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1. Introduction

There is a broad consensus in recognizing the importance of having a citizenry compe-
tent in mathematics which, in this way, contributes to ensuring both their socioeconomic
progress and their employability, as well as their personal fulfillment, social inclusion,
and active participation as citizens [1–3]. However, there are numerous indicators, both
nationally and internationally, that reveal the existence of a deterioration not only in the
acquisition of skills but also in the motivation and attitude that students have toward
learning mathematical content in particular and mathematicians in a broader sense [4,5].
In science, technology, engineering, arts, and mathematics (STEAM) studies, along with
mathematics education, in recent years, active and innovative methods have recognized
increasing consecration of specifying the apposite arrangements of students’ capacities [6,7].
In daily circumstances, a STEAM education offers various combinations of mathematics
disciplines as concrete objects, the teaching/learning of which are merged and ordered so
they may be exploited for problem solving [1,8,9].

In varied educational divisions, educational sustainability development (ESD) has
pursued lifetime consciousness and features for each individual [10,11]. Thus, in the context
of higher education, it should be a fragment of a universal organization which champions
sustainability education [12,13]. Precisely, it was elevated to a better understanding of the
sustainability concept and reoriented to instructive syllabuses [14,15]. It was also desig-
nated with respect to the acquisition of skills, information, worth, and knowledge [14–16].
Sterling [17] stated that sustainable education exists for directing transformative learning,
which is an amendment of educational philosophy for the potential fulfilment and eco-
nomic, social, and ecological interdependence of each individual. Conclusively, through
an instructional culture, teaching resolutions are deliberated with the goal of affirming
pre-service teachers and capabilities, communications, criteria, and thinking procedures,
which perform as transition representatives for sustainable development [18–20].

This Special Issue, “Sustainable Development of STEAM and Mathematics Education
with Active and Innovative Methodology”, is intended to provide a solid/concrete research
corpus. It presents the challenges/skills required for distributing a proper active, innova-
tive, and sustainable STEAM and mathematics education, which is for scholars and/or
professionals of dissimilar educational backgrounds and practical fields. In particular, a
STEAM and mathematics education can contour the fragments, or is beginning to contour
the fragments, of numerous educational organizations’ curricula with feasible presentations
for numerous categorizations/disciplines. Nevertheless, in higher education institutions
(HEIs), efforts should be made toward the Sustainable Development Goals (SDGs), in
addition to making ongoing efforts in the working environment to validate a suitable
arrangement and advance sustainability-oriented problems.

Sustainability 2024, 16, 591. https://doi.org/10.3390/su16020591 https://www.mdpi.com/journal/sustainability1
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2. Scientific Contributions

2.1. Assessment of Students’ Mathematical Skills with Respect to the European Qualifications
Framework

Stańdo et al. focus on the outcomes of association amongst factors related to students’
mathematical proficiencies through socio-economic, demographic, and ontogenetic settings.
This article attempts to answer the query of how the mathematical proficiencies of students
are developed with regard to their strengths/weaknesses. It also addresses mathematics
utilization in daily life. Here, this article scrutinizes the association of results, which
comprise a simulated final mathematics exam for eighth-grade elementary students and/or
final-year students in high school. In further mathematics classes, mathematics is applied
to daily life and the greatest problems with particular extents of material thought.

2.2. Computer Tools for the Sustainability of Knowledge and Developing Active and Innovative
Methods in STEAM and Mathematics Education

Körtesi et al. concentrate on learning/teaching mathematics and analyze the functions
of information, communication, and technology (ICT) tools, computer algebra systems
(CASs) and dynamic geometry systems (DGSs), in education, which allow for the imple-
mentation of active and innovative instruction methodologies correlated with sustainable
science, technology, engineering, arts, and mathematics (STEAM) education. Similarly,
this article emphasizes the requirement of learners to embrace a knowledge of mathemat-
ical theory, an indispensable qualification for guaranteeing the reliable/effective use of
current version of mathematical software provided. Throughout practical research, this
work underlines a mixed teaching method which can meaningfully develop mathematical
knowledge sustainability.

2.3. Sustainable Learning, Cognitive Gains, and Improved Attitudes in College Algebra Flipped
Classrooms

Karjanto and Acelajado deliberate on the implementation of curricula which nurture
the cross-cutting/transversal key competencies for sustainability. This article aims to or-
ganize students to become sustainability residents. In numerous conditions and across
dissimilar regulations, they can maintain learning throughout their lives. Also, through
their tendencies, approaches, and proficiencies, they participate productively and con-
scientiously toward any challenges for the future world. The flipped classroom, which
is an active learning, flexible, student-oriented, and multidimensional instruction, is ac-
knowledged as a sustainable teaching methodology Finally, toward mathematics learned
by means of quantitative/qualitative methods, the objective of this article is to examine the
effect of pedagogy on the academic accomplishments of learners and their attitudes.

2.4. Technology-Based Pedagogy for Mathematics Education in the Sustainable Development of
Mathematics Education

Naidoo contemplates this qualitative study of 38 postgraduate students, which inves-
tigated the experiences/perceptions of technology-based instruction during the COVID-19
pandemic. Particularly, the participants are mathematics education students who are
practicing mathematics teachers in South Africa. The virtual communities theory was
implemented in this practical study. Here, in two interactive virtual workshops, partici-
pants were asked for using numerous technology-based instructions. Consequently, these
participants were requested to partake in online interviews which concentrated on their
experiences/perceptions of technology-based instruction for acquiring a mathematics edu-
cation. Therefore, this study discloses the challenges/strengths of using technology-based
instruction for studying mathematics education during COVID-19.

2.5. Implementation of STEM Education Using Partial Least Squares Approach

Wijaya et al. focus on the determination of the elements prompting pre-service teachers’
intents and the outcomes of gender/age on the science, technology, engineering, and
mathematics (STEM) implementation of education as well. Among pre-service secondary
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school teachers, the theory of planned behavior (TPB) was embraced to envisage the
affiliation between the social influence, knowledge, attitude, apparent effectiveness, control,
and behavioral intention (BI) of STEM education. Here, the results displayed that observed
effectiveness had an affirmative importance and a connection with the pre-service teachers’
attitudes toward STEM education. Habit had an affirmative importance in motivating
interactive intentions and the implementation of teachers. Subjective standards did not
have a substantial correlation with BI and employment.

2.6. Design Framework for Mathematical Activities in Hong Kong Mathematics Education

Lo et al. concentrate on the establishment of a design framework in Hong Kong for
mathematical modeling activities which are appropriate for teachers and students. Here,
the study explores the scheme and content of certified mathematical modeling paradigms
announced by the Hong Kong Education Bureau, exploiting a document analysis approach.
For an emerging framework, the outcomes stipulate the foundation to be expended in
the future design of activities in mathematical modeling. Therefore, four examples were
identified and examined in terms of their fundamental constituents, level of learning
involvement in mathematical modeling, and design features.

2.7. Students’ Perceptions of Online Learning during the COVID-19 Pandemic

Curelaru et al. deliberate on a thematic examination of the views/perspectives of
university students regarding online learning. Specifically, this article describes their clar-
ifications and understandings of the alteration from face-to-face courses in a traditional
manner to online teaching during the COVID-19 pandemic. Some of the main themes
obtained from the information denote the negative facets of online learning described by
participants. These relate to its drawbacks, such as health/psychosocial difficulties and
learning procedure glitches. Examples include a lack of feedback and challenges, misin-
terpretations, extra academic necessities, and disengagement. Other recurring premises
refer to the positive features of online learning and its advantages, such as contentment,
accessibility, and psychological/medical safety.

2.8. Educational Innovations for STEAM Education in Digital Technology Environments

Lavicza et al. focus on three instances of projects on both pedagogical and technological
advances to elucidate the influence of fast technological modifications on research. The
research team members established and expended technological applications in the research
projects, exploiting design-based research (DBR). Here, it was not only necessary to redesign
the methods proposed on the basis of the research results; in addition, the technological
modifications were so fast that the materials/pedagogies also needed to be adjusted while
considering how to redesign the project for the next sequence on the basis of the analysis of
the obtained data. Therefore, this study reveals an extra facet to be measured in DBR in
addition to examining technology integration or innovative technologies.

2.9. Service Learning as an ESD in a STEM University Course

Martín-Sánchez, González-Gómez, and Jeong deliberate on a service learning (SL)
methodology for the design, implementation, and evaluation of as a STEM education
for sustainable development (ESD) approach in a university course. A pre- and post-
test methodology was expended to evaluate the SL suitability of such an education for
a sustainable development (ESD) approach. It resulted in a substantial escalation in the
students’ knowledge for the strategies of innovative teaching, along with appropriate
contents, as well as in their comprehension of SDGs. Furthermore, in the SL project, the
students’ contribution afforded them an awareness of the community repercussions of
sustaining the atmosphere and producing an advantage for the whole community. Thus,
this research displays how the SL teaching methodology is a significant instrument for
the accomplishment of both curricular competences and environmental awareness. Here,
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theoretical experience pertains to concrete work to accomplish an actual community service
and is therefore a very appropriate instruction strategy pertaining to EDS.

2.10. SEM Statistical Software Packages for a Sustainable Mathematics Education

Sakaria et al. focus on the ideal selection of patented statistical software packages for
structural equation modeling (SEM) methods, which are insufficient despite its immense
significance in sustainable education. Here, this study provides a systematic review which
is obliged to examine the experimental studies to fill this existing gap. Web of Science (WoS),
Scopus, and Education Resources Information Center (ERIC) databases were searched to
identify publications from 2018 to 2022. Current version of Lisrel, Amos, Mplus, SmartPLS,
R package (plspm), and WarpPLS statistical software provided was utilized to determine an
optimal choice. Despite the extensive practice of a diversity of statistical programs, Smart-
PLS and AMOS were thoroughly applied in CB-SEM and VB-SEM/PLS-SEM, respectively.

3. Conclusions

This Special Issue encompasses articles, reviews, short notes, etc., on active and in-
novative approaches toward methodologies and advanced research related to sustainable
STEAM and mathematics education [21,22]. Here, it encourages theoretical, method-
ological, and empirical research on teaching and learning, competencies and assessment,
policy, program development and implementation, instructor preparation, community-
and project-based learning, institutional collaborations and partnerships, and other rel-
evant topics. Particular focus was directed toward active and innovative teaching and
learning approaches and methodologies that have been substantiated to be relevant to
sustainable STEAM and mathematics education, such as flipped classrooms, blended
learning, escape rooms, gamification, technology-based classrooms, future classrooms,
virtual reality, e-learning and online learning, project-based learning, service-learning, and
inclusive learning.

Funding: The authors want to thank the Consejería de Economía y Agenda Digital de la Junta de
Extremadura (Spain), FEDER funds (Projects IB18004 and GR21047), and the Ministry of Science and
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Assessment of Students’ Mathematical Skills in Relation to
Their Strengths and Weaknesses, at Different Levels of the
European Qualifications Framework

Jacek Stańdo 1, Kamil Kołodziejski 2 and Żywilla Fechner 2,*

1 Centre of Mathematics and Physics, Lodz University of Technology, 90-924 Łódź, Poland;
jacek.stando@p.lodz.pl

2 Institute of Mathematics, Lodz University of Technology, al. Politechniki 8, 93-590 Łódź, Poland
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Abstract: Many scientific studies focus on finding the relationship between students’ mathematical
skills and socio-economic, demographic, and ontogenetic factors. In this publication, we answer
the question of how students’ mathematical skills are achieved in relation to their strengths and
weaknesses, also with regard to the use of mathematics in everyday life. In this article, we examine
the relationship between the results of the mock final math exam for eighth grade primary school
students/final year high school students and additional math classes, the application of math in
everyday life and the greatest difficulties with specific areas of taught material. The study was
conducted in Poland on almost ten thousand eighth graders and high school leavers who took
part in mock exams online, respectively: eighth-grader exam, and school-leaving maturity exam.
The participants of these online exams were asked to respond to a survey that pertained to their
math grades, attending additional math classes, their perceived most useful mathematical topics in
everyday life and future professional work, and identification of their strengths and weaknesses. In
the following paper, the relationships between the answers to the survey questions and the results of
the mock online exam are analyzed. The results indicate that there are differences in the area of results
of the mock exam and answers about strengths and weakness in mathematical literacy. The analysis
of answers about use the mathematical knowledge are different for eight-graders and high-school
students. Eight-graders indicate the importance of arithmetic operations while high -school students
point out more abstract topics like probability, statistics and geometry. The results of the study are
compared to the existing results.

Keywords: eighth-grade mock exam; school-leaving mock maturity exam; difficulties in math;
everyday-life mathematics

1. Introduction

The problem of students’ difficulties with mathematics is discussed in many contexts,
both from the perspective of the student and the teacher as discussed by Hamukwaya [1],
Klymchuk et al. [2], Ramli et al. [3] among others. Researchers are also interested in
the relationship of difficulties in acquiring mathematical knowledge in the context of
the prospect of potential use of mathematics in everyday life, including professional
work for example discussed by Ojose in [4]. Different levels of education are also taken
into account: from primary education to higher education, which have been studied
by Saeed [5], Udousoro [6] or Hamukwaya [1]. The aim of our research is to examine
the relationship between the results of the electronic mock exam in mathematics at the
eighth grade level and the final exam with answers to survey questions regarding the use of
mathematical skills in the future, and the strengths and weaknesses in mathematics declared
by the participants [4,7–24]. The problem of sustainability in mathematics education
has been discussed for two decades. Li and Tsay [25] draw attention to the complexity
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of the problem of sustainability in teaching mathematics. They show little progress in
answering fundamental questions about teaching and learning in the light of sustainable
development. They also address the issue of sustainable development in the teacher
education process. The problem of sustainability in mathematics in teacher education
is addressed by Joutsenlahti and Perkkilä [26]. They discuss the problem of sustainable
development both in the general education process and in teaching mathematics. The
study concerned the understanding of the a/b symbol at different stages of education. A
questionnaire was used during a first-year mathematics teaching course at two Finnish
universities. The study indicated pedagogical limitations in teaching the fraction concept.
The authors suggested ways to improve the teaching of the fraction concept for sustainable
development in math education. Moreno-Pino et al. [27] They discussed the problem of
teaching mathematics from the perspective of an academic teacher. The authors emphasize
the role of sustainable development in teaching students who, as future teachers, will
be responsible for social changes and transformations serving sustainable development.
The results presented in our article indicate the need to emphasize the greater use of
mathematics in everyday life and to point out the practical aspects of mathematics, which
leads to conscious living for sustainable development.

This paper aims to find a connection between the results of mock exams for eighth
grade students and a school living maturity exam and answers to the questions from
the questionnaire attached to the mock exam. We will analyze the relationship between
the total number of points obtained from the mock exam and the following issues: the
use of additional mathematics classes in last two years, the final grade in mathematics,
strengths and weaknesses in mathematical knowledge declared by the participants, and
use of mathematical skills in future work and mathematical issues used in everyday life.

2. Literature Review

Phonapichat et al. [7] list five reasons why students have difficulty solving math
problems. These are as follows: “(1) Students have difficulties in understanding the
keywords appearing in problems, thus cannot interpret them in mathematical sentences.
(2) Students are unable to figure out what to assume and what information from the
problem is necessary to solving it, (3) Whenever students do not understand the problem,
they tend to guess the answer without any thinking process, (4) Students are impatient
and do not like to read mathematical problems, and (5) Students do not like to read long
problems” (see [7]). The literature of the subject also discusses issues related to students’
problems with specific concepts or topics covered in mathematics lessons. In Eisenberg’s [8]
review article the difficulties associated with the notion of function from both a historical
and psychological point of view are described.

Sholeha et al. [9] discuss the results of a qualitative descriptive research conducted
on eighth grade 1X students at SMPN (Sekolah Menengah Pertama Negeri) 2 Batang
Tuaka. Authors point out several issues in this study, such as small number of research
subjects and lack of other data sources e.g., learning test results. Zulfah et al. [10] describe
ways to measure solving mathematical problems related to the Pythagorean theorem and
solving a system of linear equations on the basis of research conducted on eighth-grade
students of junior high school. Puspitarani and Retnawati [11] present their findings
concerning problems with tasks related to the Pythagorean theorem based on a study of
8th grade students in SMP (Sekolah Menengah Pertama) 1 Todanan and SMP (Sekolah
Menengah Pertama) Muhammadiyah 9 Todanan. Study shows similar results to [1], i.e.,
students had difficulty understanding and analyzing problems, were not careful when
solving problems and too hasty in their rush to solve problems. Students’ difficulties with
geometry tasks have been discussed by Kuzniak and Rauscher [12], Retnawati et al. [13]
and Smith [14]; and those connected with calculus of probability and statistics have been
presented by Puspitasari et al. [15] or Garfield and Ahlgren [16]. Puspitasari [15] claims
that improving ability to think logically is the key to better handling with statistical and
probability problems. However, we cannot compare this result with students point of view,

8



Sustainability 2023, 15, 8661

because research did not contain questionary. One of the ways of dealing with difficulties
in mathematics is attending additional classes, outside of school. This topic was already
taken up in the nineties by Levine and Zimmerman [17]. They discussed the impact of
taking additional math classes on future earnings. The likelihood of choosing a specific
type of profession traditionally assigned to one gender was also discussed. The results
indicated a greater likelihood of better earnings and learning a non-traditional profession
for women who were taking math classes. No significant effect of extra math classes was
observed in the case of blue-collar workers. In [18] there are published the results of his
study on the increase in the participation rate in additional, extracurricular math classes
around the world. Differences were detected both between different countries as well as
within countries. A dependency was observed between a higher demand for participation
in additional mathematics classes and the weakness of the national education system. The
research compared the case of Korea and the United States: in the former, private lessons
are seen as a threat to the education system and should be subject to legal regulations, while
in the USA as support for the education system. A similar issue was raised in the article
by Zhang et al. [19]. The study was conducted on Chinese high school students. As in the
case of Korea, research showed that parents should choose their children’s extracurricular
activities appropriately, and the government should issue proper regulations regarding
their organization. Discussions about the effectiveness of private lessons at school in
terms of future university success were examined by Guill and Boss [20]. The study was
conducted in Germany. Most of the respondents asserted that additional classes have
an impact on mathematical achievements. However, there was no significant difference
between math grades or test scores depending on participation in extracurricular activities.

Regardless of the level of mathematical knowledge, there is a need to apply mathe-
matics in everyday life to a greater or lesser extent. The issue of adequate preparation of
students for the everyday use of mathematics has been widely discussed in the literature.
Ojose [4] touches upon problems related to the knowledge of mathematics and its use
in everyday life. He raises the issue of the essence of mathematics and indicates a list
of necessary competences that comprise the knowledge of mathematics. He claims that
the school does not provide proper knowledge of mathematics and seeks the reasons for
this state of affairs. Putnam [21] describes two lessons taught by Valerie Taft in California.
The first one is based on the official textbook and deals with the concept of average. The
other one consists in hands-on finding the average based on data prepared by Valerie.
Focusing on particular steps and lack of reflection on the calculations cause erroneous
determination of averages. Kalchman [22] raises the problem of preparing students for
final exams in isolation from the use of mathematics in everyday life. Jansen et al. [23]
present conclusions from a study on a population of over 500 adult Dutch citizens on the
relationship between fear of mathematics and mathematical skills and their use in everyday
life, taking into account the gender of the respondents. Kang et al. [24] address the issue of
using Augmented Reality to transmit knowledge in the form of everyday life problems.

3. Methodology

In this research we compare two studies carried out in Poland in 2022. They consisted
in conducting mock exams for eighth graders and high school leavers using a platform.
On the platform, we can monitor: the number of points, the number of entries, the time of
solving the task.

The project was organized under the patronage of the Rector of Lodz University of
Technology and Stowarzyszenie Nauczycieli Matematyki (The Association of Teachers of
Mathematics). Dr. Jacek Stańdo created all the exam tasks, both for the eight-grader exam
and the high school leaving exam.

The tasks in both exams were reviewed by specialists from the Regional Examination
Board in Lodz.

In Poland, as a result of the reform of the education system in 1999, a system of
external examinations was introduced, unified throughout the country. The exams verify
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the requirements written in the so-called A curriculum that covers the entire country. Work
on exams is supervised by the Central Examination Commission. CKE is responsible for
creating examination papers. Examinations are conducted in schools, which are supervised
by eight Regional Examination Boards. Pupils take a compulsory exam in mathematics at
the end of primary and secondary education. The lists of learning outcomes for primary
and secondary schools presented below are consistent with the learning outcomes required
by the core curriculum.

The first study was conducted among eighth-grade students between 10th and 20th
May 2022. The mock eighth-grader exam included 19 tasks which had been reviewed by
specialists from the Regional Examination Board in Lodz. Table 1. presents the assumed
learning outcomes which were validated with the use of auto-generated math problems.

Table 1. The learning outcomes verified for eighth-grade students.

Task Number The Learning Outcome

1 Analyzes operations with numbers
2 Finds the value of an angle
3 Constructs a perpendicular line
4 Performs operations with numbers
5 Raises numbers to a power
6 Analyzes the average
7 Applies percentages in practical situations
8 Applies counting methods
9 Calculates the probability of an event
10 Constructs figures with axial symmetry and central symmetry
11 Calculates the surface area of a figure in practical situations
12 Applies the Pythagorean theorem
13 Transforms algebraic expressions
14 Calculates the radius of a circle
15 Solves a linear inequality
16 Constructs a parallelogram in the coordinate plane
17 Validates the described situation
18 Analyzes the problem situation
19 Determines the volume of the pyramid

Definition 1. Let X be a set of objects. A one-dimensional generator task (problem) Z(x) is called a
linguistic expression which becomes a task (problem) if an element from the set X is substituted for x.

Definition 2. Let X1 × X2 × . . . × Xn, where X1, X2, ..Xn are sets of objects. An n-dimensional
generator problem Z(x) is called a linguistic expression which becomes a problem if an element from
the set X is substituted for x.

Example 1. Eve has x1 kg of strawberries and her brother Adam has x2 kg x3. How many kilograms
of strawberries do Eve and Adam have together?

Answer 1. Eve and Adam have together {if x3 =“=“less” “ then 2x1 − x2 if x3 ==“more” “ then
2x1 + x2} kg of strawberries.

The list of learning outcomes are summarized in Table 1.

3.1. Description of the Study Group of Eighth Graders

An invitation to participate in a real-time online mock exam was sent to all primary
schools in Poland. School data came from the database of the Education Information
System (SIO). 261 primary schools from all voivodeships declared their participation,
which constituted about 1.7% of all primary schools in Poland, Figure 1.
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Figure 1. Map of schools participating in the project (eight–grade exam).

The participants of the study were 6827 students of the eighth grade of primary schools,
who constituted 1.4% of the total population in Poland, Table 2.

Table 2. Population of the eighth grader mock exam.

City or Town of Students’
Residence

Data from the Central
Examination Board (2022) [28]

Mock Exam % of Population

Number Percentage Number Percentage

Town up to 20,000 262,576 54.23% 3248 47.57% 1.2%
City of 20–100,000 97,149 23.32% 1477 21.60% 1.5%
City over 100,000 118,263 24.75% 2102 30.70% 1.7%

Total 484,174 6827

The analysis of specific tasks is presented in the Section 4.

3.2. The Study Group of High-School Leavers (Graduates)

Between 1–15 April 2022 a nationwide study was conducted that consisted in running
a mock high school-leaving math exam online (basic level). The mock exam included
35 tasks. Table 3 presents the assumed learning outcomes.

Table 3. The learning outcomes verified for high school leavers.

Task Number The Learning Outcome

1 Determines the equation of the quadratic function
2 Produces a graph of an exponential function
3 Applies operations on percentages in practical situations
4 Determines the equation of a straight line
5 Applies the abbreviated multiplication formula
6 Analyzes the arithmetic mean
7 Defines the domain of the function
8 Analyzes operations on numbers
9 Calculates a weighted average
10 Applies counting methods
11 Uses progression
12 Draws a quadratic function
13 Creates the canonical form of a quadratic function
14 Finds the value of an angle
15 Constructs the equation of a line through two points
16 Calculates the probability of an event
17 Determines the value of a function based on the graph
18 Uses properties of logarithms
19 Constructs a line perpendicular to a given straight line
20 Analyzes the properties of a prism
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Table 3. Cont.

Task Number The Learning Outcome

21 Solves a polynomial equation
22 Evaluates the trigonometric function for a triangle
23 Solves a rational equation
24 Applies theorems about the circumcircle of a triangle
25 Analyzes problematic situations
26 Performs operations with numbers
27 Analyzes the problem using similar figures
28 Creates figures with central and axial symmetry
29 Interprets a system of linear equations
30 Creates an inequality based on the data
31 Determines the largest and smallest value in an interval
32 Analyzes the problem situation
33 Uses arithmetic progression
34 Constructs a parallelogram with given properties
35 Determines the surface area and volume of a pyramid

3.3. Study Group

An invitation to participate in a real-time online mock exam was sent to all high
schools in Poland. School details were obtained from the Education Information System
(SIO) database. 188 high schools (general high schools and technical schools) from all
voivodeships declared their participation, Figure 2.

Figure 2. Map of schools participating in the project (high-school).

The participants of the study were 3388 students of the final year of high school, who
constituted over 1.0% of the total population in Poland, Table 4.

