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ABSTRACT

	This review synthesises empirical research on digital technologies in higher mathematics education and examines their effects on conceptual understanding, motivation, and barriers to digital tool use. The study employed a qualitative meta-synthesis of forty-three peer-reviewed studies published between 2000 and 2025, incorporating qualitative and mixed-methods research; quantitative studies were included descriptively to contextualise the findings. Data were analysed through descriptive coding and thematic analysis, considering publication year, country, methodology, digital tools, outcomes, and barriers. The reviewed papers covered technologies such as CAS, GeoGebra, AI tools, LMS platforms and digital assessment systems. The findings demonstrated significant, positive impacts of digital tools on visual-based understanding, advanced cognitive processes, motivation and engagement. Numerical analysis showed that 65% of studies reported improvements in conceptual understanding, 56% reported increased motivation and engagement, and 30% identified barriers such as technical challenges. Additionally, AI tools exhibit potential yet present risks due to erroneous outputs. Principal obstacles encompassed technical challenges, insufficient digital competencies, teacher preparedness and students' excessive dependence on technology. Digital technologies augment learning when complemented by adequate training, infrastructure and pedagogically effective integration. A major limitation lies in the uneven methodological distribution across studies. Further research is required regarding AI-driven systems, cross-cultural implementation and technology-aligned assessment.
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1. INTRODUCTION 
Digital technologies have become widely used in education throughout the 21st century. Students learn through technology, which transforms their educational experiences by enabling new ways to engage with content (Harleem et al., 2022; Ngongpah & Yetunde, 2025). Digital resources have influenced mathematics education by enabling students to engage with complex subject matter in a more engaging and accessible way. These technologies create active learning spaces which enable students to experiment with new ideas while they develop their understanding through trial and error (Sitthiworachart et al., 2022). Digital tools enhance students’ ability to understand complex concepts and their ability to solve real-world problems through mathematical reasoning (Cirneanu & Moldoveanu, 2024; Anagrolia & Inderpreet, 2023).
Research studies about digital technology implementation in mathematics education have been conducted over many years. The majority of research studies about technology in education have shown that individual technology use leads to greater conceptual understanding, procedural skills, improved cognitive abilities and positive student attitudes towards technology (Mendezabal & Tindowen, 2018; Fabian et al., 2018). 
Higher education mathematics students benefit from these technologies as they provide visual learning experiences and step-by-step problem-solving assistance for mathematical problems (Bhatt, 2021). Students who use GeoGebra and Desmos advanced mathematical software generate mathematical models that represent real-world situations, which helps them understand difficult concepts better (Koyunkaya & Tekin Dede, 2024). Through these tools, students visualise relationships between shapes while studying three-dimensional function graphs, which helps them understand abstract mathematical concepts (Vágová & Kmetov, 2019). Computer Algebra Systems (CAS) such as Mathematica and MATLAB are utilised to solve calculus and algebra problems as they allow symbolic expressions and build complex models (Kabaca, 2006). The combination of theoretical learning with practical applications through these tools creates effective learning experiences which support students’ understanding of complex concepts.
Digital technologies enhance problem-solving skills, increasing student’ interest in mathematical subjects and improving their conceptual understanding. The research by Drijvers & Sinclair (2023) demonstrates that technology functions as a cognitive tool that facilitates students to develop innovative methods to understand mathematical structures. It has become an integral part of mathematics education as it connects theoretical knowledge to a real-world context (Hoyles, 2018).
Technologies have an impact on advanced mathematics education by helping students understand abstract concepts and formal logical systems. Studies suggest that digital tools foster deeper conceptual understanding in mathematics, with especially strong effects in calculus, differential equations and linear algebra education (Sofroniou et al., 2025; Bruna et al., 2025). The tools enable students to create interactive visualisations while executing mathematical symbols and running simulations, which together help them overcome learning challenges. Giving better mathematical understanding, digital tools allow students to detect patterns of functions which cannot be seen in traditional learning (Azra, 2025).
There is insufficient research on its effectiveness and best practices for implementation (Hidayat & Firmanti, 2024). Research about technology in mathematics education isolated aspects, including student achievement results, student emotional involvement and barriers that arise during implementation. The current research gap requires synthesising findings from prior work to understand digital tools’ effects on educational practices in mathematics education. Previous studies have examined individual mathematical tools such as GeoGebra, AI Technologies and CAS software (Tassilova et al., 2025); however, there is a lack of evidence regarding their collective impact on higher mathematics education. The study must examine the ways in which various technologies enhance educational outcomes for both students and educators within advanced mathematical learning contexts (St Omer et al., 2025).
1.1 Previous Meta-synthesis work
The existing body of meta-synthesis research focuses on specific technological implementations for mathematics education. A previous study (Morali & Korkmaz, 2022) conducted a substantial meta-synthesis to evaluate how augmented reality (AR) functions in educational spaces together with their corresponding theoretical foundations. The research findings demonstrate multiple essential results from this review. The research shows that students experience better learning outcomes and increased enjoyment when they use AR technology in their mathematics education. Students who use augmented reality technology can interact with geometric shapes through visualisation and manipulation, which leads to better spatial abilities, enhanced reasoning skills and conceptual knowledge. The implementation of AR technology helps students reduce their mental workload because it creates an independent learning environment (Morali & Korkmaz, 2022).
The implementation of AR technology in mathematics education requires understanding its specific constraints. The review established that students face two main obstacles to learning effectively because of technical issues and classroom distractions. Classroom distractions create negative effects on the relationship between student engagement and understanding acquisition (Morali & Korkmaz, 2022). The review demonstrates that current applications lack both accessibility features and diverse functionality. The research lacks studies about software compatibility and GeoGebra 3D AR platform integration.
The research provides essential knowledge about using AR in mathematics teaching (Morali & Korkmaz, 2022), yet it fails to present a complete picture of other digital educational tools. The research lacks sufficient investigation into CAS, Artificial Intelligence (AI) and Graphical Tools, which are essential for higher mathematics education.
This paper investigates digital technology applications in advanced mathematics education through a meta-synthesis approach. By combining qualitative, quantitative and mixed-method designs, this study addresses four primary research questions.
· What are the descriptive characteristics of studies on digital technologies in higher mathematics education (e.g., publication year, country, design and technologies used)?
· What methodologies and research purposes are represented in these studies?
· What outcomes have been reported in relation to conceptual understanding, engagement and motivation?
· What challenges and barriers are identified in the integration of digital technologies in higher mathematics learning and teaching?

