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Abstract: The effectiveness of technology-enhanced resources in mathematics in higher education is
far from clear, nor is student engagement with such resources. In this review article, we investigate the
existing literature in three interrelated areas: student engagement with technology in higher education
and mathematics; what works and what does not in technology in education and in mathematics in
higher education; evaluating the use of technology in higher education and mathematics; and the use
of frameworks and models. Over 300 research articles were identified for this purpose and the results
are reported in this review. We found a dearth of studies in undergraduate mathematics education
that specifically focus on student engagement with technology. In addition, there is no overarching
framework that describes both the pedagogical aspects and the educational context of technology
integration in mathematics.
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1. Introduction

In higher education, multimedia information can be sourced effortlessly by students.
However, despite the pervasiveness of digital technologies in modern society, the level of
engagement from students with and the effectiveness of technology-enhanced resources is
far from clear [1,2].

Student engagement in higher education is known to be a predictor of successful
retention and programme completion [3–5]. It is known to be influenced by factors such
as the provision of effective resources and supports [6–9]. It is important to evaluate the
effectiveness of resources that are put in place in terms of student engagement.

To facilitate the effective use of technology, it is essential to determine which technology
implementations work best and why [10], the “decisive factors” that advance the use
of technology-enhanced resources [11]. One barrier to establishing these is the lack of
frameworks that can be used to evaluate the use of technology-enhanced resources [12].
The importance of implementing appropriate pedagogical practices when using technology
to support learning in mathematics education has been long established [13–15]. However,
studies reporting on the use of technology do not necessarily examine the effects the
particular pedagogical practices have on student engagement with the technology [11,16].

In order to investigate students’ engagement with technology-enhanced resources in
mathematics in higher education, we sought to specifically identify research which consid-
ers how and in what way students engage with technology and the factors that influence
student engagement. These considerations led to the identification of the following three
main interrelated areas of the literature that contribute to this research area (RA). These are:

• RA1: student engagement with technology in higher education (and mathematics).
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• RA2: technology in education and in mathematics in higher education: what works
and what does not.

• RA3: evaluating the use of technology in higher education (and mathematics) and the
use of frameworks and models.

Figure 1 shows a conceptual mapping of the three RAs under investigation in this
literature review to highlight the overlap between the areas and how they complement
each other to provide an overall insight into student engagement with technology in
undergraduate mathematics. It displays the number of articles in each RA that were
considered in this literature review.
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Figure 1. Conceptual mapping of the three research areas (RAs) showing the number of articles
included from each area and their overlap.

The main focus of this paper is the relevant literature that we identified in these
three interrelated areas, with RA1, RA2, and RA3 described in Sections 3–5, respectively.
Beforehand, in Section 2, we outline the approaches used to conduct the literature review,
for example, the review type, how papers were identified, the inclusion and exclusion
criteria used, and we outline some limitations. We close, in Section 6, with conclusions
which reconsider our findings in the three research areas and the overall contributions of
this work.

2. Materials and Methods

The role of a review article is multifaceted. In the first instance, it allows researchers to
build an account of the research that has been carried out in the area. This account serves
to delimit the research field, identify new areas of research, and support the originality
and contribution of future work [17–19]. Second, it serves to inform researchers of the
theoretical frameworks and research methods that are used in their particular field [17–19].
Finally, the review enables researchers to identify the important research, the seminal
articles, and the influential researchers in the area [17–19].

Because of the multifaceted nature of the review article, it is important that the scope
and objectives are well-defined. Effective reviews should adhere to a number of criteria
such as those outlined in Cooper’s taxonomy of literature reviews (as cited in [19] (p. 3)),
and Boote and Beile’s literature review scoring rubric [17]. The criteria to consider are: the
focus and goal of the review, the basis for document inclusion and exclusion, the timeframe
reviewed, the sources of the material, and the perspective audience [19]. It is also important
to acknowledge the implications of the Hawthorne and novelty effects when gathering
and reviewing research studies [20,21]. Research studies that attempt to minimise this, for
example by using multi-method and multi-measurement research designs, were located
when identifying the sources [20]. Similarly, publication bias can impact on the availability
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of studies that record no, or detrimental, effects of education interventions [22]. Therefore,
articles that reported such outcomes were specifically included in the study.

There are many different forms of review such as narrative, traditional, scoping,
methodological, and systematic [23–25]. One particular type of narrative review, called
a general literature review, is often used for the introduction to a dissertation [25]. This
type of review provides the means to analyse relevant and significant aspects of prior
research and to identify the gaps that require further research. The general literature review
form was used for this paper and it involves “synthesizing primary studies and exploring
heterogeneity descriptively, rather than statistically” [26] (p. 19). This process resulted in a
body of over 300 articles. Details of the scoping of the literature search and the selection of
articles are outlined below.

The initial selection criteria, as outlined in Table 1, and the search terms, outlined in
Table 2, were agreed by the three authors in order to identity the literature required to
address RA1, RA2, and RA3. This was an iterative process, whereby after an initial scoping
by Author 1, all three authors considered the criteria and subsequently agreed upon the
final set [23–25]. The initial searches and inclusion/exclusion criteria were performed by
Author 1. Subsequently, all three authors conferred on the final selection process. For
example, all three authors scanned 10 of the same articles found in relation to RA1, looking
for articles where the concept, definition, and measurement of student engagement were
present, or that examined the effect of student engagement with technology. Subsequently,
we conferred on our selections and, once agreed, Author 1 continued and completed the
selection process, conferring with Author 2 and Author 3 when there was any doubt.

Table 1. Inclusion and exclusion criteria.

Literature to Include Literature to Exclude Databases to Include

2001 onwards,
Peer reviewed,

Higher/post-primary education,
Published in English,

Full text available in library or online

Reports,
Grey literature,

Primary-school education

Education Research Complete, British
Education Index,

ERIC and Academic Search Complete (all
available via EBSCO), Web of

Science, Scopus

Table 2. Literature search terms and number of articles for each of the three interconnecting re-
search areas.

Research Area Search Terms Number of Articles after Final Scan

RA1
‘student engagement’, ‘technology’, ‘technology use’,

‘digital tools’, ‘higher education’, ‘undergraduate
education’, ‘mathematics’.

45

RA2
‘mathematics educational technology’ or ‘mathematics
technology tools’, ‘evaluations’, and ‘investigations’,

and ‘undergraduate’ or ‘higher education’.
61

RA3
RA2 search terms plus ‘frameworks’, ‘models’,

‘categorisations’, ‘characterisations’, ‘typologies’,
and ‘classifications’.

88

Duplicated papers 40
Seminal added (prior to year range 2000–2020) 6

For RA1, there were 45 articles identified that investigated student engagement with
technology (see Table 2), 14 of which related to mathematics learning. For RA2, while there
is a significant body of research available on the use of technology in school mathematics,
there is a lack of such studies focusing on mathematics in higher education [27,28]. Thus, a
body of literature relating to both secondary and higher education was built up. In addition,
seminal articles on technology use in higher education were consulted. This resulted in the
review of 61 articles (see Table 2). For RA3, the review completed for RA2 was extended
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to include the terms shown in Table 2. This body of literature and those listed below in
Section 4 were examined to address the objective of investigating how the effectiveness of
resources has been evaluated.

3. Student Engagement with Technology in Higher Education (and Mathematics)

Over the last twenty years, higher education institutions have increasingly focused
their attention on student engagement as an indicator of the quality of their educational
offerings [5,29]. This is unsurprising as many studies have shown that student engage-
ment influences student success [3,5,7,16,30,31]. In addition, the use of digital technologies
has become more pervasive in society and in education [7,30,32]. Therefore, there is a
growing interest in how the use of technology in higher education impacts on student
engagement [7,30,33–35]. However, specific research into student engagement and technol-
ogy use is sparse: Schindler found no systematic reviews that considered the association
between the two concepts [30]. Many researchers have stated that studies in student
engagement are difficult to identify because the construct of engagement is so loosely
defined [4,16,36,37]. Further, Trowler explained that studies investigating concepts such as
student feedback and approaches to learning were in fact examining engagement, without
having identified student engagement as a construct in their investigations [5] (p. 3).

As the main aim of this section is to examine student engagement with technology,
studies that examine technology use (and explicitly refer to and define engagement) are
reviewed. Studies into the use of technology in undergraduate mathematics education that
do not reference engagement are examined in subsequent sections. The following research
questions were formulated:

1. What is meant by student engagement with technology and why is it important?
2. In what way(s) has student engagement with technology been measured?
3. What are the factors of implementations that encourage/discourage student engage-

ment with technology?

These questions were then used to examine the body of literature and are answered in
the following three subsections.

3.1. What Is Meant by Student Engagement with Technology and Why Is It Important?

While many educational studies have reported on student engagement, there is no
single definition of the term to be found in the literature. Despite this, there is a general
agreement in the education research literature that the current understanding of the concept
of student engagement stems from Astin’s work on student development theory [38] and
Fredricks et al.’s seminal paper on school engagement [5,8,30,37,39]. The study of Fredricks
et al. recognised that a focus on student engagement posed a remedy for the problem
of poor academic motivation and success that was prevalent in schools in the USA [37]
(p. 59). In their article, Fredricks et al. acknowledged the difficulty in synthesising research
literature on student engagement:

Because there has been considerable research on how students behave, feel, and think,
the attempt to conceptualize and examine portions of the literature under the label
“engagement” is potentially problematic; it can result in a proliferation of constructs,
definitions, and measures of concepts that differ slightly, thereby doing little to improve
conceptual clarity [37] (p. 60).

