implications for the development of contextual technology- and STEM-
integrated mathematics learning.
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INTRODUCTION

Mathematics is a fundamental component of education because it develops critical thinking,
logical reasoning, and problem-solving skills that are essential for addressing 21st-century
challenges (NCTM, 2020). However, mastering mathematics is not only about knowing concepts,
but also about how students use that knowledge in real contexts. It is therefore important to
distinguish between mathematical knowledge and mathematical skills. Rittle-Johnson and
Schneider (2015) assert that mathematical knowledge encompasses an understanding of facts,
concepts, procedures, and the relationships among concepts in mathematics. There are three
main types: (1) factual knowledge, namely basic knowledge of symbols and terms (for example,
knowing that 3x4=12); (2) conceptual knowledge, namely understanding the meaning of and
relationships among ideas (for example, understanding what a ratio or function is); and (3)
procedural knowledge, namely the ability to apply steps to solve problems systematically (Rittle-
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Johnson & Schneider, 2015). This knowledge forms the basis for developing higher-order
mathematical thinking skills. Meanwhile, mathematical skills relate to applying that knowledge
to reason, model, represent, communicate, and solve problems. Based on the 21st-century skills
framework, mathematics learning needs to develop four core competencies, namely Critical
Thinking, Collaboration, Communication, and Creativity.

In Indonesia, achievement in mathematical knowledge and skills remains low. The 2019
TIMSS results show Indonesia ranked 44th out of 58 countries with an average score of 397,
below the international average of 500 (Mullis et al., 2020). The 2022 PISA results likewise show
that Indonesian students are only able to solve routine problems but struggle with contextual
problems requiring modeling and reasoning (OECD, 2019). The 2021 AKM (Minimum
Competency Assessment) results confirm that only 46.5% of students reach the minimum
numeracy competency. These facts indicate that mathematics learning has not yet optimally
developed higher-order thinking skills. One contributing factor is the dominance of
conventional, teacher-centered learning methods (teacher-centred) that limit student
engagement (Freeman et al., 2014).

Various studies demonstrate that innovative, technology-based learning strategies can
improve student engagement, conceptual understanding, and critical thinking and
communication skills (Liew, 2023; Saputro et al., 2024). In this context, the concept of Innovative
Learning Environments (ILE) becomes relevant because it offers a holistic approach that
combines physical, social, pedagogical, and technological dimensions.

According to OECD (2013), an Innovative Learning Environment is “a learning environment
that reengineers its core pedagogical elements through strong design, creating innovative
learning organizations, and driving 21st-century learning effectiveness based on learning
principles.” ILE does not only focus on spatial design but also emphasizes collaboration,
flexibility, and technology integration to enhance student engagement (Byers, Imms, & Hartnell-
Young, 2018).

Technology is a key element in supporting the function of ILE as an adaptive learning system.
According to UNESCO (2023), educational technology is a digital device, service, or process used
to enhance learning and support educational goals. Based on its nature, technology is divided
into two categories: (1) digital technology, such as computers, laptops, tablets, Learning
Management System (LMS), Virtual Learning Environment (VLE), simulations, gamification, and
Virtual Reality (VR) (OECD, 2023); and (2) non-digital technology, such as whiteboards, concrete
manipulatives, number cards, flipchart, or posters (Bolafio-Truyol et al., 2023). Both types of
technology complement one another in facilitating active, contextual, and collaborative
learning. The integration of both forms of technology within ILE has been shown to strengthen
both mathematical knowledge and skills. Applying the Technological Pedagogical and Content
Knowledge (TPACK) framework with interactive software enhances students' conceptual
understanding and procedural skills (Muhtadi et al., 2018). Liu et al. (2009) add that the success
of technology-based learning depends on teacher support and the flexibility of learning
resources. However, the effectiveness of ILE is also strongly influenced by the social and cultural
context and the readiness of school infrastructure (Alakoski et al., 2024).

Although the implementation of ILE has been widely developed across countries, there
remains a research gap concerning how digital and non-digital technologies are effectively
integrated to support the development of mathematical knowledge and skills. Most previous
studies have only highlighted physical or pedagogical space design without explaining how
technology acts as a catalyst for meaningful mathematics learning (Blackmore et al., 2011).
Inconsistency has also been found in how previous studies define ILE: some focus on the physical
design of classroom space, while others emphasize pedagogical or social dimensions, so that no
integrated, widely agreed-upon conceptual framework yet exists. In addition, most studies have
been conducted in developed countries with adequate infrastructure, so their findings may not

LJEI Vol. 7 No. 2, April 2026, pp. 253-270



LEI m 255

necessarily be relevant to developing-country contexts. Another unresolved issue is the lack of
empirical evidence on how technology integration specifically shapes different types of
mathematical knowledge, including factual, conceptual, and procedural knowledge within ILE.
Furthermore, the potential of ILE to support cross-disciplinary learning such as Science,
Technology, Engineering, and Mathematics (STEM) has also not been widely studied
(Grivokostopoulou & Perikos, 2016). In fact, STEM integration within ILE can bridge theory and
practice through problem-based projects that foster creativity, collaboration, and authentic
problem solving (Akinpelu & Alamu, 2023).