2. methodology 
2.1 Research Design
This research employed qualitative meta-synthesis to combine results from various studies about digital technology applications in higher mathematics education. Meta-synthesis enables researchers to combine different qualitative and mixed-methods studies through a systematic interpretative process (Noblit & Hare, 1988; Walsh & Downe, 2005). 
Although this review adopts a qualitative meta-synthesis approach, quantitative studies were also included because they provide empirically grounded descriptions that enrich the qualitative interpretations. In line with established guidance for interpretive and integrative reviews, quantitative findings can contribute contextual information, patterns of use and outcome variations that support a more comprehensive understanding of how digital technologies function in higher mathematics education. Importantly, only quantitative studies that provided sufficiently detailed descriptions of research design, data collection and findings (as specified in the inclusion criteria) were included, ensuring that their contribution was compatible with qualitative synthesis. Their inclusion enabled the meta-synthesis to consider a broader range of empirical evidence while maintaining an interpretive focus. This design aligned well with the diverse range of technologies, educational settings and achievement results found in existing studies.
2.2 Inclusion and Exclusion criteria
Specific selection criteria were defined to identify which studies to include, demonstrating both significance and methodological transparency. The research synthesis included studies which:
· investigated mathematics education programs that took place at both undergraduate and postgraduate levels within higher education institutions.
· employed qualitative, quantitative and mixed methods approaches to deliver empirical findings.
· investigated the use of digital technologies through CAS, dynamic geometry software, AI platforms, Learning management systems and digital assessment tools.
· provided detailed information about its research design, data collection procedures and findings.
· appeared in academic journals that were peer-reviewed or academic conferences.
· the full text was available in English. 
Studies were excluded if they:
· did not focus on higher mathematics education.
· lacks empirical evidence and only discusses theoretical concepts.
· addressed digital literacy without mathematics.
· lacked accessible full text or essential methodological information.
The selection criteria align with established procedures found in educational meta-synthesis and systematic review research (Thomas & Harden, 2008).
2.3 Search Strategy and Study Identification
Database searches were carried out using Scopus, Web of Science, ERIC and Google Scholar. Boolean operators (AND, OR) were employed to develop search terms, including mathematics AND digital technology; CAS OR GeoGebra; AI in education AND mathematics; technology-enhanced learning AND higher education. Several search limits were applied, such as restricting papers to the mathematics subject and higher education.
A total of 420 studies were identified with these search terms. The initial screening involved reviewing the titles and abstracts of potential studies. Researchers then analysed full-text versions of studies that were promising based on predetermined criteria. Ultimately, 43 studies met the inclusion criteria.
2.4 Data Extraction and Data Analysis
A standardised data extraction format was used, which maintained uniformity across studies. The extraction process followed Thomas & Harden (2008) and Braun & Clarke (2019) recommendations by documenting: publication year, country or region, research aims, technologies used, research design and methodology, reported outcomes (e.g., conceptual understanding, motivation) and challenges and barriers. Data were organised and coded with spreadsheet software.
Two primary analytical approaches were adopted, which included descriptive analysis and thematic analysis. Descriptive coding was conducted to categorise studies by their geographical settings for examining geographical trends. Their publication years for tracking trends over time and their technological domains and research approaches, which included qualitative methods, quantitative methods and mixed-methods strategies.
The Thematic analysis framework (Braun & Clarke, 2019) helped researchers capture recurring patterns in the data. A step-by-step process was executed to generate both specific results and trustworthy findings. Then, a thorough examination of the data was conducted to identify vital relationships between different components. Researchers developed a coding framework which allowed them to conduct a systematic analysis of their results. Findings were organised in a structured format, which combined specific definitions with technical terminology to create an authoritative and unified presentation. This method enabled the identification of recurring patterns which emerged from research goals and results, teaching approaches and technology implementation difficulties. It serves educational studies to combine qualitative evidence (Clarke & Braun, 2013; Nowell et al., 2017).
Lastly, effect sizes were calculated to give a numerical representation of each finding's and each study's overall strength. In other words, by including effect sizes, it’s able to evaluate not only the statistical significance of an outcome but also the magnitude or impact of the observed effects (Sandelowski et al., 2006).

Frequency Effect Size (FES) is a method used to quantify the magnitude or practical significance of a finding by analysing the frequency of occurrence (prevalence rates) of specific themes, determinants, or outcomes within a body of research, especially in systematic reviews or qualitative-to-quantitative data transformations.





The same formula was employed to determine the FES values within the various sub-themes that comprise the primary themes. In that instance, the calculation employed the total number of studies associated with the primary theme, rather than the total number of studies incorporated within the review. In practical terms, an FES of 65% means that 65% of the included studies reported evidence for that theme, indicating it is widely supported across the literature.

If the FES value is high, then we can say more studies contribute as evidence to that theme. Intensity Effect Size (IES) was calculated to determine the extent to which each study contributed to the overall synthesis. The IES score represents the number of themes each study introduces relative to the complete number of themes found in the review.




Studies that investigate multiple themes receive higher IES values because they contribute more to the synthesis, while studies that focus on fewer themes receive lower IES values.  A higher value of IES indicates a study conceptually richer, or that contributes to a broader range of themes. For example, an IES of 75% means that a study contributed to three-quarters of the identified themes, indicating a broad conceptual contribution. The IES measurement works together with Frequency Effect Size (FES) to demonstrate how individual studies impact the thematic organisation of research findings. 


3. RESULTS 
This study involved a meta-synthesis of 43 studies from multiple regions, published between 2000 and 2025, focusing on higher mathematics education, analysing different characteristics of the published literature and this section summarises the results. The results have been organised according to the research questions.
3.1 Descriptive Characteristics
To address the first research question regarding the descriptive characteristics of the included literature, the findings have been categorised by publication year, the countries of origin, the digital tools examined in the studies and the research designs employed in the studies.

3.1.1 Publication Year
The studies included in this meta-synthesis range from 2000 to 2025, as illustrated in Figure 1. Over fifty per cent of these studies were published after 2020, indicating a notable trend in the integration of digital technologies in higher mathematics education. This notable increase indicates the greater integration of digital tools in higher education, especially following the COVID-19 pandemic (Broadbent et al., 2023; Sofroniou et al., 2024).

Figure 1: Publication Year Trends of the Included Research Articles.
3.1.2 Overview of the Research Design
The research designs of the studies varied. While qualitative research design and mixed-method design were commonly used, as shown in Figure 2, a few also employed exclusive quantitative designs.  These studies were retained in the synthesis since they used descriptive survey methods as their data collection tools. Since this paper mainly examines the qualitative aspects of the findings, descriptive statistics provide a good overview of the quantitative findings, complementing the qualitative data. 

Figure 2: Overview of Research Designs Among the Included Studies.

3.1.3 Countries where Studies were Published
The research studies from this review cover multiple countries, as higher mathematics educators worldwide show ongoing interest in digital technology applications. A large proportion of the studies originated from Malaysia, South Africa and the United States, focusing on GeoGebra and CAS platforms, AI systems and online learning platforms.
Several European nations, such as Estonia, Latvia, Turkey, Italy, Germany, Sweden, Finland and Belgium, conducted research on student views, digital assessment instruments and technology-enhanced pedagogical approaches. Literature from Asian countries, including Saudi Arabia, Indonesia, South Korea, India and Kazakhstan, demonstrated an increasing interest in adaptive learning systems, artificial intelligence technologies and digital problem-solving tools.
Comparative studies have investigated AI-driven learning systems and the technological competencies of educators across various countries. Additionally, research on the incorporation of digital technology in mathematics education encompasses various global regions, each facing distinct challenges and priorities.
3.1.4 Commonly Used Digital Technologies
This meta-synthesis identified specific trends in the use of digital technology. Recent investigations have explored AI-driven technologies in mathematics education, such as ChatGPT and specialised AI systems (Serhan & Welcome, 2024; Vintere et al., 2024). Many studies focused on three main aspects of AI technology: its methods for generating feedback, its ability to create personalised learning pathways and its impact on students’ mathematical problem-solving abilities (Davies et al., 2021; Pholo & Ngwira, 2013).
Moreover, research papers from various countries have examined GeoGebra as an educational tool for advanced mathematics subjects. The tool was preferred due to simple access to powerful visualisation, which effectively supported the learning of function, geometry and calculus education.
Some studies applied Computer Algebra Systems (CAS) through Maple, Mathematica, Maxima and MATLAB to support symbolic manipulation, differential equations and problem-solving activities that required procedural and conceptual thinking. The systems allowed students to execute symbolic operations, solve differential equations and complete problems that required both procedural and conceptual understanding.
A few studies incorporated Learning Management Systems (LMS), which used Moodle, Blackboard and Web CT, as well as general e-learning platforms for their investigations. The tools functioned to share educational materials while allowing students to interact with each other, manage their work and receive assessment results.
Some digital tools were less common, including flipped-classroom resources (videos, e-books), gamification tools and interactive digital simulations.
3.1.5 Research Aims of Studies
The studies in the dataset investigated multiple research objectives. The majority of research investigated how digital tools enhance student conceptual learning in calculus, differential equations and multivariable functions. These studies examined whether GeoGebra, CAS platforms and dynamic graphing environments enhance students’ understanding of complex mathematical concepts. Another focus of the studies was students’ emotional and cognitive reactions to digital tools and their effects on mathematical task engagement, motivation and confidence enhancement. The overview of these studies is given in the Appendix table 1.
Several studies, such as D09, D39, examined the integration of digital tools in education by exploring teacher technology utilisation, modifications in pedagogical approaches and the requirement for professional development. These studies examined teacher readiness and their TPACK competencies, along with the challenges they face in utilising digital resources in their instruction.
Furthermore, digital intervention strategies can improve learning outcomes and problem-solving skills. Adaptive platforms, intelligent tutoring systems and online homework systems were examined to assess the impact of technology on student achievement and learning behaviours (D15, D16, D17, D19, D21, D23, D28).
Recent work has focused on AI-based tools, including ChatGPT and other generative models, to understand their impact on higher mathematics education. The primary focus was AI usage patterns, accuracy levels and their effects on learning methods, as well as the potential advantages and disadvantages for mathematics education (D16, D17, D28, D30, D31, D32, D42).
In summary, the studies cover both exploratory questions (how do students/teachers perceive and use these tools?) and evaluative questions (what effect does the tool have on learning outcomes or teaching practices?). Across the board, there is a purpose of finding ways to enhance mathematics learning through digital means, whether by improving understanding of mathematics content, increasing student engagement, or making teaching more effective.
3.2 Effects of Digital Technologies on Students’ Conceptual Understanding
The studies included in this review demonstrate that digital technologies have a meaningful impact on students’ conceptual understanding of mathematics in several distinct ways (FES 65%). Four major themes emerged: visualisation-based understanding, higher-order and meta-cognitive thinking, application to real-life contexts and understanding that moves beyond the manipulation of formulas. These themes, together with the studies contributing to each area, are summarised in Table 1.
Table 1: Categories of Conceptual Understanding Reported in the Included Studies.
	Category
	Study ID
	Reported outcomes related to Conceptual understanding 