Nonetheless, they found that the literature was focused on constructs which relate to
one or other of three types of engagement: behavioural, emotional, and cognitive. Some
researchers refer to emotional engagement as affective engagement, with reference to the
psychological approach to emotions [8] (p. 761). Fredricks et al. collated and discussed the
following definitions from the literature:

• Behavioural engagement is generally defined in three ways: positive conduct (follow-
ing rules and guidelines), involvement in learning tasks (effort and persistence), and
participation in school-related activities.
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• Emotional engagement refers to students’ affective responses in the classroom such as
being bored, sad, anxious, etc., but also students’ sense of belonging.

• Cognitive engagement is derived from an investment in learning and self-regulation
and being strategic when learning [37] (pp. 62–63).

There have been a number of suggestions for further dimensions of engagement, such
as agentic and social engagement. Agentic engagement is described as students’ positive
input into how their instruction advances [40]. Sinatra et al. described agentic engagement
as students’ proactive involvement in their learning environment, whereas the other three
engagement dimensions are reactions to the learning environment [31] (p. 3). The final
dimension suggested, social engagement, takes into account the increasing role peer and
collaborative learning have on education [3].

In higher education, student engagement has been examined by a number of key au-
thors, many of whom go beyond a definition in terms of dimensions and take a more holistic
view that includes engagement’s antecedents and outcomes [5,8,9,29,41,42]. The view that
student engagement can be defined in terms of the interaction of influencing factors which
produce a number of outcomes has gained a consensus in the literature [5,8,16,36,37]. Re-
flecting on the National Survey of Student Engagement (NSSE), implemented in universities
and colleges in Canada and the USA, Kuh defined engagement as:

‘The time and energy students devote to educationally sound activities inside and outside
of the classroom, and the policies and practices that institutions use to induce students to
take part in these activities.’ [29] (p. 25).

Similarly, in the reviews of the literature on engagement and technology, authors have
highlighted the lack of a definition of student engagement with technology [16,30,43,44].
In Yang et al.’s review of the literature on student engagement in online environments [44],
they found that only 16 of the 40 studies contained a definition of engagement; these mainly
referred to the Fredricks et al. definition [37]. Many of the studies that examine technology
and engagement refer to the early work of O’Brien and Toms on analysing user engagement
in the context of using a number of web applications [45]. Similar to the holistic view of
educational engagement, they proposed that engagement is both a process and a product
and that there are certain attributes of a system that influence a user’s engagement with
that system [45]. This view is reflected in the definition of engagement, in the context of
educational technology, provided by Bond et al.:

Student engagement is the energy and effort that students employ within their learning
community, observable via any number of behavioural, cognitive or affective indicators
across a continuum. It is shaped by a range of structural and internal influences,
including the complex interplay of relationships, learning activities and the learning
environment [36] (p. 3).

In this context, it is within the learning activities and environment that the technology
with which students engage resides.

The use of engagement as a window into mathematical learning is also growing [46–51].
Many of the mathematics education research studies that can be classified as reporting
on student engagement focus on cognitive engagement [51]. One of the early studies on
engagement in a mathematical classroom defined engagement as ‘the deliberate task-specific
thinking that a student undertakes while participating in a classroom activity’ [52] (p. 136). In
their study on the effect recorded video lectures had on student engagement, Trenholm
et al. used the Skilling et al. definition of engagement: ‘the extent to which students seek
deep meaning and understanding as well as the cognitive strategies students use to self-regulate
their learning’ [51] (p. 6). Pierce et al. drew the three dimensions of engagement together
to focus their attention on cognition while exploring early teenagers’ engagement with
a mathematical analysis tool [49]. They examined how ‘students feel about the subject ( . . .
affective engagement, AE) and how they behave in learning the subject ( . . . behavioural engagement,
BE)’ within a cognitive realm [49] (p. 292).
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Students’ views on what constitutes engagement have also been investigated [53].
Students mainly reported engagement in behavioural terms, though a few students referred
to the cognitive aspects of engagement. A strong theme that emerged was the association of
engagement with the importance of applying theory into practice: ‘Engagement in learning
is when you can take the theory and apply it in practice’ [53] (p. 1080).

Student engagement is important not least because it has been linked to academic
success. Fredricks et al. claim that all three dimensions of engagement have been shown to
impact on student success [37] (pp. 70–71). In an extensive review of published research
on engagement, Trowler refers to a number of studies that found that students’ time and
effort (or behavioural engagement) impact on their learning, and that ‘observed effects of
engagement’ include cognitive development, student satisfaction, and influence on students’
grades [5] (pp. 33–35). Schindler et al. concluded that the use of technology can impact
student engagement and emphasised the importance of the effective use of technologies [30].
Henderson et al. suggested that a focus on student engagement can help find which digital
technologies work best for students [32]. Student patterns of engagement can be used to
examine learning strategies ‘that can be used to inform teaching practice, support interventions,
and course learning design’ [54] (p. 59). Bond et al. highlighted the importance of situating
individual studies in an overall framework of engagement in order to be able to ‘integrate
research findings into practice’ [36] (p. 21).

Within mathematics education research, there is also evidence to suggest that student
engagement and the use of technology impacts on learning [3,31,51,52]. Studies on the
use of specific technologies in mathematics education have highlighted benefits of student
engagement with technologies such as mobile apps [46]; innovative digital tools, i.e.,
GeoGebra and Desmos [55]; tablets and screencasts [56]; flipped classroom [50]; and online
environments [57]. In addition, engagement in mathematics and science has been shown to
foster long term participation in STEM [3] (p. 5).

While there is a growing body of research available on the impact of technology
on student engagement, there is a degree of uncertainty as to what is meant by student
engagement with technology. Student engagement has been shown to be an important
construct to measure as it impacts on student success. In the next subsection, student
engagement measures used in research studies are examined, which will further illuminate
the student engagement concept.

3.2. In What Ways Has Student Engagement with Technology Been Measured?

The complexity around establishing a definition of student engagement means that
measuring engagement varies considerably from study to study [31,58]. According to
Trowler, the USA and Australia traditionally report on engagement from a different per-
spective than the UK [5]. In the USA and Australia, research on engagement is often
based on outcomes of large-scale student surveys, whereas in the UK, research is rooted
in small-scale studies that examine the effects of the particular tools, techniques, and
approaches used in teaching [5] (p. 3). These large-scale student surveys, such as the
NSSE in the USA and Canada, are generally used to gauge a broad range of engagement
indicators, consistent with the view on engagement held by many researchers: that the
wider social and institutional interactions and experiences are important components of
a holistic approach to engagement [4,5,8,29,36,53]. Indeed, in their seminal work on the
characterisation of the dimensions of student engagement, Fredricks et al. refered to both
engagement antecedents, such as community culture and educational context [37] (p. 73),
and the outcomes of engagement, such as academic achievement [37] (p. 70).

As Trowler said, ‘studies tend to measure that which is measurable’ [5] (p. 17). Within the
context of technological interventions, it is the impact on student engagement of the use
of technology within the learning environment that is often being measured [36]. In order
to understand what exactly is being measured, it is important to focus on how student
engagement has been operationalised in research studies on engagement [16]. Henrie et al.
and Schindler et al. [30,59], when analysing the literature they had reviewed, did so in
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terms of the behavioural, emotional, and cognitive indicators of engagement as defined
by Fredericks et al. [37]. Likewise, Bond and Bedenlier drew up a table with engagement
indicators for each of these dimensions in order to frame their model of student engagement
with technology [7] (p. 3). Cognitive engagement indicators include aspects of students’
beliefs about, and attitudes to, learning; behavioural engagement indicators encompass
measures such as the time and effort students spend on learning activities; and finally
emotional indicators consist of students’ perceptions of their happiness in relation to their
learning and the support they receive towards learning [16] (p. 41). Both Henrie et al. and
Bond and Bedenlier found that research studies focus mainly on the behavioural aspects of
engagement with only a few studies considering either affective (emotional) or cognitive
engagement [7,59].

It has been suggested that the use of scales has been effective in measuring the emo-
tional and cognitive effects of engagement that cannot be observed [16,60]. Henrie et al.
found that over 60% of the articles they reviewed used a scale or questionnaire to elicit
student or teacher perceptions of engagement [59]. However, in line with the difficulty of
having a single definition of student engagement, there were 14 different named scales
identified in this review [59]. Scales that attempt to measure the broad concept of engage-
ment were found as well as scales that measured a single dimension of engagement [16]
(p. 45). One such scale that focusses on the emotional (or affective) impact of technology
in the context of secondary school children’s mathematical learning is the Mathematics
and Technology Attitude Scale (MTAS) developed by Pierce et al. [49]. Likert scales draw
on such indicators, as discussed in the previous paragraph, to help frame the items in
the questionnaires [3,41,42,49]. For example, while investigating the use of innovative
technologies in undergraduate mathematics, Thomas et al. used engagement subscales
that measured: ‘attitude to maths ability; confidence with technology; attitude to instrumental
genesis of technology (learning how to use it); attitude to learning mathematics with technology;
and attitude to versatile use of technology’ [55] (p. 116).

The observational methods of estimating student engagement are also found in the
literature and vary from the notes taken by observers to log data, video, and screen record-
ings of students’ use of the technology under investigation, the number of posts made
to messaging boards, and the time on task [16,44,48,58,61]. The use of log data is gen-
erally facilitated through technologies that students use and is often used to measure
behavioural engagement indicators such as: the number of clicks on a resource; activity
data relating to multiple choice questions; system features used; and the time spent on
a task [6,16,44,48,51,62,63]. When using observational data, engagement is often opera-
tionalised in terms of verbal utterances such as phrases ‘I am really into this’ [47] (p. 50),
or communication of thinking through questions and explanations [52] (p. 136). In the
Thomas et al. study on the use of a variety of technologies offered to students, observational
notes were used to identify which technology was in use, how it was being used, and who
within the group was using it [55]. The advantage of such measures is that they report on
engagement as it is happening rather than using self-report measures after the engagement
has occurred [16]. Using computer-generated logs also mitigates against the effects of other
observational types of measures that may impact on students’ actual engagement [58]
(p. 441). However, one of the problems with the use of observational data is the lack of
a clear connection between what is being observed and the resultant impact of student
engagement inferred [30,31].