Table 4. Population of the high-school leaving mock exam.

City or Town of Students’
Residence

Data from the Central
Examination Board (2021) [28]

Mock Exam % of Population

Number Percentage Number Percentage

Town up to 20,000 70,714 20.30% 821 24.23% 1.1%
City of 20–100,000 126,780 36.41% 1413 41.71% 1.1%
City over 100,000 150,742 43.29% 1154 36.06% 0.8%

Total 3,480,236 3388

The aim of this research is to find a connection between the results of mock exams
and answers from the questionnaire. Analysis of each answer separately was impossible
due to the large sample size. Because of that, we decided to use statistical analysis. Survey
responses were grouped in order to check dependencies between survey responses and
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exam results. In open questions, grouping based on specific keywords was applied. This
method allowed to analyze a large number of possible answers and detect what were the
main issues that students struggle with. In order to receive a good representation of the
average score and to ignore potential outliers, a median of total exam points was calculated
for each group. To check if the differences in medians between groups are statistically
significant, Mann–Whitney Wilcoxon tests were performed, which is one of the most
popular non-parametric tests for checking differences between non-normally distributed
populations. The detailed discussion about the use of non-parametric Mann–Whitney
test and using statistical tests in psychology and education can be found in Ferguson and
Takane [29].

3.3.1. Questions 1–2

Questions 1 and 2 were closed and had 5 possible answers. After removing blank
responses (no answer provided to the questionnaire), data was grouped. Each question
was considered separately. Then, from the total number of points obtained in the test,
medians, averages, and sample sizes were calculated for each of the 5 possible answers and
for the entire sample. To show the statistical difference between the means in the groups,
the Wilcoxon test was performed for each two pairs of the groups. As a result of the test,
the p value was returned along with the information whether it is higher than the selected
significance level of 0.05.

3.3.2. Questions 3–9

The same statistical analyzes were performed for open questions 3 to 9, the only
difference being how the responses were grouped. At the beginning, blank responses were
excluded, and the remaining responses were prepared by removing Polish characters and
changing all capital letters to lowercase. Next, a division into groups: “A”, “B”, “C” and
„D” was carried out according to keywords. A response that contained a word from the list
corresponding to a given group was assigned to that group. In the case of conflicts and
belonging to several groups at the same time, the most extreme group was selected; that is,
for groups ABC, C would be selected, and for BD, D would be selected. Responses that
were not classified into any group were placed in the “other” category.

Overall:

• Group A: operations with numbers, practical calculations, including percentages
• Group B: geometry of figures and their properties, calculating circuit length and

surface areas (without the Pythagorean theorem)
• Group C: probability and statistics
• Group D: the Pythagorean theorem
• Group E: trigonometry
• Group F: function and differential calculus
• “Other” group: all others

In this paper we investigate six selected questions closely connected with the topic.

4. Data Collection and Analysis

The following section offers a detailed analysis of the responses to selected ques-
tionnaire items along with a comparison of the eighth graders’ and high school leavers’
responses. The more detailed description of the questionnaire is in Appendix A.

Question 1. Have you taken extra math classes in the last two years?

• I haven’t (group 1)
• I haven’t, but I wanted to (group 2)
• I have no opinion (group 3)
• I have, occasionally (group 4)
• I have regularly attended additional math lessons (group 5)

The group names introduced as above are used in Tables 5 and 6 below.
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Table 5. Summary of the Mann–Whitney Wilcoxon test results—eighth grade students, question 1.

First Group Second Group p-Value Conclusion Median First Group Median Second Group

1 all 0.0203 reject 9 9
1 3 0.0043 reject 9 8
1 2 0.0037 reject 9 8
1 4 0.0000 reject 9 8
2 all 0.0396 reject 8 9
3 2 0.9488 accept 8 8
3 4 0.6107 accept 8 8
3 all 0.0412 reject 8 9
4 2 0.6353 accept 8 8
4 all 0.0025 reject 8 9
5 1 0.5679 accept 9 9
5 all 0.1396 accept 9 9
5 3 0.0089 reject 9 8
5 2 0.0083 reject 9 8
5 4 0.0003 reject 9 8

Table 6. Summary of the Mann–Whitney Wilcoxon test results—high school graduates, question 1.

First Group Second Group p-Value Conclusion Median First Group Median Second Group

1 3 0.0023 reject 25 21
1 2 0.0042 reject 25 21
1 4 0.1019 accept 25 24
1 all 0.1257 accept 25 24
2 all 0.0180 reject 21 24
3 all 0.0094 reject 21 24
3 2 0.7876 accept 21 21
4 3 0.0252 reject 24 21
4 2 0.0472 reject 24 21
4 all 0.5844 accept 24 24
5 3 0.0073 reject 24 21
5 2 0.0136 reject 24 21
5 4 0.4177 accept 24 24
5 1 0.5132 accept 24 25
5 all 0.6108 accept 24 24

The results for the first question are summarized in Figure 3. The results of Mann–
Whitney tests are in Tables 5 and 6.

 
(a) (b) 

Figure 3. Summary of responses to question 1 (a) eighth graders (b) high school graduates.
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Summary of question 1

Every fourth student regularly attends additional mathematics classes. On the other
hand, about 45% of the students participating in the study do not take any extra classes.

Those eighth graders who did not attend any additional classes and those who at-
tended regularly achieved higher scores than students in other groups. Those students
who did not attend additional classes but wanted to and those who attended occasionally
achieved lower scores than other students. Those eighth graders who attended extra classes
regularly had better scores than those who did not attend but wanted to and better than
those who attended occasionally. No statistically significant difference was observed be-
tween the median scores of students who regularly attended extra classes, either in relation
to the group of students who did not attend additional classes at all, or in relation to the
group of all students.

In the group of final year high school students, there were no significant differences
between the scores of those who did not attend extra math classes and those who attended
regularly (group 5), or those who attended occasionally (group 4) or in relation to all
participants (groups 1–5 combined). The study showed that there are no significant differ-
ences among high school leavers who regularly attended additional classes in relation to
combined groups 1–5.

Question 2. State your math grade on the school-leaving report card (Polish grades are
expressed by numbers and their corresponding names: dopuszczający (2)—barely passing,
dostateczny (3)—satisfactory, dobry (4)—good, bardzo dobry (5)—very good, celujący
(6)—excellent)

• dopuszczający—barely passing (D) (group 1)
• dostateczny—satisfactory (C) (group 2)
• dobry—good (B) (group 3)
• bardzo dobry—very good (A) (group 4)
• celujący—excellent (A plus) (group 5)

The results for the second question are summarized in Figure 4. The results of Mann–
Whitney tests are in Tables 7 and 8.

Summary of question 2

Table 7. Summary of the Mann–Whitney Wilcoxon test results—eighth grade students, question 2.

First Group Second Group p-Value Conclusion Median First Group Median Second Group

1 2 0.0000 reject 3 6
1 all 0.0000 reject 3 9
2 all 0.0000 reject 6 9
3 all 0.0000 reject 10 9
3 2 0.0000 reject 10 6
3 1 0.0000 reject 10 3
4 3 0.0000 reject 14 10
4 all 0.0000 reject 14 9
4 2 0.0000 reject 14 6
4 1 0.0000 reject 14 3
5 4 0.0000 reject 15 14
5 3 0.0000 reject 15 10
5 all 0.0000 reject 15 9
5 2 0.0000 reject 15 6
5 1 0.0000 reject 15 3
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(a) (b) 

Figure 4. Summary of responses to question 2 (a) eighth graders (b) high school graduates.

Table 8. Summary of the Mann–Whitney Wilcoxon test results—high school graduates, question 2.

First Group Second Group p-Value Conclusion Median First Group Median Second Group

1 all 0.0000 reject 14 24
2 4 0.0000 reject 21 33
2 1 0.0000 reject 21 14
2 5 0.0000 reject 21 34.5
2 all 0.0000 reject 21 24
3 1 0.0000 reject 29 14
3 2 0.0000 reject 29 21
3 all 0.0000 reject 29 24
3 4 0.0000 reject 29 33
3 5 0.0000 reject 29 34.5
4 1 0.0000 reject 33 14
4 all 0.0000 reject 33 24
4 5 0.1772 accept 33 34.5
5 1 0.0000 reject 34.5 14
5 all 0.0000 reject 34.5 24

Eight graders and high school leavers show the same relationship: the better their
math grade at the end of school, the higher their test score. Groups of students considered
in terms of each of the grades differ significantly (with the exception of “very good” and
“excellent” in the case of high school leavers). It should be noted that, in contrast to question
1, homogeneous results are observed here.

Question 3. Which areas of mathematics that you learned in the math class do you consider
the most useful in daily life?

The results for the third question are summarized in Figure 5. The results of Mann–
Whitney tests are in Tables 9 and 10.
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(a) (b) 

Figure 5. Summary of responses to question 3 (a) eighth graders (b) high school graduates.

Table 9. Summary of the Mann–Whitney Wilcoxon test results—eighth grade students, question 3.

First Group Second Group p-Value Conclusion Median First Group Median Second Group

A C 0.0000 reject 9 13
A others 0.0000 reject 9 7
A all 0.8482 accept 9 9
B others 0.0000 reject 10 7
B C 0.0003 reject 10 13
B all 0.0086 reject 10 9
B A 0.0124 reject 10 9
C others 0.0000 reject 13 7
C all 0.0000 reject 13 9
D others 0.0005 reject 11 7
D C 0.0009 reject 11 13
D all 0.1306 accept 11 9
D A 0.1502 accept 11 9
D B 0.7938 accept 11 10

others all 0.0000 reject 7 9

Table 10. Summary of the Mann–Whitney Wilcoxon test results—high school graduates, question 3.

First Group Second Group p-Value Conclusion Median First Group Median Second Group

A C 0.0000 reject 24 30
others C 0.0000 reject 23 30

B others 0.0001 reject 29 23
others F 0.0002 reject 23 32

A B 0.0003 reject 24 29
C all 0.0003 reject 30 25
A F 0.0003 reject 24 32
F all 0.0046 reject 32 25

others all 0.0098 reject 23 25
B all 0.0131 reject 29 25
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Table 10. Cont.

First Group Second Group p-Value Conclusion Median First Group Median Second Group

A all 0.0184 reject 24 25
others E 0.0334 reject 23 27.5

A E 0.0602 accept 24 27.5
E all 0.1751 accept 27.5 25
B F 0.2625 accept 29 32
A others 0.3466 accept 24 23
B C 0.5101 accept 29 30
C F 0.5654 accept 30 32
B E 0.7393 accept 29 27.5
F E 0.8437 accept 32 27.5
C E 0.9899 accept 30 27.5

Summary of question 3

Three in four students in the eighth grade say that operations with numbers and
practical calculations, including percentages, are needed in everyday life. However, only
one in two high school graduates says so.

The highest scores among eighth graders were achieved by those who considered
topics from group C (Probability and Statistics) to be the most necessary in everyday
life. The study showed a significant difference in the number of points compared to the
group that indicated calculations, including percentages, as most needed in everyday life.
Similarly, students indicating probabilistic and statistical issues obtained higher test scores
in relation to the other groups, as well as in relation to the group indicating other concepts.
Eighth grade students who indicated the topics from group A as the most important in
everyday life, obtained lower results than students who indicated group C as the most
useful. However, there is no statistically significant difference in the results obtained by
eighth graders indicating the most important topics from group A in relation to the group
“others”.

Among high school leavers, those students who indicated areas from groups B, C
and F obtained better results in comparison to students indicating topics other than the
ones from groups B, C and F, respectively. However, there are no significant differences
between the results achieved by high school graduates indicating topics from groups B, C
and F as the most important. As in the case of eighth-graders, the high school graduates
who indicated the concepts from group A as the most useful in everyday life achieved
significantly lower results in the mock exam than those who indicated the terms from group
C as the most useful.

Question 4. What areas of mathematics do you think will be most useful in your fu-
ture work?

The results for the fourth question are summarized in Figure 6. The results of Mann–
Whitney tests are in Tables 11 and 12.

Table 11. Summary of the Mann–Whitney Wilcoxon test results—eighth grade students, question 4.

First Group Second Group p-Value Conclusion Median First Group Median Second Group

A C 0.0005 reject 8 13
A all 0.1827 accept 8 8
A D 0.3867 accept 8 9
B A 0.0001 reject 10 8
B others 0.0005 reject 10 8
B all 0.0007 reject 10 8
B C 0.0188 reject 10 13
B D 0.3825 accept 10 9
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Table 11. Cont.

First Group Second Group p-Value Conclusion Median First Group Median Second Group

C all 0.0010 reject 13 8
C D 0.0196 reject 13 9
D all 0.5757 accept 9 8

others C 0.0009 reject 8 13
others D 0.4348 accept 8 9
others all 0.4477 accept 8 8
others A 0.8140 accept 8 8

Table 12. Summary of the Mann–Whitney Wilcoxon test results—high school graduates, question 4.

First Group Second Group p-Value Conclusion Median First Group Median Second Group

A B 0.0004 reject 23 27.5
A C 0.0000 reject 23 27.5
A F 0.0000 reject 23 33
A all 0.0014 reject 23 25
B C 0.6605 accept 27.5 27.5
B F 0.0004 reject 27.5 33
B all 0.0517 accept 27.5 25
C F 0.0049 reject 27.5 33
C all 0.0085 reject 27.5 25
E A 0.0011 reject 31.5 23
E B 0.1803 accept 31.5 27.5
E C 0.3253 accept 31.5 27.5
E F 0.2785 accept 31.5 33
E all 0.0169 reject 31.5 25
F all 0.0000 reject 33 25

others E 0.0079 reject 25 31.5
others A 0.1415 accept 25 23
others B 0.0135 reject 25 27.5
others C 0.0018 reject 25 27.5
others F 0.0000 reject 25 33
others all 0.2135 accept 25 25

(a) (b) 

Figure 6. Summary of responses to question 4 (a) eighth graders (b) high school graduates.
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Summary of question 4

More than fifty per cent of the eighth-grade students say that operations with num-
bers and practical calculations, including percentages, will be necessary in their future
work. However, this conviction is less firm among high school leavers, who demonstrated
increasing awareness of the likely use of probability and statistics in their future work.

Those eighth-grade students who indicated concepts from group C as the most useful,
achieved significantly better results in the mock exam compared to other separate groups
and the combined group. The eighth graders who indicated the concepts from group B as
the most needed ones scored better on the test than the eighth graders who indicated the
concepts from group A. Similarly, the results of these study participants were better than
those of other respondents who indicated concepts from a group other than B. However,
the same students scored lower than eighth graders who indicated concepts from group C.

High school leavers indicating concepts from group C as the most useful in future work
obtained better results than those indicating concepts from group A and group “other”,
while their results were lower than those of high school leavers indicating group F. High
school leavers indicating group F as the most useful in future work obtained better results
than those indicating groups: A, B, C, “other”. High school leavers indicating the concepts
from group A as the most needed in future work achieved significantly lower results in
relation to participants indicating the issues from groups B, C and F.

Question 5. Which areas of mathematics do you think you would like to understand better,
but were difficult for you?

The results for the fifth question are summarized in Figure 7. The results of Mann–
Whitney tests are in Tables 13 and 14.

 
(a) (b) 

Figure 7. Summary of responses to question 5 (a) eighth graders (b) high school graduates.
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Table 13. Summary of the Mann–Whitney Wilcoxon test results—eighth grade students, question 5.

Number of
First Group

Number of
Second Group

p-Value Conclusion Median First Group Median Second Group

A others 0.0841 accept 8 9
A B 0.1357 accept 8 9
A all 0.2385 accept 8 8.5
B all 0.4784 accept 9 8.5
C A 0.0003 reject 12 8
C all 0.0008 reject 12 8.5
C B 0.0020 reject 12 9
C others 0.0026 reject 12 9
D C 0.0000 reject 5 12
D B 0.0001 reject 5 9
D others 0.0002 reject 5 9
D all 0.0003 reject 5 8.5
D A 0.0007 reject 5 8

others all 0.3457 accept 9 8.5
others B 0.8911 accept 9 9

Table 14. Summary of the Mann–Whitney Wilcoxon test results—high school graduates, question 5.

First Group Second Group p-Value Conclusion Median First Group Median Second Group

A E 0.0000 reject 22 30
A all 0.0011 reject 22 25
B C 0.0001 reject 29 34
B others 0.0000 reject 29 23
B F 0.0000 reject 29 23
B A 0.0000 reject 29 22
B E 0.2979 accept 29 30
B all 0.0033 reject 29 25
C others 0.0000 reject 34 23
C F 0.0000 reject 34 23
C A 0.0000 reject 34 22
C E 0.0019 reject 34 30
C all 0.0000 reject 34 25
E all 0.0004 reject 30 25
F A 0.1830 accept 23 22
F E 0.0000 reject 23 30
F all 0.0004 reject 23 25

others F 0.8759 accept 23 23
others A 0.1951 accept 23 22
others E 0.0000 reject 23 30
others all 0.0029 reject 23 25

Summary of question 5

Eighth grade students most often want to better understand the concepts from group
A, and least often the concepts from group C. In the case of high school graduates, the
largest number of the respondents want to understand the concepts from group E, and the
smallest number the concepts from group A.

Eighth grade students who would like to better understand the Pythagorean Theorem
(Group D) obtain low results relative to the other groups, both when considering each
group separately and when combined. Very high scores are achieved by eighth graders
indicating Group C, who want to better understand probability and statistics. A higher
result is observed here both in the case of individual groups and combined groups.

High school graduates who want to understand concepts from groups B and C achieve
higher results than those indicating the other groups, while high school graduates indicating
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group C achieve significantly higher results than those indicating group B. Poor results are
observed in the case of groups A and F.

Question 6. Which math topics do you consider to be your strongest point?

The results for the sixth question are summarized in Figure 8. The results of Mann–
Whitney tests are in Tables 15 and 16.

 
(a) (b) 

Figure 8. Summary of responses to question 6 (a) eighth graders (b) high school graduates.

Table 15. Summary of the Mann–Whitney Wilcoxon test results—eighth grade students, question 6.

First Group Second Group p-Value Conclusion Median First Group Median Second Group

A D 0.1186 accept 8 8
A C 0.1571 accept 8 10
A all 0.6822 accept 8 8
B others 0.0000 reject 10 8
B D 0.0000 reject 10 8
B all 0.0000 reject 10 8
B A 0.0001 reject 10 8
B C 0.9021 accept 10 10
C D 0.0371 reject 10 8
C all 0.1757 accept 10 8
D all 0.0675 accept 8 8

others all 0.0470 reject 8 8
others C 0.0697 accept 8 10
others A 0.1318 accept 8 8
others D 0.5558 accept 8 8
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Table 16. Summary of the Mann–Whitney Wilcoxon test results—high school graduates, question 6.

First Group Second Group p-Value Conclusion Median First Group Median Second Group

A C 0.8356 accept 21 21
A all 0.0000 reject 21 25
B E 0.0013 reject 29 34
B others 0.0019 reject 29 24
B A 0.0000 reject 29 21
B C 0.0003 reject 29 21
B all 0.0295 reject 29 25
C all 0.0102 reject 21 25
E others 0.0000 reject 34 24
E A 0.0000 reject 34 21
E C 0.0000 reject 34 21
E all 0.0000 reject 34 25
F B 0.2229 accept 30 29
F E 0.0059 reject 30 34
F others 0.0000 reject 30 24
F A 0.0000 reject 30 21
F C 0.0000 reject 30 21
F all 0.0000 reject 30 25

others A 0.0389 reject 24 21
others C 0.2481 accept 24 21
others all 0.0600 accept 24 25

Summary of question 6

Half of the eighth graders state that their strongest point is operations with numbers
and practical calculations, including percentages (group A). In the final year of high school,
the number of students in this category significantly decreases.

Eighth grade students who declare geometry (group B) as their strongest point achieve
higher results than groups: A, D, “others”. The same students achieve results that are not
statistically significant in relation to students who indicate group C as their strength.

Among high school graduates, higher results are observed in group B in relation to
groups A, C and “others”. High school graduates indicating group E score better than any
other group. High school graduates indicating group A as their strongest point achieve
worse results than those indicating a group other than A. In turn, high school graduates
indicating group C as their strongest point achieve significantly worse results than those
indicating group B, E or F.

5. Discussion

About half of the survey participants declare that they regularly or occasionally attend
additional mathematics classes. This indicates that additional mathematics classes are
also popular among students in Poland. In line with the assumptions presented by Guill
and Boss [20], our study shows that participation in additional classes does not affect the
result of the mock exam in mathematics. We do not observe any significant differences
in the results of the exam in the case of students attending extra classes when it comes to
eighth graders. In light of the research discussed in the introduction, it is worth rethinking
whether a central policy for the organization of additional mathematics lessons is necessary.
In view of this study, it is not clear whether participation in additional mathematics classes
has a positive impact on the results of final exams. What is also worth considering are
the reasons for the significant interest in additional lessons among students. The research
cited in the introduction shows that in countries with a weaker education system there is
more interest in additional mathematics classes than in countries with a better education
system. This suggests looking for one of the possible causes in the system that calls for the
improvement of mathematical education. Taking a closer look at these issues will make
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it possible to try to reduce the scale of additional private classes in Poland for a more
balanced development.

The study showed a strong relationship between mock exam scores and math grades.
Both in the group of eighth graders and high school graduates, those with higher grades
achieved better exam results than those with lower grades. Similar considerations have
been applied by Ha et al. [30] for pharmacy students during the pharmaceutical calculations
course. About 93% of the students took advantage of the opportunity to take the mock
exam. The results of the final exam were significantly higher than the results of the mock
exam. This means that the test results were significantly lower than the final grade. In
our research, students who performed better on the mock exam received higher math
final grades.

The analysis of responses to questions about the use of mathematics in everyday
life and in future work shows that at the primary school level, the largest percentage of
respondents indicate that topics related to arithmetic calculations, including percentages,
are the most useful in the future. However, this percentage decreases in the case of high
school graduates who see a greater need, compared to primary school students, to apply
topics from the field of probability, statistics, and geometry. Similar observations are
presented by Ojose [4], pointing to the need to teach mathematics in a manner consistent
with the guidelines of the Program for International Students Assessment (PISA).

The study shows that students of both primary and secondary schools indicate con-
cepts related to arithmetic, practical calculation of percentages, or probability and statistics
as the most useful topics applied in everyday life or work. However, the participants did
not indicate responses related to logical thinking skills, creating mathematical models to de-
scribe the surrounding reality or other, more abstract concepts. For example, the responses
did not include topics related to algorithms, widely used for example in programming.

The conducted study demonstrated a difference in the results of the mock exam
depending on the areas that students defined as their strengths and weaknesses. It was
noticed that students who indicate simple issues as their weaknesses which they would
like to overcome, achieve lower results. Eighth graders who pointed to the Pythagorean
theorem as the topic they wanted to understand, scored worse in the mock exam. In the
case of high school leavers, those students who wanted to better understand issues related
to arithmetic calculations, including percentages or functions, achieved low results in the
mock exam. One possible explanation is that the difficulty in mastering simpler topics
makes it impossible to understand more complex ones.

Analyzing the responses regarding the students’ declared strengths in terms of math-
ematical knowledge, it can be seen that in the case of eighth graders, those declaring
geometry or probability and statistics achieve better results than students declaring other
categories of concepts. On the other hand, students who declare arithmetic as their strongest
point obtain significantly lower results than students who consider other groups of concepts
to be their strong points. This might hint at the need to explore in the future the relationship
between the way of thinking that is required to analyze geometric or probabilistic problems
and raising the general level of mathematical skills. As a continuation of the research, an
experiment might be conducted in which two groups of students would be compared: the
first one taught in accordance with the curricula set by the educational authorities without
additional geometric tasks, and the second one taught fewer typically computational tasks
(equivalent to topics from group A) but given extended time devoted to issues in geometry.
The results of this study suggest that discussion of issues in geometry can be expected to
contribute to the overall improvement of mathematical skills.

6. Conclusions

The Recommendation of the Council of the European Union indicates the need to
build a European Qualifications Framework (https://eur-lex.europa.eu/legal-content/
EN/TXT/PDF/?uri=CELEX:32017H0615(01), accessed on 17 March 2023) For example,
an analysis of the answer to the question 4: “What areas of mathematics do you think
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will be most useful in your future work”? points out that percentage calculations should
be attributed to the second level of the European Qualifications Framework, while the
calculus of probabilities, statistics and differential calculus are topics included in at least
the sixth level of the European Qualifications Framework for engineers, mathematicians,
and economists.

The study has its strengths and weaknesses. One of the strengths of the study is its
size. In total, in both groups, almost ten thousand respondents took part. Another asset of
the study is the fact that the respondents represented about 1 percent of the group of eighth
graders and high school graduates with regard to the size of the town where the student
comes from. The electronic form of the test ensured its accessibility regardless of the place
of residence. However, this also had a downside: students had unlimited time to solve
tasks and complete the survey. The analysis of the time allocated to solve the tasks shows
that in some cases it extended to several hours, which suggests that the exam was solved
intermittently. As in all surveys, there is no way to verify the accuracy of the answers.
In particular, it is impossible to check whether the declared final grade was in line with
the facts.