	Visualisation-Based Conceptual Understanding
	D01, D03, D05, D24, D26, D34, D38
	Students can recognise visual graphs and 3D surfaces of geometric shapes by using digital tools.

	
	D06, D10, D20, D22, D27, D36, D37
	Digital tools support students to learn visually and enhance mathematical reasoning.

	Higher-order and meta-cognition thinking
	D18, D42
	Students reported developed critical thinking and problem-solving skills using technology in mathematics learning.

	
	D20, D29, D39, D43
	Technology enhances self-regulated learning and strategic problem-solving in mathematics

	
	D25, D30, D43
	By providing guided explanations, technologies enhance students’ conceptual strategies. 

	Application in real-life
	D28
	Demonstrating conceptual development within applied mathematical domains such as geometry and algebra.

	
	D35
	Students can connect mathematical understanding into real-life scenarios

	Understanding beyond formulas
	D04, D07, D08, D13, D16, D17, D25, D28, D32, D42
	Students can see mathematics beyond memorising formulas.



3.2.1 Visualisation-Based Conceptual Understanding
A large portion of studies found that digital tools help students make sense of mathematical ideas through visual means (FES 40%). Dynamic graphing software and three-dimensional visualisation tools allowed learners to explore curves, surfaces and geometric relationships in ways not possible with conventional textbook graphics.
Other studies indicated that these visual tools are valuable, especially for students who learn best through visuals and graphs, as they allow learners to connect algebraic expressions with their graphical or spatial forms. In a smaller number of papers, digital environments were linked to the development of broader conceptual and critical thinking skills, as students were encouraged to investigate how and why visual representations behave as they do.
3.2.2 Higher-Order and Meta-Cognitive Thinking
Another common theme found in studies was how technology enables students to develop their Higher-order thinking skills (FES 26%). According to several studies, digital platforms enable students to evaluate their reasoning methods and reflect on their learning while controlling their learning activities. The interactive design of these tools required students to explain their choices and make necessary adjustments to their thinking processes. The research findings from D25, D30 and D43 demonstrated that students developed improved conceptual strategies through guided digital activities, which moved them past basic understanding levels. Digital tools, when used effectively, enable students to develop flexible thinking abilities while strengthening their meta-cognitive skills.
3.2.3 Application of Concepts to Real-Life Contexts
Students used digital tools to demonstrate conceptual understanding through geometric-algebraic connections (FES 6%). The research revealed that technology enables students to link mathematical concepts with real-world applications. The research D35 shows how students can link mathematical concepts to engineering problems through technology, which demonstrates the real-world value of complex course content. Digital tools effectively link academic concepts to practical applications in real-world settings.
3.2.4 Understanding Beyond Formulaic Manipulation
Another theme found is how technology helps students understand mathematical concepts beyond formula memorisation (FES 29%). Students developed more robust visual representations of mathematical concepts through their use of interactive demonstrations, simulations and symbolic manipulation tools.
Individuals currently comprehend mathematical relationships by grasping their operational mechanisms and the rationale underlying mathematical laws. These conceptual gains influenced students’ responses to mathematics education. Several studies reported that as students developed stronger conceptual grounding through visualisation and meta-cognitive support, their confidence in the subject increased. 
3.3 Students’ Motivation in Mathematics
Included studies indicated various methods by which digital technologies impacted students’ motivation in learning mathematics (FES 56%). Four motivational factors emerged: engagement with peers, engagement with mathematical content, enjoyment and appreciation of technology-enhanced learning. Interactive and multimedia tools tend to promote active engagement and enjoyment, which “fosters greater student engagement and exploration” according to a recent systematic review (Saad et al., 2025). Table 2 summarises these categories, the studies contributing to each and the associated learning objectives.
Table 2: Categories of Student Motivation Reported in the Reviewed Studies.
	Category
	Study ID
	Description

	Engagement with other students
	D40
	Students adapted social and collaborative skills from using digital tools.

	Engagement with subject
	D01, D03, D06, D07, D14, D19, D22, D24, D26, D30, D35, D37, D39, D41
	Digital tools supported students to engage more with mathematics topics.

	Student enjoyment
	D05, D12, D26
	Students reported increased enjoyment while learning mathematics with technology. 

	Appreciation of technology-enhanced learning
	D16, D18, D21, D23, D28, D31, D36, D39
	Students and instructors both valued teaching and learning mathematics using digital tools.



3.3.1 Student Engagement and Enjoyment
The research study D40 investigated how digital tools enable students to develop social learning skills (FES 4%). Technology allows students to build better peer relationships, including teamwork, communication and collective problem-solving. The limited number of studies indicates that digital tools could improve student participation in mathematics learning spaces while also enhancing their academic involvement.
Digital tools help students become more active with mathematical concepts (FES 58%). They become more interested in learning through interactive platforms, which provide immediate feedback and visual tools for independent study with interactive visualisations. The features of these tools made mathematical content more accessible and more relevant, which led students to maintain their focus and dedication.
Students developed more positive feelings towards mathematics through digital tool integration in their educational process (FES 13%). Some studies highlighted that participants developed enjoyment through digital learning platforms because these platforms enabled them to handle virtual objects and check their reasoning while working independently. This indicates that students will continue working on difficult tasks when technology supports learning experiences that are engaging and accessible.
3.3.2 Appreciation of Technology-Enhanced Learning
A significant number of studies demonstrate that students and teachers develop positive feelings about using digital tools for mathematics education (FES 33%). The educational value of technology extended beyond performance enhancement. It created an improved learning environment. The digital tools enabled teachers to present information differently while helping students understand complex material better and creating more interesting classroom activities. The positive feelings students developed toward mathematics learning were closely related to their appreciation of digital tools.
3.4 Pedagogical Transformation: Comparison of Traditional and Digital Learning Preferences
Higher mathematics education through digital technology implementation transformed student learning experiences while requiring teachers to adopt new teaching methods. The research studies demonstrated two distinct patterns because students used technology as an addition to their existing learning methods, or they preferred digital tools instead of traditional teaching methods (FES 28%).
3.4.1 Support for traditional learning
The research findings (FES 17%) showed that some students maintained their preference for using paper and pen when studying mathematics. The students preferred traditional pen-and-paper methods since they found digital tools required more time to use them effectively daily. Students who used traditional methods experienced better problem-solving control and fewer distractions with a clear understanding of the topic. Digital learning tools do not appeal to all students; As a result, technology integration needs to consider individual preferences and digital competency levels.
3.4.2 Digital learning preferences over traditional learning
Many research studies (FES 83%) demonstrated that students now prefer digital learning methods rather than traditional teaching methods. Those who learned digital tools efficiently discovered that they worked better for problem-solving and provided better learning experiences. Students explained that digital tools enabled them to develop their skills better while giving them instant feedback and allowing them to investigate mathematical concepts through different approaches. The digital learning experiences created a more accessible and relevant learning environment, which indicates that technology should lead the transformation of teaching methods in higher mathematics education.
3.5 Barriers to the Use of Digital Technologies in Higher Mathematics Education
Various challenges were identified across all studies, which limit the effective use of digital technology in higher mathematics education (FES 30%). This review identified five main barriers encountered in implementation when digital technology is implemented from the included studies, including technical issues, student reliance on technology, inaccuracy, teacher readiness and digital skill limitations. The research findings appear in Table 3.
Table 3: Categories of Barriers to Digital Technology Integration in Higher Mathematics.
	Category
	Study ID
	Barrier Explanation