Other measures of engagement identified by Henrie and Halverson et al. include
interviews, open-ended surveys, academic performance, and the use of physical sensors [16]
(p. 44). While many researchers argue that there is a direct link between engagement and
academic performance, it is most often used along with other measures, such as rating scales
and interviews [46,51,62,64–67]. When examining students’ use of mobile applications
for mathematics, Fabian et al. used pre- and post-tests, a 20-item usability scale, and
interviews [46]. Interview data can be useful for inductive analysis, where the nature of
student engagement is not predefined [16] (p. 46).
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Some of the studies used clearly defined theoretical frameworks to investigate stu-
dent engagement, such as the use of flow theory when considering gaming in educa-
tion [41,44,45,58,62,64], and instrumental orchestration to examine students’ cognitive
engagement with technology in first-year undergraduate mathematics modules [48,55].
In secondary mathematics education, Attard and Holmes focussed on the pedagogical
practices of teachers in terms of their relationships with students and technology, and
teachers’ repertory of technological tasks when defining a Framework for Engagement
with Mathematics (FEM) [67]. These types of frameworks are considered in more detail
later in this paper.

There are difficulties associated with measuring engagement, particularly with the lack
of consistent definitions and indicators of engagement. Many educators use variables that
are not necessarily true indictors of engagement, but perhaps influence engagement [30]
(p. 5). In their paper on the challenges associated with measuring engagement in science,
Sinatra et al. highlighted the following challenges: construct definition, grain size of
measurement, individual and developmental differences of students, problems with using
a single method, the challenge of observing without disturbing the engagement, and
problems pinpointing the source of engagement [31] (p. 7). They conclude that ‘researchers
should take care to ensure that construct definition drives their choice of measures rather than the
selection of measurement determining how engagement is conceptualized in the research’ [31] (p.
7).

Small-scale investigations on student engagement tend to examine factors such as
students’ and teachers’ rating of a particular intervention being investigated [5]. To date, a
number of factors of technology implementations that impact on this engagement have
been found. These are discussed in the next subsection.

3.3. What Are the Factors of Implementations That Encourage/Discourage Student Engagement
with Technology?

There are a number of models of student engagement that consider the factors that
influence engagement in the overall context of education, which have been discussed in
the literature. One of the most cited is Kahu, which was more recently refined in Kahu
and Nelson [4,8]. This model maps student engagement within a sociocultural context
and contains three main elements: influencing factors; engagement dimensions and their
indicators; and a number of short- and long-term outcomes. This model is reproduced in
Figure 2 below [4] (p. 64).
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Figure 2. The refined conceptual framework of student engagement, redrawn from the original in
Kahu and Nelson [4] (p. 64).
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This so-called triangle of engagement (influences, contexts, and outcomes) is often
found in research on student engagement, though not always as explicitly as in this
model [44]. This perspective is in line with the holistic view of engagement taken in the
higher education sector [5,8,16,36]. In order to determine the influences and outcomes of
technology on student engagement, Bond and Bedenlier drew on the work of Kahu and
others to adapt the Bronfenbrenner and Ceci bioecological model (as cited in [7] (p. 4), [8]).
In this model, factors affecting student engagement are considered at a number of levels: the
macrosystem level contains factors such as the digitisation of education through national
policies; at the exosystem level, institutional factors on the use of technology in education
are considered; the impact of students’ social and economic background on engagement
are contained in the mesosystem level; and finally, the microsystem level contains the more
immediate influencing factors such as teachers, peers, and educational technologies [7].
Bond and Bedenlier identified a number of the microsystem level influences, such as
the individual students’ and teachers’ acceptance of, and skills in using, technology; the
usability and design of the technology-enhanced activities within the curriculum; and
the influence of factors such as technical support, the usability of the technology, and the
assessment of the learning environment [7].

Many of the influencing factors outlined by Bond and Bedenlier [7] have already been
identified in a number of the studies on the use of technology to support student engage-
ment in higher education [30,34,44,53,63,68] and in mathematics education [33,46,50,55,57,69].
Table 3 outlines the factors that impact on student engagement as found in studies that are
relevant to undergraduate mathematics.

Table 3. Factors that influence engagement with educational technology in mathematics.

Study Engagement Dimension and
Indicator Measured

Pedagogical Use
of Technology Factor and/or Impact

Trenholm et al. [51]
Cognitive engagement:

Scale to measure approach to
learning (R-SPQ-2F)

Optional use of live versus
recorded lectures.

Students used videos because
of self-paced nature of their

availability. Students with high
use of videos more inclined to

take surface approach to
learning than others.

Steen-Utheim and
Foldnes [50]

Affective Engagement:
Kahu’s model of student

engagement [8]

Flipped classroom approach
in 1st year undergraduate

mathematics course.

Peer and lecturer relationships,
and possibly class size,

influenced positive
engagement outcome.

Kanwal [57] Behaviour engagement:
Activity Theory

Automated system to support
solving of mathematical tasks,

variety of technology
resources including GeoGebra,

MyMathlab, YouTube, and
online calculators.

Exam preparation encouraged
engagement. Using powerful

automated calculators diverted
students from engagement

with required mathematical
operations.

Thomas et al. [55] Cognitive Engagement:
Instrumental orchestration

Variety of innovative
technologies and tasks

including Desmos, GeoGebra,
KakooTalk.

Engagement ensured through
sustained intensive use of

technologies; teacher
privileging of technology; ease

of use; ability to visualise
mathematics; and integration

in assessment.

Anastasakis et al. [69] Behaviour engagement:
Activity Theory

Self-selected resources (both
digital and non-digital) 2nd

year engineering
mathematics.

High mark in exams was
student goal for selecting and

engaging in resource.

The nature of self-paced learning, a focus on assessment, and teachers’ use of the
technologies are identified as factors that contribute towards student engagement. This
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view is somewhat consistent with the general mathematics education literature [8,33]. The
effective pedagogical use of technology, in the form of appropriate mathematical tasks, has
been highlighted as a means to encourage cognitive engagement and develop mathematics
learning [33,47,52,67]. Helme and Clarke identified the following influencing factors on
primary school students’ cognitive engagement: the classroom environment, the individual,
and the mathematical tasks [52].

In addition, Table 3 highlights the variety of measures and indicators used when
considering student engagement with mathematics education technology.

While a number of factors that impact student engagement with technology within
higher education mathematics have been identified, many of these are outcomes from
small-scale studies that do not apply an overarching model of student engagement. In
order to effectively use technology to support student engagement with mathematics in
higher education, research studies need to be examined under a clearly defined lens of
student engagement [7].

3.4. Discussion on Student Engagement

The importance of student engagement in higher education has been well researched
and there are many models outlining the influencing factors on, and resultant outcomes
of, engagement. Even though there is a lack of a single definition, and many studies do
not necessarily provide a definition of engagement, the literature tends to focus on the
three dimensions of engagement as defined by Fredricks et al.: cognitive, behavioural, and
emotional [37]. While Bond et al. acknowledged that definitions may by necessity vary
from one project to the next, they highlighted the importance of providing a definition [37].
Within the body of literature on student engagement with technology, a variety of methods
are used to measure engagement, such as questionnaires or scales, observations, interviews,
and logged data. Despite the fact that there has been theoretical consideration given to the
indicators of measuring engagement [7,16,37], there is often a lack of a clear connection
between the measures being used in the studies and engagement indicators [30,31]. Addi-
tionally, studies often focus on only one of the three engagement dimensions: cognitive,
behavioural, or emotional engagement. It has been shown that all three dimensions of
student engagement are important as they each impact on the students’ outcomes. It is
important to identify these factors as student engagement is ‘malleable’; thus, targeted
‘interventions’ can be used to increase engagement and, hence, learning [3] (p. 5). By
judiciously using technologies, lecturers can exercise some control over their students’
engagement [50].

While factors that encourage student engagement have been identified through the
use of models [4,44], those factors that influence engagement with technology are less
evident [7]. To address this issue, Bond and Bedenlier defined a model that proposed the
influencing factors of technology on student engagement [7]. However, within mathematics
education research, a limited number of small-scale studies were found that specifically
investigated the intersection of engagement and technology: only five studies merited
inclusion in Table 3. These studies identified factors that impact on engagement, such as
the affordances of the technology, the pedagogy associated with the use of the tool, and the
student’s goal in using the technology.

One of the limitations of this section of the review is that the focus on the intersection of
engagement and technology in undergraduate mathematics education yielded few studies.
As indicated by Trowler, there are many studies that investigate approaches to teaching and
learning that are not flagged as engagement but may in fact measure some of the indicators
of engagement. In the next section, a review of the literature on the use of technology in
higher education mathematics is undertaken [5].
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4. Technology in Education and in Mathematics in Higher Education: What Works and
What Does Not

The use of technology in education, and in mathematics education, has been on the
increase over the last few decades. This has been evidenced by the volume of literature
available that examines how, and to what effect, technology has been used in higher edu-
cation [32,70–73] and in mathematics education [27,33,55,74,75]. Some research suggests
that student learning is positively impacted by technology use [32], and several studies
have investigated the associated student experience [70]. However, there are many who
argue that the benefits of technology as a teaching and learning resource within higher
education have not been fully investigated or exploited [32,70,76–78]. In particular, the
optimum approaches for technology implementations require further attention [32,70,77].
The effectiveness of using technology in both higher education and in mathematics edu-
cation is under question [2,74,79,80]. A 2015 OECD report identified that an increase in
the use of computers in mathematics in schools correlated negatively with student perfor-
mance in mathematics [35]. While this has been echoed in other studies [14,33,81], there are
counterclaims. Research reported by Ronau et al. claimed that the use of digital calculators
and computer software does improve student understanding [81,82].