The study was conducted on the population of Polish students and adapted to the
Polish education system in the field of mathematics. Taking into account the strengths and
weaknesses of the study, it may be the basis for extending the issues to the European Union,
where the European Framework of Education applies. Possible future designs of the study
should try to limit the weaknesses of the study, such as unlimited response time. It may be
considered to extend the IT tools (platform) in a way that enables better verification of the
person taking the test.
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Appendix A

Questions in the questionnaire can be divided into two main categories. The first
concerns the measurement of the student’s knowledge level and the possibility of supple-
menting knowledge in extracurricular activities (Question one and two), and the second
(other questions) concerns the student’s subjective views on the strengths and weaknesses
of his mathematical skills, the potential use of mathematical knowledge in everyday life,
including professional work.

We combine the category concerning the assessment of the student’s mathematical
knowledge with the results of the mock exam. The final grade in mathematics is an average
of the results obtained by the student throughout the year, issued by a given teacher on the
basis of partial tests he has checked. The mock exam is centrally structured and the test
comparing student skills is the same for all study participants. The results of the mock exam
and the final assessment show convergence, so we decided to use the result of the final
exam as a criterion for assessing the level of mathematical knowledge of the student. The
argument for choosing the results of the trial exam as the criterion for assessing the level of
knowledge is its greater objectivity than the final grades. Final scores are determined on
the basis of mid-term tests, the level of difficulty of which may vary from school to school.
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The second category of questions concerns the student’s subjective assessment of the
strengths and weaknesses of his mathematical knowledge and the possibility of using
mathematics in everyday life and at work. The aim of the study is to find a relationship
between the objectively assessed level of knowledge and the subjective assessment of the
usefulness of mathematics and difficulties with the acquisition of mathematical knowledge.
In general, the higher the level of mathematical knowledge, the more difficult topics
are more complicated, and the mathematical tools potentially used in everyday life are
more advanced.

Below we present the content of questions for high school and eighth grade.

Table A1. Eight grader questionnaire.

Question Number of Valid Answers

Have you taken extra math classes in the last two years? 4627
State your math grade on the school-leaving report card 4581

How do you use the Internet to learn math? 4554
Which areas of mathematics that you learned in the math class do

you consider the most useful in daily life? 3594

Which areas of mathematics that you learned in the math class do
you consider the most useless in daily life? 3516

What areas of mathematics do you think will be most useful in
your future work? 3427

What areas of mathematics do you think will be most useless in
your future work? 3353

Which areas of mathematics do you think you would like to
understand better, but were difficult for you? 3324

Which math topics do you consider to be your strongest point? 3351

Table A2. Secondary school questionnaire.

Question Number of Valid Answers

Have you taken extra math classes in the last two years? 2593
State your math grade on the school-leaving report card 2621

Which areas of mathematics that you learned in the math class do
you consider the most useful in daily life? 1588

Which areas of mathematics that you learned in the math class do
you consider the most useless in daily life? 1562

What areas of mathematics do you think will be most useful in
your future work? 1460

What areas of mathematics do you think will be most useless in
your future work? 1420

Which areas of mathematics do you think you would like to
understand better, but were difficult for you? 1449

Which math topics do you consider to be your strongest point? 1440
In what life situation did you need math? 1388

What is your authority? 1346
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Abstract: The rapid changes in information and communication technology (ICT), the increasing
availability of processing power, and the complexity of mathematical software demand a radical re-
thinking of science, technology, engineering, arts, and mathematics (STEAM), as well as mathematics
education. In the transition to technology-based classrooms, the constant use of educational software
is a requirement for sustainable STEAM and mathematics education. This software supports a collab-
orative and actionable learning environment, develops 21st-century skills, and promotes the adoption
of active and innovative methodologies. This paper focuses on learning and teaching mathematics
and analyzes the role and utility of ICT tools in education as computer algebra systems (CAS) and
dynamic geometry systems (DGS) in implementing active and innovative teaching methodologies
related to sustainable STEAM education. Likewise, it highlights the necessity for learners to have
extensive knowledge of mathematical theory, an essential asset to ensure the reliable and effective
use of mathematical software. Through a practical experiment, this study aims to highlight that a
mixed teaching method can significantly improve the sustainability of math knowledge. It provides
various solid examples of CAS and DGS applications to emphasize its usage rooted in a mathematical
background to enable learners to identify when the computer solution is unreliable. The study high-
lights that the proper use of CAS and DGS is an efficient method of deepening our understanding of
mathematical notions and solving tasks in STEAM subjects and real-life applications. This paper’s
goal is to direct our attention to the proper and intelligent use of computer tools, especially symbolic
calculators, such as CAS and DGS, without providing an in-depth analysis of the challenges of these
technologies. The outcomes of the paper should offer educators and learners new elements of active
strategies and innovative learning models that can be immediately applied in education.

Keywords: mathematics education; STEAM; ICT; wise use of symbolic calculators; computer algebra
systems (CAS); dynamic geometry systems (DGS); graphing functions; didactics of mathematics;
sustainable integration of technology; 21st-century skills

1. Introduction

Education in the 21st century must be focused towards developing learners’ creativity
and innovativeness to teach them how to be more entrepreneurial and face the challenges of
a rapidly changing world. These areas received limited attention in 20th-century education,
which consisted of educational practices that are outdated need to be revised. As Yong
recalled, “The system results in a population with similar skills in a narrow spectrum of
talents” [1]. Education is the main driver of development, and it is still challenging to
reform 20th-century education to provide the best teaching possible for a new generation.
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Nevertheless, as Stephen Sterling argues, in a rapidly changing world, formal education
“largely remains part of the problem of unsustainability” [2]. This anticipates the concept of
‘Sustainable Education’, which “offers the possibility of education that is appropriate and re-
sponsive to the new systemic conditions of uncertainty and complexity that reflected in the
headlines every day; one that nurtures the increasingly important qualities of adaptability,
creativity, self-reliance, hope and resilience in learners” [2].

Technological advances are encouraging changes in 21st-century teaching. The widespread
use of ICT tools modifies the structure, format, and running of teaching and learning at all
levels of school education. This learning process can be recorded and archived through
teaching platforms and reused for further analysis to improve teaching and find optimal
methods to solve problems during learning. Computer tools and mathematical software
give new dimensions to teaching methodologies, opening up new innovative ways for
introducing and applying pedagogical methods [3–5]. The rethinking of education in
the digital era is today’s main challenge. Policymakers, professionals, and the whole of
society are engaged in finding answers to the most pressing questions such as: What is
the role of education? How can education give learners the adequate skills to succeed in
a rapidly changing digital world? How can new and traditional teaching methodologies
work together in the 21st-century education system to develop skills that make young
professionals succeed in the workforce? [6,7].

The COVID-19 pandemic accelerated the technologization of many industries and
has brought significant educational changes [8], which were created under the intense
time pressure of the “new normal.” The different ways of integrating information and
communication technologies (ICTs) in the curriculum exemplify how education has adapted
to the “new normal” in all parts of the world [9,10]. According to Yong Zhao, “the pandemic
has created a unique opportunity for educational changes that have been proposed before
COVID-19 but were never fully realized” [11].

Education improved with technology, and this process is irreversible. However, not
all students will have equal access to technology in the future; therefore, the problem of
a digital divide persists [12]. Teaching in the 21st century needs to be different from the
20th- or 19th-century tutoring. The 21st-century population lives in a globalized, rapidly
changing, chaotic, and less controllable world. Education is responsible for preparing the
next generation to thrive in such an environment by equipping them with the necessary
skills and abilities to understand problems, make decisions, learn from mistakes, and grow
personally and professionally. Generation Alpha (those born after 2010) [13] already grow
up in a Web 4.0 environment. They begin to use technology from their early childhood;
therefore, acquiring new skills and broadening their knowledge through ICT constitutes a
powerful tool that is easier for them to understand and adopt. Nevertheless, it is essential
to highlight that computer tools can only be efficient when under human control.

It is widely accepted that integrating ICTs in the curriculum has many advantages:
new innovative teaching and learning methods can be implemented; educators can employ
a wide variety of learning styles to identify the best combination to meet the student’s
individual needs; in the technology-based classroom, learners are active participants and
teachers are more equipped with different teaching tools [14]. According to [15], ICT tools
offer a new means of communication, which is the basis of the educational process, allowing
teachers to individually communicate with every student and students with each other,
thus enabling a differentiated approach. Therefore, it can be stated that the introduction and
usage of ICT in the curriculum revolutionizes education and helps transform the teaching-
learning process toward the development of sustainable education [16–18]. However,
there are large obstacles to achieving this: finding ways to incorporate ICT tools in the
curriculum, teachers’ preparedness, the development of digital skills, and students’ access.
Furthermore, it is very important to educate preservice teachers to acquire the relevant
skills and competencies needed to teach generation alpha. According to [19], “educators are
powerful change agents who can deliver the educational response needed to achieve the
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Sustainable Development Goals (SDGs). Their knowledge and competencies are essential
for restructuring educational processes and educational institutions towards sustainability”.

For the sustainable development of STEAM (Science, Technology, Engineering, Arts
and Mathematics) and mathematics education, emerging technologies, especially the use
of symbolic calculators as computer tools (SCCT), present a great tool and opportunity
to implement active and innovative teaching methodologies [20]. In this paper, under
the SCCT framework, we will consider computer algebra systems (CAS) and dynamic
geometry systems (DGS). The general term of computer algebra (CA) and separately
CAS or DGS will be used when a difference must be emphasized. SCCT offers new
directions in teaching and learning mathematics by offering a visualization of basic notions
in mathematics and science and challenging users to solve complex mathematical problems.
CA develops critical thinking and problem-solving skills by helping the user to understand
and interpret unique theoretical examples [21,22]. Nevertheless, the successful utilization
of CA and CAS in complex problems requires a solid theoretical understanding. According
to Buchberger, “in the application of mathematics to itself, there lies an enormous driving
force, which has reached a new dimension, especially through new mathematical software
systems, and there is an unprecedented dynamism in mathematical research, education,
and applications“, and the “computational mathematics is one of the technologies, if not
the key technology, of today’s information society“ [23].

In addition to the benefits of using math software, downsides and dangers must also
be considered. It is essential to identify factors and define the criteria used to determine
the effectiveness of these tools [24]. The paper of [25] reveals the side effects of education
policies and practices and stresses the importance of considering them in the same way as
medical products, which are required to disclose both their intended outcomes and known
side effects.

The present paper points to the possible ‘side effects’ of CAS usage. In this respect,
this paper warns that the simulations and results provided by SCCT must be looked at
with a solid mathematical theory background to avoid any ‘side effect,’ the misleading
interpretation. Only an extensive knowledge of mathematics can lead the user to the correct
interpretation of the offered solutions. It is also crucial to know the barriers to the utilized
SCCT in order to drive the development of critical thinking and problem-solving skills. At
the same time, this can lead to incorrect decisions and solutions if the person who uses this
method does not possess sufficient theoretical math knowledge. Moreover, teachers must
have control over technology in this case. A theoretical background and knowledge are
required to control and interpret the results obtained by CAS and DGS. The user has to
decide whether to accept or reject the results provided by the computer and validate them
against real-life conditions.

The present paper focuses on some unique aspects of teaching and learning mathemat-
ics. It analyzes the role and utility of using ICT tools and CAS/DGS toward implementing
active and innovative teaching methodologies for sustainable STEAM education. Further-
more, it highlights the requirements for using these tools effectively. It provides concrete
examples of CAS/DGS usage to highlight the importance of having a solid theoretical
math background to detect when a computer solution is unreliable. This paper aims to
demonstrate through a practical experiment that a mixed teaching method can significantly
improve mathematical knowledge.

The paper’s goal is to direct attention to the proper and intelligent use of these
technologies and the importance and possibility of renewing the mathematics curriculum
and teaching methods to follow rapid changes in the available ICT tools. The conclusions
of this study provide educators and learners with new elements of active strategies and
innovative learning models to be applied during the education process.

The paper is based on quantitative research led by the following questions: What are
the most efficient, active, and innovative teaching and learning methods that ensure a higher
level of mathematics learner comprehension? What is the most effective way of introducing
CAS and DGS in mathematics teaching? What are the advantages of introducing CAS and

30



Sustainability 2022, 14, 12991

DGS in math education to develop 21st-century skills? Is using CAS/DGS in teaching and
learning correlated with learners’ mathematical knowledge and skills?

The paper also contains an integrative literature review to analyze the theoretical
background and study recent research results. Furthermore, this literature review helps
validate the accuracy of the obtained results in the context of the research questions.

The primary keywords used during this research are ICT use and CA use in math
teaching, challenges, and failures, the effective use of CAS and DGS, mixed teaching
methods, the effectiveness of math teaching, math curricula in the 21st-century, learning
strategies and models, 21st-century skills, math computation and real-life confrontation,
CAS/DGS use and the development of reliable knowledge in math, sustainable STEAM
education, innovative and active teaching, and learning methods.

This article is organized as follows: Section 2 describes a practical experiment on
the mathematics learning process with or without computer tools; Section 3 presents a
short overview of computer tools used in STEAM education and why these tools are
used; Section 4 introduces relevant methodological examples in graphing functions, with a
comparative discussion of some possible failures and challenges in different CAS and DGS.
Lastly, Section 5 presents our conclusions and further research possibilities.

2. Math Learning Process—With or without ICT Tools?—Practical Experiment

2.1. Materials and Methods

The goals of the experiment (presented below) were to study the utility of computer
tools in math education, to analyze the need to redefine the didactical aspects of teaching
in the 21st century, and to evaluate the necessity of identifying the most efficient, effective
math teaching methods in the context of the new paradigm [26]. Our research question
is: What are the most efficient, active, and innovative teaching and learning methods
that ensure a higher level of mathematics learner comprehension? Is it the theoretical
method—the classical teaching method (teacher-centered method/traditional method)
or exclusively teaching through new technology, using computer tools—the innovative
method (learner-child-centered method/laboratory method), or a combination of the two?

This section presents the main conclusions and methodological outcomes of the experiment.

2.1.1. Procedure and Sampling, Tools

For this extensive pedagogical research, the authors conducted a study at the Uni-
versity of Economics in Bratislava, a public institution of higher education in Slovakia.
Forty-seven bachelor’s level 1st year students participated in the study. The experiment fo-
cused on the most challenging teaching topic, as confirmed by students: graphing functions
of one real variable and their transformations. To accomplish the primary research goal (to
assess the impact of math software on the understanding of math concepts), a comparison
between traditional teaching methods and teaching using ICT tools, the MS Excel envi-
ronment, was used. A didactical software was created—Elem_F_Grapher (programmed
and developed by Zsolt Simonka), Figure 1—which allows graphs of all elementary func-
tions and their transformations to be interactively drawn (off-line function grapher). The
program creates an internet-independent and syntax-free technological environment for
graphing functions.

The MS Excel environment was chosen predominantly due to its accessibility for each
student, whether at the university or home, and because all users had the basic skills
required to use it [27,28].
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Figure 1. Elem_F_Grapher—the main window and the power functions.

2.1.2. Sample Description

The experiment itself was carried out in the first semester with a sample of 3 first-year
student groups using the test–retest method. Non-probability sampling (non-random
selection) was used to ensure that students with different high school backgrounds were
equally represented in the test groups, guaranteeing the equivalence of groups. Test–retest
is a method of repeating a test after a specific time with the same participants [29]. It
is considered “One of the most suitable methods for researching the effectiveness of the
educational process” [30]. The test–retest method is considered of high reliability [31].

The socio-demographic variables of the participants in relation to their university
were as follows: the first group was called the control group (ContGr) and consisted
of 16 students of the Faculty of Business Management. The second group was called
experimental group 1 (ExpGr1) and consisted of 18 students of the Faculty of Business.
The third group was called experimental group 2 (ExpGr2) and consisted of 13 students
from the Faculty of Economics. The students were not acquainted with the goal of the
experiment in order to not influence their behavior.

2.1.3. Procedure

A procedure was designed to help identify the most efficient teaching method be-
tween only traditional teaching, only computer tools, and a combination of traditional and
computer tools as measured through the level of students’ knowledge in graph functions
before and after teaching.

In the first seminar, with the topic of the recapitulation of high school knowledge
regarding functions, the knowledge level of all students in all three groups was tested
by having them individually complete identical tests (Appendix A). Then, the completed
tests from all students were collected and evaluated. The data obtained were named
Test results 1. Next week, during the second seminar, different teaching methodologies
were applied for each of the three groups. In the control group (ContGr), teaching was
carried out using a classical method without the use of computer tools. Transformations
of the linear, quadratic, power, square root, and rational graph functions were shown to
students by manually building the graphs on the blackboard. At the end of the seminar,
students were told that they needed to practice function graphing in preparation for the
next seminar. In experimental group 1 (ExpGr1), teaching was carried out using computer
tools only, without the classical method. A demo version of the program Elem_F_Grapher
was distributed so that each student in group 1 could individually practice graphing
functions on their computer in preparation for the next seminar. In experimental group 2
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(ExpGr2), teaching was carried out using a combination of the classical teaching method
applied to control and ICT tool-based teaching applied to group 1. A laptop/computer
and video projector with a brief presentation of the program Elem_F_Grapher (used with
experimental group 1) was used. Next, a demo version of the program was distributed
for individual use. The experiment continued in the next math seminar, during the third
week, where students from all three groups had to repeat the same test that was used in the
first seminar (Appendix A). The completed test data (called Test results 2) were collected,
analyzed, and evaluated. In each group, Test results 2 were separately compared with
Test results 1 in order to identify the improvement in the level of students’ knowledge of
function graphing.

2.1.4. Data Analysis

The completed tests by the students in the first seminar form the data, called Test
results 1, and show the level of the students’ knowledge acquired in high school. The
relationship between the Test results 1 and the mathematical entry exam results of the
students participating in the experiment was checked. The calculated Pearson correlation
coefficient, r = 0.8782, confirmed a high validity.

The second round of test, named Test results 2, contains the data used to evaluate the
efficiency of the used teaching methods. The students’ results and the data of Test results 1
and Test results 2 were separately compared in case of each group, measuring the level of
knowledge progress of groups. A quantitative analysis is presented in Section 2.2.

2.2. Results

A quantitative analysis was conducted using the data of Test results 1 and Test results 2,
and average group scores and average relative success rates were calculated. The maximum
score that can be achieved by students is 16. Table 1 and Appendix B contains the average
group scores noted by x and x′.

Table 1. The average scores. Own calculation.

TEST RESULTS 1 TEST RESULTS 2

Control Group
(ContGr) xContGr =

∑ContGr xi
nContGr

= 4.375 x′ContGr =
∑ContGr x′

i
nContGr

= 10.0625

Experimental Group 1
(ExpGr1) xExpGr1 =

∑ExpGr1 xi

nExpGr1
= 7.05 x′ExpGr1 =

∑ExpGr1 x′
i

nExpGr1
= 11.72

Experimental Group 2
(ExpGr2) x ExpGr2 =

∑ExpGr2 xi

nExpGr2

·
= 5.154 x′ ExpGr2 =

∑ExpGr2 x′
i

nExpGr2

·
= 11.46

To determine the winning teaching methodology, the relative improvement in the
level of knowledge was compared as measured via Test results 1 and 2. As each of the three
groups had a different average score in Test results 1, an analysis needed to be conducted to
assess the improvement based on relative changes in the average scores (Δp) of Test results
1 and 2. The following formula was used:

Δp =
x′ − x
xmax

· 100%,

where xmax = 16 is the maximum achievable score of the math test (Appendix A). The
results are shown in Figure 2.
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Figure 2. The change in average relative success rates in each group. Own calculations.

The data show that only providing access to ICT tools (a specialized math software in
our case) for individual use is not sufficient for improving students’ knowledge levels, as
stated by [32]. Moreover, based on the above quantitative analysis, it was concluded that
the most efficient teaching and learning method was a mix of traditional and ICT tools, as
applied to experimental group 2. This supports the innovativeness and the sustainability
of the transfer of math knowledge. For the teacher, the relative success according to
individual tasks (in this case, the relative change in success according to individual tasks)
of the didactic test is also important.

3. Short Overview of Computer Tools used in STEAM Education

3.1. Reasoning for the Use of CAS and DGS

Based on the above quantitative analysis (Section 2), it was concluded that the most
successful method of learning mathematics, the process to achieve sustainable knowledge,
is to use a mix of traditional teaching methods and computer tools.

The rapid changes in ICT, the increase in the available computer power, and the
complexity of mathematical software accessible to students demand a radical re-thinking
of how topics in the curriculum should be presented and the impact that they have on the
teaching of mathematics in STEAM education [33–41].

There are two connected but distinct issues related to the increased availability of
computers and software, which are both of considerable importance to the mathematics
curriculum. The first issue is that new, innovative approaches to teaching and learning are
made possible. The second issue is that enormously sophisticated mathematical software is
now commonly available, allowing problems of such size and complexity to be tackled,
problems that have only become part of research in recent years. Students require a personal
knowledge of mathematics to be able to use mathematical software reliably and effectively.
Students must not simply learn the relevant commands in the software package available
to them. They must learn to discerningly use these packages, from a base of mathematical
knowledge that will inform them when the computer solution may become unreliable.

According to Philip J. Davis: “In the hands of Newton and Leibnitz, calculus was
a theory that involved geometrical figures. These formed a part of the reasoning. There
followed thereupon a gradual decline of the image in mathematics in favor of the symbolic,
and by the early 20th century, the image was all but dead. Why? Computer graphics has to
some extent restored the image to its former prominence in mathematics and promises in
the future to be an important but uneasy partner with the symbolic” [42].
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CA System (such as Maple, Mathematica, Mathcad, Mathlab, Derive, Maxima, Reduce)
is a software package “that facilitates symbolic mathematics. The core functionality is the
manipulation of mathematical expressions in symbolic form” [43]. Dynamic Geometry
Systems (DGS) (such as GeoGebra, Cabri, Cinderella, Geometer’s SketchPad) “or interactive
geometry software”, “allows one to create and then manipulate geometric constructions,
primarily in plane geometry” [43]. This software is based on programs using results of
computer algebra and contains more or fewer possibilities for symbolic computations
and graphing. CAS and DGS are compelling tools, but only to the extent that they are
consciously used to correctly interpret the computer’s “responses” and consciously find the
methods that are most appropriate for a specific task or technical application. Questions
need to be asked “correctly” and “translated” to the language of mathematics to solve
real-life tasks using a computer program or other technical questions. Furthermore, the
results obtained need to be interpreted and “reversed” into real-life language or technical
applications. The principle of white box mathematics means that computer algebra tools
help those who use them not only to assist them in solving tasks but also to develop them
further, raise new questions and, ultimately, reach a higher level of understanding and
application in mathematics [23].

Equally, the variety of available software could be an obstacle for teachers or students
when deciding on the right software to use for different educational scenarios. The avail-
ability of software (commercial software, such as Maple [44], Mathematica, Geometer’s
SketchPad [45], or open-source software, such as Reduce, wxMaxima [46], GeoGebra [47])
might also be critical, especially for low-income countries. There are different ways to find
more about computer tools, and this can be a good method for understanding the way that
these tools function [34,36].

3.2. Short Overview of the Most Relevant Software Packages

The large variety of computer tools, CAS and DGS [48], can be analyzed and presented
from different angles. It is essential to know details such as the operating systems and their
support, the platforms these tools are available on, the language to implement them, their
functionalities, and the main mathematical functions built in the software. Furthermore, it
is important to know if the tools are commercial products. These tools make computations
based on their programmed algorithms; therefore, the results must be analyzed in the
context of mathematical or real-life problems in order to choose the solution that is suitable
for the task in question. This analysis must rely on a solid mathematical background. Thus,
the most crucial thing is to make the user aware that CAS data must be interpreted using
mathematical knowledge.

The present paper contains examples of the comparative use of wxMaxima, GeoGebra,
Maple, and Excel.

wxMaxima is an open-source mathematics software, and it is released and distributed
under the terms of the GNU General Public License (GPL). This allows everyone to mod-
ify and distribute it, as long as its license remains unmodified. In this article, the term
“wxMaxima” is used more often, but the terms “Maxima” and “wxMaxima” can be used
interchangeably. “wxMaxima is a document-based interface for the CAS Maxima . . . pro-
vides menus and dialogs for many common maxima commands, autocompleting, inline
plots, and simple simulations” [49]. A brief presentation on wxMaxima’s strengths and
limitations through the use of examples was recently published; see [50]. GeoGebra for in-
teractive geometry and algebra is globally quite well-known among mathematics educators.
It is an open-source mathematics software. In the article by Kovacs et al. [51], examples
of GeoGebra’s impact on different educational contexts are presented. Maple [52] is pow-
erful math software that is easy to use and meets the requirements needed for STEAM
education. It is one of the well-known commercial 3M mathematical software programs
(Maple, Matlab, Mathematica); thus, one needs to purchase a license before using it. In [53],
topics in education and different applications of Maple are presented. The well-known
commercial spreadsheet program from Microsoft, MS Excel, was launched in 1985 and
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is widely available to students. When using MS Excel, the change in the content of one
cell automatically leads to the recalculation of one or more cells based on a user-defined
relationship. The user can activate its Tool packages, and the Solver package is successfully
used in Operation research education for STEAM students. With the latest version of
Excel 2019 and Excel365, it became the most flexible and most commonly used business
application in the world due to its ability to adapt to almost any business process [54,55].