	Technical barriers
	D05, D06, D08
	Technology is time-consuming, prone to glitches and affected by unstable or slow internet connectivity.

	Over-reliance on technology
	D06, D13, D33, D42
	Students depend on technology for answers rather than applying mathematical reasoning.

	Inaccuracy of AI tools
	D30, D42, D43
	AI-based systems such as ChatGPT may generate incorrect or misleading responses.

	Teacher readiness
	D09, D11, D27, D35
	Instructors require additional training to integrate digital tools effectively into mathematics instruction.

	Lack of digital skills
	D02, D22
	Students often lack the necessary digital competencies to use technology effectively in advanced mathematics courses.




3.5.1 Technical Barriers
Research across different studies shows that technical problems produce major barriers which disrupt the learning and teaching process (FES 19%). The technology system was time-consuming and it occasionally produced system failures, which disrupted classroom activities and prolonged learning processes. Students faced difficulties with their internet connection stability and speed, which prevented them from using online tools. The unstable digital platforms created by technical problems made students and teachers less likely to use them for regular learning activities.
3.5.2 Over-Reliance on Technology
A subset of studies identified that students developed a heavy reliance on technology (FES 25%). Students used digital tools as immediate answers instead of using them to enhance their mathematical comprehension. Students who heavily depended on technology reduced their ability to think critically in solving problems with symbolic or multi-step equations
3.5.3 Inaccuracy of Digital Tools
Digital tools, including the new AI system ChatGPT, generate incorrect and inaccurate results (FES 19%). Before students had received proper evaluation skills, they encountered a likelihood of accepting inaccurate outputs. The available research shows that students require suitable training on digital tool operation and independent outcome verification practices.


3.5.4 Teacher Readiness
Teacher preparedness was a major challenge that needed to be addressed (FES 25%). Several research works pointed out that many educators require additional training to incorporate technology effectively into their teaching methods. Teachers who lack sufficient professional development face challenges in using tools and designing learning activities. The absence of teacher readiness imposed a limitation that prevented technology-enhanced learning from achieving its maximum educational benefits.
3.5.5 Lack of Digital Skills
Students who study advanced mathematics often have limited digital skills needed to work with technology (FES 13%). The participants from studies D02 and D22 showed inadequate skills for using digital tools, which are necessary for advanced higher mathematics education. They faced multiple technical problems when working with digital platforms, as they struggled to manage software systems. They needed proper training and support to fully participate in technology-based educational activities.
The advantages of digital technologies become evident through these obstacles, which demonstrate the need for supported technology deployment. The successful integration of technology requires solving technical problems and building infrastructure while providing educational support to teachers and students and updating teaching methods and educational materials. The research demonstrates that technology adoption faces two major barriers, which include unstable internet connections and mental exhaustion, that need strong strategic plans and support systems. Institutions can achieve digital tool advantages for mathematics education through proper planning, which includes identifying potential risks and establishing suitable preventive measures.

3.6 Intensity Effect Size of included studies
Intensity Effect Sizes (IES) were calculated for all 43 studies to evaluate their individual impact on the final synthesis results. IES values spanned between 25%-100% which shows significant differences in how much each study contributed to the analysis. several studies (e.g., D01, D05, D06, D18, D22, D26, D27, D28, D35) achieved high (75%) IES score which indicates their strong influence across various themes. One study D30 achieved a very high IES (100%) score which enabled it to contribute to all identified themes. By contrast, many studies (e.g., D02, D04, D09, D10, D11, D12, D14, D15, D21, D29, D31–D34, D38, D40, D41) achieved low IES (25%) score, which resulted in restricted thematic application. IES scores distribution shows how different studies affected the thematic organisation of the meta-summary to varying extents.
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Figure 3: Distribution of Intensity Effect Size (IES in %) across 43 included studies.



4. DISCUSSION

4.1.  Characteristics and Patterns Observed Across Studies
A growing body of research has explored how digital technology affects students’ ability to understand mathematical concepts. This is consistent with existing studies, which demonstrate that digital environments with visual and interactive features enable students to link symbolic, graphical and numerical representations (Tall, 2013; Pierce & Stacey, 2010).
Current findings focused on two main objectives, which examined student perceptions and their attitudes and beliefs toward digital technology. The results demonstrated students had mixed reactions to technology-based learning, which supports earlier studies showing student acceptance of digital interventions determines their impact (Davis, 1989; Kaput et al., 2020).
Studies about AI technologies, including ChatGPT generative models, started to appear as a new trend in the field. The research papers evaluated how well AI tools performed, how students relied on them and whether AI tools helped or obstructed their mathematical thinking processes. These findings align with current academic discussions about AI implementation in higher education institutions (Kasneci et al., 2023).
The distribution of studies indicates worldwide interest in digital mathematics education, yet it is affected by technological priorities and available resources in different regions. The studies from South Africa and Ethiopia focused on rural infrastructure problems, while European research directed its attention to assessment technology, AI and pedagogical design.
GeoGebra stands as a prominent digital tool which enables students to visualise, dynamically manipulate and explore mathematical structures. Recent studies have increased examination of AI platforms such as ChatGPT due to their sophisticated adaptive and generative capabilities, aligning with contemporary digital learning research trends (Holmes, Bialik, & Fadel, 2022).
4.2 Conceptual Understanding Gains 
Digital tools can help students build conceptual knowledge through visual learning experiences. With an FES of 65%, the finding can be considered moderately to highly prevalent among the included studies. Students used interactive tools to study mathematical connections which static diagrams cannot effectively show. This pattern reflects previous work, which proved that visual learning methods create essential conditions for students to achieve deeper mathematical understanding (Arcavi, 2003; Kaput et al., 2020). Technology enables students to develop higher-level thinking abilities and meta-cognitive skills through reflective practice and self-assessment of their reasoning processes. Supported by previous studies, which illustrate that digital learning environments enable students to develop self-regulated learning skills and conduct conceptual investigations (Azevedo et al., 2011). Digital tools allow students to connect mathematical concepts to practical situations, which supports the idea that contextualised activities and interactive simulations enhance learning transfer (Jonassen, 2011).
4.3 Trends in Student Motivation, Engagement and Instructional Shifts
Technology-based learning platforms lead students to develop greater motivation while making learning more enjoyable and engaging. At 56% of FES, the finding reflects a pattern that is common enough to be meaningful but not universally observed across all studies. Similar conclusions were drawn by previous studies (Fredricks, Blumenfeld, & Paris 2004; Hartnett, 2016), which demonstrate that digital tools with interactive features and feedback capabilities increase student motivation in STEM subjects. Students choose digital learning methods as they give them the option of flexible learning and instant access to interactive technological features.
4.4 Challenges and Barriers in Digital Mathematics Education
The study revealed various obstacles which students faced throughout their learning journey. With a frequency effect size of 30%, the theme manifests intermittently but does not constitute a primary focus in many studies.
The excessive use of technology creates problems for students as ChatGPT and other AI tools produce incorrect information. Borowski (2023) showed concern about generative AI systems which produce incorrect mathematical explanations based on current research findings. Teacher readiness stands as a critical problem. They need training since their digital education competencies affect student learning success (Mishra & Koehler, 2006). 