The following three research questions were used to examine this literature:

• What is meant by technology-enhanced resources in undergraduate mathematics
education?

• What are the benefits of using technology-enhanced resources in first-year undergrad-
uate mathematics modules?

• What factors of the technology-enhanced resource implementations impacted on the
associated benefits?

These questions are discussed in the following three subsections.

4.1. What Is Meant by Technology-Enhanced Resources in Undergraduate Mathematics Education?

The terms technology-enhanced resources and technology-enhanced learning are
ill-defined in the literature. King et al. highlight that authors use different terminology
to refer to educational technology and thus it can be difficult to ensure that authors are
discussing the same item [12]. In a review of the higher education literature relating to the
use of technology for teaching and learning, Kirkwood and Price examined the types of
activities that were considered ‘enhanced’ [83]. They found that technology was used in
three ways: to mirror existing teaching, to add to current teaching practice, and to alter
the student learning experience and/or teaching practices [83] (p. 11). These findings are
similar to the benefits of technology-enhanced learning as outlined by the Higher Education
Funding Council for England (HEFCE): efficiency, enhancement and transformation [84].
In Ireland, the National Forum for the Enhancement of Teaching and Learning in Higher
Education (NF) conducted a survey of higher education teachers’ use of technology to
support their teaching activities [85]. Participants in the survey rated that classroom man-
agement activities, or efficiency, were the most important functions of technology [85].
For those who consider that the pedagogical use of technology has not been leveraged
to its full in higher education, it is a cause for concern that the main perceived benefit
of technology is to promote efficiencies [1,2,70,86]. These educational researchers call on
higher education teachers to carefully consider how technology can be integrated into
educational activities so that the student learning experience is altered for the better. One
way to support the effective pedagogical use of technology is to put an emphasis on the
instructional design processes when integrating technology resources [87–89]. Such instruc-
tional design principles incorporate many aspects of teaching and learning including the
need to identify and the associated pedagogical practices to support students in achieving
these objectives [88,90–92].

While the use of the term “technology-enhanced resource” is also ill-defined in math-
ematics education research literature, there has been considerable research on how tech-
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nology resources influence learning in mathematics education [11,93–95]. In mathematics
educational research, a resource is defined as a tool that helps bring about mathematical
understanding, as it allows interaction between mathematical objects and human think-
ing [95] (p. 2). This concept of a resource as a tool, often called instruments or artefacts, has
long been discussed in the context of educational theories such as those put forward by
Vygotsky and Leontiev [69,96]. The resultant work has been used in mathematics educa-
tion research to develop theories on how these tools mediate learning, and thus enhance
student understanding of mathematical concepts and enable new ways of working with
and understanding mathematics [93,95–99]. In addition, some individual studies have
focussed on how learning efficiencies such as students working at their own time and
pace, or on how students manage to take ownership of their learning, can be achieved
using technology [51,69,94,100–102]. Finally, student satisfaction with using technology
has been considered in terms of the use of technology to enhance the learning environ-
ment [102–105]. Within the literature on the use of technology in mathematics education,
technology-enhanced resources can therefore be described as technology tools that are
used to enhance, or better, the mathematical understanding, learning experience and/or
learning environment of students engaged in mathematics learning.

In the next subsection, the specific benefits of using technology in undergraduate
mathematics, as found in the literature, are examined.

4.2. What Are the Benefits of Using Technology-Enhanced Resources in Undergraduate
Mathematics Modules?

Bray and Tangney outline how technology use is seen by many educators as an avenue
through which to tackle students’ mathematical understanding [74]. They continue by
describing how the computational power, multiple visual representations and diverse
ways for students to engage with mathematics through technology are given as reasons
for an increase in technology use [74] (p. 256). Educational researchers contend that
the affordances of technology, defined as the prescribed, intended, or designed-for use,
and possible use [106,107], need to be exploited for successful technology integration
in education [108,109]. However, educators argue that the term “affordance” should be
used with caution, as it suggests that technology shapes learning without giving due
respect to existing teaching and learning practices [78,109]. According to Conole and
Dyke [108], technology affordances should include the prescribed, creative, and unintended,
educational activities facilitated by technology. In the context of this paper, technology
affordances are taken to be the context-based pedagogical benefits that technology can
bring to educational activities.

Many researchers in the field of mathematics discuss the uses and benefits of tech-
nology in terms of affordances [57,93,110–113]. There are two distinct affordances that
technology can bring to mathematical tasks: ‘pragmatic and epistemic’ [114] (p. 249). Tech-
nology brings pragmatic efficiencies by increasing the speed and accuracy of computations
and epistemic value when they help advance students’ understanding of mathematical con-
cepts [114] (p. 248). These affordances have been evidenced in the literature on mathematics
education technology in higher education [56,80,103,105,115]. In addition, many of these re-
searchers have identified benefits that enhance students’ mathematical learning, that do not
necessarily fall under a pragmatic or an epistemic category, such as enhancing the student
learning experience [56,103,105]. Table 4 contains a list of the benefits of using technology
in mathematics education categorised under the headings of pragmatic, epistemic and
other, as found in mathematics education research studies. The studies included in Table 4
were selected based on their relevance to the context of this review. Three of the studies
are literature reviews; two situated in higher education mathematics [14,105] and one in
general mathematics education [116]. The technology under investigation and the context
is also given in the table. Some studies examined multiple benefits. In order to simplify the
table, we use the following acronyms: HE M (Higher Education mathematics), 1Y UM (1st
Year undergradate mathematics), and 2Y EM (2nd Year Engineering mathematics).
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Table 4. Benefits of using technology in higher education.

Category Benefits Studies Technology Used Context

Pragm
atic

Calculations and graphing
Jarvis et al. [78] Sage HE M

Varavsky (as cited in [14]) Computer Algebra System
(CAS) 1Y UM

Thomas et al. [52] Multiple technologies 1Y UM

Epistem
ic

Problem Solving Loch et al. [114] Screencast 1Y UM

Takači et al. [116]
Computer supported
collaborative learning

(CSCL)
1Y UM

Mathematical
Understanding

Galligan et al. [53] Tablets 1Y UM
Takači et al. [116] CSCL 1Y UM

Triantafyllou et al. [101] Multiple technologies 1Y UM

Aventi (as cited in [14]) GeoGebra Year 9 maths
(Australasia)

Thomas et al. [52] Multiple technologies 1Y UM
Buteau et al. [71] CAS HE M

Rote Learning (negative) Trenholm et al. [104] e-lectures HE M

Visualisation

Jarvis et al. [78] Sage HE M
Lavicza [81] CAS HE M

Takači et al. [116] GeoGebra 1Y UM
Jaworski and Matthews [117] GeoGebra 1Y UM

Thomas et al. [52] Multiple technologies 1Y UM

Feedback
Trenholm et al. [93] Fully Asynchronous

Online (FAO) HE M

King and Robinson [102] Audience Response
Systems (ARS) HE M

Lee [103] Online quizzes HE M

Real World Problems
Jarvis et al. [78] Sage HE M

Lavicza [81] CAS HE M
Conceptual and Procedural

Understanding Rakes et al. [115] Various strategies that
included technology Mathematics Education

O
ther

Engagement (motivation)

Loch et al. [114] Screencasts 1Y UM
Galligan et al. [53] Tablets 1Y UM

King and Robinson [102] ARS 2Y EM
Thomas et al. [52] Multiple technologies 1Y UM
Buteau et al. [71] CAS technologies HE M

Self-regulated learning,
self-paced, and

self-directed learning

Loch et al. [114] Screencast 1Y UM
Trenholm et al. [104] Recorded Video lectures HE M

Jarvis et al. [78] Sage HE M

Triantafyllou et al. [101] Khan Academy and other
online resources 1Y UM

Buteau et al. [71] CAS HE M
Howard et al. [118] Recorded Video lectures 1Y UM

Kanwal [54] Online learning
environment 1Y UM

Satisfaction

Trenholm et al. [104] Recorded Video lectures HE M
King and Robinson [102] ARS 2Y EM

Triantafyllou et al. [101] Khan Academy and other
online resources 1Y UM

Lee [103] Online learning
technologies Graduate students

Classroom Management King and Robinson [102] ARS 2Y EM
Assessment Oates [112] CAS HE M

Approaches to learning Trenholm et al. [48] Recorded video lectures 1Y UM
Howard et al. [118] Recorded video lectures 1Y UM

Table 4 lists the benefits associated with using technology; however, many studies
also reported negative aspects to technology integration. While the use of screencasts
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and e-lectures are liked by students, they were found to be associated with both rote
and surface approaches to learning, with some evidence of a negative correlation with
grades [51,105]. The use of computer-generated feedback is also under question, as this
needs to be carefully designed and integrated into the learning process so that students
are obliged to engage with the feedback [94,104]. Mathematical discourse is important for
students when developing understanding in mathematics and has been found difficult
to achieve in online learning environments [104,105]. Finally, Jaworski and Matthews
found that any evidence of conceptual understanding gain by using GeoGebra was hard to
quantify [118] (p. 183).

In the next subsection, the literature is examined to determine the factors that impact
on the benefits or otherwise of the technology implementations discussed.