4. Challenging Examples in Graphing Functions: Comparative Discussion of Selected
Failures in the Use of Different CAS and DGS

This section presents examples using symbolic calculators such as CAS and DGS, as
well as MS Excel, highlighting the challenges of using these math software tools correctly
and strategically. As the examples prove, these software tools support students’ creativity
in visualization, using innovative methods, and presenting graphical schemas to solve
real-life problems and tasks. Besides their benefits, this section covers the limitations of
such tools for both students and teachers, helping to develop a suitable methodology and
find the right use case to adopt them.

4.1. MS Excel Environment

Examples of incorrect graphical displays of the MS Excel (in which the program
Elem_F_Grapher was created) may appear accidentally, namely at the points of discontinu-
ity in the case of rational functions (see Figure 3: Rational functions in Elem_F_Grapher). It
is important to emphasize the need for the active participation of the teacher and their abil-
ity to explain these phenomena to students (the software errors/failures) in a suitable way.

Figure 3. Rational functions in Elem_F_Grapher.

4.2. Computer Algebra Systems (CAS) and Dynamic Geometry Systems (DGS)

Failures may also appear when using CAS and DGS tools, and some examples are
described in this section.

Example 1
Let us consider a frequent example in calculus—the computation of the following limit:

lim
x→1

x2 − 1
x2 − 3x + 2
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Usually, the students are advised to consider the factorization of the numerator and
the denominator and conclude by simplifying the fraction, as shown below:

x2 − 1
x2 − 3x + 2

=
(x − 1)(x + 1)
(x − 1)(x − 2)

=
x + 1
x − 2

Now, the computation of the limit is reduced to obtain the limit by the value of the
simplified fraction for x = 1:

lim
x→1

x2 − 1
x2 − 3x + 2

= lim
x→1

x + 1
x − 2

= −2

The question here is: are the two functions equal or not?
The use of CAS and DGS might help to find the right answer, but suddenly, as can be

seen below, the computer gives “different” answers.
Let us consider the following functions, noted by f and g, and point out their domains:

f (x) = x2−1
x2−3x+2 , Dom( f ) =]− ∞, 1[∪]1, 2[∪]2, ∞[

g(x) = x+1
x−2 , Dom(g) =]− ∞, 2[∪]2, ∞[

First, the GeoGebra program is used to look for the answer (Figures 4 and 5).

Figure 4. GeoGebra answer 1: “g and f are equal”.

Figure 5. GeoGebra answer 2: “f and g are not equal”.

Note here that the two “relations” from above differ only in the order; thus, normally,
the answers should be the same. In addition, the mathematical reasoning is making a
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clear distinction between the two functions, as, by definition, the equality of two functions
is true if their domains and codomains are the same, and the two functions have equal
values for all the elements of the domain. In the above example the first condition fails, the
domains differ. Most likely, the built-in command “relation between two objects” used by
GeoGebra does not coincide with the content of the mathematical notion. Things might be
more confusing in the following example with two logarithmic functions.

Example 2
Let us consider the following functions:

f (x) = ln(x − 1) + ln(x + 1), Dom( f ) =]1, ∞[
g(x) = ln(x2 − 1), Dom(g) =]− ∞,−1[∪]1, ∞[

The GeoGebra gives a strange answer here, “the two function are equal” (Figures 6 and 7)
no matter of the order, but their graphs are represented differently of course (see Figures 8 and 9),
reflecting the difference between the domains.

Figure 6. GeoGebra answer 1 for logarithms: “g and f are equal”.

Figure 7. GeoGebra answer 2 for logarithms: “f and g are equal”.
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Figure 8. GeoGebra graph for function f.

Figure 9. GeoGebra graph for function g.

In another type of failure, the GeoGebra answers that the two functions are equal,
and this is true only at the intersection of the two domains for the interval ]1, ∞[. From a
mathematical point of view, the two functions are different.

When the same GeoGebra draws a graph, the difference between the two functions
can be visualized, as seen in the subsequent two figures (Figures 8 and 9).

This difference is evident again from a mathematical point of view when considering
the difference between the two domains. Even this example could offer an excellent oppor-
tunity for the teacher to argue for the importance of emphasizing the difference between the
domains in case of the well-known algebraic relation, true only at the intersection of the two
domains. The intersection of the two domains is in fact: Df ∩ Dg =]1, ∞[. Thus, the equal-
ity: ln(x − 1) + ln(x + 1) = ln(x2 − 1) holds only for the interval ]1, ∞[, the intersection of
the two domains. The function f (x) = ln(x − 1) + ln(x + 1) has the domain Df =]1, ∞[,
while the function g(x) = ln(x2 − 1) has the domain Dg =]− ∞,−1[∪]1, ∞[, thus Df �= Dg.
The intersection of the two domains is Df ∩ Dg =]1, ∞[; thus, the above equality holds only
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for the interval ]1, ∞[. When checking the results with other computer tools, and graphing
the above two functions, one obtains the same answers. Below, Figures 10–12 show the
respective graphs plotted in Maple and wxMaxima.

Figure 10. Maple graph for f (x) = ln(x − 1) + ln(x + 1).

Figure 11. Maple graph for g(x) = ln(x2 − 1).

Example 3
The following example shows that some other confusing facts may appear in a similar

case. If the same logic is repeated for another two functions, the same problem appears but
in a different manner. Let us consider the following functions:

f (x) =
√

x − 1 · √x − 1, Dom( f ) = [1, ∞[g(x) =
√

x2 − 1, Dom(g) =]− ∞,−1] ∪ [1, ∞[
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Figure 12. wxMaxima graphs for f (x) = ln(x − 1) + ln(x + 1) and g(x) = ln(x2 − 1).

The GeoGebra gives a strange answer again here—“the two functions are equal”
(Figures 13 and 14)—no matter the order. However, when illustrated, their graphs are
different, reflecting the difference between their domains (Figures 15 and 16).

Figure 13. GeoGebra answer 1 for irrational functions “f and g are equal”.
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Figure 14. GeoGebra answer 2 for irrational functions “g and f are equal”.

Figure 15. GeoGebra graph of function f (x) =
√

x − 1 · √x + 1.

The GeoGebra graphs of the two functions reveal a similar difference as seen in the
previous case:

Once again, it is crucial to emphasize the validity of the equality of the two irrational
algebraic expressions. The algebraic equality

√
x − 1 · √x + 1 =

√
x2 − 1 is only true at

the intersection of the two domains. The function f (x) =
√

x − 1 · √x + 1 has the domain
Df = [1, ∞[, while the function g(x) =

√
x2 − 1 the domain Dg =]− ∞,−1] ∪ [1, ∞[, thus

Df �= Dg. The intersection of the two domains is Df ∩ Dg = Df = [1, ∞[; thus, the above
equality holds only for the interval [1, ∞[.

Therefore, it is possible to verify this by plotting the two functions in Maple; however,
a new challenge appears here, the two graphs not only differ in their domain, but Maple
seems to tackle the function f in a different way to how GeoGebra does (Figures 17 and 18).
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Figure 16. GeoGebra graph of function g(x) =
√

x2 − 1.

Figure 17. Maple graph of function f (x) =
√

x − 1 · √x + 1.

Figure 18. Maple graph of function g(x) =
√

x2 − 1.
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What happened here? Maple graphing uses complex functions too, and this ex-
plains the difference of the two graphs, obtained first by GeoGebra only working with
real functions (Figures 15 and 16). However, Maple can also handle complex functions
(Figures 17 and 18), and the difference is clear when comparing Figures 15 and 17.

Remark 1. In the last two Maple graphs, the graph of the functions is apparently not
touching the x-axes. The reason for this is that, in x = −1 and x = 1, the graphs have almost
vertical tangents. The teacher could ask students to compute the derivatives and challenge
them to analyze the case.

The wxMaxima graphing gives similar results to Maple, as shown in Figure 19.

Figure 19. wxMaxima graphs for f (x) =
√

x − 1 · √x + 1 and g(x) =
√

x2 − 1.

Example 4
The phenomenon met in Example 3 can also be seen by the students in the case of the

following well-known function. Let us consider the functions: f (x) =
√

x2 + 2x + 1 and
g(x) =

√
x + 1 · √x + 1, where Df =

]
− ∞, ∞[ and Dg = [−1, ∞[ .

A similar challenge can be formulated for the students when graphing these two
functions (Figures 20–22).

The differences are rooted in the way GeoGebra and wxMaxima/Maple are using
real and complex numbers. GeoGebra only makes computations restricted to real num-
bers, while the computation with wxMaxima and Maple are using complex numbers
by definition.

The above two examples show that the right CAS program for the given educational
environment is needed. For secondary schools, the use of GeoGebra covers most of the
content of their curricula. In contrast, for higher education (STEAM education), where
complex functions are included in curricula, it is helpful to provide a detailed explanation
of the differences between the graphs obtained using GeoGebra and Maple/wxMaxima.
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Figure 20. GeoGebra graph of function f (x) =
√

x2 + 2x + 1.

Figure 21. GeoGebra graph of function g(x) =
√

x + 1 · √x + 1.

Figure 22. wxMaxima graphs for f (x) =
√

x2 + 2x + 1 and g(x) =
√

x + 1 · √x + 1.
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5. Conclusions

Technology is prevalent in all areas of life, and the possibilities offered by Web 4.0 are
gradually becoming a reality. It is widely accepted that the integration of information and
communication technologies (ICTs) and the wide variety of digital tools available are caus-
ing changes in traditional education and accelerating its transformation. Education must
keep up with this transformation; thus, its technologization is both essential and inevitable.

During the experiment (Section 2), the increase in group knowledge level was mea-
sured through participants’ individual progress. Based on the findings, the most significant
improvement in knowledge, as shown in Figure 2, occurred when the mixed method was
used (the case of experimental group 2).

Thus, the practical experiment shows that the winning methodology in teaching
mathematics is a mix of traditional methods and the usage of computer tools/mathematical
software. The experiment highlighted that giving only the computer tools for individual
use is insufficient for improving students’ sustainable knowledge level, as also stated
by [33].

The transition to technology-based classrooms and the constant use of educational
software is a prerequisite for sustainable STEAM and mathematics education. This enables a
collaborative learning environment, and the teacher must be able to use digital technologies
to foster and enhance learners’ activities. Moreover, students can use digital technologies
as part of collaborative assignments, improving communication, creativity, critical thinking,
and collaborative knowledge-sharing [14]. According to [56], in the digital era, problem-
solving using learners’ cognition is the only skill required for artificial intelligence (AI).
These transition challenges demand expanding the already known and applied pedagogical
methods and adopting new, active, and innovative methodologies.

As the presented examples in Section 4 show, using CAS and DGS, the visualization of
functions becomes easier. A deeper understanding of concepts can also be achieved [57–59]
using the “black box mathematics” [60] method, i.e., only focusing on the advantages
of clickable mathematics and the so-called principle of “white box mathematics” [60]
notions [61,62]. This powerful tool can be used to “walk around” the concepts to be learned
and understood several times, seeking a more precise outline and a deeper understanding
of them. This helps to comprehend the limits and possible contradictions of applying these
concepts in theoretical and real-world practical problems.

The examples chosen in the paper are considered the most efficient examples for stu-
dents according to authors’ teaching experience. Students’ attention can easily be directed
toward the possible or real-life mistakes that can appear in software usage, motivating
them to find their own examples, and thus ultimately mastering these computer tools.

The outcomes of Section 4 offer educators and learners new ideas and elements for
innovative learning models that can be immediately applied in math teaching.

CAS and DGS are essential tools for teaching and learning mathematics, developing
students’ math knowledge and performance, and increasing their analytical and critical
thinking. It is a powerful and innovative tool for developing 21st-century skills. The
CAS and DGS tools are useful not only in the education/teaching process (as observed
during online teaching in the pandemic period), but they proved to be highly motivating
and engaging for students. Among more skilled and qualified students, using these tools
proved to be more stimulating, as they are more motivated to push the boundaries and
constraints of the programs. The presented examples in this paper are significant for all
users. They demonstrate the need for an enhanced, mathematical background knowledge
in this case, in addition to adequate technical and user knowledge.

6. Limitations

The research was limited to one area of math, the graphing of functions, since it is one
of the most critical and problematic issues faced by 1st year university students. From a
critical point of view, the challenges were analyzed in this area to highlight the need for the
proper and intelligent use of math software.
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7. Future Research

The examples presented in Section 4 of this paper could serve as a starting point to
deepen our understanding of the analysis of functions: the understanding of key notions
and problems related to the computation of the limits of functions, studying continuous
functions or points of discontinuity of functions, and studying graphing functions with
two variables.
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39. İbili, E. The Use of Dynamic Geometry Software from a Pedagogical Perspective: Current Status and Future Prospects. J. Comput.
Educ. Res. 2019, 7, 337–355. [CrossRef]

40. Lavicza, Z.; Prodromou, T.; Fenyvesi, K.; Hohenwarter, M.; Juhos, I.; Koren, B. Integrating STEM-related Technologies into
Mathematics Education at Large Scale. Int. J. Technol. Math. Educ. 2020, 27, 3–12. [CrossRef]

41. Rutherford, T.; Allison, S.L.; Arena, S.L.; Schenke, K. Impact on mathematics self-beliefs from a mastery-based mathematics
software. J. Res. Technol. Educ. 2020, 52, 79–94. [CrossRef]

42. Davis, J.P. The Decline, Fall, and Current Resurgence of Visual Geometry. History of Mathematics & Teaching of Mathematics; Univer-
sity of Miskolc: Miskolc, Hungary, 2004. Available online: https://www.uni-miskolc.hu/hmtm/abstracts.html (accessed on
5 March 2022).

43. Braman, J.; Vincenti, G.; Trajkovski, G. Handbook of Research on Computational Arts and Creative Informatics; Information Science
Reference (an imprint of IGI Global): Hershey, PA, USA, 2009. [CrossRef]

44. Petrášková, V.; Rosa, P. Using Maple Cloud Computing in Financial Education of Pre-service Teachers. Math. Comput. Sci. 2019,
13, 237–245. [CrossRef]

45. Nanteni, G.; Leong, K.E. The Effect of Dynamic Geometry Software Geometer’s Sketchpad on Students’ Achievement in Topic
Circle among Form Two Students. Malays. Online J. Educ. Technol. 2020, 8, 58–68. [CrossRef]

46. Fedriani, E.; Moyano, R. Using Maxima in the Mathematics Classroom. Int. J. Technol. Math. Educ. 2011, 18, 171–176. Available
online: https://www.semanticscholar.org/paper/Using-Maxima-in-the-Mathematics-Classroom-Fedriani-Moyano/ead20611
4e9f66d93e82249ee6855fbc486eb2a2 (accessed on 5 March 2022).

47. Sagesse, M.U.; Maniraho, J.F.; Michael, T. GeoGebra integration and effectiveness in the teaching and learning of mathematics in
secondary schools: A review of literature. Afr. J. Educ. Stud. Math. Sci. 2020, 16, 1–13. [CrossRef]

49



Sustainability 2022, 14, 12991

48. Hohenwarter, J.; Hohenwarter, M.; Lavicza, Z. Evaluating Difficulty Levels of Dynamic Geometry Software Tools to
Enhance Teachers’ Professional Development. Int. J. Technol. Math. Educ. 2010, 17, 127–134. Available online: https:
//www.semanticscholar.org/paper/Evaluating-Difficulty-Levels-of-Dynamic-Geometry-to-Hohenwarter-Hohenwarter/09
3dc16d839f35151701ea3594d765ab59131a7c (accessed on 5 March 2022).

49. Maxima. 2022. Available online: https://wxmaxima-developers.github.io/wxmaxima/ (accessed on 14 July 2022).
50. Karjanto, N.; Husain, H. Not Another Computer Algebra System: Highlighting wxMaxima in Calculus. Mathematics 2021, 9, 1317.

[CrossRef]
51. Kovacs, Z.; Recio, T.; Velez, M.P. GeoGebra Discovery in Context. Electron. Proc. Theor. Comput. Sci. 2021, 352, 141–147. [CrossRef]
52. Maple. 2022. Available online: https://www.maplesoft.com/ (accessed on 5 March 2022).
53. Robert, M.; Jürgen, G.; Ilias, S.K. Maple in Mathematics Education and Research; Springer: Cham, Switzerland, 2021; Volume 1414.

[CrossRef]
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Abstract: To respond to global issues positively, education systems in higher education institutions
play a significant role in empowering learners as well as promoting sustainable development goals.
By implementing curricula that cultivate cross-cutting and transversal key competencies for sustain-
ability, such as critical thinking, problem-solving, and collaboration, we prepare our pupils to become
sustainability citizens, who not only sustain learning throughout their lives in various circumstances
and across different disciplines but also engage constructively and responsibly toward any future
world’s challenges through their dispositions, strategies, and skills. One such sustainable teaching
methodology is known as the flipped classroom, an active-learning, student-centered, flexible, and
multidimensional pedagogy. Our objective is to investigate the effect of such pedagogy on learners’
academic achievement and their attitude toward mathematics using both quantitative and qualitative
methods. We cultivated sustainable learning in mathematics education for college freshmen (n = 55)
by exposing them to both the conventional teaching method (CTM) and flipped classroom pedagogy
(FCP). By splitting them into control and experimental groups alternately (n1 = 24, n2 = 31) and
by selecting the four most challenging topics in college algebra, we measured their cognitive gains
quantitatively via a sequence of pre- and post-tests. The topics are factorization, rational expressions,
radical operations, and applied problems. Both groups improved academically over time across all
these four topics with statistically very significant outcomes (p < 0.001). Although they were not al-
ways statistically significant (p > 0.05) in some topics, the post-test results suggest that generally, the
FCP trumps the CTM in cognitive gains, except for the first topic on factorization, where the opposite
is true with a very statistically significant mean difference (p < 0.001). By examining non-cognitive
gains qualitatively, we analyzed the students’ feedback on the FCP and their responses to a perception
inventory. The finding suggests a favorable response toward the FCP with primary improvements in
the attitudes toward mathematics and increased levels of cooperation among students. Since these
students are so happy to have control of their own learning, they were more relaxed, motivated,
confident, active, and responsible in learning under the FCP. We are confident that although this study
is relatively small in scale, it will yield incremental and long-lasting effects not only for the learners
themselves but also for other role-takers in education sectors who aspire in nurturing sustainable
long-life learning and achieving sustainable development goals successfully.

Keywords: flipped classroom; cognitive gains; attitude toward mathematics; college algebra; mathematics
education; sustainable learning

1. Introduction

One of the 17 United Nations’ Sustainable Development Goals (SDGs) for achieving
a better and more sustainable future for all beings is “quality education” (Goal 4, herein
SDG4). The two facets of SDG4 ensure inclusive and equitable quality education and
promote lifelong learning opportunities for all [1]. Although the primary targets of SDG4
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are children and youths in their primary and secondary educations, the principle can be
extended into higher education institutions (HEIs) as well. HEIs play an essential role in
promoting sustainability and advocating the SDGs by educating and training prospective
teachers, policymakers, future leaders, entrepreneurs, and other professionals [2].

In particular, through their cutting-edge research and continuously improving their
curricula, HEIs advance sustainability competencies among their pupils. The specialized
agency UNESCO also supports SDG4 through education for sustainable development (ESD)
and global citizenship education (GCED). In turn, this education will enhance necessary
cross-cutting key competencies for sustainability that are relevant not only to SDG4 but
also to all SDGs. Among these crucial key competencies are critical thinking, integrated
problem-solving, and collaboration competencies [3].

Keeping this association in mind, having a solid foundation in science, technology,
engineering, art, and mathematics (STEAM) education is very essential in order to develop
sustainable citizens since these subjects inherently cultivate critical thinking and problem-
solving skills, the very qualities which are aligned with ESD and GCED in SDG4 [4]. These
skills can be used throughout life irrespective of whatever professions the students might
choose to pursue. The very basics of all these disciplines, namely mathematics as well as
the way we teach and how students learn about it (mathematics education), should be
of particular interest to many educators around the world who aspire to instill lifelong
learning among their students, and at the same time, nourish them with the ESD and GCED
transversal competencies.

Thanks to the progress in information technology, many novel pedagogical methodolo-
gies have emerged and received more attention during the past two decades, particularly
those that emphasized student-centered learning activities. These include but are not
limited to flipped classroom, blended learning, problem and/or project-based learning,
inquiry-based learning, collaborative learning, and inclusive education, including its frame-
work of universal learning design, among others. The body of literature confirms that
these educational pedagogies demonstrated excellent educational outcomes and provided
platforms for supportive learning environments that align with the SDGs [5,6]. Focusing on
a particular pedagogy and observing how it affects learners’ cognitive gains and improves
attitudes toward a particular subject or learning in more general would be an essential step
in cultivating transferable competencies for sustainability.

In this article, we discuss how flipped classrooms in a college algebra module could
improve students’ cognitive gains as well as their attitudes toward mathematics. Unless
specified differently, throughout this paper, cognitive gains refer to the positive gains in
knowledge and comprehension, which can be translated through academic performance.
Although non-cognitive gains encompass a wide range of abilities such as communication,
teamwork, perseverance, conscientiousness, and motivation, among others, what we refer
to is related to the latter, i.e., students’ attitudes toward mathematics. Furthermore, we will
refer to the two pedagogical approaches used in this study as the FCP and the CTM, which
refer to the flipped classroom pedagogy and conventional teaching method, respectively.

With the nature of present-day students and their exposure to a variety of technological
tools, nowadays teaching requires a degree of flexibility in addressing diverse learning
styles, a wide range of level capability, and handling large classes. A breed of confident
and competent problem-solvers who are eager to learn new things on their own and the
improvement of students’ achievement in and attitudes toward mathematics are very much
desired not only to survive in this modern society but also to develop sustainable citizens.
Hence, there is a pressing need for advancing from teacher-centered, passive-receptive
learning of the CTM into a student-centered, active-learning FCP. Some evidence suggests
that the FCP could be a sustainable active-learning pedagogy when learning is disrupted
such as during the recent COVID-19 pandemic [7].

This study investigated the impact of the FCP on students’ academic achievements
in a mathematics course among freshmen majoring in mathematics education at a pri-
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vate, Catholic coeducational research university in the Philippines. Additionally, we are
addressing the following research questions:

• Between the experimental and control groups and among the four most challenging
topics in college algebra, which group obtains better cognitive gains? Which topics
would be learned better using the FCP?

• For non-cognitive gains, what are students’ reactions to the use of the FCP? What are
their attitudes toward mathematics after learning the course via the FCP?

The article is organized as follows. After this introduction, Section 2 provides a
literature review on sustainable learning in education (SLE) and how the FCP has been
successfully implemented in a wide range of disciplines from mathematics to ESD. It then
offers a conceptual framework for this study that SDG4 covers both ESD and SLE, and the
FCP is one possible option for SLE. Section 3 covers research objectives and methodology,
including the participants and applied measurement. Section 4 outlines the result of our
experiments and discusses what these findings mean. Finally, Section 5 concludes our
discussion and provides further recommendations.

2. Literature Review

2.1. Sustainable Learning in Mathematics Education

Ben-Eliyahu (2021) clarified a potentially baffling concept between “learning sustain-
able development” and “sustainable learning in education (SLE)” [8]. The designated
terminology for the former as “sustainable learning” might be easily mistaken for the latter
or vice versa. On the one hand, a better terminology for learning sustainable development
would be “sustainability learning” or “ESD”, which refers to an approach to education that
emphasize the importance of humans living in harmony with nature, either by specifically
teaching sustainability principles or by integrating them into a curriculum by including key
issues of sustainable development, as we have mentioned briefly in the introduction [9–12].

On the other hand, SLE refers to “learning that lasts”; it can be achieved through
well-structured and responsive teaching that matters for all learners [13]. It consists of
two facets of learning that can be likened to two sides of a coin. On the one side of the
coin, the learning that takes place in formal education has lasting value to learners into
the future. On the other side of the coin and at the same time, this sustainable type of
learning will also encourage pupils to continue their education journey by embracing
lifelong learning themselves. Indeed, SLE interlaces marvelously with SDG4; see [1].
Furthermore, as suggested by Hays and Reinders (2020), any type of sustainable learning
and education should instill in students the skills and dispositions to thrive in a complicated
and challenging world as well as the desire to contribute positively in creating the world a
better place to live [14].

Among one of the seven recommendations for creating sustainability education at
HEIs, Moore (2005) proposed establishing a space for pedagogical transformation. The
endorsement encompasses not only improving the interaction between students and in-
structors but also promoting student-centered, reflective, critical, transformative, and
experiential learning [15]. This advocate is underpinned by a recent article on the learning
environment in the context of SDG4, where it is confirmed that an educational environment
that accommodates sustainable learning is one that encouraged active role from both the
pupils and educators, such as class participation, critical thinking, nurturing curiosity, and
cultivating creativity, among others [6].

Similar to renewable and sustainable energy, SLE preserves the learning process
throughout one’s life as the scene of the world is changing. It endows learners with skills
and strategies to rejuvenate themselves through inquiry, self-assessment, and evaluation
of their environment and social systems. SLE encompasses four aspects of self-regulated
learning models that exhibit an analogy with sustainable nature: renewing and relearning;
independent and collaborative learning; active learning; transferability [8,16–20]. As
educators, in addition to grooming our students with future-focused experiences and
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skills, we also ought to nurture their confidence and refine their awareness of achieving
positive changes.