This gap becomes even more apparent when this study is compared with several previous
reviews addressing related fields. Vijapur et al. (2021) focused their review on interior design
and environmental quality in flexible learning environments in primary schools, while
Kariippanon et al. (2021) examined the relationship between flexible learning spaces and
movement behavior, engagement, interaction, and educational outcomes among adolescent
students. In the higher education context, Christou et al. (2023) mapped physical, virtual, and
hybrid learning spaces, emphasizing the benefits, challenges, and design guidelines for learning
spaces. Meanwhile, Hidayat and Firmanti (2024) reviewed technology integration in
mathematics education but did not specifically analyze technology as part of the Innovative
Learning Environments dimensions, which include physical, pedagogical, social, and
technological aspects. Thus, previous reviews have tended to discuss learning-space design,
educational outcomes, or technology integration separately. Studies that simultaneously
synthesize the relationships among the ILE dimensions, digital and non-digital technology
integration, the development of mathematical knowledge and skills, 21st-century skills, and
STEM integration in the context of mathematics education remain limited. This study fills that
gap by using social constructivism and TPACK as frameworks for interpreting the relationships
among technology, pedagogy, social interaction, and mathematics learning.

Based on this gap, this study seeks to answer six main research questions, namely:

(1) How have research trends related to Innovative Learning Environment (ILE) developed
between 2013 and 2025?

(2) How do studies define and characterize ILE in the context of mathematics learning?

(3) What technologies are used, and how are they integrated within ILE in mathematics
learning?

(4) What types of mathematical knowledge and skills are developed through technology
integration within ILE?

(5) How does technology integration within ILE contribute to the development of 21st-century
mathematics skills?

(6) How do the characteristics of technology-based ILE support the integration of STEM
learning in the context of mathematics?

In line with these questions, the aim of this study is to analyze the integration of technology
within Innovative Learning Environments (ILE) to support the development of mathematical
knowledge and skills, and to explore how the characteristics of technology-based ILE can
accommodate STEM learning in the context of mathematics education. Unlike previous reviews,
the novelty of this study lies in its simultaneous synthesis of the relationships among the four
ILE dimensions physical, pedagogical, social, and technological with digital and non-digital
technology integration, the development of mathematical knowledge and skills, 21st-century
skills, and STEM integration. This synthesis is then interpreted through the lens of social
constructivism and the TPACK framework to produce a more integrated understanding of
technology's role within ILE in the context of mathematics education.

This study is grounded in two complementary theoretical frameworks. First, Vygotsky's
(1978) social constructivism theory emphasizes that knowledge is constructed through social
interaction and the use of mediating tools, including technology, within the Zone of Proximal
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Development (ZPD). Within the ILE context, technology serves as a mediating tool that facilitates
collaboration, scaffolding, and the active construction of mathematical knowledge. This theory
provides a basis for analyzing how technology-based ILE fosters productive social interaction
and meaningful learning. Second, the TPACK (Technological Pedagogical and Content
Knowledge) framework developed by Mishra and Koehler (2006) emphasizes that the
effectiveness of technology-based teaching depends on the harmonious integration of content
knowledge (CK), pedagogical knowledge (PK), and technological knowledge (TK). In this study,
TPACK is used as an analytical lens to evaluate how the technology integration in the reviewed
articles reflects a balance among mathematical content, pedagogical approach, and appropriate
technology use. Together, these two frameworks form the conceptual foundation for analyzing
and interpreting the findings from the 22 articles reviewed. Through a systematic literature
review (SLR), this study is expected to make a conceptual contribution in the form of a
comprehensive mapping of trends, forms of technology integration, and the role of ILE in
strengthening 21st-century mathematical knowledge and skills. The results are expected to
serve as a basis for developing pedagogical innovations and mathematics education policies that
are more contextual and sustainable in the digital era.

RESEARCH METHOD
This study uses a systematic literature review (SLR) approach as a type of qualitative research
that focuses on the structured analysis and synthesis of previous studies' results. This method
was chosen to obtain a comprehensive understanding of how technology is integrated within
Innovative Learning Environments (ILE) to support the development of mathematical knowledge
and skills. The review followed the PRISMA guidelines and adapted the four-stage framework
described by Dixon-Woods, as cited in El Islami et al. (2022), comprising identification, screening,
eligibility assessment, and data synthesis. At the identification stage, literature was collected
from two main databases, Google Scholar and Scopus, covering publications from 2013—-2025.