4.3. What Factors of the Technology-Enhanced Resource Implementations Impacted on the
Associated Benefits?

In addition to measuring the benefits or otherwise of using technology in mathematics
education, a number of studies investigated factors that impact on successful technology
integration. Thomas et al. attributed the positive impact on students’ mathematical
understanding and their attitude to, and satisfaction with, the use of technology, to the
significant pedagogical changes implemented as part of the study [55]. These pedagogical
changes included: teachers designed relevant digital tasks; tools were privileged by the
teachers; students were allowed to self-select tools; technology afforded communication
between teachers and students; and the use of the digital tools was explicitly linked
to the continuous assessment of the modules [55]. The term “Teacher privileging” is
used to capture the promotion and use of the digital tool, within a class setting, by the
teacher, to guide and develop students’ successful use of the tool [55]. Other studies,
such as Jaworski and Matthews and Takači et al. [117,118], were clearly embedded in
similar significant pedagogical change, though the former questioned whether increased
conceptual understanding had actually occurred. Collaborative or peer learning were
specific pedagogical changes identified as factors in both the Thomas et al. and Takači
studies [55,117].

Factors of success also featured in the technology affordances. For example, tech-
nologies such as CAS can assist with the visualisation of mathematics, allow multiple
representations of concepts and facilitate the automated completion of tasks [27,55,117].
Furthermore, technological tools, such as online quizzes, have the capacity to provide
instantaneous feedback [104].

Students reported technical, usability and access issues that prevented them using
certain technologies [28,56,104,113]. For example, ease of use was a factor that con-
tributed to students selecting Desmos technology over GeoGebra in the Thomas et al.
study [55]. While students often rated technology tools as novel, fun, or convenient, it
was not always evident that these ratings influenced greater attendance, engagement or
grades [103,105,115,118,119].

Similar views are also expressed in a literature review on the use of CAS within higher
education. Buteau et al. identified both pedagogical and technical challenges as a barrier
to successful CAS integration [27] (p. 61). In addition, students’ educational background
impacted on their successful use of CAS (Varavsky, 2012, as cited in [14]). While located
in secondary education, Drijvers’s study that examined the factors that supported success
is pertinent [11]. He found three such factors: design of the digital technology and the
associated tasks and activities; the role of the teacher in synthesising the technology related
and other mathematics learning activities; and the educational context.

4.4. Discussion from the Literature on Technology-Enhanced Resource Use in Mathematics
Education

There is appreciable discussion in the literature on what constitutes “enhanced” in
terms of the use of technology in higher education and whether the benefits of using
technology have been fully exploited [1,2,12,70,83,86]. It is also argued that the affordances,
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or context-based pedagogical benefits, of the technology need to be taken advantage of
for successful technology integration [108,109,114]. These pedagogical benefits can be
built into the technology resource integration through the use of effective instructional
design processes [88,90–92]. In mathematics education, technology as a tool to mediate
learning has been examined in some detail [11,93–95]. There are a limited number of
studies that consider enhancement in terms of student satisfaction and self-regulated
learning [51,69,100,102,103]. Benefits of using technology that were identified in the litera-
ture included: the epistemic benefits associated with mathematical understanding [55,80],
the pragmatic advantages of outsourcing computational activities [28,102,117], and other
student-centred benefits such as self-regulated learning [51,115,119]. While a number of
factors such as the pedagogical changes implemented [55], and the affordances of the tech-
nology [27,117], were found to contribute to successful technology integrations, technical
challenges and usability issues were identified as barriers [55,113]. In addition, some of the
approaches to learning adopted by students as a result of technology integration do not
appear to foster deep learning [51,57].

It is interesting to note that a number of these studies (see Table 4), which did not
purport to examine student engagement with technology, considered engagement in terms
of motivation or satisfaction [56,102,103]. However, it is not always clear whether the tech-
nology affordances or the change in pedagogical practices contributed to these benefits [81].
Perhaps, as Trowler suggests, there is a need to establish if some of the indicators of student
engagement were examined in these studies [5]. To that end, the methods of evaluation
used in the literature are examined in the next section.

5. Evaluating Technology Use in Higher Education (and Mathematics) and the Use of
Frameworks and Models

Student engagement has been shown to positively influence student outcomes [7,37],
though the intersection of technology and student engagement has not been adequately
investigated [7,16]. Evidence exists of the benefits of using technology in small-scale
studies (see Table 4). However, the use of technology at scale in undergraduate mathe-
matics remains problematic, in part due to the lack of studies that have demonstrated
the benefits technology can bring to this particular student cohort [55]. While factors
that contribute to the benefits of using technology have been identified in the previous
section, it is not clear how student engagement with technology impacts on the success or
otherwise of the implementations. This finding is consistent with the broader literature,
where it has been identified that the intersection of student engagement and technology
is under-researched [7,16]. Added to this is the fact that studies use a variety of method-
ologies and frameworks to evaluate the integration of technology in education [11,12,81].
Furthermore, Coupland et al. have called for more empirical evidence on the benefits of
using technology, as much of the current literature focusses on students’ and lecturers’
views [33]. They recognise that it is essential to investigate the affordances of technology in
terms of student learning, retention and transfer of knowledge, rather than just descriptions
and evaluations [33]. King et al. have pointed to the need for frameworks of evaluation
that can be used to consistently and comparatively examine how technologies have been
successfully integrated into education [12].

Thus, there are two issues to consider here. The first is whether student engagement in-
dicators are used as measures of success in the mathematics education technology literature.
To establish this, the studies listed in Table 4 are further explored to determine the methods
of evaluation and the indicators used to measure success. Secondly, further examination
of the literature is required to establish what frameworks or models are currently used in
describing and evaluating technology integration in mathematics and higher education.

The following three research questions were formulated and discussed in the three
subsections below.

• How have the uses of technology-enhanced resources been measured?
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• What models or frameworks are available to classify and evaluate technology-enhanced
resource implementations?

• What features of technology integrations are described/classified within these models
and frameworks?

5.1. How Have the Uses of Technology-Enhanced Resources Been Measured?

One of the aims of publishing research on the use of technology in mathematics
education is to inform the mathematics education community about practices that have
been proven effective so that they can be mirrored in similar contexts [120]. In order to
ensure a proven intervention can be scaled, it is important to establish what indicators
of success have been used and how they have been measured. In this section, studies
that focus on the use of technology within undergraduate mathematics are investigated
to establish what indicators of engagement, if any, have already been examined in the
literature. With this in mind, the studies referenced in Table 4 are further explored to
establish the indicators that were used to measure the benefits of the technologies.

The methodologies and validity varied from study to study. For example, Galligan et al.
completed an exploratory study of the integration of technology in first-year undergraduate
mathematics, with little detail on how the data was examined and analysed [56]. On the
other hand, Jarvis et al. used a case study approach to examine the use of Sage within a
mathematics course, and used a thematic approach to analysing interviews [80]. Most of
the studies reported, or have evidenced, the use of a mixed methods approach, as can be
seen in Table 5, where the different measures for the studies are listed.

Table 5. Measures taken in the studies.

Measure Study

Student and/or teacher views of resources through use of
surveys, scales, or questionnaires

Jaworski and Matthews [118], King and Robinson [121],
Lee [104], Lavicza [28], Loch et al. [115], Oates [113],

Thiel et al. [122], Thomas et al. [55], Trenholm et al. [51,94],
Triantafyllou et al. [102], Howard et al. [119].

Test, exam, or quiz results for improved students’ mathematical
understanding

Jaworski and Matthews [118], King and Robinson [121],
Loch et al. [100], Takači et al. [117], Howard et al. [119].

Recorded usage of resources Loch et al. [100], Trenholm et al. [51], Howard et al. [119].
Attendance data King and Robinson [121], Howard et al. [119]

Course artefacts and/or curriculum materials Jarvis et al. [80], Lavicza [28], Thomas et al. [55]

Student and/or teacher interviews Jarvis et al. [80], Jaworski and Matthews [118],
King and Robinson [121], Lavicza [28]

Teacher practices, reflections, and/or blogs Galligan et al. [56], Jaworski and Matthews [118],
King and Robinson [121].

Class observations Jaworski and Matthews [118], King and Robinson [121],
Lavicza [28], Thomas et al. [55].

Task analysis Takači et al. [117], Thomas et al. [55].
Scale to measure approach to learning (scale used is R-SPQ-2F) Trenholm et al. [51,94].

Case Study Drijvers [11].

For many of the studies, it is not always clear what indicators were used to measure
success. While Trenholm et al. [51,94] used proven scales within their surveys, the de-
velopment of the questions used in surveys was not always evident [28,102,118], though
in some cases, there was a clear link to the literature reviewed [103,104,115]. When class
observations were used, it was not necessarily clear how the data was interpreted in terms
of success or otherwise [103,118].

A number of these measures may also be used to examine student engagement. For
example, attendance data and recorded usage of the resources can be used to measure
behavioural engagement indicators. Further examination of the inferences made about
the recorded use of lectures in the Trenholm et al. study was that it was used to consider
approaches to learning (or cognitive engagement) [51]. In contrast, the recorded lecture
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data used in the Howard et al. study was used to determine students’ perceived value of
self-regulated learning (or affective engagement) [119]. Class observations and student
interviews may be analysed for indicators of engagement. For example, the King and
Robinson study recorded students as saying the ARS technology was fun (associated
with affective engagement) [103]; however, they did not examine the impact this had on
student engagement. Due to the diversity of the inferences made from the same named
measures, and the lack of connection between indicators and student engagement benefits,
it is difficult to examine if these studies can contribute to our knowledge on student
engagement with technology.

Drijvers suggested that theoretical frameworks are required in order to understand the
role of digital technology in mathematics education [11]. Such frameworks can support the
evaluation and scaling of technology interventions. Few of the studies explicitly situated
their research within theoretical frameworks, but those that did are listed in Table 6, along
with the framework used.

Table 6. Theoretical Frameworks used in the studies.