On a larger scale, HEIs play a key role in sustainability; again like the two sides of a
coin, by promoting both ESD as well as SLE. On the one side of the coin, by facilitating and
designing curricula that center around sustainability, i.e., ESD, HEIs contribute crucially to
creating a sustainability mindset among their members, including faculty, administrative
personnel, and, in particular, the student body, where a new generation of future leaders
would emerge [21–24]. On the other side of the coin, by improving their didactics and peda-
gogy, i.e., SLE, HEIs prepare current and prospective learners with transversal competencies
that are necessary for tackling not only personal, a smaller-level, challenging circumstances
but also global, a larger-level, economic, social, and environmental challenges [25–30].

Although the aforementioned cited works administer the field of education in the gen-
eral context, the same principles are also certainly appropriate for mathematics education.
Renert (2011) attempted to address an inquiry about how to reconcile the urgent need to act
for a sustainable future with the current practices of mathematics education by presenting a
model of possible responses to sustainability in mathematics education [31]. The proposed
model adapts two existing stage models of approaches to sustainability to the context of
mathematics education, i.e., Sterling’s (2001) and Edwards’ (2010) models of educational
responses and organizational approaches to sustainability, respectively [25,32]. The three
types of the educational response of accommodation, reformation, and transformation
mean education about, for, and as sustainability, respectively. The former two fit well with
ESD, whereas the final type aligns with SLE.

With an exception of Summer’s (2020) exploration of how a sustainable primary
mathematics education ought to be implemented [33], other works that intersect between
sustainability and mathematics education usually concentrate around ESD instead of SLE,
e.g., [34–39]. By suggesting concrete pedagogical initiatives to tackle primary students’
challenges in learning mathematics, Summer (2020) demonstrated that quality education
and competent teachers not only decrease their learning difficulties but also equip children
with essential mathematical and critical thinking skills [33]. These skills, in turn, will
eventually provide a solid foundation for acquiring transversal competencies when they
grow up, join the workforce, and assess sustainability principles.

2.2. Flipped Classroom Pedagogy

To better comprehend the FCP, we need to agree with what we mean by the traditional
teaching and learning approach, dubbed in this article the CTM. In a CTM situation, the
students listen to the teacher’s lecture-discussion on the day’s lesson and they are given
homework or assignment to measure their understanding of the lesson. The homework
may be discussed in class or simply submitted to the teacher. Teachers are the instruments
by which knowledge is communicated. The CTM is primarily teacher-centered where
all students are taught the same materials at the same time. The CTM emphasizes direct
instruction, predominantly lectures, and a fixed seatwork so that students learn through
listening and observation. Classroom instruction is often solely based on textbooks, lectures,
and individual written assignments.

An FCP, which is otherwise known as an inverted classroom [40], flipped teaching,
flipped learning, or the Thayer method [41,42], is a combination of viewing video recordings
and reading module materials related to the lesson anywhere and anytime before class and
applying what has been learned during the face-to-face time [43]. Class time is used more
interactively for group discussion, discovery activities, experiments, and class presentations
where the teacher’s role is to facilitate and assist the students in their quest for further
understanding of the lesson. As a result, the students become active learners rather than
plain receptacles of information [44].

The FCP is a form of blended learning in which students learn new contents from
various modes, such as by viewing video lectures online, browsing websites, reading
textbooks, and viewing PowerPoint-like (or Beamer) lecture slide presentations that are
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either provided by the teacher or the result of their own search mechanisms, usually at
home before the class time. What used to be the homework/assignment is now done in
class with teachers offering more personalized guidance and interaction with students,
instead of lecturing full-time. During the class, the students apply the knowledge they have
learned by solving problems, doing practical work, and collaborating with their peers.

Both classroom and online learning should provide materials that would enable the
students to practice and interact with others and still deliver favorable outcomes. Doing
the homework to keep them engaged for a deeper understanding of concepts and mastery
of skills is done during face-to-face class time. The students work on their own phase
and work level in a result-based environment while using online content that serves as
the preliminary source of learning and this may be used repeatedly in class or as review
materials. The content acquisition comes ahead and concept engagement takes place in
class with the students doing interactive activities. By inquiring the teachers on materials
that they could not grasp or more challenging topics, positive response and feedback from
the teacher could assist both adept and slow learners.

There are several implications in the context of educational theory when implementing
the FCP. First, the knowledge becomes personal since each learner might differ in inter-
pretations and thus possesses a distinctive point of view when following a flexible and
multi-dimensional pedagogy such as the FCP [45]. Second, we allow students to construct
knowledge by themselves when they experience different things, rather than passively
absorbing it in the case of the CTM [46,47]. Third, and as a consequence, learning becomes
an active process. Learners construct meaning in their understanding not only through
active engagement with their environment but also by establishing meaningful connections
between prior and new knowledge [48,49]. These aspects constitute a constructivist ap-
proach in education theory and we could confirm from the following literature study that
the FCP does belong to this approach [50,51].

According to Strayer (2007), an FCP is a more active, student-centered style of teaching
through the use of group projects, discovery activities, experiments, and class presentations
that are implemented during classroom time with information-rich, lecture-based direct
instruction being used during an out-of-class time, usually delivered through online videos
that students view before arriving in class [52]. In short, this model aims to move the
easier parts of teaching and learning into independent practice ahead of learning the more
difficult concepts, which are taught face-to-face [53].

Flipped teaching is a pedagogical approach in which direct instruction is moved from
the group learning space to the individual learning space, and the resulting group space is
transformed into a dynamic, interactive learning environment where the teacher guides
students as they apply concepts and engage creatively in the subject matter. The FCP has
benefited students who missed classes since they may use the online materials to review
and reinforce lessons and it gives them the opportunity to radically rethink how they
should use class time effectively [54,55].

In the FCP, instruction is delivered online and outside the classroom through video,
podcasts, or the online learning environment. Homework is moved into the classroom. In
this approach, students can take in the information at their own pace and discuss it with
the teacher and peers. This creates time in the classroom for collaborative work by the
students and more room for a differential approach and remediation by the teacher. Fulton
(2012) enumerated the following advantages of the flipped classroom: (1) students move at
their own pace; (2) doing “homework” in class gives teachers better insight into students’
difficulties and learning styles; (3) teachers can more easily customize and update the cur-
riculum and provide it to students anytime; (4) classroom time can be used more effectively
and creatively; (5) teachers using the method report seeing increased levels of student
achievement, interest, and engagement; (6) learning theory supports the new approaches;
(7) the use of technology is flexible and appropriate for the 21st-century learning [56].

Moreover, Herreid and Schiller (2012) argued that with the FCP: (1) there is more time
to spend with students on authentic research; (2) students get more time working with
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scientific equipment that is only available in the classroom; (3) students who missed class
can watch the lectures while on the road; (4) the method promotes thinking inside and
outside of the classroom; (5) students are more actively involved in the learning process [57].
The survey conducted by Bishop and Verleger (2013) revealed that most studies on the FCP
used single-group study designs to explore student perceptions and reports are somewhat
mixed but generally positive overall. Some students tend to prefer in-person lectures to
video lectures, but prefer interactive classroom activities over lectures. Anecdotal evidence
suggests that student learning is improved for the FCP compared to the CTM [58].

Hantla (2014) indicated that the flipped classroom is a new iteration of an old way
of teaching that enables instructors to do more during face-to-face classroom time than is
otherwise possible. The FCP provides an incentive to students to come to class prepared and
assess their understanding, focuses on higher-level cognitive activities under the guidance
of the teacher, and provides students adequate time to carry out their assignments and get
on-the-spot feedback about their work. The FCP is carried out in a learning environment
with the support of educational technology where students learn through activity-oriented
activities [59].

When it comes to teaching mathematics at all levels of education, the body of pub-
lished literature does not lack examples. The FCP has been successfully implemented
in teaching mathematics at the primary [60–63] and secondary levels [64–70]. The FCP
also encompasses a broad mathematical subjects, such as college algebra [71,72], precal-
culus [56], calculus [73–78], vector calculus [79], linear algebra [80–83], statistics [84], and
actuarial science [85]. Generally, both students’ cognitive gains in terms of understanding
and academic performance, as well as students’ positive attitudes in terms of enjoyment
and confidence are affirmative; see also [86–90].

Certainly, the successful—and fruitless—attempts of the FCP are not only limited
to mathematics education. Many works provide a narrative on pedagogy in other fields,
including both STEM and non-STEM fields. In particular, in what follows we provide some
evidence in the learning about sustainability and sustainable developments. Buil-Fabregá
et al. (2019) demonstrated that the FCP has successfully assisted students in improving
their transversal competencies and being more conscious of sustainable development
requirements [91]. Rodríguez-Chueca et al. (2020) measured the efficiency of the FCP and
challenged-based learning to facilitate learning of sustainability principles and circular
economy and discovered that the former is more satisfactory than the latter [92]. Howell
(2021) revealed positive student perceptions when they were exposed to the FCP when
enrolling in education for sustainable development courses [93].

2.3. Conceptual Framework

Based on the literature review of both SLE as well as the superiority of the FCP over the
CTM, we propose a conceptual framework to examine that our study on flipped classrooms
in mathematics education can also be expanded to other topics outside mathematics,
duplicated, and even improved for better learning outcomes as well as with more positive
psychological well-being. Figure 1 displays a conceptual framework for this study.

Our study is based upon a conceptual framework that sustainability and education
influence each other and contribute to each other’s development. As we reviewed in
Section 2.1, SLE in general and sustainable learning in mathematics education in particular
require not only strategic HEI curricula that empower learners but also flexible and multi-
dimensional teaching approaches that equip learners with transferable skills to renew
themselves when facing personal and world challenges [8,14]. Among the highlighted
pedagogies that promote SLE are project-based learning and the FCP. Our focus is the latter.
Conversely, the body of published literature reviewed in Section 2.2 has demonstrated that
the FCP was not only viewed very favorably among students but also compels them to
commit to sustainability principles and practice sustainable development when they join
the labor market, as demonstrated in several recent studies [91–93]. Hence, as illustrated in
Figure 1, ESD and SLE could function both ways.
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Figure 1. A conceptual framework for sustainable development in mathematics education employing
SLE and FCP. HEIs play an active role in promoting SDG4 by equipping learners with sustainable
learning in (mathematics) education to cope with future challenging circumstances. In particular, the
FCP offers quality education and SLE through its flexible teaching yet effective learning approach
(top green arrow). Conversely, the FCP can be implemented to cultivate learners in contributing to
SDGs via ESD with the aim of embracing and practicing sustainability principles (bottom red arrow).

3. Research Material and Methodology

3.1. Participant

Two classes of 24 and 31 freshmen mathematics education majors at De La Salle
University, Manila, the Philippines, enrolled in a three-credit course of College Algebra
(course code: TCHALGE) during the first term of the academic year 2014/2015 (September–
December 2014), served as respondents of this study. The classes were referred to as Group 1
and Group 2, respectively. The selection methodology was based on the convenience
technique since these two classes were simply assigned to and taught by one of us (the
second author). The age range of the participants is typically between 18 and 19 years old.
The percentages of the female and male students are around 60% and 40%, respectively.

3.2. Measurement

A quasi-experimental design with switching replication was implemented for both
groups. The group exposed to the FCP is considered the experimental group, whereas the
group exposed to the CTM is regarded as the control group. For the first and second topics,
Group 2 was considered the experimental group, while for the third and fourth topics,
Group 1 was designated as the experimental group. Both groups were also administered
pre- and post-tests on all four topics considered in this study. The two groups were
alternately exposed to the FCP and the CTM in the delivery of topics in college algebra
which are identified as relatively hard by students who took the subject during preceding
terms. These are factoring/factorization, rational expressions, operations on radicals, and
solving applied problems.

On the one hand, the experimental group was provided with a list of all websites,
videos, lecture notes, PowerPoint presentation slides, and course modules that they need
to watch and read as well as the corresponding assessment materials that they need to
respond while viewing the videos or listening to the lectures before class to test their
understanding of the topics. During the face-to-face class time, they were given more
interactive activities which were done either individually or in groups with the teacher
acting as a facilitator. On the other hand, the control group was taught identical topics and
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was provided with the same interactive activities in class after which the students were
given the assignment/homework for submission during the next meeting.

In our empirical study, we have employed both quantitative and qualitative methods
to investigate the effect of the FCP on students’ cognitive and non-cognitive gains. The
former was investigated through test results on four different topics that were considered
the most challenging ones applied to both the control and experimental groups. A validated,
multiple-choice type, teacher-made pre-test and post-test on these particular topics were
administered to gauge and compare their academic achievements in each topic. This
validation was conducted by other instructors who possess expertise in the field, have
taught the subject for at least five years, and obtained distinguished results on students’
feedback on teaching evaluation.

The levels of difficulty in both the pre-test and post-test were parallel and identical.
Each test consists of 25 items for each topic and the students must complete it within 120
minutes. The pre-test was administered before the start of the experiment, whereas the
post-test was conducted during the final exam period. All scores were converted into
percentages. To determine if any statistically significant difference exists between the
pre-test mean scores, pre-test and post-test mean scores, and the post-test mean scores of
the two respondent groups, we conducted a sequence of Student’s t-tests for dependent
and independent samples. To assess learners’ non-cognitive gains after they experienced
learning the module using the FCP, we requested them to write their opinion on the FCP in
student journals as well as to respond to an FCP perception inventory.

Table 1 shows the classroom activities for both groups during the pre-test period.
Both groups experience both the FCP and the CTM but with different topics. The first
group covers the first two topics in the CTM and the other two topics in the FCP, while the
second group is the opposite, first the FCP, and then the CTM. For the post-test activity,
the students dedicate the remaining time to journal writing and the completion of the FCP
perception inventory.

Table 1. Group activities and their associated topics in college algebra conducted during the pre-test
period. The boldface letter G refers to the group, which can be 1 or 2, whereas F and T refer to the
classroom approaches of flipped and traditional, respectively.

Topic and Content Group (G1 or G2) and Classroom Approach (F or T)

G1T G2F

Factorization: Students listened to the teacher’s
regular classroom
lecture-discussion aided by some
PowerPoint presentations, printed
references, solved sample
problems, and applications.
Homework/assignment was
given to the students for
submission during the
next meeting.

Students viewed downloaded
and/or teacher-provided video
and PowerPoint presentations,
read modules and textbooks, and
completed worksheets and other
assessment materials prior to class.
Interactive activities were done by
the students in the classroom.

Common Monomial Factor,
Factors of General Trinomials,

Difference of Two Squares,
Perfect Square Trinomial,

Sum/Difference of Two Cubes

Rational Expressions:
Operations on

Rational Expressions,
Simplifying Complex
Rational Expressions

G1F G2T

Operations on Radicals: Students viewed, downloaded,
and/or teacher-provided video
and PowerPoint presentations,
read modules and textbooks, and
completed worksheets and other
assessment materials prior to class.
Interactive activities were done by
the students in the classroom.

Students listened to the teacher’s
regular classroom
lecture-discussion aided by some
PowerPoint presentations, printed
references, solved sample
problems, and applications.
Homework/assignment was given
to the students for submission
during the next meeting.

Simplifying Radicals,
Rationalizing Denominators

Solving Applied Problems:
Routine and Nonroutine
Problems (Number, Age,

Investment, and Mensuration)
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4. Result and Discussion

4.1. Cognitive Gains

To achieve the objectives of the study, the pre-test and post-test scores were subjected
to statistical treatment. Moreover, the students’ journal report and their responses to the
perceptions inventory were analyzed. Below are the tables showing the descriptive statistics
for the gathered data and the corresponding discussion.

As reflected in Table 2, the pre-test mean scores of Group 1 and Group 2 are far below
the passing score of 60% in all topics under consideration. Very clearly, the students had
very low mean scores in the topics of radical operations and solving applied problems. The
small values of the respective standard deviations indicate little variation among the scores;
that is, the groups are more or less homogeneous. The non-statistically significant difference
between the computed t-values of the pre-test means confirmed the comparability of the
two groups at the beginning of the experiment in so far as performance in all the topics
under consideration is concerned. This indicates that any changes in their achievement can
be attributed to the utilized teaching approach.

Table 2. Descriptive statistics comparing the pre-test mean scores of the two groups (df = 53,
tcrit = 2.0057). All results were not statistically significant (p > 0.05).

Topic
Group 1 (n = 24) Group 2 (n = 31) Statistics

x̄ s x̄ s |t|-Value p-Value

Factorization 45.50 11.77 45.87 7.67 0.1408 0.8886
Rational expressions 44.71 9.72 45.52 6.27 0.3746 0.7095
Radical operations 33.21 10.18 34.35 10.17 0.4121 0.6819
Applied problems 38.96 9.29 39.23 10.46 0.0996 0.9210

The pre-test and post-test mean values of each group in all topics as shown in Table 3
indicate that learning took place using any of the two approaches—flipped or traditional. In
teaching factorization and rational expressions, the use of the CTM for Group 1 accounted
for respective mean gains of 39.58 and 27.58 as compared with the respective mean gains of
27.52 and 36.16 which can be attributed to the use of the FCP for Group 2. Moreover, the
use of the CTM in teaching radical operations and solving applied problems accounted for
mean gains of 28.68 and 30.21, respectively, as compared to the respective mean gains of
32.62 and 36.42 of the students exposed to the FCP. Obviously, based on the mean gains,
using the FCP is better than the CTM when it comes to the topics of rational expressions,
radical operations, and solving applied problems. The highest mean gain is evident in the
use of the CTM in factorization (39.58), followed by the use of the FCP in solving applied
problems (36.42), rational expressions (36.16), and radical operations (32.62). Thus, the FCP
proved to be a better teaching approach in three out of the four identified difficult topics
in this study in terms of academic achievement gains. Statistically significant cognitive
gains are also evident as indicated by the calculated t-values, which are all greater than
the tabular t-values. This indicates that each approach has a significant positive effect on
learning, but the use of the FCP generally accounts for greater mean gain in the identified
difficult topics in college algebra.

As observed in Table 4, the result of the t-test for independent samples applied to the
post-test mean scores indicate a statistically significant difference between the FCP and
CTM in the delivery of factorization and rational expressions, but no significant difference
in radical operations and solving applied problems. This implies that the CTM appears to
be a better teaching approach for factorization while the FCP might be a better delivery
method for rational expressions.
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Table 3. Descriptive statistics between the pre-test and post-test mean scores of the respondents.
Group 1 adopted the FCP for the third and fourth topics, with df = 23 and tcrit = 2.0687. Group 2
adopted the FCP for the first and second topics, with df = 30 and tcrit = 2.0423. All results were
statistically very significant (p < 0.001).

Topic

Group 1 (n = 24) Group 2 (n = 31)

Pre-Test Post-Test Statistics Pre-Test Post-Test Statistics

x̄ s x̄ s |t| p x̄ s x̄ s |t| p

Factorization 45.50 11.77 85.08 11.72 3878.03 0.000 45.87 7.67 73.39 10.42 55.72 0.000
Rational expressions 44.71 9.72 72.29 12.28 52.78 0.000 45.52 6.27 81.68 11.92 35.63 0.000
Radical operations 33.21 10.18 65.83 10.58 399.51 0.000 34.35 10.17 63.03 14.65 35.64 0.000
Applied problems 38.96 9.29 75.38 14.86 32.03 0.000 39.23 10.46 69.44 14.12 45.96 0.000

Table 4. Descriptive statistics comparing the post-test mean scores of the two groups (df = 53,
tcrit = 2.0057). Only the mean scores for the first two topics appear to be statistically significant and
the FCP produced higher mean scores except for the first topic on factorization.

Topic
Group 1 (n = 24) Group 2 (n = 31) Statistics

x̄ s x̄ s |t|-Value p-Value

Factorization 85.08 11.72 73.39 � 10.42 3.9076 0.0000 ∗
Rational expressions 72.29 12.28 81.68 � 11.92 2.8595 0.0061 ∗
Radical operations 65.83 � 10.58 63.03 14.65 0.7897 0.4332
Applied problems 75.38 � 14.86 69.44 14.12 1.5123 0.1364

� post-test mean score under the FCP; ∗ significant at α = 0.05 level.

It can be noted that the students registered a higher mean score in factorization
under the CTM while the use of the FCP accounts for the higher mean scores in rational
expressions, radical operations, and solving applied problems. However, non-statistically
significant mean differences in the respondents’ post-test scores in the last two topics
imply that learning can be achieved whether delivery of these topics was done using the
FCP (where they view the lessons online, through other modes, and do their supposed
homework in the classroom) or the CTM (where they have their lessons in the classroom
and really do their homework at home).

There could be several factors that might influence this result. The first one is related
to the topic and content investigated in this study. The second factor relates to the quality
of lectures in both pedagogies. The third factor is associated with the variation in students’
academic performance when they encounter various college algebra topics in different
learning environments, i.e., the FCP vs. CTM. Our finding suggests that learners achieved
better cognitive gains on the first topic of factorization when it was delivered using the CTM
instead of the FCP. This topic may be relatively less challenging than the other three topics,
and for some of the contents, the students may have seen them in primary or secondary
mathematics. For example, finding the greatest common factor between monomials relates
to basic number theory on prime numbers in primary school mathematics. Another
example is factoring general trinomials, which requires a direct explanation of how to find
two integers whose product is one monomial and whose sum is another monomial for
easier understanding. As might be the case in the latter, although viewing video recordings
might explain the procedure, an absence of immediate feedback might hinder further
progress and comprehension, and thus the CTM might be better suited for these concepts
than the FCP.

The second factor might be related to the quality of the lectures in both traditional
and flipped settings. From the learners’ perspective, it does not reserve a possibility that
the teaching delivery during direct instruction has better quality and the recorded video
recording for this particular topic of factorization. As argued by Krantz (2015), teaching
mathematics by lecturing directly—offline mode, face-to-face—and hence predominantly
the CTM, is still a powerful teaching device that has stood the test of time for more than
three millennia provided that the instructor does it very well [94]. However, we need to be
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cautious in directly swallowing this argument since Krantz’s argument was also seriously
disputed by a meta-analysis study from several STEM disciplines by Freeman et al. (2014)
who discovered that student academic achievements are significantly better when some
kind of active learning is implemented [95].

For the third factor, we observed that the pre-test and post-test results from Group 1
on the first topic factorization yield sample standard deviation values of around 11.75, i.e.,
11.77 and 11.72 for the former and latter, respectively. These not-so-low values suggest that
the CTM only improved the students’ scores and translated the mean to a higher score but it
did not really close the difference gap between the more academically and less academically
prepared students. In other words, the CTM has successfully prevented the widening gap
between the various spectrum of students’ academic strengths. By looking at the results
for Group 2, the standard deviation values increase from 7.67 to 10.42 for the pre-test
and post-test results, respectively. This nearly 3% increase in standard deviation could
influence a lower post-test mean score compared to Group 1, and thus the mean difference
for post-test results appears to be statistically significant. This could suggest that the FCP
fails to prevent gap widening or enclosing the existing gap in academic achievement for
this particular topic.

A similar outcome was observed for the third topic of radical operations, but then
the pedagogy was reversed. Although the mean difference for the post-test scores did not
appear to be statistically significant, we could argue that the FCP has had relative success
in preventing the widening gap in academic performance among students in Group 1 for
this particular topic. The situation, however, was slightly different for the fourth topic of
applied problems. The increases in sample standard deviations from the pre-test to post-test
results were nearly 6% and 4% for Groups 1 and 2, respectively. This finding might suggest
that the mean difference for the post-test scores did not appear to be statistically significant
for this topic even though the result from the FCP in Group 1 was better than the one from
the CTM in Group 2. A similar argument could be applied to the second topic of rational
expressions where both groups experienced an increase in standard deviation values. But
since the mean score for Group 2 is much higher than Group 1 (nearly 9%), the increase in
standard deviations was still compensated and the mean difference for the post-test scores
appeared to be statistically significant. It would be interesting to investigate whether other
studies yield comparable outcomes when a similar methodology was applied to different
cohorts of students.

4.2. Non-Cognitive Gains: Attitudes Toward Mathematics

In addition to cognitive gains of better academic performance, the students also ac-
quired non-cognitive gains after experiencing the FCP. By soliciting their opinions regarding
the use of the FCP through a flipped classroom perception inventory, we collect further
insight regarding their learning characteristics. Table 5 summarizes the percentages of
those who agreed on each item in the perception inventory.

From this outcome, we observe that students’ responses are generally favorable when it
comes to learning using the FCP. All the ten items yield either more than 90% or nearly 90%
of students’ ratings, where the highest percentage (94%) belongs to the seventh item that the
FCP promotes a positive attitude toward mathematics. The high percentages of students
in favor of each item in the inventory indicate that they welcome this type of pedagogy
in learning mathematics, particularly college algebra. In addition to improving positive
attitudes toward mathematics, providing the opportunity to understand mathematical
concepts in a better way, and offering various alternatives in dealing with mathematical
problems, the non-cognitive benefit of the FCP also goes beyond mathematics learning
per se.
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Table 5. The percentage of students who agreed on each item in the FCP perception inventory. The
rating is either more than 90% or very close to 90%.