The next step was to search for articles. The search process was carried out using the Publish
or Perish version 8 software, with two main keyword combinations: “Innovative Learning
Environment” in the title field and “Innovative Learning Environment AND Mathematics” in the
keyword field. The final search was conducted on 18 May 2025. The initial search results can be
seen in Table 1.

Table 1. Initial search results

Search Term Database Search Limitation Results
Innovative learning environment (in Google Published 2013-2025 73
title) Schoolar
Innovative learning environment Scopus Published 2013-2025 8

AND mathematics (in keywords)

The initial search yielded 81 articles, consisting of 73 articles from Google Scholar and eight
articles from Scopus. After five duplicate articles were removed, 76 unique articles remained.
Next, title and abstract screening was carried out by applying inclusion and exclusion criteria to
ensure the articles' relevance to the study's focus. Articles included had to meet the following
criteria:

(1) discussed Innovative Learning Environments in the context of mathematics learning or
technology integration within ILEs;

(2) reported empirical research using qualitative, quantitative, mixed-methods, design-based
research, or research and development approaches;

(3) were published between 2013 and 2025;

(4) were published in journals or conference proceedings indexed in Scopus or Google Scholar;

(5) were available in full text.
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Articles that were opinion pieces, theoretical reviews, policy reports, or publications not
relevant to the focus on ILE and technology were excluded. Each selected article had to answer
at least one of the six research questions that had been formulated. During the title and abstract
screening stage, 36 articles were excluded for not meeting the study's focus and criteria, leaving
40 articles to proceed to the full-text retrieval stage. Five articles could not be fully obtained,
leaving 35 articles to be assessed for eligibility through full-text review. At that stage, 13 articles
were excluded, comprising nine articles that did not meet publication or indexing criteria, three
articles outside the scope of educational or mathematical ILE, and one article that was a review
or non-empirical publication. Consequently, 22 articles 18 from Google Scholar and four from
Scopus proceeded to the quality assessment and synthesis stage.

To assess the methodological quality of each article, this study used a quality assessment
rubric adapted from Mullet (2016). The rubric comprises seven criteria: (1) research objectives
and purposes, (2) literature review, (3) theoretical or conceptual framework, (4) participants, (5)
methods, (6) results and conclusions, and (7) research significance. Each criterion was rated on
a four-point scale: 1 (does not meet the standard), 2 (nearly meets the standard), 3 (meets the
standard), and 4 (exceeds the standard). A complete description of each criterion and its
assessment indicators is presented in Table 2.

Records identified from databases (n = 81):
Google Scholar (n = 73)
Scopus (n = 8)

N\

9 Records removed before screening:
Duplicate records removed (n = 5)

9 Records excluded after title and abstract

Records screened by title and abstract (n = 76) B~

N\

Reports sought for retrieval (n = 40) 9 Reports not retrieved (n = 5)

N\

Full-text reports excluded, with reasons (n =
13):

e Publication or indexing criteria not met (n =
Full-text reports assessed for eligibility (n = 35) 9 9)

e Qutside the educational ILE or mathematics
scope (n =3)

* Review or non-empirical publication (n = 1)

N\

Studies assessed for methodological quality using 9 Studies excluded after quality assessment (n =
Mullet’s (2016) rubric (n = 22) 0)

N\

Studies included in the systematic review (n = 22)

Figure 1. PRISMA flow diagram of the study identification and selection process
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Table 2. Mullet’s (2016) quality assessment rubric
4 3 2 1
Criterion Exceeds Standard Meets Standard Nearly Meets Does Not Meet
Standard Standard
I. Objectives and Clearly articulated
purposes prqblem, objective, Adequately articulated. Poorly articulated. Incomplete.
rationale, research
questions.
Il. Review of Critically examines
literature state of the field.

Ill. Theoretical or
conceptual
frameworks

IV. Participants

V. Methods

VI. Results and
conclusion

Significance

Clearly situates the
topic within the
broader field. Makes
compelling connectior
to past work. Discusse
and resolves
ambiguities in
definitions. Synthesize
and evaluates ideas;
offers new
perspectives.

Clearly articulated
and described in
detail. Frameworks
align with study
purposes.

Detailed,

contextual
description of
population, sample
and sampling
procedures.
Instruments and
their administration
described in detail.
Evidence for

validity and
reliability.
Documented best
research practices.
Potential bias
considered.

Detailed results.
Exceptional use of
data displays.
Discussion clearly
connects findings to
past work. Proposes
future directions for
research.
Conclusions clearly
address the problem
or questions.

Clearly and
convincingly
articulates scholarly
and practical
significance of the
study.