Theory Study

Community of inquiry (CoI) and documental genesis Jaworski and Matthews [118]
Computer-supported collaborative learning (CSCL) Takači et al. [117]

Laurillard conversational framework King and Robinson [103]
Conceptual model of affective and cognitive effects of

human and design factors Piccoli et al. (as cited in Lee [104])

Instrumental orchestration Thomas et al. [55]
Taxonomy for integrated technology

(author’s own version from Ph.D. thesis) Oates [113]

In conclusion, it is evident that there is little consistency in the design of research
studies on the use of technology in undergraduate mathematics. Hence, it may be difficult to
compare the outcomes and come to an understanding of what exactly should be measured.
Therefore, it may not always be clear if the technologies can be scaled to be used in different
contexts [11]. One way to overcome this is to have frameworks of evaluation that can be
used to compare and contrast technology evaluations.

5.2. What Models or Frameworks Are Available to Classify and Evaluate Technology-Enhanced
Resource Implementations?

There are a number of issues with the evaluation of technology-enhanced resources
within higher education. Amongst these are: the difficulties associated with evaluating
this rapidly changing environment, the institutional requirement for cost-effective teaching
enhancements, and the lack of appropriate evaluation models or frameworks [12,123].
The importance of frameworks suited for evaluation have been identified by a number
of researchers in the field of higher education [12,78,86,109,124] and in mathematics edu-
cation [11,14]. There are a number of elements of technology integration that need to be
considered by these types of frameworks. Firstly, studies should incorporate the types of
pedagogy or didactical practices that have been used to integrate technology [81]. Secondly,
there needs to be a focus on the types of constructs being measured [124]. Thirdly, the
context of the study needs to be taken into account, such as the level of education and
student attributes [81,124]. Finally, the affordances of the technology being used need to be
made explicit [57,93,110,112,113]. The essential outcome of any evaluation is to establish
and explain what technology works under ‘which conditions, for whom and why’ [12].

A considerable number of models, frameworks, categorisations, and typologies were
found in the literature on the evaluation or integration of technology in education. For
simplicity, these will be generically referred to as the frameworks in this section, although
the term used by the authors will be adhered to when discussing specific frameworks. In
this literature review on technology education, four loosely aligned groups of frameworks
emerged:
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• Technology integration—these frameworks refer to how technology is integrated into
teaching and learning.

• Theoretical frameworks—these are used to examine how learning occurs using tech-
nology.

• Technology affordances and types—these frameworks categorise different technologies
according to functionality or affordances the technology supports.

• User experience frameworks—these refer to how technology is examined from the
user’s, or student’s in this case, perspective.

A list of the frameworks examined are contained in Table 7, along with a brief descrip-
tion and/or purpose and an article or website describing their use.

Table 7. Frameworks used in the integration and evaluation of technology.

Group Framework Description/Purpose Study or Website

Technology
integration

Substitution Augmentation
Modification and Redefinition

(SAMR)

Model describes 4 levels of
technology integration in tasks

http:
//hippasus.com/resources/tte/

Puentedura [125]

Formative Assessment in Science
and Mathematics Education

(FaSMEd) *

Characterisation of aspects of
classroom integration of formative

assessment technology tools

https://microsites.ncl.ac.uk/
fasmedtoolkit/theory-for-fa/the-

fasmed-framework/
FaSMEd [126]

Technology Acceptance Model
(TAM)

Theorises usage behaviour of
technology

https://en.wikipedia.org/wiki/
Technology_acceptance_model

Buchanan et al. [127]
Nikou and Economides [128]

Zogheib et al. [129]

Technological pedagogical content
knowledge (TPACK) ***

Framework considers intersection of
teachers’ knowledge on technology,

pedagogy, and content key to
successful technology integration.

Mishra and Koehler [130]

Classification system * (Bray and
Tangney **) [74]

Classification system with 4
components: Technology, Learning

Theory, SAMR level, Purpose.
Bray and Tangney [74]

3E (Enhance, Extend, Empower)
Framework

Guidance and examples to exploit
technology to enhance, extend,

empower teaching and learning.

https:
//3eeducation.org/3e-framework/

[131]

eLearning theoretical framework

eLearning systems theory framework
that draws out roles of people,

technology, and services in learning
provision,

Aparicio et al. [132]

Laurillard Conversational
Framework

Framework describes interactions
and types of activities that occur

between teachers and students for
effective learning.

King and Robinson [103]
Laurillard [133]

Unified theory of acceptance and
use of technology (UTUAT)

Alternative to TAM—4 key factors in
accepting technology: performance
expectancy, effort expectancy, social

influence, facilitating conditions.

Venkatesh et al. [134]

4C (Connection, Communication,
Collaboration, Creating)

Framework

Framework to organise technology
use in higher education. Brown et al. [123]

http://hippasus.com/resources/tte/
http://hippasus.com/resources/tte/
https://microsites.ncl.ac.uk/fasmedtoolkit/theory-for-fa/the-fasmed-framework/
https://microsites.ncl.ac.uk/fasmedtoolkit/theory-for-fa/the-fasmed-framework/
https://microsites.ncl.ac.uk/fasmedtoolkit/theory-for-fa/the-fasmed-framework/
https://en.wikipedia.org/wiki/Technology_acceptance_model
https://en.wikipedia.org/wiki/Technology_acceptance_model
https://3eeducation.org/3e-framework/
https://3eeducation.org/3e-framework/
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Table 7. Cont.

Group Framework Description/Purpose Study or Website

T
heoreticalFram

ew
orks

Instrumental Orchestration *
Converting digital tools into artefacts,

connecting technical skills and
conceptual understanding required.

Artigue [114]
Kieran and Drijvers [135]

Lopes and Costa [136]
Thomas et al. [55]

Didactic Tetrahedron *

Examining digital tool use as
interactions between (1) tools and

knowledge, (2) tools, knowledge and
learner, and integration of (3) tools in

curriculum or classroom.

Trgalová et al. [95]

Mathematical Proficiency *
Five strands of mathematical
proficiency required to learn

maths successfully.
National Research Council [137]

Pedagogical Opportunities *

Ten pedagogical opportunities
grouped into 3 levels: task that has

been set, classroom interaction,
maths topic.

Pierce and Stacey [15]

Didactical Functions *

Three didactical functions supported
by technology: (1) Do,

(2) Learn–Practice Skills, and
(3) Learn-concepts.

Drijvers [11]

Technology
A

ffordances
and

Types

Mobile App Categorisation *
(Handal **)

Categorises use of mobile apps for
schools based on instructional roles
and media richness as: Productive,
Explorative and Instructive. Uses

Goodwin’s classification—see below.

Handal et al. [138]

Web 2 typology (Bower **)

Typology of web 2 tools suitable for
teaching and learning; includes what
they have been used for, pedagogical

uses and examples.

Bower [139] (p. 772)

Evaluation Grid for multimedia
tools (Abderrahim, Mohamed and

Azeddine **)

Checklist to ascertain quality of
multimedia tools: pedagogical,

didactical, and technical. Derived
from tools used in secondary

education in Morocco.

Abderrahim et al. [140]

Classification of Mobile Apps
(Goodwin **)

Precursor to Handal’s categorisation
concerned with users’ level of control

over tasks and activities, for
school-based apps: Instructive,

Manipulative, and Constructive.

Goodwin [141] (p. 26)

Typology of mobile apps
(Pechenkina **)

Typology of mobile apps used in
higher education institutions in

Australia by order of most used types:
Organiser, Navigator, and Instructive.

Pechenkina [142] (pp. 139–140)

Categories of digital tools *
(Hoyles and Noss **)

Four categories of tools:
(1) dynamic and graphical tools,

(2) tools that outsource processing
power, (3) new representational

infrastructures, and (4) implications
of high-bandwidth connectivity on

nature of maths activity.

Hoyles and Noss [143]

Experimental mathematician *
(Borwein **)

Use or affordances of a computer in
mathematics, focusing on proofs. Borwein [111]
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Table 7. Cont.

Group Framework Description/Purpose Study or Website

U
ser

Experience

User Experience Honeycomb
Seven attributes of technology

deemed desirable to enhance student
experience of using technology.

Morville [144]

Universal Design for Learning
(UDL)

Framework used to provide fully
inclusive learning environment for all

students. Three main elements:
Engagement, Representation, and

Action and Expression, considering
multiple means to achieve these.

Center for Applied Special
Technology (CAST) [145]

Online Course Design Learning
Checklist (OCDLC)

Before, during, and after checklist,
with 3, 6, and 10 items, respectively,

for online courses in
higher education.

Baldwin and Ching [146]

Student-Owned
Learning-Engagement

(SOLE) model

Theoretical Framework on eLearning
systems with 3 dimensions: users,

technology, and services.
Atkinson [147]

FEM Framework for Engagement in
Mathematics (FEM) *

Three aspects: Pedagogical
Relationships (between students and

teachers), Pedagogical Repertoires
(teacher day-to-day teaching

practices), and Student Engagement
(factors supporting engagement).

Attard and Holmes [67]

* Framework designed specifically for mathematics education studies. ** Where framework does not have
associated distinguishable name, author(s) have been included with name. *** Originally called TPCK by Mishra
and Koehler but now commonly referred to as TPACK [130].

In addition to those listed in Table 7, more generalised frameworks were found that
encompass a number of aspects of evaluations and integration [132,148–150]. For example,
Pickering and Joynes proposed a holistic model of technology-enhanced learning TEL
evaluation based on the Kirkpatrick model, one of the most cited models used in the
evaluation of training [149]. This model focusses on learner satisfaction, learner gains, and
learner and institutional impact, with a view to establishing a cost–benefit analysis [149]
(p. 1244). In their literature review on how technology use is evaluated in education, Lai and
Bower suggested that education researchers should use the classifications they developed
to better focus the design of educational technology research [124]. First, researchers can
reflect on which aspects of evaluation and its associated construct they intend to investigate
and then select their methodology from the methods and instruments that have already
been similarly used [124] (p. 38). Second, they proposed that a generalised model for
technology evaluation could be developed based on the themes and subconstructs they
identified [124] (p. 38).