No. Item Rating (%)

1 Motivates students to study 92
2 Develops students’ confidence to solve problems 92
3 Offers a variety of alternatives in understanding the lesson 93
4 Improves students’ creative and critical thinking ability 92

5 Provides students the opportunity to understand mathematical concepts
better 92

6 Allows students to participate actively in the learning process and
progress independently 91

7 Promotes positive attitudes toward mathematics 94
8 Strengthens students’ retention of subject matter 88

9 Promotes better cooperation between teacher and students and among
students 92

10 Offers powerful ways of dealing with mathematical problems 89

In the essence of SLE, the students in our study confirmed that the FCP has motivated
them to study, improved their critical thinking, enhanced their knowledge retention rate,
and promoted better communication with the teachers and among themselves. Overall, the
FCP has assisted them not only in acquiring non-cognitive gains but also in appreciating
some aspects of SLE. Note that although some of them may forget the details of certain
mathematical concepts or theorems in this particular course, the acquired qualities and
positive attitudes will be transferable to another advanced or different course, even to a
totally different setting, whether in their profession as educators or elsewhere; see [8].

Other non-cognitive gains from the use of the FCP indicated by the students in their
journals are as follows: a higher level of participation in active learning sessions, a stronger
sense of being connected to the teacher and with other students, a positive perception of
the course, and an enjoyable learning environment. Moreover, they acquired from wide
resources of learning tools at varying speeds in their chosen learning environment and
were able to have a continuing review as the need arises in as much as the materials were
accessible even for absentees. Hence, the element of flexibility. Finally, they also like the
idea that their teacher had more time in guiding them during activity sessions.

Empirical results confirmed that the use of the FCP enhances students’ intellectual
experiences and learning outcomes. Additionally, although some students in the CTM
setting were more satisfied with the clarity of instruction provided by the teacher and the
facility of getting feedback immediately after the lecture, they felt more strongly in terms
of gaining a greater appreciation of college algebra concepts through the FCP.

Some unedited comments culled from the students’ journals are given as follows:

“Learning math has never been like this before because this time I did not have to sit in
class very long doing nothing but listen and be bored.”;

“I enjoyed learning math because I can switch from viewing videos to reading the Power-
Point presentation sent by my teacher to simply reading the textbook, trying to get ready
for our class activities.”;

“Whenever I have questions, I kept on viewing the online lesson wherever I am so long as I
have my laptop with me and I have access to internet.”;

“While viewing/reading the lesson, I had to list down my questions and ask my teacher
and my classmates for clarification.”;

“I could have learned more math had this approach been introduced earlier.”;

“I felt helpless whenever I had questions, but nobody was there to answer immediately.”;

“Sometimes, I cannot access the lesson because there was no internet facility.”;

“There should be a larger viewing center at the library where we can stay whenever no
internet is available at home.”;
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“Sometimes I was tempted to skip my class when I thought I already understand the lesson
very well and my answers to the assessment materials were almost alright.”;

“I enjoyed the extra time given me to do the viewing of the lesson over and over again until
it becomes clear to me.”;

“I got a strong bonding session with my classmates and my teacher during the face-to-
face encounter.”;

“As I read my lessons alone, I became independent, patient and confident in learn-
ing math.”;

“It seems that I became more interested in math.”;

“During class time I had a fruitful exchange of ideas with my peers as well as with
our teacher.”

From these comments, we observe that there is a mixed reaction from the students
regarding their experience with the FCP. For the negative aspect of the situation, we could
categorize it into at least three factions: the students’ side, the teachers’ part, and the
intermediary party that links the learners with their facilitators. For the first group, some
students consider that studying on their own is a mammoth challenge while for others,
they could understand easily. The former might feel helpless whenever they have some
questions that need immediate assistance, but nobody was there to provide prompt help
and feedback. For the latter, they might be tempted to skip the face-to-face sessions with
their teachers. For both sides of the spectrum, we observe that the students might be at risk,
and thus educators should interfere promptly and determine better strategies to facilitate
their sustainable learning.

The challenge in the intermediary party that links students with their teachers is mostly
related to technical issues, such as Internet connectivity and computer facilities. Several
students brought up these points in the aforementioned comments, and their learning
might be hindered as well. This leads us to address burdens on teachers’ shoulders.
Although they are not mentioned in the students’ comments, the previous two challenges
would commit educators to additional tasks in assisting their learners. They might need
to prepare additional teaching materials for the students who were lacking with Internet
access, they might need to schedule additional activities for the students who struggle
understanding basic materials, or they might adjust the teaching speed and material
coverage to accommodate those who were left behind.

Despite these downsides, we recognize that more students wrote about their con-
structive experience with the FCP. They enjoyed learning mathematics and became more
interested in delving deeper into mathematics. In addition to acting more independently
when studying on their own, they also developed patience and gained more confidence in
learning mathematics. Since they underwent different learning experiences, they did not
feel bored anymore when studying mathematics. Clearly, many of these students have an
improved, better attitude toward mathematics; we hope that their learning will last since
some of them will eventually become educators themselves. This type of empowering
non-cognitive gains is transferable not only to this particular module but also to other
skills they might learn in the future. To a great extent, by actively renewing and relearning
through self-assessment and inquiry, they are on the right track to adopting SLE; see [8].

5. Conclusions and Recommendation

We admit several limitations in this study. In addition to a relatively small number of
participants, we did not collect any details such as their precise age and/or birthday as well
as gender information. Another concern relates to the outcome of the experiment. Although
we initially hypothesized that the FCP would always yield better learners’ cognitive gains
for all the four topics in college algebra considered in this study, it turned out that the first
topic on factorization yielded better students’ cognitive gains under the CTM. A further
investigation on the root of this cause might be an interesting topic and a potentially
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open problem that is worth pursuing further, as we recommend in the final paragraph of
this section.

To conclude, we have considered an attempt in improving essential competencies for
sustainability, particularly in the context of mathematics teaching and learning in higher
education. These ESD competencies are not only crucial but also cross-cut for achieving
other goals in SDGs in addition to attaining SDG4. The focus of our study is cultivating
sustainable learning among learners in mathematics education through active learning and
the student-centered FCP. Learning formats under this pedagogy allow learners not only to
renew and rebuild knowledge but also to cope with challenging and complex situations.
In particular, we have selected students majoring in mathematics education who were
enrolled in a college algebra module at a private university in the Philippines. Since the
majority of these students will become educators themselves, they need to acquire the habit
of lifelong learning early in their careers, thus adopting sustainable learning for themselves
and cultivating it to their potential pupils.

Furthermore, since four topics were considered pretty challenging for many students
enrolled in this course, our quantitative study then concentrated on the assessment results of
these four topics. For both the control (CTM) and experimental (FCP) groups, the cognitive
gains across the four topics in college algebra appeared to be statistically significant, as
indicated by improved mean scores in the post-test. However, by comparing data of the
post-test results, we observed that the experimental Group 1 achieved better cognitive gains
under the FCP for the third and fourth topics of radical operations and applied problems,
respectively, although the mean difference with the control Group 2 under the CTM did
not appear to be statistically significant. The outcome for the second topic materialized as
we have anticipated, Group 2 under the FCP gained better cognitively than Group 1 under
CTM. However, for the first topic, the outcome is rather surprising where cognitive gains
under the CTM trumped those of the FCP. In both instances, the mean differences appeared
to be statistically significant. This seemingly rather puzzling outcome could potentially
invite further discussion, debate, and other follow-up studies related to this topic.

Regarding non-cognitive gains, we qualitatively analyzed the result of the FCP percep-
tion inventory as well as student journals that they wrote regarding their feedback on the
FCP. For the former, the rating for each of the ten items is overwhelmingly positive, ranging
from 88% to 94%. In particular, promoting a positive attitude toward mathematics gained
the highest rate of 94%. For the latter, we observed that the reaction from the students
is mixed although they also generally wrote positive things about the FCP. Some of the
hindrances are related to technical issues, such as Internet connectivity. However, many
students were happier to have control of their own learning, more confident, learned more,
enjoyed learning, and developed more interest in mathematics. Certainly, these positive
traits could lead to more active and intentional learning, not only in mathematics modules
but also in other courses. Any incremental skills and strategies that they acquired in this
course could also potentially be transferred beyond the classroom setting, into different
contexts and domains. Hence, these qualitative findings suggest that the FCP is a possible
excellent teaching approach for cultivating SLE among mathematics learners.

Upon conducting this study, on the one hand, we would not recommend entirely
abandoning the CTM and its predominantly lecturing method in teaching mathematics at
all levels of education. Lectures and the CTM, after all, have their place in transmitting and
imparting mathematical knowledge to the learners albeit their nature tends to be teacher-
centered and students’ role is passive-receptive. Coupled with the fact that many teachers
do not lecture very well when they teach, or rather, they do not teach very well when they
lecture, it is imperative to equip mathematics educators—whether they are teachers at
the primary and secondary levels, or instructors and professors at the tertiary level—with
sufficient training in teaching techniques, including delivering lectures. Marrying excellent
lecturing with active learning approaches, such as the FCP, may have a tremendous positive
impact on students’ learning. When learners’ curiosity is aroused and they experience a
sparkle of light in mathematical understanding, they will take the next step of actively
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learning beyond the course syllabus, renewing their learning, whether independently or
collaboratively, and transferring it to different domains. Indeed, they are on the right track
toward lifelong learning and SLE.

On the other hand, we would like to recommend practitioners in education to con-
tinue embracing and implementing student-centered, active learning approaches in their
classrooms, such as the FCP. Although there are some cases where the FCP fails in en-
hancing students’ learning and arousing their interest in learning, the majority of studies
in the body of published literature consistently support positive outcomes of the FCP,
along with other active and sustainable learning methodologies, such as problem-based
and/or project-based learning. Very often, when implementing the FCP, some instructors
were distracted from the main objectives of the pedagogy itself by focusing too much on
preparing video recordings that the students are supposed to view before they come to
class and hence they come unprepared to the class. However, we need to emphasize that
the main point of the FCP is what happens when learners are inside the class, doing and
solving problems, collaborating with their peers, and interacting with the instructor. When
learners take charge and are actively involved in their own learning, they are one step
closer to embracing sustainable learning for their own life.

To end this recommendation, we would like to invite other researchers to delve deeper
into some possible causes regarding the effectiveness of the FCP vs. the CTM when it comes
to cognitive gains. Since our results suggest different outcomes for different algebraic topics,
we would like to see a similar study be replicated in the future, preferably on a wider scale
of subjects and objects. Any potential outcomes would be interesting for further discussion,
debate, and collaboration.
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Abstract: The COVID-19 pandemic has transformed life globally. So too, teaching and learning in
higher education have transformed to include technology-based pedagogy and online learning to curb
the spread of the contagious Coronavirus. In the era of the 21st century, technology-based pedagogy
is important for supporting teaching and learning. In mathematics higher education contexts, coupled
with embracing abstract concepts in mathematics, there are different notions of what it means to
include technology-based pedagogy during the COVID-19 pandemic. This qualitative study explored
38 postgraduate students’ experiences and perceptions of using technology-based pedagogy during
the COVID-19 pandemic. These participants were mathematics education students and practicing
mathematics teachers at schools in South Africa. The theory of virtual communities of practice framed
this study. Participants were invited to two interactive virtual workshops using various technology-
based pedagogy during the COVID-19 pandemic. Subsequently, these participants were invited to
participate in online interviews focusing on their experiences and perceptions of technology-based
pedagogy for learning mathematics education. This study reveals the challenges and strengths of
using technology-based pedagogy for learning mathematics education during COVID-19. These
results are relevant when considering perceptions, experiences, and implications of technology-based
pedagogy for sustainable mathematics education during and post-COVID-19.

Keywords: COVID-19; higher education; Hovercam; mathematics education; Moodle; online
learning; technology-based pedagogy; virtual communities of practice; WhatsApp

1. Introduction

Currently, technology is increasingly being used to teach innovatively. In addition,
technology is significantly used by society for different daily activities [1]. Additionally, in
the 21st century, in the Fourth Industrial Revolution (4IR) era, there are several discussions
on how current educational environments need to be transformed to support and incorpo-
rate technology-based pedagogy. Moreover, developments in technology-based pedagogy
have provided lecturers with different technology-based tools and interactive online sys-
tems to change their education environment. Institutions on a global level are encouraging
online and distance learning, and technology-based pedagogy is key in facilitating online
and distance learning. In mathematics education contexts, coupled with embracing the
effective understanding of abstract mathematics concepts, are issues of what it means to
integrate technology-based pedagogy in mathematics educational environments in the
context of COVID-19 and beyond.

In this study, technology-based pedagogy provided lecturers and students with dif-
ferent technology-based tools, devices, and online platforms to discuss content, clarify
concepts and enhance knowledge to promote teaching and learning using the Internet
(The Internet is a connected online system using computer networks which are made
up of public, government, private, business and academic computer systems linked by
wireless, electronic, and optical networking technologies). Additionally, within this study,
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the technology-based devices used were desktop computers, laptops, tablets, portable
document cameras (Hovercam (The Hovercam is a portable document camera. The Hov-
ercam is connected to the lecturer’s computer. This allows the lecturer to teach in real
time and display notes and other information on the computer as the lecturer teaches. The
Hovercam is able to magnify resources, pictures and images so that they are easier and
clearer for the student to see. Lectures can also be recorded using the Hovercam)), and
cell phones. These technology-based devices supported technology-based pedagogy by
using images, pictures, videos, text, and audio [2]. Technology-based tools in this study
included PowerPoint presentations, websites, online resources, and software programmes.
Thus, technology-based pedagogy validates online platforms and supports the integration
of technology-based tools and devices [3]. Consequently, online platforms assist lecturers
when using technology-based resources and tools to upload learning materials online. For
example, the Zoom (Zoom is a software app programme which permits one to communi-
cate virtually with peers, family, colleagues, lecturers, tutors, students and friends when
communication through face-to-face means is not possible) and WhatsApp (WhatsApp is
a free messenger application (app) programme. WhatsApp allows individuals to use the
Internet to send and receive calls, images, pictures, messages and videos. The participating
university used WhatsApp unofficially as an online platform for communication between
students, tutors and lecturers. This was used prominently during the COVID-19 pandemic)
online platforms are combined software solutions that support technology-based pedagogy.

This study sought to answer one fundamental research question: What are mathemat-
ics education students’ experiences and perceptions of using technology-based pedagogy
during the COVID-19 pandemic? This pandemic resulted in lockdowns worldwide, which
has changed how we live our lives. In the 21st century and contemplating the conditions
of the COVID-19 pandemic, Higher Education Institutions (HEIs) are using technology-
based tools, devices, and online platforms to support technology-based pedagogy. Using
technology-based tools, devices, and online platforms to teach and learn is an effective
strategy for preventing the spread of the contagious COVID-19 virus [4]. So too, using
technology-based pedagogy and online learning are seen as viable pedagogies for sustain-
able education post-COVID-19.

2. Literature Review

2.1. Teaching and Learning Mathematics Education

Teaching in the 21st century in the Fourth Industrial Revolution (4IR) incorporates
progressive strategies in which technology is embedded within people and society [5].
Although we live in a technologically progressive world, many students still cannot use
technology-based tools and devices competently [6]. In addition, some students do not
have the essential technology-based tools and devices to succeed with technology-based
pedagogy. South African students are from different socio-economic backgrounds and have
diverse access to technology-based tools and devices. Challenges are complex because
students need to constantly acquire new competencies to succeed in a technology-based
world [7].

Thus, educational environments need to adopt different strategies to prepare stu-
dents to succeed in this transforming educational landscape [8]. If technology-based
pedagogy is going to be used, teacher knowledge and engagement is important to ensure
that technology-based devices, platforms, and tools are used successfully to sustain ed-
ucation [9]. Professional teacher development is important for transforming pedagogy,
evolving educational environments, using technology-based tools, and advancing learning
outcomes [10]. Additionally, mathematics teacher education in the 4IR era entails that
teachers are sufficiently developed to successfully use and integrate technology-based
devices and tools in their educational environments [11]. However, due to the COVID-19
pandemic, HEIs were forced to abruptly transform and use technology-based pedagogy
without preparing their lecturers or students sufficiently for this abrupt transformation.
This is concerning for students who live in unequal social environments and do not have the

70



Sustainability 2022, 14, 10735

essential technology-based tools, devices, and resources to join equally in technology-based
educational environments [12].

2.2. Technology-Based Pedagogy for Mathematics Education

Technology-based tools and devices are prominent in educational environments, and
technology-based pedagogy is progressively being used in educational environments in
new ways [13,14]. While the use of graphical calculators, computers, and mathematics
software programmes, for example GeoGebra, for mathematics teaching and learning has
amplified [15], much research has focused on using technology for communication and
presenting information in mathematics educational environments [16]. Within the era of
COVID-19, research has been done on online courses, resources, and platforms [17–19].
Research has revealed some lecturers’ and students’ experiences regarding the oppor-
tunities and challenges of using technology for mathematics teaching and learning [18].
This research study aims to add to these discussions to promote sustainable mathematics
education post-COVID-19.

In addition, this study focuses on online platforms and resources that may be used
with technology-based devices, for example, desktop computers, laptops, tablets, or mobile
phones. These technology-based devices function with images, text, videos, pictures, and
audio files to scaffold teaching and learning [2]. Research [20] maintains that several online
websites and online educational applications are available that can scaffold students’ math-
ematics learning and achievement. In the era of the 4IR during the COVID-19 pandemic,
HEIs were compelled to use technology-based tools and devices for distance, online, and
technology-based pedagogy. Thus, technology-based pedagogy and online learning are a
premise for promoting sustainable education post-COVID-19.

Research [21] has revealed that the use of technology-based tools and devices for
mathematics teaching has enhanced students’ performance. Similarly, technology-based
pedagogy for mathematics education may support successful and struggling students [22].
However, within the context of distance and online teaching and learning, for the lecturer
to select a suitable technology-based tool to traverse the multiple available technology-
based tools is overwhelming. The notion is to choose technology-based tools that are most
effective for successful technology-based teaching that scaffolds students’ achievement and
learning. It is, therefore, the responsibility of the teacher/lecturer to advance technology-
based educational environments [23].

Research shows that technology-based tools and devices are changing the role of
the lecturer. Thus, we need to know more about how best to assist lecturers during this
change [13], more so post-COVID-19.

2.3. Virtual Communities of Practice Theory

The theory of Communities of Practice is a social theory of learning, with the com-
munity as the central unit of analysis [24]. Communities of Practice (CoP) focus on the
experiences of individuals in the CoP [25]. This theory maintains that the CoP is fashioned
by individuals who share the learning process with other community members. Virtual
Communities of Practice involve a technology component and online platforms, making
virtual communities of practice different from the traditional communities of practice [26].
Through collaboration using technology-based tools, devices, online platforms, online re-
sources, and the Internet, the traditional CoPs advance to Virtual Communities of Practice
(VCoPs). A Virtual Community of Practice may be described as a community of profes-
sionals who share ideas, and meaning-making, thus adding to their knowledge base and
improving their professional practice [27].

In this study, as the VCoP under focus worked together virtually, they shared knowl-
edge and developed a community that supported learning and development [28]. The
connection between VCoP theory and this study is clarified: VCoP has a shared interest; in
this study, the shared interest is the participants’ perceptions of technology-based pedagogy
for mathematics education during the COVID-19 pandemic. Within VCoP, community
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members collaborate in activities and critically reflect and discuss the content under dis-
cussion [29]. In this study, members of the VCoP used technology-based tools, devices,
resources, and the Internet to collaborate and learn together. They used the Zoom online
platform, WhatsApp, and the Hovercam to share ideas, learn together, and clarify misun-
derstandings. Members of a VCoP are professionals; in this study, the members of the VCoP
were postgraduate students who were also mathematics teachers. Thus, this study focused
on using technology-based pedagogy for mathematics education during the COVID-19
pandemic and was suitably framed by the VCoP theory.

3. Materials and Methods

3.1. General Background

This qualitative, interpretive study was located at one South African Higher Education
institution during the COVID-19 pandemic. Qualitative methods were selected for this
study since this was the most appropriate method for providing exploratory data focusing
on the perceptions and experiences of the participants [30]. All participants provided their
consent to participate in the study. The university’s ethics committee approved ethical
clearance and gatekeeper access. The study included two interactive online workshops
and individual online interviews, which were semi-structured with postgraduate math-
ematics education students. These participants were also mathematics teachers in South
African schools.

3.2. Participants

For this study, thirty-eight postgraduate students were invited to participate. Par-
ticipants were given an informed consent form. This form explained and described the
research design, methods, and processes. Positive responses were received from thirty-
three students (15 male and 18 female). Six participants who responded positively were
randomly selected to participate in the pilot study.

3.3. Pilot Study

To improve the study’s dependability, trustworthiness, conformability, and trans-
ferability, a pilot study was conducted. During the pilot study, some participants lost
connectivity during the pilot workshop, and some were unsure about the questions asked
during the interview. Experiencing these issues during the pilot study assisted with the
planning for the main study. The main study was held during off-peak periods to ensure
stable and fast internet connectivity. The interview questions were revised to ensure clarity.
These revisions improved the credibility of the research design, methods, and instruments.

3.4. Main Study

For the main study, twenty-seven postgraduate mathematic students participated.
Data was gathered from two online workshops and online interviews. While 27 participants
were present during the workshops, only 15 participants were available to be interviewed
due to family, work, or personal commitments. Thus, for the main study, seven male and
eight female participants were interviewed. Pseudonyms were assigned to each participant.
This ensured the participants’ confidentiality. The pseudonyms used for this study are
shown in Table 1.

3.5. Interactive Online Workshops

The two interactive online workshops focused on teaching mathematics education
students using technology-based pedagogy in the context of the COVID-19 pandemic. The
researcher (lecturer) was the facilitator for the two workshops. Each participant was given
additional online notes, resources, website addresses, and PowerPoint presentations. The
online workshops were conducted via the Zoom platform during the second semester (July–
December) of the 2020 academic year. The first online workshop focused on controversial
issues in mathematics education and problem-solving. The second online workshop
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focused on misconceptions in mathematics education and problem-solving. All participants
were invited to online interviews at the end of the second workshop. The online interviews
were focused on exploring mathematics education students’ perceptions and experiences
of using technology-based pedagogy during the COVID-19 pandemic.

Table 1. Interview Participants Gender and Pseudonyms.

Participant Pseudonym Gender Participant Pseudonym Gender

1 Anand Male 9 Ned Male
2 Bongani Male 10 Pretty Female
3 Cameron Male 11 Rakesh Male
4 Glenda Female 12 Sam Male
5 Jane Female 13 Susan Female
6 Linda Female 14 Thuli Female
7 Lungi Female 15 Tom Male
8 Nancy Female

3.6. Online Semi-Structured Interviews

The interview aimed to examine mathematics education students’ experiences and
perceptions of technology-based pedagogy during the pandemic. Each interview lasted
about 30–40 min. The interviews were conducted using online platforms, for example,
Zoom and WhatsApp. The interviews were conducted at a time that each participant
chose. To place the participants at ease, every online interview began with a few common
questions. It then advanced with precise items focusing on the participants’ perceptions
and experiences of using technology-based pedagogy during the COVID-19 pandemic. The
online interviews concentrated on the critical question that follows:

• What are mathematics education students’ perceptions and experiences of using
technology-based pedagogy during the COVID-19 pandemic?

The online interviews included the following sub-questions:

• What are your perceptions and experiences of using technology-based tools, devices,
and pedagogy during the COVID-19 pandemic?

• What are your perceptions and experiences of using the WhatsApp platform during
the COVID-19 pandemic?

• What are your perceptions and experiences of using the online Zoom platform during
the COVID-19 pandemic?

• What are your perceptions and experiences of using the Learning Management System
(Moodle) during the COVID-19 pandemic?

• What are your perceptions and experiences of the virtual communities of practice
created during the COVID-19 pandemic?

• What are your perceptions and experiences of studying remotely/online during the
COVID-19 pandemic?

Each interview was recorded and transcribed. Thereafter, each participant was emailed
a copy of the transcript. Participants were asked to peruse the transcripts to ensure that
their responses to the interview questions were captured correctly.

3.7. Data Analysis

Qualitative thematic and content analysis were used to analyse the content of the
interviews. The data were analysed manually by coding and categorising the content
of the interviews into themes. Data analysis was based on the theoretical framing for
this study, i.e., Virtual Communities of Practice (VCoP). The coding and categorising of
themes were founded on this framework. The codes and themes were linked to the shared
interest, critical reflection, and collaborative technology-based activities of the mathematics
professionals within the VCoP under study.
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Data analysis started with open coding to examine and organise the data into codes;
secondly, codes were classified and clustered into themes. Then, each participant’s re-
sponses were compared to see if there were any similarities or differences. Moreover, to
ensure the accuracy of the results, all transcripts were sent to the relevant participants to
ensure that their responses were accurately captured and transcribed. Participants could
also clarify their responses if responses were not clear.

4. Results

The results reveal that participants had positive and negative perceptions and expe-
riences concerning using technology-based pedagogy during the COVID-19 pandemic.
These perceptions and experiences were categorised into two sub-themes strengths and
challenges of using technology-based pedagogy during the COVID-19 pandemic. The
results for these sub-themes are presented as follows.