Discusses what has and
has not been done.
Situates topic within the
broader field. Makes
connections to past work.
Defines key vocabulary.
Synthesizes and
evaluates ideas.

Articulated; aligns with
study purposes.

Detailed description of
population, sample and
procedures.

Instruments and their
administration described.
Evidence for validity or
reliability. Some evidence
of best research practices.
Potential bias considered.

Complete results. Sufficient
use of data displays.
Discussion connects
findings to past work.
Conclusions address the
problems or questions.

Articulates scholarly and
practical significance of
the study.

Minimally discusses
what has and has not
been done. Vaguely
discusses broader
field. Makes few
connections to past
work. Lacks synthesis
across literature.
Minimal evaluation of
ideas.

Implied or described
in vague terms, or
fails to align with
purposes.

Basic description of
sample and
procedure elements.

Instruments
described.
Incomplete evidence
of validity or
reliability.
Questionable
research practices.

Basic results.

Insufficient use of data

displays. Discussion
fails to connect
findings to past work.

Conclusions summarize

findings.

Articulates scholarly
or practical
significance, but is
neither clear nor
convincing.

Fails to discuss
what has and has
not been done.
Topic not
situated within
broader
literature. No
connections to
past work.

Absent.

Incomplete.

Incomplete.

Incomplete.

Not articulated.
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The total score for each article ranged from 7 to 28, and articles with a total score <14 were
excluded from the review. The screening, eligibility assessment, and quality assessment
processes were carried out using criteria established prior to the analysis. The first author
reviewed the titles, abstracts, and full texts and assigned quality scores based on the Mullet
(2016) rubric. The inclusion and exclusion decisions and quality assessment results were then
checked by the second author to ensure consistent application of the criteria. Where
assessments differed, the two authors discussed the article in question by referring back to the
inclusion criteria, exclusion criteria, and rubric indicators until agreement was reached. The third
author provided additional input when agreement had not yet been reached. In addition, the
reasons for exclusion at the full-text review stage were recorded to maintain the transparency
of the selection process. These procedures were applied to reduce potential selection bias and
subjectivity in the quality assessment of the articles. The assessment results show that the
quality scores of the 22 articles meeting the criteria ranged from 18 to 28, with a mean of 24.59
and a median of 25. Nine articles achieved the maximum score of 28, and no articles scored at
or below the exclusion threshold. Accordingly, all 22 articles met the methodological eligibility
standard and were retained for the synthesis stage. The detailed scores for each article are
presented in Table 3. The complete identification, screening, eligibility assessment, quality
assessment, and inclusion process is presented in Figure 1.

Table 3. Quality assessment scores of the included studies based on Mullet (2016)

No. Study opP? RL® TF° PAY ME® RCf S8 Total
1 Alakoski et al. (2024) 4 4 4 3 3 4 4 26
2 Byers (2018) 3 3 2 4 4 3 3 23
3 Alakoski et al. (2025) 4 3 3 3 3 4 3 23
4 Everatt et al. (2019) 3 2 2 3 3 3 2 18
5 Alghanmi (2014) 3 2 3 3 3 3 2 19
6 Pétjanowicz et al. (2014) 3 3 3 3 3 4 3 22
7 Grivokostopoulou and Perikos (2016) 4 4 4 4 4 4 4 28
8 Magen-Nagar and Steinberger (2017) 4 3 3 4 3 4 3 24
9 Byers et al. (2018) 4 4 4 4 4 4 4 28
10 Lineses and Aguilar (2019) 3 3 3 3 3 3 3 21
11 Campbell (2020) 4 4 4 4 4 4 4 28
12 Arnesen et al. (2021) 4 4 4 4 4 4 4 28
13 Kampinga et al. (2021) 4 3 3 4 4 4 4 26
14 Glassner (2022) 4 4 4 4 4 4 4 28
15 Cavadas and Correia (2022) 3 3 3 3 3 3 3 21
16 Liew et al. (2023) 4 3 3 3 3 4 3 23
17 Akinpelu and Alamu (2023) 4 4 4 4 4 4 4 28
18 Bhat et al. (2023) 3 3 3 3 3 4 3 22
19 Saastamoinen et al. (2023) 4 4 4 4 4 4 4 28
20 Zhao (2023) 3 3 3 3 3 3 3 21
21 Saputro et al. (2024) 4 4 4 4 4 4 4 28
22 K&nings and Seidel (2025) 4 4 4 4 4 4 4 28
20P = objectives and purposes; ¢ ME = methods;
b RL = review of literature; fRC = results and conclusions;
¢ TF = theoretical or conceptual framework; & S| = significance.