4.5 Ethical Issues in the Use of AI for Mathematics Education

The implementation of AI technology in higher mathematics education produces two types of problems which affect teaching methods and student learning processes.  The main concern about AI systems involves their ability to generate incorrect explanations and answers and flawed reasoning steps.  Students will accept these results without proper verification procedures, which will damage their mathematical understanding.  Teachers need to educate students on how to evaluate AI responses instead of accepting them without question.
Academic honesty is equally important.  The use of AI systems to create complete answers and step-by-step solutions and assignments leads to increased plagiarism which hinders authentic learning.  Educational institutions need to create AI guidelines which promote both responsible and transparent usage of these systems.  The system needs to maintain fairness and accessibility because students from low-income backgrounds lack access to AI tools and sufficient digital resources.  The ethical problems require students of advanced mathematics to develop critical AI literacy skills for proper and ethical technology usage.


5. Conclusion

Research indicates that digital tools, including established software like GeoGebra, CAS and emerging AI platforms, have the potential to enhance understanding of higher mathematics concepts while increasing their motivation and class participation. The success of these tools largely depends on infrastructure, digital competence, pedagogical alignment and risk management.
Several limitations must be noted. This review is restricted to empirical studies, which excluded both conceptual research and design-focused investigations. The review might not represent all current experimental technologies since it focuses on empirical studies. The research studies in this review originated from countries that included Malaysia, South Africa and the United States at higher rates than other nations. The research findings may not be universally applicable as they vary across regions. This review does not include AI-driven tutoring systems, automated mathematical reasoning tools and advanced analytics. These tools have not received enough empirical validation since their introduction.
The research findings from this review establish key avenues for upcoming research and educational applications of digital technologies in higher mathematics education. Research studies should broaden their geographic coverage by incorporating underrepresented areas while retaining varied technical frameworks, infrastructure systems and cultural components. Ongoing research into assessment approaches is critical for improving the convergence of technology- driven learning and effective evaluation techniques. Future research should focus on: AI tool effects on students over time, how different cultures adopt digital tools and creating assessment methods that align with technology-based mathematics education.
Institutions must build strong digital infrastructures and train their employees to use technology efficiently, while also developing techniques to enhance student-centred mathematical learning. Global digital education initiatives are needed to combine technological advancements with pedagogical frameworks and ethical standards for mathematics instruction.

Instructors should use digital tools to support student visual learning and exploration activities instead of focusing on solving problems through procedural methods. Ongoing professional development is important to build their digital skills and create successful technology-based learning experiences. Higher education institutions need to set up dependable digital systems which provide technical assistance to students for achieving equal access to educational resources.
Future research should focus on evaluating multiple digital tools against each other while studying student learning outcomes from AI systems and developing new assessment methods that match technological capabilities. Research expansion into underserved areas and multiple cultural settings will create a worldwide understanding of technology's impact on advanced mathematics education. 








DISCLAIMER ARTIFICIAL INTELLIGENCE

Author(s) hereby declare that NO generative AI technologies, such as Large Language Models (ChatGPT, Copilot, etc.) and text-to-image generators, have been used during the writing or editing of this manuscript.



References

Alshehri, S. M. (2023). Students’ perceptions in undergraduate online math courses. Cogent Education, 10(1). https://doi.org/10.1080/2331186x.2023.2203069

Arcavi, A. (2003). The role of visual representations in the learning of mathematics. Educational Studies in Mathematics, 52(3), 215–241. https://doi.org/10.1023/a:1024312321077

Arifin, N. A., & Asmar, N. (2021). Investigation of students’ perception of learning calculus with GeoGebra and the learning cycle model. Journal of Mathematics Education Research, 13(2), 12443.

Aruvee, E., & Vintere, A. (2022). Use of ict in mathematics studies to develop digital skills of undergraduate engineering students. 21st International Scientific Conference Engineering for Rural Development Proceedings, 21. https://doi.org/10.22616/erdev.2022.21.tf291

Azra, H. (2025). The Effect of Digital Visualization Tools on Understanding of Non-Linear Functions in Advanced Algebra: A Mixed Methods Study in Georgia Schools, USA. European Journal of Education and Pedagogy, 6(5), 13–18. https://doi.org/10.24018/ejedu.2025.6.5.991

Azevedo, R., Johnson, A., Chauncey, A., Graesser, A., Zimmerman, B., & Schunk, D. (2011). Use of hypermedia to assess and convey self-regulated learning. Handbook of self-regulation of learning and performance, 32, 102-121. https://doi.org/10.4324/9780203839010.ch7

Bedada, T. B., & Machaba, M. F. (2022). Investigation of student’s perception learning calculus with GeoGebra and cycle model. Eurasia Journal of Mathematics, Science and Technology Education, 18(10), em2164. https://doi.org/10.29333/ejmste/12443

Bhatt, K. P. (2021). Digital Literacy in Mathematics Education: Transformative Praxis in Nepal. Interdisciplinary Research in Education, 6(1), 1–10. https://doi.org/10.3126/ire.v6i1.43412

Braun, V., & Clarke, V. (2019). Reflecting on reflexive thematic analysis. Qualitative Research in Sport, Exercise and Health, 11(4), 589–597. https://doi.org/10.1080/2159676x.2019.1628806

Broadbent, J., Ajjawi, R., Bearman, M., Boud, D., & Dawson, P. (2023). Beyond emergency remote teaching: did the pandemic lead to lasting change in university courses? International Journal of Educational Technology in Higher Education, 20(1). https://doi.org/10.1186/s41239-023-00428-z

Bruna, C. E. R. (2025). Student Perceptions and Beliefs on the Use of Digital Technologies from an Innovation Experience in an Introductory Linear Algebra Course. International Journal of Information and Education Technology, 15(2), 236–245. https://doi.org/10.18178/ijiet.2025.15.2.2237

Cirneanu, A.-L., & Moldoveanu, C.-E. (2024). Use of Digital Technology in Integrated Mathematics Education. Applied System Innovation, 7(4), 66. https://doi.org/10.3390/asi7040066

Clarke, V., & Braun, V. (2013). Teaching thematic analysis: Overcoming challenges and developing strategies for effective learning. The Psychologist, 26(2), 120–123.

Cretchley, P., Harman, C., Ellerton, N., & Fogarty, G. (2000). MATLAB in early undergraduate mathematics: An investigation into the effects of scientific software on learning. Mathematics Education Research Journal, 12(3), 219–233.

Davies, P., Hochmuth, R., & Cronhjort, M. (2021). Technology in university mathematics teaching: STACK as a formative assessment and learning tool.

Davis, F. D. (1989). Perceived usefulness, perceived ease of use and user acceptance of information technology. MIS Quarterly, 13(3), 319–340.

Drijvers, P., & Sinclair, N. (2023). The role of digital technologies in mathematics education: purposes and perspectives. ZDM – Mathematics Education, 56(2), 239–248. https://doi.org/10.1007/s11858-023-01535-x 
Erdoğan, A., & Akinci, T. C. (2023). University students’ perceptions of using digital technologies for mathematical learning: A mixed‐methods study. Education Journal.