4.1. Strengths of Using Technology-Based Pedagogy

The participants explained that using technology-based pedagogy within the context
of the pandemic revealed strengths. The participants commented on the strengths of
WhatsApp as an online platform, useful technology-based tools, such as the Hovercam
for online teaching and learning and the use of different online platforms that fostered a
supportive online community of practice. Figure 1 represents the number of participants
who indicated that there were strengths to using technology-based pedagogy.

Figure 1. Number of Participants Who Indicated the Strengths of Using Technology-Based Pedagogy.

The participants’ views that best convey these strengths are presented in Table 2.
From the interview transcripts, it was evident that the participants maintained that

when using the different online platforms, technology-based tools and supportive online
community of practice, there were strengths to using technology-based pedagogy dur-
ing the COVID-19 pandemic. The results reveal participants’ positive perceptions and
experiences about using technology-based pedagogy.

4.2. Challenges of Using Technology-Based Pedagogy

The participants also explained that when using technology-based pedagogy, they
experienced particular challenges. Participants expressed their unease with specific online
platforms, the challenges of studying online during the COVID-19 pandemic, and the
challenges they experienced with specific Learning Management Systems (LMS). Figure 2
represents the number of participants who indicated that there were challenges when using
technology-based pedagogy.
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Table 2. Transcript Excerpts of Participants Focusing on the Strengths of Using Technology-
Based Pedagogy.

Question Feedback

What are your perceptions
and experiences of using the
WhatsApp platform during
the COVID-19 pandemic?

Anand: “ . . . WhatsApp was convenient and easy to use . . . ”
Cameron: “ . . . we used WhatsApp and created a group . . . we

could share ideas and resources on WhatsApp . . . the whole class
formed our own online community WhatsApp group . . . ”

Glenda: “ . . . I first try the work on my own, and then I ask for
help on WhatsApp if I need it or check if my attempt is correct . . .
I take a picture of my work and send it to the group . . . it is easy

and quick . . . ”
Lungi: “ . . . I am used to using WhatsApp . . . it was easy to

respond to questions . . . with WhatsApp, we get responses from
others quickly . . . this help supported me . . . ”

Pretty: “ . . . WhatsApp was quick, and I could send messages
easily about my work . . . sometimes if I had family problems, I

could also ask for help on the group . . . ”
Rakesh: “ . . . WhatsApp was easier to use than the university
Learn platform . . . I could get the lecture links for the Zoom
lectures from my WhatsApp group . . . we could share the

assignment questions on the group . . . I did not need to learn
how to use WhatsApp since I normally use it with my friends

and family . . . ”
Sam: “ . . . we could share our teaching problems with each other
. . . we could share teaching resources and examples for different

math sections . . . the WhatsApp group was a very
supportive group . . . ”

What are your perceptions
and experiences of using
technology-based tools,
devices, and pedagogy
during the COVID-19

pandemic?

Anand: “ . . . it was the first time we saw the Hovercam . . . it was
great to do the math problems step by step online . . . ”

Bongani: “ . . . Hovercam made the math problem solving easy
. . . it was like being in the class with the lecturer . . . even though

we used videos and PowerPoints before so they were also
interesting especially since we were working online

from home . . . ”
Jane: “ . . . the advanced technology tools we used in the lectures
were great . . . learnt a lot about even using my cell phone to teach
and learn . . . the lecturer showed us how to use the Hovercam,

how to use teaching videos and how to make sure our
PowerPoint presentations to benefit our learners . . . it was like

being in the class and following all the steps . . . ”
Linda: “ . . . I never used the Hovercam before . . . it was good to
learn about the different devices like the sharing button on Zoom
and the question banks on different websites . . . the lecturer even

showed us how to use Moodle to set up tests and have the
computer mark them for us . . . the Hovercam made math

problem solving easy . . . we could easily follow the
problem-solving process step by step . . . ”

Nancy: “I found this exciting . . . these new gadgets we were
learning about . . . we could stop the lecturer at any time if we

need more explanations . . . the Hovercam and online videos even
allowed for us to go back and forth . . . ”

Sam: “ . . . I never knew about this device, the Hovercam . . . it
looks like something that will benefit my learners when I teach
online . . . something good to know for future teaching . . . the

explanations and step by step process was useful . . . ”
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Table 2. Cont.

Question Feedback

What are your perceptions
and experiences of the
virtual communities of

practice created during the
COVID-19 pandemic?

Bongani: “ . . . the online class group helped me a lot . . . even
when my family had COVID, I could talk to the class online . . .

they supported me . . . they even told me about the COVID
testing site near me . . . the drive-through place...”

Ned: “ . . . we worked well together as an online group . . . we
supported each other with the math problems online . . . the

lecturer was also part of this online group and assisted us
immediately if we needed help or any further explanations or

examples . . . we could also check up on each other at
any time . . . ”

Rakesh: “ . . . with the online group, we could use WhatsApp or
Zoom since we also had an online discussion group on Zoom and

Moodle . . . if someone was behind with their work, we could
support them and encourage them . . . some people had a

problem working from home, so we provided constant online
support . . . . . . the online WhatsApp group also helped me

understand and complete some math tasks . . . ”.
Susan: “ . . . the online group supported me throughout the
semester . . . it was good to know that the class was with me

every step of the way . . . ”
Thuli: “ . . . I had good help from the online group. The help was
not only about the academic work but also with personal family

issues . . . I knew I could count on the group at any time . . . ”
Tom: “ . . . some of us had the same challenges with the tasks . . .
we could work together with the problem-solving steps online . . .

we helped each other . . . ”

Figure 2. Number of Participants Who Indicated They Experienced Challenges When Using
Technology-Based Pedagogy.

The participants’ views that best convey these challenges are presented in Table 3.
From the interview transcripts, it was evident that when using the different online plat-

forms, the use of the university’s official Learning Management System (Moodle) and while
studying remotely/online during the COVID-19 pandemic, participants experienced many
challenges. The results of this study are discussed in more detail in the following section.
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Table 3. Transcript Excerpts of Participants Focusing on the Challenges Experienced When Using
Technology-Based Pedagogy.

Question Feedback

What are your perceptions
and experiences of using the

online Zoom platform
during the COVID-19

pandemic?

Bongani: “ . . . didn’t know anything about Zoom . . . first time
experience . . . eish . . . I had to ask for help . . . had to learn about
this . . . ”Cameron: “ . . . the workshops took too much data . . .

Zoom is expensive . . . the resources were hard and took too long
to download . . . very expensive too . . . takes a lot of data . . . ”

Jane: “ . . . was challenging at first . . . I had to use trial and error
with Zoom . . . had problems with my video . . . I think the

university should teach us to use Zoom first . . . ”
Lungi: “ . . . very expensive to buy a computer . . . didn’t think I
would need this when I registered . . . I struggled also with the

expense for data and Internet . . . ”
Ned: “ . . . Zoom is new to me . . . I needed to learn everything

about how to use Zoom . . . I think it was unfair for the university
to ask us to use Zoom without providing any training to us

students . . . just when I learnt how to use Zoom . . . the Zoom
buttons for the system were changed . . . I had to learn

this again . . . ”
Thuli: “ . . . online lectures . . . expensive . . . lots of money . . . I

didn’t know that I would be studying online when I registered in
February . . . this was frustrating for my family and me . . . ”
Tom: “ . . . the workshops were challenging to follow . . . my

Internet was not stable . . . I had issues with connectivity . . . ”

What are your perceptions
and experiences of studying
remotely/online during the

COVID-19 pandemic?

Anand: “ . . . working from home is distracting . . . need . . . space
to work . . . attend...Zoom lectures . . . my car . . . ”

Lungi: “ . . . my small children are with me at home . . . it is
difficult to attend Zoom lectures with them around me . . . I found

it a problem to focus on my studies while at home . . . ”
Nancy: “ . . . my family is big . . . live together . . . because of

COVID-19 everyone is at home . . . my house is not big . . . I often
attend lectures in my kitchen . . . it is embarrassing . . . I cannot

put my video on because of where I am sitting for lectures . . . my
parents don’t understand that I need to attend lectures . . . I also
have other work at home . . . this was very stressful for me . . . I

couldn’t balance my home life while studying online . . . my
husband also fought about this . . . I could not cope . . . but lucky

I had my friends from class who understood what I was going
through, and they supported me . . . ”

Pretty: “ . . . as a mother and wife, I have lots of other
responsibilities . . . because of COVID-19 . . . housework and cook

. . . it was difficult to concentrate on my studies . . . I prefer
studying campus . . . ”

Sam: . . . at my place, there is no privacy . . . I can’t participate in
my lectures because everyone at home is listening or talking

during the lecture . . . I found it hard to ask questions during the
lectures. I used the WhatsApp group to ask my questions . . . the

online group supported me during the semester . . . ”
Tom: “ . . . I am angry with the university . . . I paid for face to

face lectures because I can’t study on my own online . . . if I
wanted to study online, I would have paid for online classes . . . I
normally work in the university library because the network and

connectivity where I live are not good . . . I don’t even have a
laptop . . . I thought I would use the university computers at the
campus for my assignments . . . it is expensive working online

from home . . . I do not have the money for this . . . ”
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Table 3. Cont.

Question Feedback

What are your perceptions
and experiences of using the

Learning Management
System (Moodle) during the

COVID-19 pandemic?

Cameron: “ . . . Moodle was a big problem for me . . . I came back
to studying after a few years . . . I forgot my password . . . it took
the university a long time to help me with my password problems
. . . I started attending lectures late in the semester . . . I had a lot

of work to catch up on . . . if it were not for the class’s online
support, I would have been in big trouble completing my work

. . . it was very stressful for me . . . ”
Glenda: “ . . . Moodle gave me trouble from the start . . . I always
took a long time to get onto Moodle . . . the university also had
something called Global Protect, which I needed to be on before
logging onto Moodle . . . this was difficult since the connectivity
in my area was slow and unreliable . . . the university must use a

more user-friendly system for us students . . . ”
Linda: “ . . . I used Moodle a long time ago for my first degree . . .
I know how to use it, but the university made changes, and we

had to migrate to a new platform . . . this was difficult, and then
we could not see our modules . . . I had to catch up because I

started attending my lectures late . . . I even did not know when
we had the lectures . . . lucky for me, we had the online group,

which helped me a lot...”
Lungi: “ . . . sometimes because most of the class were having
problems with Moodle, if I used the discussion group, it took a

long time for others to respond . . . I then used WhatsApp to ask
for help . . . Moodle is only good for submitting our assessments

. . . it is not good for online discussions . . . .”
Thuli: “ . . . Moodle was ok . . . I knew how to use it, but the class
hardly looked at the questions on the discussion group, so I could
not get help there . . . it was a challenge for me to use Moodle to

discuss the math questions that I had problems with . . . ”
Rakesh: “ . . . hard . . . took me time . . . found I was replying to

old discussion questions . . . I felt like the Moodle discussion
group wasted my time and effort . . . the university must relook at

this system . . . it does not work for all of us . . . ”

5. Discussion

5.1. Strengths of Using Technology-Based Pedagogy during the COVID-19 Pandemic

Figure 1 represents the number of participants who explained the strengths of using
technology-based pedagogy during the COVID-19 pandemic. From Table 2, it was evi-
dent that the participants’ responses indicated that the WhatsApp platform, when used
as a technology-based pedagogy, was efficient for obtaining instantaneous responses and
provided a means of quick communication between peers and the lecturer. This view is
supported by research [31,32], which indicates that students value WhatsApp for quick
collaboration and communicating thoughts and ideas. In this study, WhatsApp commu-
nication included both social and academic messages. Based on the excerpts as reflected
in Table 2, creating a supportive and collaborative online community was beneficial for
the participants.

Moreover, the increase in the use of cell phones allows lecturers to engage and interact
with their students on a personal level [32]. This allows students to interact with their
lectures from any location, thus providing them with dynamic learning [33]. The partici-
pants in this study appreciated the online mathematics support they received when the
mathematics concepts and topics were discussed. Additionally, the participants mentioned
the value of the social support they received online from their community of peers and the
lecturer. During the COVID-19 pandemic, an online community was initiated to provide a
social support structure for the participants. The participants’ perceptions and experiences
of this support structure are presented in Table 2. This view is supported by research [32,34],
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which indicates that online social support is helpful and promotes the psychosocial quality
of life.

Furthermore, the participants valued using the different technology-based tools and
devices during the COVID-19 pandemic. The participants mentioned the Hovercam, an
innovative technology-based device used during online teaching and learning. Research
indicates that using innovative and dynamic digital devices is advantageous to online teach-
ing and learning groups [33]. This study shows that online technology-based pedagogy
encouraged and founded cooperative interactions within the VCoP that was created [32,35].
Based on the analysis of the interview data, it was evident that the participants received
encouragement and motivation from members of the VCoP. Through shared interests and
collaboration [32,36], the participants worked together virtually. The participants incor-
porated the notions of a VCoP by participating online, sharing ideas and resources, and
supporting other VCoP members virtually.

Additionally, during the interviews, the participants indicated that the VCoP promoted
effective collaboration and engagement [32,37]. In addition, the participants indicated in
their interviews that when using the different online platforms, for example, WhatsApp
and Zoom, the VCoP sustained and encouraged participants to acquire new knowledge.
When the participants had challenges, they discussed these virtually with other community
members. These interactions were apparent from the interview data. Thus, the virtual
community of practice created for these participants provided an additional layer of
academic, job-related, social, and mental support for the members of the VCoP.

5.2. Challenges Experienced When Using Technology-Based Pedagogy during the
COVID-19 Pandemic

Figure 2 represents the number of participants who indicated that they experienced
challenges when using technology-based pedagogy during the COVID-19 pandemic. Based
on the interview excerpts in Table 3, it was evident that the participants were first exposed
to Zoom during COVID-19. As a result, the participants indicated they required time to
prepare and practice using Zoom. Consequently, the participants initiated collaborative
online engagement to navigate this platform successfully. Additionally, certain Zoom
functions were reviewed during the workshops, requiring the participants to learn new
skills during the second workshop. Thus, valuable teaching time was used during the
second workshop due to reskilling participants and addressing procedural queries. To use
online platforms successfully, participants required access to tools, devices, and data. Some
participants experienced some challenges, as shown in Figure 2. Participants were affected
by unstable connectivity, issues with electricity shortages, and limited access to the Internet.
These challenges limited participants from participating equally with online technology-
based pedagogy. Similarly, research [32,38] suggests that students must have access to
stable Internet connections to participate equally in online teaching and learning. However,
many developing countries have facilities and infrastructure that are inadequate, which
creates hurdles around access to the Internet and issues with unstable connectivity [32,39].

Participants experienced many unforeseen expenses in the 2020 academic year due to
the purchase of laptops, computers, and data. Under normal circumstances, the research
site offers the contact mode of teaching and learning, but like many HEI worldwide, this
university initiated online teaching and learning due to COVID-19. Hence both students
and lecturers needed to adapt quickly to this new way of teaching and learning.

Due to COVID-19, many people were forced to work from home. As a result, this
created challenges for the participants since they constantly attended lectures with their
families around them. As a result of studying at home, family duties were undertaken
before the participants could start with academic work. It is evident from Table 3 that
the participants had challenges when using Moodle. Previously, the participants did use
the university’s Learning Management System (Moodle). However, they did experience
challenges with quick feedback and responses from their online community [32]. This
online platform was also awkward and time-consuming to use. Based on the analysis
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of the online interviews, it was evident that the participants’ challenges with access to
data and devices affected their equal participation in online teaching and learning. The
participants indicated that they needed access to technology-based tools, devices, and the
Internet to engage equally and actively with online teaching and learning [38]. Similarly,
research [32,40] maintains that to promote and develop notions of independent learning,
it is important for students to access the necessary and essential resources for teaching
and learning.

6. Conclusions

This study aimed to explore postgraduate students who were also mathematics teach-
ers, perceptions, and experiences of using technology-based pedagogy during the COVID-
19 pandemic. The results reveal that the participants had both positive and negative
perceptions and experiences when using technology-based pedagogy. From the results
and the discussion section, it was apparent that if the Virtual Communities of Practice’s
(VCoP) philosophies are incorporated within online teaching and learning environments,
technology-based pedagogy may increase the advantages of meaningful online teach-
ing and learning. The higher education environment for 21st century pedagogy has
changed, and higher education environments enriched with technology are encouraged.
Notions founded on the VCoP framework endorse interactive, supportive, and shared
strategies. Along similar lines, in this study, traditional pedagogy was transformed to
include technology-based pedagogy, and a collaborative and engaging technology-enriched
VCoP was created. The VCoP that was created supported online teaching and learning. For
this study, the participating students incorporated the notions of the VCoP. They interacted
online, discussed, shared, and acquired new knowledge and resources.

This study concludes with recommendations for lecturers wanting to use technology-
based tools, devices, and pedagogy post-COVID-19. Firstly, the difficulties of using
technology-based pedagogy during COVID-19 are essential for lecturers to be aware of. To
avoid these challenges, the lecturer must check with their students if they have the essential
technology-based tools, devices, and Internet data. To further improve on the challenges
mentioned in this study, lecturers should test the online resources to see if they are indeed
accessible, economical to use, and user-friendly. One way to establish this is for lecturers
to practice using online resources to understand better the amount of data used and the
time required to download this information. This will assist the lecturer in informing the
students about the data and time requirements for downloading these resources.

Secondly, when planning online lectures and workshops, lecturers must remember
that their students have personal responsibilities. Thus, online lectures and workshops
should be held at suitable times, and these lectures should be recorded and uploaded so
that students can view these when they are available. Lecturers should make time available
to allow for flexible online consultation if students require additional support.

Thirdly, the advantages of the VCoP created to support students when studying
remotely/online during the COVID-19 pandemic were important. The participants in this
study engaged with members of the VcoP and expressed the value of their interactive and
supportive online discussions. Through this support and interactions, the participants were
helped during online teaching and learning. Lecturers ought to recognise that students are
sociable, and they need to communicate and socialise with other community members and
provide and receive feedback and support. As was evident from the results of this study, the
members of VCoP discussed academic work, family issues, and issues related to COVID-19,
and the community members also supported each other with the job-related issues. It is
important to understand that students need to communicate, collaborate, discuss, and
interact with others during the pandemic to support them socially and emotionally. This
supportive VCoP, as discussed in this study, provided an important resource that may also
be implemented when using technology-based pedagogy post-COVID-19.

Finally, the results of this study reveal that for the successful use of technology-based
pedagogy post-COVID-19, professional development workshops for lecturers are needed to
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support lecturers in effectively using technology-based pedagogy to reinforce and enhance
their pedagogy in online environments. These professional development sessions would
be advantageous to lecturers on a global level as we focus on sustaining education post-
COVID-19. Due to the global importance of this study, more research on a larger scale
involving other national and international higher education institutions could provide
different perceptions and experiences of using technology-based pedagogy. These further
research studies may also reveal additional perceptions and experiences of students in
general and perceptions and experiences of mathematics students specifically on using
technology-based pedagogy. The results, discussions, and implications for this study will
enhance knowledge in the field. This enhanced knowledge will be advantageous to the
global field as we integrate technology-based pedagogy to promote sustainable education
post-COVID-19.
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Abstract: The integration of STEM education has been promoted to improve the quality of education
in the 21st century, with its usage leading to emphasis on the factors influencing the intentions of
preservice teachers. Therefore, this study aims to determine the factors influencing preservice teach-
ers’ intentions, as well as the effects of gender and age on the implementation of STEM education.
The Theory of Planned Behavior (TPB) was adopted to predict the relationship between knowledge,
social influence, attitude, perceived usefulness, control, and behavioral intention (BI) of using STEM
education among preservice secondary school teachers. A total of 30 item questionnaires on behav-
ioral intentions were distributed to 201 respondents, with data being analyzed using the Structural
Equation Model (SEM). The results showed that perceived usefulness had a positive significance, and
a relationship with the attitudes of preservice teachers toward STEM education. Habit had a positive
significance in influencing teachers’ behavioral intentions and implementation. Subjective norms did
not have a significant correlation with BI and implementation. These results are recommended for
providing solutions to analytical problems, and to successfully improve future learning through an
educational approach.

Keywords: preservice teacher; STEM education; structural equation model; behavioral intention;
perception

1. Introduction

STEM education is rapidly becoming popular, globally accepted, and implemented
in various countries, because of its innovative method of serving social and economic
needs [1]. In this era, innovation is highly considered in various disciplines, as it provides
solutions to complex realistic problems and supports sustainable development [2]. Several
studies assumed that innovation breakthroughs were due to the combination of teams,
ideas, and objects from different fields [1,3,4].

In 2015, STEM education was introduced in Indonesia and developed by the South-
east Asian Ministers of Education Organization (SEAMEO), although the implementation
remains minimal and in the development stage [5,6]. This is considered one of the factors
hindering the maximization of the educational approach, since it is based on the improve-
ment of students’ literacy [7,8]. According to Bybee [9], STEM literacy is defined as the
conceptual understanding, as well as the individualistic skills and abilities to overcome
daily problems related to the educational approach and global issues. Few studies explain
the patterns of increasing knowledge of STEM education and its implementation intentions
by preservice teachers [10]. This indicates that the approach encourages uneducated teach-
ers to combine many subject topics that are more challenging and frightening. A preservice
teacher is defined as a person in a transition from a normal university student to a school
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educator. They are also known as novice teachers, who still need to learn more about the
various approaches and media used to achieve educational goals. The enrichment of these
teachers with abundant knowledge of learning models, approaches, and effective methods
are carried out through STEM education. This is considered a vital element of any preser-
vice teacher-training program, to improve their ability to meet the demands of 21st century
education. Based on these descriptions, determination of the factors related to the attitudes
of these teachers to STEM education is highly necessary, accompanied by the improvement
patterns of its implementation. Therefore, this study aims to determine the factors influ-
encing the intentions and attitudes of preservice teachers concerning implementing STEM
(science, technology, engineering, and mathematics) education. Using this approach, the
ability to teach is often a complex learning activity including various factors, due to being
insufficient to only emphasize individual attitudes, as well as the knowledge of science,
technology, engineering, and mathematics. From previous studies, TPB (Theory of Planned
Behavior) [11] was modified by adding several important factors influencing the intention
of the preservice teachers toward implementing STEM education [12]. When teachers have
positive attitudes toward this approach, their creative and convergent thinking skills are
found to increase due to their being important for teaching [1].

The questions evaluated in this study are observed as follows:

• What are the significant positive factors influencing the preservice teachers’ attitudes
toward STEM education?

• What are the significant positive factors influencing the behavioral intention of preser-
vice teachers to implement STEM education?

• What are the factors with the highest positive significance on the attitudes of preservice
teachers toward implementing STEM education?

• What are the factors with the highest positive significance on the behavioral intention
of preservice teachers toward implementing STEM education?

• Do gender and age affect preservice teachers in STEM education?

The results are recommended for providing solutions to analytical problems and
to successfully improve future learning through STEM education. It is also expected to
provide a new perspective on the determination of previous studies. Additionally, the
proposed model helps local governments, universities, and schools in identifying and
predicting the patterns of improving the implementation of STEM education.

2. Theoretical Background and Hypothesis Development

2.1. STEM Education

In the last decade, STEM education has become an important learning approach based
on having relationships with and influence on sustainable development goals [13–15]. This
approach is the combination of skills and knowledge in science, technology, engineering,
and mathematics education [3,16]. It is also defined as a learning approach with the most
important goal being encouraging students to cooperate between disciplines, improve
systematic thinking and communication skills, conduct analysis and produce projects, as
well as enhance creativity and problem-solving techniques [17–19].

Education exhibits the importance of the professions within the science, technology,
engineering, and mathematics sectors, indicating that the improvement and development
of life are related to these study fields [20–22]. Moreover, technology has affected all avail-
able sectors including education [23], with the expectation of humans becoming producers,
developers, and inventors [24]. The exploitation and utilization of knowledge in these
study fields are also important learning points. To meet this need, individuals need to be
able to carry out the following: (1) think creatively and critically, (2) determine problems,
(3) develop plans, (4) provide solutions, and (5) evaluate decisions. This shows that many
countries have implemented STEM education in K-12 programs [25–27], to improve the
quality of a superior workforce. Besides this, the learning approach is also carried out at the
elementary level, as indicated in Figure 1. STEM education has a significant relationship
with the four applicable scientific fields, i.e., science, technology, engineering, and math-
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ematics, in terms of developing products [28,29]. This proves that the encouragement of
the learning approach from an early age is important, as the attitude of preservice teachers
toward utilization is observed to have a relationship with increasing the implementation of
STEM education in the future.

  

Figure 1. Preservice teachers practice STEM education in schools.

2.2. Stem Education in Indonesia

STEM education was introduced in Indonesia in 2013, subsequently becoming the
focus and commitment of all stakeholders in 2014 [30]. During this period, all educational-
level stakeholders agreed to improve the implementation, specifically among ordinary and
preservice teachers. The government also established a partnership with the United States
Agency for International Development (USAID) to jointly develop a suitable STEM-based
learning model for the country’s educational conditions [31]. However, the implementation
of this model has not been maximized. According to Schmid et al. [10], the integration
of STEM-based learning in Elementary Schools was guided by the Faculty of Education,
Universiti Kebangsaan Malaysia (UKM). At the tertiary level, Syiah Kuala University
emphasized STEM education by building a study center for related educational analysis.
These university centers are expected to focus on developing professional or preservice
teachers, to improve the implementation of the learning model in the future. An analysis of
the factors related to the attitudes and behavioral intentions of these teachers concerning
implementing and using STEM education is also necessary.