4 PA = participants;

Each criterion was rated from 1 (does not meet the standard) to 4 (exceeds the standard),
resulting in a possible total score ranging from 7 to 28. Studies with a total score of 14 or lower
were excluded from the review.

The data synthesis stage was carried out by organizing the selected articles according to six
focus areas, namely research trends, ILE definitions and characteristics, forms of technology
integration, the types of mathematical knowledge and skills developed, technology's
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contribution to 21st-century skills, and ILE's support for STEM learning. The analysis was
conducted descriptively and thematically to identify patterns, similarities, and conceptual
contributions across studies.

In addition to identifying patterns and similarities, the synthesis process also considered
differences and inconsistencies in findings across studies. When the reviewed studies reported
differing results regarding technology integration or ILE characteristics, these findings were
compared based on country context, education level, participant characteristics, research
design, technology type, pedagogical approach, implementation duration, and the
methodological quality of the article. Differing findings were not simply merged into a single
general conclusion but were analyzed to identify contextual factors that might explain the
variation in results. This synthesis therefore not only describes general tendencies but also
highlights the conditions that can influence the success of technology-based ILE implementation

In this analysis process, two theoretical frameworks were used to guide interpretation.
Vygotsky's (1978) social constructivism theory was used to identify and interpret findings related
to the role of social interaction and technology as mediating tools in constructing mathematical
knowledge. Each article was examined from the perspective of whether and how the technology
used functioned as scaffolding to support students' learning within the ZPD. Meanwhile, the
TPACK framework (Mishra & Koehler, 2006) was used as a categorization framework to evaluate
the balance among mathematical content, pedagogical approach, and technology applied in
each study. Articles demonstrating strong integration among the three TPACK components were
categorized as examples of effective ILE practice. In short, this method was designed to allow
readers to adapt the research process directly to different contexts while maintaining the
principles of transparency, replicability, and objectivity of a systematic review.

RESULTS AND DISCUSSION

This section presents the results and discussion of the 22 articles, analyzed descriptively to
identify patterns, trends, subjects, geographical distribution, research types, ILE characteristics,
and the forms and contributions of technology to the development of knowledge, mathematical
skills, and STEM integration. The discussion interprets these findings to answer the six
established research questions. The results of the studies selected for this systematic review are
presented in Table 3. Research trends in ILE over the past 13 years are presented in Figure 3.

Research Trends ILE

N W s~ Ul O

Number of Articles

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Publication Year

e Number of Articles

Figure 2. Research trends
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The earliest included study was published in 2014, and the number of publications peaked in
2023 with five studies, likely reflecting the acceleration of digital education transformation
following the COVID-19 pandemic (Liew, 2023). Since then, publications have remained stable
at around two articles per year through 2025. Overall, 63% of studies focused on technology
integration, while the remainder highlighted spatial design or social-pedagogical dynamics.

10
9
3 8
% 7
< 6
G 5
T 4
o
g 3
2 2
1 .
0 |
Elementary Junior high Senior High  Student Teacher Lecturer Student with
school school school special
needs
Research Subjects
M Elementary school m Junior high school M Senior High school
M Student M Teacher Lecturer

Student with special needs
Figure 3. Research subject

This finding confirms that the role of technology has become a dominant component in the
development of modern ILE, in line with the acceleration of global education digitalization
following the pandemic.

Geographical Distribution

Jumlah Artikel [T

Powered by Bing

© Australian Bureau of Statisties, GeoNames, Microsoft,; Navinfo, Open Places, OpenStreetMap, Overtur: ps Fundation, TomTom, Zenrin

Figure 4. The geographical representation of studies by countries (edited by the authors from
22 selected articles, 2025; basemap: © Australian Bureau of Statistics, GeoNames, Microsoft,
OpenStreetMap contributors, TomTom, and ZENRIN)
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In terms of research subjects, Figure 3 reveals a dominance of studies based in higher
education, with most studies focusing on higher education (universities), followed by junior
secondary and elementary levels. This pattern indicates that the implementation of technology-
based ILE is more readily applied in higher education institutions, which have more adequate
infrastructure. In contrast, research at the senior secondary level and involving teachers and
students with special needs remains very limited, indicating that ILE adoption in primary and
secondary education has not been evenly distributed and represents a research gap that needs
to be addressed promptly.

The geographical distribution of the studies, as shown in Figure 4, reveals a dominance of
developed countries, particularly Finland, Australia, and Israel. Asian countries such as Malaysia,
Indonesia, and the Philippines have also begun adapting ILE implementation to local contexts,
while no publications from Africa were found. This uneven distribution indicates a significant
research gap: findings from developed countries cannot necessarily be generalized to
developing-country contexts with different digital infrastructure limitations. This pattern
underscores the importance of expanding ILE research to more geographically and
socioeconomically diverse contexts (Ertmer & Ottenbreit-Leftwich, 2010).