Etcuban, J. O. (2025). The use of ChatGPT in addressing Algebra anxiety and promoting confidence. International Electronic Journal of Mathematics Education, 20(2), em0825. https://doi.org/10.29333/iejme/16008

Fabian, K., Topping, K. J., & Barron, I. G. (2018). Using mobile technologies for mathematics: effects on student attitudes and achievement. Educational Technology Research and Development, 66(5), 1119–1139. https://doi.org/10.1007/s11423-018-9580-3

Fardian, D., Suryadi, D., Prabawanto, S., & Jupri, A. (2025). Integrating Chat‐GPT in the classroom: A study on linear algebra learning in higher education. International Journal of Information and Education Technology, 15(4).

Fredricks, J. A., Blumenfeld, P. C., & Paris, A. H. (2004). School engagement: Potential of the concept, state of the evidence. Review of Educational Research, 74(1), 59–109.

Galligan, L., Loch, B., McDonald, C., & Taylor, J. A. (2010). The Use of Tablet and Related Technologies in Mathematics Teaching. Australian Senior Mathematics Journal, 24(1), 38–51. https://search.informit.org/doi/10.3316/informit.157170094176937

Gruber, M., & Faßbender, S. (2025). Digital educational escape game design for STEM higher education. Frontiers in Education, 10. https://doi.org/10.3389/feduc.2025.1497291

Haleem, A., Javaid, M., Qadri, M. A., & Suman, R. (2022). Understanding the role of digital technologies in education: A review. Sustainable Operations and Computers, 3, 275–285. https://doi.org/10.1016/j.susoc.2022.05.004 

Hidayat, A., & Firmanti, P. (2024). Navigating the tech frontier: a systematic review of technology integration in mathematics education. Cogent Education, 11(1). https://doi.org/10.1080/2331186x.2024.2373559

Holmes, W., Bialik, M., & Fadel, C. (2023). Artificial intelligence in education. Data Ethics : Building Trust : How Digital Technologies Can Serve Humanity, 621–653. https://doi.org/10.58863/20.500.12424/4276068

Hoyles, C. (2018). Transforming the mathematical practices of learners and teachers through digital technology. Research in Mathematics Education, 20(3), 209–228.

Ismail, Z. B., Zeynivandnezhad, F., Mohammad Yusof, Y., & Sumintono, B. (2013). Integrating cognitive tools in learning differential equations through mathematical thinking approach. In Proceedings of the IETEC’13 Conference, Ho Chi Minh City, Vietnam.

Jonassen, D. (2011). Learning to solve complex scientific problems. Routledge.

Kabaca, T. (2006). An effective use of a CAS in an advanced calculus course. In 5th WSEAS International Conference on Education and Educational Technology, Tenerife, Spain.

Kaput, J., Hegedus, S., & Lesh, R. (2020). Technology Becoming Infrastructural in Mathematics Education. Foundations for the Future in Mathematics Education, 173–191. https://doi.org/10.4324/9781003064527-10

Kasneci, E., Sessler, K., Paulus, M., et al. (2023). ChatGPT for education: Pitfalls and possibilities. Computers and Education: Artificial Intelligence, 4, 100118.


Koyunkaya, M. Y., & Tekin Dede, A. (2024). Using different digital tools in designing and solving mathematical modelling problems. Education and Information Technologies, 29(14), 19035–19065.

Kumar, A., & Kumaresan, S. (2008). Use of mathematical software for teaching and learning mathematics. In ICME-11 Proceedings (pp. 373–388).

Lepellere, M. A. (2024). GeoGebra applets and homework tasks to help engineering students with 3D visualization in a multivariable calculus course. Italian Journal of Pure and Applied Mathematics, 24, 296–326. 
(available on : https://ijpam.uniud.it/online_issue/202452/22%20Lepellere.pdf )

Letchumanan, M., Husain, S. K. S., Ayub, A. F. M., Kamaruddin, R., & Zulkifli, N. N. (2022). Migrating to Technology Integrated Classes to Promote Higher Order Thinking Skills among University Students: Perspectives from Mathematics Academicians. Malaysian Journal of Mathematical Sciences, 16(4), 749–769. https://doi.org/10.47836/mjms.16.4.08 

Maat, S. M., & Zakaria, E. (2011). Exploring students’ understanding of ordinary differential equations using computer algebraic system (CAS). The Turkish Online Journal of Educational Technology, 10(3), 123–128.

Mannan, A. M. K., Bajuri, M. R., Abdullah, N. A., & Redzuan, R. S. (2025). Exploring Metacognitive Processes in Calculus Problem-Solving: A Case Study Using GeoGebra. Journal of Mathematics, Science and Technology Education, 2(2), 103–115. https://doi.org/10.12973/jmste.2.2.103

Meagher, M. (2005). The processes of learning in a computer algebra system (CAS) environment for college students learning calculus (Doctoral dissertation). The Ohio State University.

Mendezabal, M. J., & Tindowen, D. J. (2018). Improving students’ attitude, conceptual understanding and procedural skills in differential calculus through Microsoft mathematics. Journal of Technology and Science Education, 8(4), 385. https://doi.org/10.3926/jotse.356

Mishra, P., & Koehler, M. J. (2006). Technological pedagogical content knowledge: A framework for teacher knowledge. Teachers College Record, 108(6), 1017–1050.

Morali, H. S., & Korkmaz, E. (2022). A meta-synthesis of studies on the use of augmented reality in mathematics education. International Electronic Journal of Mathematics Education, 17(4), em0701. https://doi.org/10.29333/iejme/12269

Msomi, A. M., & Bansilal, S. (2018). The experiences of first-year students in mathematics in using an e-learning platform at a university of technology. South African Journal of Higher Education, 32(5). https://doi.org/10.20853/32-5-2507 

Nantschev, R., Feuerstein, E., González, R. T., Alonso, I. G., Hackl, W. O., Petridis, K., Triantafyllou, E., & Ammenwerth, E. (2020). Teaching Approaches and Educational Technologies in Teaching Mathematics in Higher Education. Education Sciences, 10(12), 354. https://doi.org/10.3390/educsci10120354

Naseer, F., Khan, M. N., Tahir, M., Addas, A., & Aejaz, S. M. H. (2024). Integrating deep learning techniques for personalized learning pathways in higher education. Heliyon, 10(11), e32628. https://doi.org/10.1016/j.heliyon.2024.e32628 

Noblit, G. W., & Hare, R. D. (1988). Meta-ethnography: Synthesizing qualitative studies. Sage.

Nobre, C. N., Meireles, M. R. G., Vieira Junior, N., Resende, M. N. de, Costa, L. E. da, & Rocha, R. C. da. (2016). The Use of Geogebra Software as a Calculus Teaching and Learning Tool. Informatics in Education, 15(2), 253–267. https://doi.org/10.15388/infedu.2016.13 

Nowell, L. S., Norris, J. M., White, D. E., & Moules, N. J. (2017). Thematic Analysis. International Journal of Qualitative Methods, 16(1). https://doi.org/10.1177/1609406917733847 

Ortiz-Rojas, M., Chiluiza, K., Valcke, M., & Bolanos-Mendoza, C. (2025). How gamification boosts learning in STEM higher education: a mixed methods study. International Journal of STEM Education, 12(1). https://doi.org/10.1186/s40594-024-00521-3 

Padayachee, P., & Khemane, T. (2023). Unlocking complex vector calculus concepts for engineering students using GeoGebra. (Unpublished manuscript).