As can be seen from Table 7, the frameworks vary in which aspects of technology
integration and evaluation are characterised. In the next subsection, the different features
categorised by the most relevant frameworks will be considered in more detail.

5.3. What Features of Technology Integrations Are Described/Classified within These Models and
Frameworks?

In this section, the frameworks in Table 7 will be examined in more detail in order
to elicit which features of technology integration have been classified. Those that were
obtained from mathematics education will be discussed first and this will be followed by
an examination of other relevant frameworks.
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5.3.1. Mathematics Specific Frameworks
Pedagogical Opportunities

Pierce and Stacey examined the use of technology in mathematics education in terms
of the pedagogical opportunities that can be supported by the affordances of mathematical
analysis software (MAS) [15]. In their pedagogical map, they identified three levels where
educational transformation can be enacted by the teacher: mathematical tasks; classroom
dynamics and didactical contract; and the subject area, such as mathematical thinking or
applications [15] (p. 6). The didactical contract is the set of implicit or explicit responsi-
bilities and commitments that the teacher and student agree to use within the learning
environment [151]. Geiger et al. used these three areas to classify the studies they examined
in a critical synthesis of research on mathematics educational technology in Australasia [14].
While the pedagogical map was useful, they pointed to areas where it needed to be ex-
tended, such as the inclusion of other technology types. Drijvers referred to the benefit of
the pedagogical map as a way to define the educational context and mathematical prac-
tices of a technology intervention, which are important in determining the success of a
technology intervention [11].

Didactical Functions

Drijvers defined pedagogical functionality in terms of the didactical functions [11]
(p. 136). In the Drijvers’ model, there are three main didactical functions that are supported
by technology: (1) do: the functionality related to doing mathematics, where work that
could be done by hand is completed by the technology; (2) learn—practice skills: the func-
tionality provided to practice skills; and (3) learn—concepts: the functionality that supports
the development of conceptual understanding [11] (p. 136). Drijvers used this framework
to position the pedagogical use of technology in the studies he subsequently examined.

Instrumental Orchestration

Instrumental orchestration is a term that is used to describe how a teacher orchestrates
the use of a digital tool. It stems from Artigue’s work on an instrumental approach to using
digital tools in mathematics where the technological and conceptual affordances of the tools
are exploited to foster mathematical understanding [114]. This theoretical framework has
been used in mathematics education research in order to investigate and compare students’
mathematics learning using different technologies and settings [55,97,135].

Didactic Tetrahedron

The Congress of the European Society for Research in Mathematics Education (CERME)
group adopted a didactic tetrahedron, inspired by Tall (as cited in [95] (p. 1)), to examine
the interactions between teachers, students, knowledge, and tools (resources and technol-
ogy) [95] (p. 2). (See Figure 3) Cognitive processes are described by the interactions between
the technology or resource, knowledge, and the learner (student). The learning theories
enacted in the classroom are described by the teacher’s integration of the technology or
resource in the classroom and the associated knowledge interactions.

Categories of Tools

Hoyles and Noss identified four categories of tools ‘that distinguish different ways
that digital tools have the potential to shape mathematical cognition’ [143]. First are dynamic
and graphical tools that allow students to explore mathematical representations from
different perspectives. Second, outsourcing processing power allows a machine to take
over processing that would previously have been conducted by the student. Third are
tools that enable the creation of new mathematical representations and symbols. The final
category are tools that allow connectivity and the ability to share mathematics within
the community. This framework has since been modified and extended to include newly
available digital tools and influenced Bray and Tangney’s work on classifying technology
mathematics research studies [74] (p. 259).
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Classification System of Research Studies

Bray and Tangney classified the current literature on mathematics education technol-
ogy in order to provide an overview of the field and enable a comparative analysis of the
interventions [74]. The studies were classified into four components described below:

• Technology which describes the type of technology in use. They used a refinement of
the Hoyles and Noss (as cited in [74] (p. 261)) categorisation of tools (described above),
which also took into account the types of technology use observed in the literature
review. There were seven final classifications within the technology type.

• Learning theory. Studies were classified according to whether they adopted a Be-
haviourist, cognitive, constructivist, social constructivist, or constructionist teaching
and learning approach.

• Technology adoption. They used the SAMR model to describe how technology is
integrated, because it pertains to the level of technology adoption specific to tasks and
activities. This model will be discussed in more detail below.

• Purpose. Each of the studies was classified based on the aim of the study: for exam-
ple, to change students’ mathematical attitude, improve performance, or engender
collaboration and discussion.

In their analysis of these studies, Bray and Tangney concluded that while tools are
increasingly being used to enable visualisations, and to promote collaborative problem-
solving, they are not yet transforming the student learning experience [74] (p. 270).

Formative Assessment in Science and Mathematics Education

The FaSMEd project team developed a theoretical framework to characterise the
aspects of the classroom use of formative assessment technology tools they developed
for post-primary education [126]. The FaSMEd framework consists of three interrelated
dimensions developed from the relevant literature and the teams’ educational experience.
The three dimensions are:

• Agents (student, peers, and teacher) that intervene in formative assessment processes
in the classroom and that can activate formative assessment strategies.

• Strategies for formative assessment activated by the agents, based on the work of
Wiliam and Thompson [152].

• Functionalities of technology within the formative assessment processes: sending and
displaying; processing and analysing; and providing an interactive environment [126].
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Mobile Apps Classifications

Handal et al. examined over a hundred mathematics educational apps while devel-
oping a framework for categorising mobile applications [138]. The apps were initially
categorised into nine types based on their instructional roles and subsequently clustered
into three broad classifications: explorative, productive, and instructive [138]. Explorative
apps allow simulations and guided discovery; productive apps enable the student to con-
struct content such as graphs; and instructive apps are generally focussed on drill and
practice. These classifications are a modified form of the Goodwin pedagogical classifica-
tion of tablet apps [138]. Handal et al. added the concept of media richness to describe the
ability of the app to provide a ‘high level of problem solving and low prescription’ [138]. Each of
the three classifications can have a lower, in-between, or higher level of media richness. For
example, guided discovery-type apps which allow ‘exploration and experimentation within a
pre-determined framework’ are explorative with a high level of media richness, thus allowing
the student a high level of control over the task in hand and requiring a high cognitive
investment [138].

Framework for Engagement in Mathematics (FEM)

Attard and Holmes examined how exemplary mathematics teachers take advantage
of the affordances of educational technology through the lens of the FEM [67]. According
to Attard and Holmes, there are two main factors that encourage student engagement:
pedagogical relationships and pedagogical repertoires [67]. They define pedagogical re-
lationships as the educational relationships between students and teachers that support
engagement and pedagogical repertories as the routine educational practices used by the
teacher [67] (p. 2). This framework outlines a number of elements, such as determining
students’ backgrounds and the use of student-centred technology, needed to achieve the
required pedagogical relationship and repertories that encourage student engagement
with the technology provided [67] (p. 3). These elements were based on the practices of
exemplary teachers’ use of technology, and Attard and Holmes conclude that technology
used in this way can engage students with mathematics [67] (p. 10).

5.3.2. General Frameworks of Relevance

A number of the other frameworks listed in Table 7 have been used to investigate
technology integration in higher education and in mathematics education. The SAMR and
TPACK models are described below because of the frequency with which they appear in the
mathematics education technology literature. Due to their increasing relevance in educa-
tional technology, user experience models and the universal design for learning framework
are also described. Furthermore, the aspects of user experience that are traditionally seen in
the context of software should be incorporated into the instructional design process design
and support the effective integration of technology into education [87,89,153,154].

Substitution Augmentation Modification Redefinition (SAMR) Model

The SAMR model is used to characterise how technology tools are adopted into exist-
ing education environments, either through the enhancement or transformation of teaching
and learning processes or activities [125]. This model, Figure 4, depicts a hierarchical
structure of two broad levels, each with two subcategories [74] (p. 260). The lowest level of
integration is to substitute existing activities without making functional changes, followed
by augmentation where the technology tools are used to augment existing activities and
make functional improvements. At the transformative level, the tasks are either signifi-
cantly modified through task redesign or the technology allows the redefinition of tasks
that enable activities that were previously unavailable.
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Bray and Tangney classified mathematics education technology using the SAMR
model and found that the majority of tool use fell under the augmentation part of the
SAMR model, suggesting that classroom practices are not utilising the affordances of the
technologies so that they can transform practice [74] (p. 269).

Technological Pedagogical Content Knowledge (TPACK)

Mishra and Koehler drew on their experiences working in higher education to develop
a framework that captured the knowledge required by teachers to effectively integrate
technology [130]. This framework, TPACK, has been widely used and/or referred to in
research on the integration of technology in mathematics education [75,95,156,157]. The
framework highlights the connections between the content, pedagogical, and technological
knowledge required by teachers for successful integration of technology in teaching. Mishra
and Koehler used the framework in three ways: (1) to investigate teacher knowledge with
a view to enhancing it, (2) to apply a pedagogical approach of learning by design to help
teachers achieve TPACK, and (3) to guide research and analysis on the effectiveness of
pedagogy associated with technology integration [130] (pp. 1019–1020). They conclude
that the TPACK framework can help describe, make inferences, and inform, how to apply
practices of technology enhanced education.