= Qualitative = Quantitative Mixed method development
Figure 5. Distribution of Research Types

In terms of research type, Figure 5 shows that quantitative approaches predominate (36%),
followed by qualitative and mixed-method. Quantitative approaches are widely used to measure
the effect of technology on learning outcomes and student skills. In addition, the analysis of ILE
definitions and characteristics reveals broad contextual variation, as shown in Table 4.

Table 4. Characteristics of ILEs by country
Dimension Characteristics Example Studies (Countries)
Flexible spaces, innovative
environmental design, collaborative

Finland (Alakoski et al., 2025),

Physical . Australia, Scotland, New Zealand,

zones, co-teaching areas, breakout

Norway

spaces

Digital integration (VLE, VR, gamification, Ireland, Oman, Philippines,
Technological LMS, multimedia, digital learning Indonesia, Greece, Malaysia,

platforms) Poland, USA

Constructivism, active learning, Israel, Australia, Norway, Portugal,
Pedagogical heutagogy, student-centered learning, Netherlands, China, Finland

agency, active interaction (mathematics)

Collaboration, interaction, learning Norway, Netherlands, China,
Social autonomy, student agency, learning Finland (mathematics), Israel,

communities Oman
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Some studies emphasize physical and spatial design aspects, such as flexible learning spaces
(Saastamoinen et al.,, 2023), whereas others highlight pedagogical and social dimensions
involving collaboration and student agency (Magen-Nagar & Steinberger, 2017). ILE generally
encompasses four main dimensions: physical, pedagogical, social, and technological (Byers,
Imms, & Hartnell-Young, 2018). A variety of technology forms have been applied within ILE, as
summarized in Table 5. The findings show that LMS and VLE predominate as the main platforms
facilitating both synchronous and asynchronous learning, followed by interactive simulations
and gamification, which serve to make abstract mathematical concepts concrete. Immersive
technologies such as VR are still used to a limited extent, generally in higher-education-based
studies with adequate infrastructure support. These differing usage patterns reflect variation in
technology readiness across contexts, while also confirming that no single technology is
universally the most effective; rather, it is a combination of technologies tailored to pedagogical
goals and learner characteristics that yields the best impact.

Table 5. Types of digital technologies and forms of integration

Technology Category Example Applications Forms of Integration

Online discussions, quizzes, e-
portfolios, project-based learning
Immersive learning (e.g., 3D

LMS/VLE (Blackboard, Brightspace)

Virtual Reality (OpenSim, VR goggles)

geometry)
- . e Game-based learning to enhance
Digital Technologies Gamification (KALI App, MOOC 4D) S
motivation
Online collaboration tools (Zoom, Remote learning and real-time
Classkick, social media) collaboration
Simulations (ADALM1000, PhET, Virtual experiments or mathematical
GeoGebra) modeling
Interactive digital devices (laptops, App-based activities and interactive
tablets, interactive screens) presentations
Concrete manipulatives (geoboard, Representation and exploration of
tangram, algebra tiles) geometry and algebra concepts
Non-Digital Printed visuals (posters, concept cards, Concept explanation, gallery walk,
Technologies flipcharts) reflection
Measuring tools (ruler, compass, Geometric measurement and
protractor, coordinate board) manual modeling
Physical whiteboards or magnetic Demonstrations, group discussions,
boards worked examples

The digital platforms most widely used in this study include Learning Management System
(LMS), Virtual Learning Environment (VLE), Virtual Reality (VR), interactive simulations, and
gamification (Kampinga et al., 2021). LMS and VLE are used for collaboration and formative
assessment, while VR and simulations support the visualization of abstract concepts.
Gamification, meanwhile, has been shown to increase learning motivation (Bhat et al., 2023).
Furthermore, the mathematical knowledge developed within ILEs can be categorized as factual,
conceptual, and procedural knowledge, as summarized in Table 6. Based on the analysis of the
22 articles, conceptual knowledge is most often developed through digital simulation and
visualization for example, GeoGebra for understanding geometric and functional concepts.
Procedural knowledge is reinforced through gamification-based exercises and collaborative
projects, while factual knowledge is built through interactive digital quizzes on LMS platforms.
Studies with more favorable reported outcomes generally integrate all three types of knowledge
simultaneously through a project-based learning approach, rather than targeting a single type
of knowledge separately (Rittle-Johnson & Schneider, 2015).
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Table 6. Types of mathematical knowledge in technology-based Innovative Learning Environments (ILE)

Knowledge Category

General Description

Examples of
Implementation/Activities in ILE

Factual Knowledge

Conceptual Knowledge

Procedural Knowledge

Understanding symbols, terminology,
definitions, and mathematical facts that

serve as the foundation for
mathematical thinking.