Pholo, D., & Ngwira, S. (2013). Integrating explicit problem-solving teaching into activemath, an intelligent tutoring system. 2013 International Conference on Adaptive Science and Technology, 1–8. https://doi.org/10.1109/icastech.2013.6707521 

Pierce, R., & Stacey, K. (2010). Mapping Pedagogical Opportunities Provided by Mathematics Analysis Software. International Journal of Computers for Mathematical Learning, 15(1), 1–20. https://doi.org/10.1007/s10758-010-9158-6 

Reyneke, F., Fletcher, L., & Harding, A. (2018). The Effect of Technology-based Interventions on the Performance of First Year University Statistics Students. African Journal of Research in Mathematics, Science and Technology Education, 22(2), 231–242. https://doi.org/10.1080/18117295.2018.1477557 

Saad, S. M., Abu Mansor, S. N., Azudin, A. R., & Omar, M. (2025). Enhancing 3D Graph Visualisation in Multivariable Calculus Using Graphica3D. International Journal on E-Learning and Higher Education, 20(2), 74–88. https://doi.org/10.24191/ijelhe.v20n2.2025 

Saat, N. A., Alias, A. F., & Saat, M. Z. (2024). Digital Technology Approach in Mathematics Education: A Systematic Review. International Journal of Academic Research in Progressive Education and Development, 13(4). https://doi.org/10.6007/ijarped/v13-i4/22956

Sandelowski, M., Sandelowski, M. J., & Barroso, J. (2006). Handbook for synthesizing qualitative research. springer publishing company.

Saparbayeva, E., Abdualiyeva, M., Torebek, Y., Madiyarov, N., & Tursynbayev, A. (2024). Leveraging digital tools to advance mathematics competencies among construction students. Cogent Education, 11(1). https://doi.org/10.1080/2331186x.2024.2319436

Seloane, P. M., Ramaila, S., & Ndlovu, M. (2023). Developing undergraduate engineering mathematics students’ conceptual and procedural knowledge of complex numbers using GeoGebra. PYTHAGORAS, 44(1). https://doi.org/10.4102/pythagoras.v44i1.763

Serhan, D., & Welcome, N. (2024). Integrating ChatGPT in the calculus classroom: Student perceptions. International Journal of Technology in Education and Science, 8(2), 325–335. https://doi.org/10.46328/ijtes.559

Sitthiworachart, J., Joy, M., King, E., Sinclair, J., & Foss, J. (2022). Technology-Supported Active Learning in a Flexible Teaching Space. Education Sciences, 12(9), 634. https://doi.org/10.3390/educsci12090634

Sofroniou, A., Patel, M. H., Premnath, B., & Wall, J. (2025). Advancing Conceptual Understanding: A Meta-Analysis on the Impact of Digital Technologies in Higher Education Mathematics. Education Sciences, 15(11), 1544. https://doi.org/10.3390/educsci15111544

Sofroniou, A., Lokusuriyage, D., & Premnath, B. (2024). Exploring teaching strategies to bridge the educational equity gap in higher education mathematics for minoritised ethnic students. International Journal of Higher Education Pedagogies, 5(4), 37–51. https://doi.org/10.33422/ijhep.v5i4.873

St Omer, S. M., Evers, K., Wang, C.-Y., & Chen, S. (2025). Technology-enhanced mathematics learning: review of the interactions between technological attributes and aspects of mathematics education from 2013 to 2022. Humanities and Social Sciences Communications, 12(1). https://doi.org/10.1057/s41599-025-05475-7

Talbert, R. (n.d.). Learning MATLAB in the Inverted Classroom. 2012 ASEE Annual Conference &amp; Exposition Proceedings, 25.883.1-25.883.19. https://doi.org/10.18260/1-2--21640

Tall, D. (2013). How Humans Learn to Think Mathematically. https://doi.org/10.1017/cbo9781139565202

Tassilova, N. A., Shashayeva, G. K., Yernazarova, Z. Sh., Akhmetova, A. I., Arynov, Z. M., & Karimova, Z. K. (2025). Communication technologies in STEM education: A systematic review. Eurasia Journal of Mathematics, Science and Technology Education, 21(10), em2719. https://doi.org/10.29333/ejmste/17178

Thomas, J., & Harden, A. (2008). Methods for the thematic synthesis of qualitative research in systematic reviews. BMC Medical Research Methodology, 8(1). https://doi.org/10.1186/1471-2288-8-45

Thompson, V. L., & McDowell, Y. L. (2019). A Case Study Comparing Student Experiences and Success in an Undergraduate Mathematics Course offered through Online, Blended, and Face-to-Face Instruction. International Journal of Education in Mathematics Science and Technology, 1–21. https://doi.org/10.18404/ijemst.552411

Thulasidas, M. (2024). Flipped Classroom for Linear Algebra at Undergraduate Level. 2024 IEEE Global Engineering Education Conference (EDUCON), 1–9. https://doi.org/10.1109/educon60312.2024.10578803

Tolkacheva, E., Ivanov, S., & Pozdniakov, S. (2022). Implementation of Horizontal Connections in the Course of Mathematics by Combining Pedagogical and Digital Technologies. Mathematics, 10(13), 2352. https://doi.org/10.3390/math10132352

Vágová, R., & Kmetová, M. (2019). GeoGebra as a Tool to Improve Visual Image. Acta Didactica Napocensia, 12(2), 225–237. https://doi.org/10.24193/adn.12.2.18

Vintere, A., Safiulina, E., & Panova, O. (2024). AI-based mathematics learning platforms in undergraduate engineering studies: analyses of user experiences. 23rd International Scientific Conference Engineering for Rural Development Proceedings, 23. https://doi.org/10.22616/erdev.2024.23.tf216

Walker, D. (2011). A case study of the integration of computer algebra systems (CAS) in undergraduate calculus instruction (Doctoral dissertation). Oklahoma State University.
Walsh, D., & Downe, S. (2005). Meta‐synthesis method for qualitative research: a literature review. Journal of Advanced Nursing, 50(2), 204–211. Portico. https://doi.org/10.1111/j.1365-2648.2005.03380.x

Wong, S. F., Mahmud, M. M., & Wong, S. S. (2025). Balancing AI and Autonomy: The Role of AI in Enhancing Calculus Education. 2025 6th International Conference on Information Technology and Education Technology (ITET), 16–21. https://doi.org/10.1109/itet65804.2025.11100716

Zeynivandnezhad, F., Fernández, R. E., Mohammad Yusof, Y., & Ismail, Z. (2025). Fostering mathematical thinking through a computer algebra system in a differential equation course. International Electronic Journal of Mathematics Education, 20(3), em0826. https://doi.org/10.29333/iejme/16078

Zhuang, Y. (2025). Lessons from Using ChatGPT in Calculus: Insights from Two Contrasting Cases. Journal of Formative Design in Learning, 9(1), 25–35. https://doi.org/10.1007/s41686-025-00098-2
Zogheib, B., Rabaa’i, A., Zogheib, S., & Elsaheli, A. (2015). University Student Perceptions of Technology Use in Mathematics Learning. Journal of Information Technology Education: Research, 14, 417–438. https://doi.org/10.28945/2315

Zulpykhar, Z., Kariyeva, K., Sadvakassova, A., Zhilmagambetova, R., & Nariman, S. (2025). Assessing the effectiveness of personalized adaptive learning in teaching mathematics at the college level. International Journal of Engineering Pedagogy, 15(4), 4–22. https://doi.org/10.3991/ijep.v15i4.52797

Ngongpah, G., & Yetunde Oni, O. (2025). Exploring the Impact of Digital Technologies in Education: A Comprehensive review. Exploring the Impact of Digital Technologies in Education: A Comprehensive Review. DOI:10.9734/ajess/2025/v51i62071 
[bookmark: _GoBack]
Anagrolia Faustino & Inderpreet Kaur. (2023). Educational Technology for Equality: A Review. Asian Journal of Advanced Research and Reports, 17(7), 102–107. https://doi.org/10.9734/ajarr/2023/v17i7498


APPENDIX

Table a1: Summary of included studies in review

	Code
	Country
	Focus of Research study
	Digital Technology Used

	D01 (Cretchley et al., 2000)
	Australia
	Investigating effects of MATLAB use on students' attitude, learning strategies and achievement in mathematics
	MATLAB