SAMR vs. TPACK

In a case study, located in a school context, teachers were asked to reflect on their use
of technology from both the SAMR model and TPACK framework perspectives [158]. They
discussed TPACK in terms of technology integration throughout the year, whereas they
reflected on individual activities when discussing SAMR [158] (p. 71). Hilton suggested
that the SAMR model is more focussed on student-centred activities whereas TPACK
is more aligned with teacher-centred design [158] (p. 72). TPACK has become popular
amongst researchers whereas SAMR is more popular amongst practitioners [159] (p. 29).

User Experience Models

In the studies examined in Section 4, there is a lack of focus on the usability of the
educational technology as experienced by the students. While many of the studies explored
teacher and student views, there are only a few that specifically reference a measure for
usability [46,56,103]. It has long been recognised that the usability of educational software
needs to be investigated in the context of its use, as opposed to the software as a standalone
product [160,161]. Recent investigations by Slade and Downer reveal the importance of
the user experience for students when using ePortfolios [162]. Many of the early usability
techniques used checklists and rubrics, but these have been proven to be problematic [161]
(p. 471). One way to overcome problems with checklists is with the use of heuristic
evaluations: ‘Heuristic evaluation is done by experts (in this case, expert teachers) using a set of
guidelines, known as ‘heuristics” [161] (p. 468). The notion of heuristic evaluation was first
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introduced by Molich and Nielsen [163], with the associated usability guidelines available
on the Nielson Norman group website [164]. Squires and Preece combined these heuristics
with the notion of learnability of educational technology to produce a set of ‘learning with
software’ heuristics [161] (p. 479). Reeves et al. also used the Nielsen guidelines to define a
set of 15 heuristics for eLearning [160].

More recently JISC, the UK digital education organisation, combined the notions of
usability and user experience to map out the attributes of educational technology that influ-
ence a positive user experience [165]. This framework is based on Morville’s honeycomb
(see Figure 5).
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Universal Design for Learning (UDL)

Dimensions such as accessibility and findability have become increasingly important
in education and are reflected in the Universal Design for Learning (UDL) framework as
described by Meyer et al. [166], part of the Centre for Applied Special Technology (CAST)
project in the USA [145]. The principles associated with UDL account for the ways in which
the different users’ access and use technology. For example, they include the provision of
audio files to support learners that are visually impaired. The UDL guidelines [167] suggest
there should be multiple means of:

• Representation, to provide learners with various ways of acquiring information
and knowledge;

• Expression, to provide learners with alternatives for demonstrating what they know;
• Engagement to tap into learners’ interests, challenge them appropriately, and motivate

them to learn.

There is limited research on how the use of the UDL framework has impacted on
student engagement with technology. One such study, however, reported that the deliberate
design of a first-year undergraduate science module using multiple means of representation,
expression, and engagement resulted in a more positive experience for the teacher, despite
an increased workload [168] (p. 137). In addition, students were positive about the increase
in the control of their learning and in the sense of social presence achieved [168] (p. 138).

5.4. Discussion on Evaluations and Frameworks/Models in Higher Education

An examination of the research methods used in the mathematics educational technol-
ogy literature has revealed that most studies used mixed methods. A variety of measuring
instruments were used such as scales, interviews, and class observations. Indicators of
success included the students’ grades, students’ and lecturers’ views on the resources,
and the analysis of the curriculum materials (See Table 5). While data, with respect to

https://www.jisc.ac.uk/guides/usability-and-user-experience
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behavioural engagement, were gathered, it was not always analysed in terms of student
engagement [51,103,119]. Thus, it is difficult to establish the factors of technology imple-
mentations that impact on student engagement. While the use of frameworks of evaluation
are recommended in order to allow for the scaling of implementations, there was limited
use of such frameworks found in the literature [11,12].

There are considerable challenges associated with evaluating technology integra-
tion [12,123]. The use of frameworks of evaluation can help overcome these challenges [11,14].
Four main categories of framework were found in the literature on educational tech-
nology in higher education: technology integration; theoretical frameworks; technology
affordances and types; and user experience frameworks. The focus on mathematical un-
derstanding in the literature on educational technology in mathematics education is also
reflected in the number of frameworks that describe how mathematical learning is achieved
using technology as a tool [95,114] and how the pedagogical affordances of technology can
be le161veraged [11,15,138,143]. Both the Bray and Tangney’s system of classification and
the FaSMEd framework encompass a number of aspects of technology use such as the type
of technology, the learning theory used and the level of technology integration [74,126].
None of the mathematical frameworks considered usability or user experience, which is in-
creasingly recognised as a factor in student engagement [34,53], and has been identified as a
factor in the success of technology integration in mathematics education [28,46,56,104,113].
While there were a number of frameworks that claimed to describe all aspects of technology
education in general [132,149,150], no holistic framework for technology integration was
found in the mathematics education literature.

6. Conclusions and Contributions

The main focus of this work was to conduct a literature review which would provide
insight into how and in what way students engage with technology and the factors that
influence student engagement. This narrative literature review examined the literature on
the use of technology to engage students with their learning in undergraduate mathematics
modules. However, it only considered articles written in English, and published within the
time-frame of 2000–2020. In order to determine what was meant by student engagement,
it was necessary to go beyond the scope of mathematics education and review literature
in higher education. While the three authors agreed on the papers selected, based on
their relevance to the subject area, other research teams may take a different approach.
Additionally, only seminal relevant works in post-primary education were reviewed. This
literature review was focused on addressing three research areas, which we have labelled
RA1, RA2 and RA3, as indicated earlier. This meant that only aspects relating to these
areas were examined within the articles. Even with the same selection of papers, other
authors might choose to place a different focus on the various papers involved, as is the
case in narrative reviews. In RA1, we identified that student engagement has been shown
to be an important construct due to its impact on student success [3,31,51,52]. Additionally,
related to all three RAs, we uncovered an increassing use of holistic frameworks to examine
both the influencing factors and resultant outcomes of student engagement, within the
students’ sociocultural context [4,7]. Another contribution of this work across the three
RAs is the discovery that, while there is a growing body of research available on the impact
of technology on student engagement, tshere is a degree of uncertainty as to what is meant
by student engagement with technology and how it should be measured [16,30,36]. In
addition, in RA1 and RA3, we discovered that there is a dearth of studies in undergraduate
mathematics education that specifically focus on student engagement with technology.
Although factors relating to the pedagogical integration of technology have been identified
in mathematics education literature [55,56,79], it is significant that there are few studies
that examine technology use from the perspective of the student or student engagement.
Those that do are mainly concerned with students’ goals [57,69] and do not necessarily
consider the impact of the usability and design of the technology on student engagement,
factors that have been highlighted in the general education literature [7]. To augment
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future investigations in these areas, and in order to effectively use technology to support
student engagement within higher education, research studies need to be examined under
a clearly-defined lens of student engagement [7].

Across RA2 and RA3, we found few studies on education technology which define
technology-enhanced resources; however, it should be noted that it is clear from the mathe-
matics literature that such resources can be described as technology tools that are used to
enhance, or improve, the mathematical understanding, learning experience and/or learn-
ing environment of students engaged in mathematics learning [69,97,98,102]. Specifically,
in mathematics education, we found that considerable work has gone into examining the
use of technology as a tool to enhance mathematical understanding [11,92–95]. Other, more
pragmatic benefits have been explored to a lesser extent [28,102,117]. It is significant, across
all three RAs that, while indicators associated with student engagement were measured,
it is not clear how pedagogical changes rather than technology use affected engagement.
Only a limited number of studies considered student satisfaction with, and motivations
to use, mathematics education technology [48,102–104,119]. In relation to all three RAs,
this gap in research requires future attention. While satisfaction and motivation are clearly
linked to engagement [37], it is not clear what factors impact on student engagement
with mathematics education technology. Bond and Bedenlier identified a number of the
micro-layer influences on student engagement with technology [7], such as: the individ-
ual student and teacher acceptance of, and skills in using, technology; the design of the
technology-enhanced activities within the curriculum; and the influence of factors such as
technical support, usability of the technology and the assessment on the learning environ-
ment. Thus, another contribution of our work is the identification that, in order to examine
student engagement with technology in mathematics education, research needs to focus on
establishing if these or other factors influence student engagement with technology.

Factors that contribute to the success of technology integration in mathematics educa-
tion were identified, such as the need for significant pedagogical change and the student’s
technical skill in using technology [11,55]. The pedagogical challenges associated with inte-
grating technology require careful consideration, and teachers need support to successfully
use technology in mathematics education [27,94,130,169]. Our work has highlighted one
way to overcome these challenges through having frameworks available to guide teachers
with the integration and evaluation of technology [130,136,169]. In RA3, we considered
frameworks found in the mathematics literature that describe various aspects of technology
integration, such as those that describe the types of technology in use, how learning is me-
diated using technology and how technology can be integrated into tasks or settings—see
Table 5. However, we have concluded that there is no overarching framework that describes
both the pedagogical aspects and the educational context of technology integration. These
are all areas in which future work is needed.

In summary, in relation to the principal focus of our work, the first main conclusion
is that there is no consistent definition of, or indeed, measure for, student engagement
with technology. These results have very important implications for future research in
this area. Our second main conclusion is that considerable additional research is required,
especially at undergraduate level in mathematics education. This research should, in the
first instance, investigate the broad range of factors that impact on student engagement
with technology, with an emphasis on exploring the student experience, hearing the student
voice, and examining the impact of pedagogical changes. Our final main conclusion is
that frameworks can play a crucial role in technology integration, but there is currently
no framework that underpins the key facets of educational setting and pedagogy. The
development and implementation of such a framework could have a significant impact
on the future of technology use in mathematics education. Thus, this literature review
opens the way for research into factors that impact student engagement with technology-
enhanced resources and the development of an overarching framework for practitioners
who are embedding such technologies into their teaching.
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