Understanding relationships among

mathematical ideas, principles,

Identifying symbols and

notations using LMS; interactive
apps for recognizing basic
algebraic and geometric
elements; digital quizzes in
Classkick and Brightspace.
Exploring geometry and functions

theorems, and conceptual

representations explaining why

procedures work.

Applying algorithms, rules, and problem-
solving steps systematically and

efficiently.

through simulations and VR;
visualizing statistical concepts
with GeoGebra and PhET;

collaborative

discussions  on

calculus and probability concepts.
Project-based problem-solving;

using digital devices such as
ADALM1000 for algebraic

experiments and measurement;
gamified exercises via MOOC 4D.

A number of studies specifically highlight the role of technology-based ILE in supporting STEM
integration. As shown in Table 7, ILE facilitates STEM integration primarily through two
mechanisms: (1) cross-disciplinary project-based learning, in which students solve authentic
problems involving mathematics, science, and technology simultaneously; and (2) the use of
simulations and VR that connect abstract mathematical concepts with real-world applications in
science and engineering. As a concrete example, studies using robotics within ILE successfully
connected programming (technology), physics principles (science), and mathematical modeling
(mathematics) within a single integrated activity. This finding confirms that ILE is not merely a
learning space but an ecosystem that actively drives cross-disciplinary STEM knowledge transfer.

Table 7. Relationship between ILE dimensions and STEM components

ILE Dimension

Analytical Focus

Connection to STEM
Components

Example Studies

Physical

Technological

Pedagogical

Social

Flexible spaces enabling
project-based, experimental,
and cross-disciplinary
learning.

Digital technologies
integrating science,
technology, and mathematics
content (VR, simulations,
LMS, gamification).

Constructivist, project-based,
and heutagogical learning
approaches.

Cross-disciplinary
collaboration through digital
forums, team projects, and
learning communities.

Supports the
Engineering Design
Process and
collaborative inquiry in
STEM projects.

Provides authentic STEM
experiences through
simulations, virtual labs,
and mathematical
modeling.

Facilitates the
integration of STEM
content with a focus on
real-world problem
solving.

Develops teamwork and
communication as cross-
cutting STEM
competencies.

Byers et al. (2018);
Campbell (2020)

Grivokostopoulou &
Perikos (2016); Akinpelu
(2023); Saputro (2024)

Liew (2023); Kampinga
et al. (2021)

Alakoski (2025); Lineses
& Aguilar (2019)
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Flexible spaces enable cross-disciplinary project-based activities, while digital technologies
such as simulations, LMS, and VR facilitate authentic experiences based on virtual
experimentation and the engineering design process (Akinpelu & Alamu, 2023). The synthesis
shows that technology integration within ILE strengthens both mathematical knowledge and
skills. Conceptual and procedural knowledge improve through interactive visualization and
technology-based exercises, while reflective skills develop through online collaboration
(Arnesen et al., 2021). Meanwhile, the 21st-century skills most prominently developed are
critical thinking, collaboration, communication, and creativity (4C), supported by different
technologies. Specifically, VR and immersive simulation were frequently reported to support in
developing critical thinking and creativity through independent exploration within virtual
environments, while LMS and online collaboration platforms such as Zoom and Classkick are
more effective in fostering collaboration and communication. This finding aligns with the TPACK
perspective (Mishra & Koehler, 2006), which holds that the effectiveness of technology in
developing 21st-century skills depends heavily on the alighment among technology choice,
pedagogical approach, and the targeted learning content objectives. A comprehensive summary
of the relationship among technology, 4C skills, and ILE dimensions is presented in Table 8.

Table 8. 21st-Century Skills and Types of Technology

T f E I
4C Skills ypes o xzi1mp' N Empirical Evidence References
Technology Applications
. s . . OpenSim, Analytical reasoning in  Grivokostopoul
Critical Think S lat & VR
ritical Thinking imutations ADALM1000 STEM simulations ou et al. (2016)
Development of
. Gamification & KALI App, MOOC creative solutions Bhat et al.
Creativity . . (2023); Utomo
Interactive Design 4D through game-based
; (2024)
learning
LMS/VLE & ' CoIIaboratl've . .
. . ) . Brightspace, mathematics projects Kampinga et al.
Collaboration Online Discussion .
Classkick among students and (2021)
Forums
teachers
Discussion of
Communication Social Media & Zoom, VR mathematical concepts Campbell
VR Avatars Chatrooms via avatars and online (2020)
chats

Research on ILE shows significant growth over the past decade, reflecting increased attention
to learning-space innovation and digital technology integration. The publication peak in 2023
indicates an academic response to the challenges of online learning during the pandemic.
However, this still-unstable trend suggests that ILE remains a developing topic requiring a more
consistent theoretical framework. Conceptually, ILE is defined as a learning system that
combines flexible physical space, collaborative social interaction, active pedagogical
approaches, and the use of digital technology. These characteristics are multidimensional and
interrelated: flexible space facilitates project-based learning; a constructivist approach fosters
learner autonomy; and technology integration expands access and fosters student agency.
(Byers, Imms, & Hartnell-young, 2018). ILE is thus not merely a spatial innovation, but a
comprehensive transformation in teaching and learning practice.