	D02 (Aruvee & Vintere, 2022)
	Estonia, Lativia
	Investigating use of ICT in mathematics studies to develop digital skills
	MATLAB

	D03 (Saad et al., 2025)
	Malaysia
	Use of technology in visualising and understanding D graphs
	GeoGebra applets

	D04 (Seloane et al., 2023)
	South Africa
	Investing students conceptual understanding and procedural learning using GeoGebra
	GeoGebra 

	D05 (Padayachee & Khemane, 2023)
	South Africa
	Investing use of GeoGebra to improve visualisation and understanding of 3 dimensional surfaces
	GeoGebra

	D06 (Gqoli, 2024)
	South Africa
	Students’ perspective if digital technologies and barriers of using it in rural higher education 
	DT

	D07 (Tolkacheva et al., 2022)
	Russia
	Implementing the “learning through teaching”
approach combined with the development of digital technologies
	Intelligent systems

	D08 (Kumar & Kumaresan, 2008)
	India
	Discusses the use of mathematical software for teaching and learning undergraduate mathematics
	CAS

	D09 (Nantschev et al., 2020)
	Multi Country
	Investing teaching approaches and technological pedagogical competences (TPACK) of university mathematics teachers; How technology use aligns with student-centred or teacher-centred approaches
	GeoGebra, Moodle, MATLAB

	D10 (Thulasidas, 2024)
	South Korea
	Examine the use of flipped classroom pedagogy integrated with Sage Math and e-textbook resources
	Sage Math, LMS, e-book, videos

	D11 (Msomi & Bansilal, 2018)
	South Africa
	Examine the effects of e-learning Platform on mathematics engineering students
	LMS, e-learning platforms

	D12 (Bruna et al., 2025)
	Chile
	To investigate students belies and perception on the use of digital technology in mathematics education
	Sage Math, LMS

	D13 (Zogheib et al., 2015)
	Turkey
	To explore students’ perceptions, attitudes and self-efficacy regarding technology use in mathematics learning at the university level.
	GeoGebra, Desmos, CAS tools, calculator-based technologies and general digital resources

	D14 (Galligan et al., 2010)
	Australia
	Use of Tablet PCs and related technologies to enhance teaching and learning in mathematics at university level
	Tablet PC, graphics tablets, Camtasia Studio (screen recording), Windows Live Messenger

	D15 (Reyneke et al., 2018)
	South Africa
	Examining whether online homework (Aplia) and flipped classroom methods improve performance in first-year statistics
	Aplia(Cengage online homework system), Blackboard learn 

	D16 (Vintere et al., 2024)
	Latvia and Estonia
	Use of AI based mathematics learning platforms among engineering students in two Baltic countries
	AI Technologies

	D17 (Naseer et al., 2024)
	Pakistan and Saudi Arabia
	Integration of deep learning algorithms to create personalised learning pathways in higher education
	AI-driven platform using CNN and RNN for adaptive learning

	D18 (Talbert, 2012)
	United States
	Implementation of and inverted classroom model in teaching introductory MATLAB programming
	MATLAB

	D19 (Pholo & Ngwira, 2013)
	South Africa
	Improving mathematical problem-solving skills using an intelligent tutoring system
	Active math

	D20 (Mannan et al., 2025)
	Malaysia
	Metacognitive processes (planning, monitoring, evaluating) during calculus problem-solving with GeoGebra
	GeoGebra

	D21 (Davies et al., 2021)
	Sweden, Germany, Finland
	Evaluating the use of the STACK for formative assessment and feedback in higher education
	STACK, MOODLE, CAS-based assessment

	D22 (Walker, 2011)
	United States
	Exploring how instructors integrate CAS into undergraduate calculus and how it influences teaching, learning and beliefs about mathematics
	CAS (MAPLE and MATHEMATICA)

	D23 (Thompson et al., 2019)
	United States
	Comparing academic performance, learning experiences and attitudes between online and traditional mathematics learning environments
	WebCT (Learning Management System), online discussion boards, digital assignments, email support

	D24 (Nobre et al., 2016)
	Brazil
	Investigating how dynamic visualisations using GeoGebra affect students’ conceptual understanding of calculus concepts such as limits, derivatives and integrals
	GeoGebra

	D25 (Meagher, 2005)
	United States
	Processes of learning in a CAS environment in calculus
	CAS

	D26 (Arifin & Asmar, 2021)
	Indonesia
	Students' perceptions of learning calculus using GeoGebra integrated with 5E learning cycle model (Engage, Explore, Explain, Elaborate, Evaluate)
	GeoGebra

	D27 (Erdoğan & Akinci, 2023)
	Turkey
	Perceptions, experiences and challenges in using digital technologies (GeoGebra, Desmos, Moodle, CAS) for mathematics learning
	GeoGebra, Desmos, CAS, Moodle

	D28 (Zulpykhar et al., 2025)
	Kazakhstan
	To develop and implement a personalised adaptive learning platform (Math Mentor) for mathematics and assess effectiveness in improving student performance, engagement and motivation
	Math mentor

	D29 (Zeynivandnezhad et al., 2025)
	Malaysia and Iran
	To explore how a Computer Algebra System (CAS) (Maxima) fosters mathematical thinking in an undergraduate differential equations course
	Maxima (CAS) – symbolic/graphical solver for DEs; used to visualise, compute and conjecture.

	D30 (Serhan & Welcome, 2024)
	USA
	To investigate undergraduate students' perceptions of using ChatGPT in calculus classrooms
	ChatGPT

	D31 (Zhuang, 2025)
	USA
	To investigate how contrasting student perceptions of ChatGPT influence their actual use of it for calculus learning.
	ChatGPT

	D32 (Etcuban, 2025)
	Phillippines
	To determine the effectiveness of ChatGPT in reducing algebra anxiety and promoting algebra confidence among college students.
	ChatGPT

	D33 (Alshehri, 2023)
	Saudi Arabia
	To explore undergraduate students’ perceptions of their learning in online mathematics courses, focusing on technology, communication and assessment.
	LMS

	D34 (Ismail et al., 2013)
	Malaysia
	To explore how computer algebra systems (CAS) can enhance mathematical thinking in a differential equations course at the undergraduate level.
	Maxima

	D35 (Maat & Zakaria, 2011)
	Malaysia
	To explore how the use of Maple (CAS) supports engineering students’ understanding of ordinary differential equations (ODEs) and overcomes difficulties with traditional methods.
	Maple

	D36 (Bedada & Machaba, 2022)
	Ethiopia and South Africa
	To examine students’ perceptions of learning calculus through GeoGebra using a newly developed Cycle Model designed for technology-integrated instruction
	GeoGebra

	D37 (Saparbayeva et al., 2024)
	Kazakhstan
	To gain more in-depth qualitative insights of barriers and concerns related to technology adoption
	GeoGebra

	D38 (Lepellere, 2024)
	Italy
	Use of GeoGebra applets to support visualisation in calculus course
	GeoGebra applets

	D39 (Letchumanan et al., 2022)
	Malaysia
	Academicians' perspectives on using technology in mathematics teaching
	ICT tools

	D40 (Gruber & Faßbender, 2025)
	United States
	To investigate how the design elements of digital educational escape games (DEEG) can promote learning outcomes for students in STEM higher education settings
	Escape room

	D41 (Ortiz-Rojas et al., 2025)
	Belgium
	How gamification boost learning in STEM education
	Gamification

	D42 (Wong et al., 2025)
	Malaysia
	Students’ perspectives of using AI in mathematics education
	ChatGPT

	D43 (Fardian et al., 2025)
	Indonesia
	How students engage in the mathematics learning through technology
	ChatGPT







 




Publication trend over the years


2000 - 2005	2006 - 2010	2011 - 2015	2016 - 2020	2021 - 2025	3	2	5	6	27	Year


Number of studies



Methodologies used in included studies

N	
Mixed-method	Qualitative	Quantitative	21	18	4	
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