Digital technology predominates within ILE, including LMS, VLE, VR, gamification, and online
collaboration tools such as Zoom and Classkick (Kampinga et al., 2021). Both of these web-based
platforms strengthen collaboration and communication among students, while VR and
simulations facilitate spatial understanding and geometric concepts (Grivokostopoulou &
Perikos, 2016). These two web-based platforms strengthen collaboration and communication
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among students, while VR and simulations facilitate spatial understanding and geometric
concepts . Non-digital technology such as concrete manipulatives is still used in contexts with
infrastructure limitations (Bolafio-Truyol et al., 2023). This variation shows that the success of
technology integration depends on teacher readiness, policy support, and the sociocultural
context of the school .

ILE strengthens conceptual, procedural, and reflective knowledge through a combination of
digital visualization and project-based learning . Overall, these findings reinforce the argument
that effective ILE integrates mathematical knowledge and skills holistically, rather than treating
them as two separate domains. From Vygotsky's (1978) perspective, technology within ILE
functions as a mediating tool that facilitates scaffolding and productive social interaction,
enabling students to progress beyond their initial abilities within the Zone of Proximal
Development (ZPD). From the TPACK perspective (Mishra & Koehler, 2006), the studies with the
best outcomes are those that successfully balance mathematical content, active pedagogical
approaches, and appropriate technology rather than simply adding technology to conventional
instruction.

Technology integration within ILE fosters the development of 4C skills, namely critical
thinking, creativity, collaboration, and communication. Simulations and VR are most effective in
fostering critical thinking and creativity, while online collaboration platforms such as LMS
strengthen collaboration and communication through digital projects and forums. This finding
reinforces the view that technological diversity creates synergy among complementary 21st-
century skills. ILE has proven to be an effective framework for integrating STEM learning. Flexible
spaces support the engineering design process and collaborative inquiry, while digital
technologies such as VR and simulations deliver authentic STEM experiences that connect
mathematics, science, and technology concepts. A project-based learning approach within ILE
also strengthens cross-disciplinary collaboration and students' creative thinking skills (Akinpelu
& Alamu, 2023). ILE thus functions as a conceptual bridge between mathematical theory and
cross-field application, while enhancing the relevance of learning to 21st-century needs.

Overall, the findings of this study confirm that the effectiveness of ILE is determined not only
by the technology used, but also by pedagogical innovation, a collaborative culture, and school
infrastructure readiness. This reinforces the notion that the implementation of technology-
integrated innovative learning environments must be tailored to local contexts and supported
by ongoing teacher training. A limitation of this study lies in its scope, which remains limited to
open-access publications and does not cover all non-English-language literature. Future
research is therefore recommended to broaden the range of literature sources and to develop
a contextual, empirical STEM-based ILE model for mathematics education in developing
countries.

CONCLUSION

This systematic review makes three main contributions. First, conceptually, this study
comprehensively maps the trends, forms of technology integration, and characteristics of ILE in
mathematics learning over the past 13 years (2013-2025).

The reviewed studies characterize ILEs not merely as innovations in physical space, but as
multidimensional learning environments combining physical, pedagogical, social, and
technological elements. Second, theoretically, these findings reinforce the relevance of
Vygotsky's (1978) social constructivism theory: technology within ILE functions as a mediating
tool that facilitates scaffolding and the construction of mathematical knowledge through social
interaction. The TPACK perspective further confirms that effective technology integration
depends on the balance among content, pedagogy, and technology, rather than on technology
use alone. Third, practically, this study shows that technology-based ILE is able to develop three
types of mathematical knowledge (factual, conceptual, procedural), 4C skills (critical thinking,
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creativity, collaboration, communication), and support STEM integration through cross-
disciplinary project-based learning.

The success of ILE implementation is determined not by technology alone, but by pedagogical
innovation, a collaborative culture, and infrastructure readiness tailored to local contexts.
Future research is therefore recommended to expand its scope to more geographical contexts
and primary—secondary education levels, and to develop a contextual, empirical STEM-based ILE
model. Education practitioners and policymakers need to prioritize ongoing teacher training and
the strengthening of digital infrastructure so that ILE can become a genuine bridge between
theory, practice, and the educational needs of the 21st century.
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