Based on meta-analysis data [32], only one study has been conducted on STEM
education, which then improved in 2015–2018 although it still remains at a low standard.
This study emphasized the development of the learning media or models; however, its
application and implementation were not carried out. In 2020, the meta-analysis study
data on STEM education subsequently decreased due to the COVID-19 pandemic. The
implementation of STEM education in Indonesia is often carried out in schools, with the
decline in 2020 being the initial start to an accelerative restoration in various cities. In
addition, one of the important initial steps is to observe whether teachers already know
its essentials.

2.3. Theoretical Analysis Model

To determine the factors influencing preservice teachers’ behavioral intentions to
implement STEM education, we extended the original theoretical Theory of Planned
Behavior (TPB) model [11] (Figure 2). TPB is one of the models often used to predict
behavioral intention (BI) in the educational sector [33]. In exploring the relationship
between teachers’ BI and beliefs, the effectiveness of this model has been examined in many
studies [34,35]. This describes teachers’ reaction to new learning and habits, as well as
predicting their responses to a new approach or educational model. Meanwhile, this study
adds several potential influential factors supported by strong literature studies to analyze
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the behavioral intention and attitude concerning STEM education. In addition, a moderator
variable was added to subsequently analyze the differences in gender and age.

Figure 2. The original model of the Theory of Planned Behavior.

2.4. Knowledge of STEM Education

Using STEM education, learning is defined as an interdisciplinary lesson having a
relationship with the fields of science, technology, engineering, and mathematics, aimed to
determine or develop in-depth knowledge related to nature [36]. Technology education has
the initial goal of teaching the modification patterns of natural nature to meet human needs
and desires [37,38]. Engineering education also aims to teach utilization patterns concerning
natural resources for the benefit of life and mankind [39]. Irrespective of these conditions,
literacy in mathematics is needed to analyze the scientific model and relationship between
American science, technology, and engineering [40].

Although several models have investigated this educational approach, the technique
emphasizing the relationship between STEM disciplines was adopted through a specific
field. This indicated that preservice teachers need to master the knowledge of their selected
discipline while possessing sufficient understanding to combine their knowledge with
other STEM fields.

2.5. Value of STEM Education

The attitudes and intentions of one’s actions are determined by individualistic per-
ceptions [41]. This explains that the preservice teacher’s knowledge of STEM education
needs to essentially affect their perceptions regarding the value of the educational approach.
Furthermore, value is subjectively based on feelings, observations, and experiences. Accord-
ing to Williams [12], prestigious teachers’ attitudes toward STEM education is generally
influenced by the lessons obtained at related universities. Monroe, Day, and Grieser [42]
also stated that value is related to perceived usefulness and behavioral control. This led
to the inclusion of the variable in these analytical processes that involves analyzing the
relationship between the approach value and the implementation intentions of preservice
teachers. The questionnaire item of this variable was also adopted by Mahoney [43] and
Lin and Williams [12].

2.6. Habit

This study adopts an interesting variable introduced by Venkatesh [44], where habit
was the most influential factor in a person’s behavioral intentions. However, a report in 2003
showed that habit was one of the important factors influencing the continuous utilization
of technology [45]. This was conducted and confirmed before Venkatesh [44] included the
variable in UTAUT2. Based on these conditions, the initial hypothesis stated that teachers
adapted to the utilization of STEM education when attending related and familiar courses.
This subsequently affected their intentions to use the educational approach.
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2.7. Attitude towards STEM Education

Attitude is defined as people’s expectations and predictions for an action [41,46].
This proves the positivity of their attitudes toward behavioral intentions, with several
studies subsequently showing a relationship between both variables [46–48]. In this report,
attitudes concerning STEM education were interpreted based on good performances, which
positively affected teachers’ behavioral intention regarding implementation.

2.8. Perceived Usefulness

Perceived usefulness is defined as the individual believing that an action or a specific
system is capable of improving work performance [41]. In this study, it is, however, defined
as the beliefs of preservice teachers regarding the assumption that the implementation of
STEM education could increase their teaching effectiveness and provide good results to
students. The more they believe, the higher their behavioral intention in using the educa-
tional approach to teach. According to previous studies, perceived usefulness has a good
relationship with a person’s intention and actual usage of technology in the educational
sector [47,49,50].

2.9. Subjective Norms Related to STEM Education

Subjective norm is the pressure felt by a person from the surrounding environment to
perform an action [11]. It also indicates the perception that important people often need to
provide support to others when acting [33,51,52]. In this report, subjective norm is, however,
defined as the degree to which preservice teachers receive demands from important people
regarding the implementation of STEM education. According to Venkatesh [44], many
individuals often make similar assumptions based on the perceptions of these important
personalities. This was in line with the study of Wijaya [53], where subjective norm was the
most influential predictor of a person’s behavioral intention, concerning using technology.
Another report also showed that it had a significant positive effect on behavioral intention
within an educational context [54–56].

2.10. Perceived Behavioral Control of STEM Education

This is highly related to self-efficacy and is defined as the level of a person’s behav-
ioral assessment regarding the implementation patterns and the extent of utilization [57].
This shows that perceived behavioral control is generally measured as self-efficacy or
people’s beliefs in their abilities. Based on several observations, the variable has a positive
relationship with a person’s usage intention [58–61]. In this study, it is consequently a
critical factor when preservice teachers decide to implement STEM education. Regarding
the initial hypothesis, perceived behavioral control has a relationship with the success-
ful implementation of STEM education. It also helps in solving the problems related to
its implementation.

2.11. Innovativeness

This is often used by many study experts to predict technology use and is widely
integrated with TAMs (technology-acceptance models) [62–64]. It is also defined as a
person’s willingness to use new designs or products [65]. In this study, innovativeness is
consequently the willingness of preservice teachers to implement STEM education. This is
not often influenced by the environment or other external variables, with Law [66] showing
that it has a relationship with the extent to which a person is willing to experiment with
new patterns or concepts.

2.12. Behavioral Intention to Implement STEM Education

Behavioral intention is defined as the personal attitude concerning carrying out a spe-
cific action [41,44,67]. However, it is the intention exhibited concerning the implementation
of STEM education, according to this study. In this condition, the initial hypothesis states
that behavioral intention is influenced by eight independent variables, namely knowledge,
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value, habit, perceived usefulness, innovativeness, PBC (perceived behavioral control),
attitude, and subjective norms (Figure 3). Therefore, the hypothesis in this report includes
the following,

Figure 3. The proposed conceptual model developed from the original TPB model [11].

H1. The knowledge of STEM education has a positive relationship with attitude.

H2. The knowledge of STEM education has a positive relationship with perceived usefulness.

H3. The knowledge of STEM education has a positive relationship with the subjective norm.

H4. The knowledge of STEM education has a positive relationship with perceived behavioral control.

H5. The value of STEM education has a positive relationship with perceived usefulness.

H6. The value of STEM education has a positive relationship with the subjective norm.

H7. The value of STEM education has a positive relationship with perceived behavioral control.

H8. Habit has a positive relationship with the attitude of preservice teachers toward STEM education.

H9. Perceived usefulness has a positive relationship with preservice teacher attitudes toward
STEM education.

H10. Habit has a positive relationship with the behavioral intention to implement STEM education.

H11. Attitude has a positive relationship with the behavioral intention to implement STEM education.

H12. Perceived usefulness has a positive relationship with the behavioral intention to implement
STEM education.

H13. Subjective norm has a positive relationship with the behavioral intention to implement
STEM education.

H14. PBC (perceived behavioral control) has a positive relationship with the behavioral intention to
implement STEM education.
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H15. Innovativeness has a positive relationship with the behavioral intention to implement
STEM education.

2.13. Moderation Effect

The demographic information data are used to determine whether gender and age
moderate preservice teachers’ intention to implement STEM education. In this condition,
gender is the main moderating variable in the UTAUT model [57] due to being widely used
in behavioral intention studies within education contexts. Based on perceived usefulness,
several previous studies proved that men and women highly emphasized the technology
or solution capable of helping them quickly complete work and improve job performances,
respectively [57]. Furthermore, significant differences were observed between men and
women in subjective norms, as the males were less concerned with the opinions of those
around them compared to the females [57,68]. Several studies also showed significant
results regarding gender moderation [69–71]. During the process of age moderation,
some differences were subsequently observed, as younger people easily adapted to new
technologies and work patterns compared to older individuals. This was in line with
some previous studies, where attitudinal differences were observed between the older and
younger age groups [72,73]. Therefore, this present report classifies the age of preservice
teachers into below and above 20 years.

Based on the potential moderator of these variables concerning the knowledge, value,
perceived usefulness, subjective norm, habit, attitude, innovativeness, and PBC of STEM
education, additional hypotheses were subsequently developed as follows:

H16. Age moderates the relationship between knowledge, value, perceived usefulness, subjective
norm, habit, attitude, innovativeness, and PBC with the preservice teachers’ behavioral intentions
to implement STEM education.

H17. Gender moderates the relationship between knowledge, value, perceived usefulness, subjective
norm, habit, attitude, innovativeness, and PBC, with the preservice teachers’ behavioral intentions
to implement STEM education.

3. Methods

A quantitative approach with a survey design was used in this analysis, with the
Partial Least Square-Structural Equation Modeling (PLS-SEM) technique [74,75] being
adopted to analyze and explain the relationship between variables, as well as the fit of
the study model. This technique was suitable for reports incorporating and examining
untested predictors and theoretical frameworks.

3.1. Sample and Population

Before the questionnaire distribution, consent was thoroughly obtained from the
ethical committee of SK University (No. 3806/UN11.1.6/TU.01.01/2022). Consent was
thoroughly obtained from the ethical committee of SK University, which has a STEM labo-
ratory and “STEM education” courses. These possessions emphasized the improvement
of professional teachers’ abilities, according to the standards needed in the 21st century.
Furthermore, The data were obtained using a purposive sampling technique [76,77], where
the preservice teachers need to have acquired a course on STEM education for 1 year and
experienced school attendance for related practice studies. These participants were invited
to participate by filling out questionnaires on the factors influencing their intention to
implement STEM education in the future. Participation and responses were also voluntary
and anonymous. This was based on an explanation that the data were only used for study
purposes. Using an online questionnaire from April to May 2022, the data collection in-
struments were subsequently distributed. Furthermore, the virtual filling-in of the data
provided strong evidence that participation was highly voluntary. After completion, a total
of 206 data were obtained; only 201 were valid responses; of the participants, 85.07% were
women. The complete demographic respondent data are shown in Table 1.
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Table 1. Demographic Respondent Data.

Data Demography N %

gender male 30 9.14
female 171 85.07

age under 20 54 26.87
20–25 147 73.13

major mathematics 136 67.66
physics 17 8.46
biology 29 14.43

chemistry 19 9.45

The instrument had an introductory section explaining the study objectives, the sur-
veyor’s procedure, and the consent form. The structure of the questionnaire was also
divided into 2 parts, with the first category containing 5 questions on demographic in-
formation. Meanwhile, the second part contained 26 measurement items derived from
9 variable constructs (see Appendix A). These emphasized the results of extensions from
the TPB model, using a 5-point Likert response scale from SD to SA (strongly disagree to
strongly agree).

3.2. Data Analysis

The Partial Least Squares-Structural Equation Modeling (PLS-SEM) technique was
used through SmartPLS and SPSS software to analyze the data and test the moderator
effect. PLS-SEM was chosen as the major analysis method for this investigation for a
number of reasons. In this investigation, there were 9 variables and 15 paths, demonstrat-
ing that PLS-SEM could support a model with a complex interaction involving multiple
indicator variables and paths. Assumptions about data distribution were not affected by
the method [75]. To establish causal information, this study used a predictive strategy
for model estimation. Because one of PLS-main SEM’s purposes is to deal with the di-
chotomy between information, prior associated ideas, and prediction as to the development
foundation, PLS-SEM was chosen as a result. Comparing PLS-statistical SEM’s power
to that of other methods like CB-SEM and simple regression [75]. The advantages apply
even when predicting common factor model data. When the outcomes are present in the
population, the PLS-SEM function’s statistical power also allows for the identification of
correlations between constructs or variables [78]. For exploratory research that looks at
less common ideas, the PLS-SEM feature within the statistical power is particularly useful.
Thirdly, the software is more user-friendly than other programs like CB-SEM by SPSS
and linear structural relations (Lisrel) since it has easy-access software packages available.
The data were examined using SmartPLS 3, which is a user-friendly, state-of-the-art latent
variable modeling tool that combines cutting-edge techniques (such as PLS-POS, IPMA,
and sophisticated bootstrapping processes). Predicting a particular set of hypothesized
associations that optimizes the explained variance in the dependent variables is the main
goal of the user-friendly graphical user interface technique. PLS is often more suitable for
testing model relationships and new path modelling, which has a more complex study
structure [74,75]. In PLS-SEM, the analytical step was divided into several stages based on
Hair et al. [75]. In this condition, both convergent and discriminatory validities (CV and
DV) were initially evaluated, with the values of Item loadings, Cronbach alpha, compos-
ite reliability, and the AVE being used for the measurement of CV. For DV analysis, the
Fornell–Larcker criterion [79] and heterotrait–monotrait (HTMT) [80] values were also eval-
uated. Meanwhile, the final step emphasized the evaluation of multicollinearity through
the VIF value [81]. After the reliability and validity tests, the structural model and initial
hypothesis analyses were then carried out through bootstrapping.
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4. Results

4.1. Data Normality Analysis

Before entering the measurement model, the normality of the data needs to be tested
through the kurtosis and skewness values of each item in the descriptive statistics table,
as in Table 2. Based on the criteria, all the utilized item variables had a kurtosis and
skewness value between −0.840 and 2.013, and −1.000 and 0.182, respectively, which were
below 2.2 [82,83]. From these results, all these variables were observed to have normally
distributed data.

Table 2. Descriptive statistics data for data normality testing.

Mean Min Max
Standard
Deviation

Excess
Kurtosis

Skewness

KNW1 4.005 1.000 5.000 0.820 0.397 −0.665
KNW2 3.796 1.000 5.000 0.794 2.013 −1.000
KNW3 3.572 1.000 5.000 0.873 0.058 −0.359
KNW4 4.025 1.000 5.000 0.729 1.362 −0.737
VAL1 3.980 2.000 5.000 0.684 −0.582 −0.069
VAL2 4.020 2.000 5.000 0.654 0.049 −0.236
VAL3 3.960 2.000 5.000 0.675 −0.258 −0.147
VAL4 3.950 2.000 5.000 0.718 −0.430 −0.170
VAL5 4.164 2.000 5.000 0.660 −0.308 −0.297
VAL6 4.075 2.000 5.000 0.661 −0.343 −0.187
ATD1 4.184 3.000 5.000 0.565 −0.169 0.008
ATD2 4.159 2.000 5.000 0.610 0.158 −0.233
ATD3 3.905 2.000 5.000 0.681 −0.612 0.025
SN1 3.532 1.000 5.000 0.829 −0.297 0.108
SN2 3.920 1.000 5.000 0.722 0.135 −0.198
SN3 3.836 1.000 5.000 0.718 0.507 −0.313

PBC1 4.095 3.000 5.000 0.524 0.527 0.111
PBC2 4.065 2.000 5.000 0.607 1.233 −0.435
PBC3 4.085 2.000 5.000 0.588 1.655 −0.462
PBC4 4.090 2.000 5.000 0.592 1.589 −0.461
PU1 4.149 3.000 5.000 0.629 −0.536 −0.126
PU2 4.035 3.000 5.000 0.649 −0.617 −0.034
PU3 4.114 3.000 5.000 0.663 −0.736 −0.131
BI1 3.821 2.000 5.000 0.704 −0.806 0.182
BI2 4.090 3.000 5.000 0.671 −0.777 −0.107
HB1 3.512 1.000 5.000 0.864 0.014 −0.085
HB2 3.726 1.000 5.000 0.834 0.321 −0.276
INV1 4.114 2.000 5.000 0.616 0.111 −0.204
INV2 4.124 3.000 5.000 0.654 −0.680 −0.133
INV3 4.040 2.000 5.000 0.653 −0.280 −0.148
INV4 3.592 1.000 5.000 0.877 −0.476 −0.083
ANX1 4.060 3.000 5.000 0.681 −0.840 −0.075
ANX2 3.682 2.000 5.000 0.874 −0.721 −0.096
ANX3 3.741 2.000 5.000 0.787 −0.611 0.001

4.2. Measurement Model

For the analysis of the measurement model, Hair [75] suggested evaluation of the
convergent validity, the composite reliability, and the AVE value. These estimation steps
were subsequently achieved in the PLS algorithm for CFA (Confirmatory Factor Analysis);
the analysis of factor loading values is shown in Figure 4. This fully explained the internal
consistency analysis concerning evaluating CFA-based reliability, validity, and DV.
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Figure 4. CFA and R-square values in PLS.

4.3. Internal Consistency, Reliability, and Validity

The CFA-based PLS algorithm was used to analyze the value of the outer loading on
each measurement item, as shown in Figure 4. However, SmartPLS was used to analyze
the factor loading value for all items. Based on the results, the value of outer loadings was
between 0.802 and 0.955. This indicated that all constructs exceeded the recommended
values from Hair [75], where the outer loading estimations need to be higher than 0.708. In
the next step, the Rho-A value was used to determine the internal consistency of reliability,
with Henseler [84] stating that higher estimation led to a greater model reliability level.
This proved that a value above 0.7 was sufficient to define satisfaction, although a problem
due to construct validity reduction was observed when the estimation was more than
0.95 [85]. A Rho-A value above this estimation also portrayed redundancy items [86].
Based on the results, the study model had the lowest and highest Rho-A values at 0.728
and 0.945, respectively. In this condition, Cronbach alpha was also used as an option to
analyze internal consistency reliability, although it needs to be higher than 0.700. From the
analysis, the lowest Cronbach alpha value was 0.727, as the full estimations in collaboration
with Rho-A are shown in Table 3. For all constructs, both the Cronbach alpha and Rho-A
values met the criteria, indicating that they had satisfactory internal consistency reliability.
This was because all values were not less or more than 0.700 and 0.950, respectively.
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Table 3. Cronbach alpha, CR, AVE, and Rho-A values for internal consistency reliability and
validity analysis.

Construct
Cronbach’s

Alpha
Rho-A

Composite
Reliability

Average Variance
Extracted (AVE)

ATD 0.831 0.860 0.896 0.743

BI 0.727 0.728 0.880 0.786

HABIT 0.836 0.842 0.924 0.859

INNOVATIVENESS 0.899 0.900 0.952 0.908

KNOWLEDGE 0.879 0.881 0.917 0.735

PBC 0.937 0.945 0.955 0.843

PU 0.847 0.865 0.907 0.765

SN 0.891 0.899 0.933 0.822

VALUE 0.920 0.923 0.938 0.715

The next step emphasized the evaluation of CV (convergent validity), which was used
to determine the extent to which the convergent construct described the variance items
according to Hair, where the analysis of CV was observed from the AVE value. Using the
PLS algorithm, the AVE had the lowest and highest estimations of 0.715 and 0.908 on value
and innovativeness, respectively. This was in line with the Hair [75] criteria, where the
AVE value needs to be greater than 0.5. For each construct, the Rho-A, CR, and AVE values
proved that internal consistency was achieved for a more complete measurement model, as
shown in Table 3.

The final step emphasized the analysis of the discriminant validity (DV), which is
defined as the extent to which each construct is empirically different from others. This was
analyzed using two methods, namely the Fornell–Larcker criterion [79] (see Table 4) and
the heterotrait–monotrait (HTMT) ratio. These were used because some studies assumed
that the analysis of DV was less effective when using only one method.

Table 4. Fornell–Larcker criterion value of smart PLS software.

ATD BI HABIT INV KNW PBC PU SN VALUE

ATD 0.862

BI 0.567 0.886

HABIT 0.429 0.750 0.927

INV 0.547 0.643 0.537 0.953

KNW 0.404 0.382 0.379 0.526 0.858

PBC 0.592 0.627 0.560 0.563 0.446 0.918

PU 0.688 0.621 0.402 0.657 0.376 0.611 0.874

SN 0.450 0.629 0.681 0.518 0.379 0.567 0.494 0.907

VALUE 0.690 0.616 0.570 0.571 0.486 0.664 0.593 0.501 0.846

Note: The bold and diagonal values indicate the square root of AVE and the correlation between constructs unable
to exceed the AVE square root, respectively.

Based on the Fornell–Larcker criterion [79], the cross-loading value (in bold) needs
to be higher than the loading values of other constructs. For example, the cross-loading
value for innovativeness was 0.953 higher than the other loading construct estimations,
i.e., knowledge, PBC, perceived usefulness, subjective norm, and value at 0.526, 0.563,
0.657, 0.518, and 0.571, respectively. According to Hair [75], smaller HTMT values led to
better discriminants. To meet the discriminant validity criteria, the HTMT value should
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also not be more than 0.900. Meanwhile, Henseler [84] stated that the HTMT value should
not exceed the upper threshold of 1.00. In this condition, construct validity becomes less
dominant when the HTMT value exceeds the threshold, due to having a similar concept.
Using bootstrapping 5000 subsamples with Smart PLS software (Table 5), the obtained
HTMT value was lower than 0.900, showing that the discriminant validity had met the
criteria and should be continuously analyzed in the structural model process.

Table 5. Heterotrait–monotrait value (HTMT) for discriminant validity testing.

ATD BI HABIT INV KNW PBC PU SN VALUE

ATD

BI 0.702

HABIT 0.477 0.863

INV 0.619 0.792 0.616

KNW 0.452 0.470 0.435 0.589

PBC 0.661 0.756 0.627 0.613 0.484

PU 0.801 0.767 0.445 0.740 0.425 0.674

SN 0.495 0.780 0.794 0.577 0.423 0.616 0.547

VALUE 0.773 0.748 0.642 0.626 0.535 0.710 0.661 0.542

4.4. Structural Model

According to Hair [75], the process of assessing the structural model began by ana-
lyzing the issue of collinearity. This was accompanied by a relationship analysis, through
the path coefficients of t and p values. To obtain the strength of this model in explaining
the attitude of preservice teachers concerning STEM education, subsequent analyses were
carried out on the coefficient of determination (R2), the effect size (F2), and the predic-
tive relevance (Q2). In addition, the gender and age differences were analyzed using the
ANOVA test [87].

4.5. Collinearity

The collinearity test between latent variables was observed in the Variance Inflation
Factor (VIF) value. In this condition, the collinearity level was higher with a greater VIF
value. Furthermore, a VIF value greater than 5.00 indicated a collinearity problem between
the structural model variables [75,78]. Table 6 shows that all VIF values are below 5,
confirming that all the model variables did not have a problem with collinearity.

Figures 5 and 6 and Table 7 shows the results of the initial hypothetical analysis, where
11 and 4 of the proposed hypotheses were supported and unsupported, respectively. Based
on the results, knowledge had a relationship with the teachers’ behavioral intentions, sub-
jective norms, and PBC concerning STEM education (H1, β = 0.130, t = 2.062, p-value < 0.05;
H3, β = 0.177, t = 1.924, p-value < 0.05; H4, β = 0.161, t = 1.975, p-value < 0.05), although
it did not affect perceived usefulness (H2, β = 0.114, t = 1.459, p-value > 0.05). Value also
affected perceived usefulness, and had a relationship with the subjective norm and PBC
(H5, β = 0.538, t = 7.070, p-value < 0.001; H6, β = 0.415, t = 5.637, p-value < 0.001; H7,
β = 0.586, t = 9.159, p-value < 0.001). Furthermore, habit had a relationship and greatly
affected the attitude and behavioral intentions of the preservice teachers toward STEM
education, respectively (H8, β = 0.487, t = 7.646, p-value < 0.01; H10, β = 0.487, t = 7.646,
p-value < 0.001). Perceived usefulness also had the strongest positive significance and
relationship with the attitude and behavioral intentions of preservice teachers toward
the educational approach, respectively (H9, β = 0.580, t = 10.257, p-value < 0.001; H12,
β = 0.224, t = 3.335, p-value < 0.01). Moreover, attitude, subjective norm, and PBC did not
have a relationship with the teachers’ behavioral intentions concerning STEM education
(H11, β = 0.066, t = 1.083, p-value > 0.05; H13, β = 0.045, t = 0.776, p-value > 0.05; H14,
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β = 0.080, t = 1.103, p-value > 0.05). Irrespective of these conditions, innovativeness still
had a relationship with the preservice teachers’ intentions to implement the educational
approach (H15, β = 0.131, t = 2.045, p-value < 0.05).

Table 6. Variance Inflation Factor (VIF) value.

Construct VIF Value Construct VIF Value

ATD1 2.348 PBC3 6.500

ATD2 2.205 PBC4 6.605

ATD3 1.611 PU1 2.087

BI1 1.485 PU2 2.763

BI2 1.485 PU3 1.900

HB1 2.067 SN1 2.092

HB2 2.067 SN2 3.263

INV1 3.002 SN3 3.446

INV2 3.002 VAL1 2.899

KNW1 3.135 VAL2 3.720

KNW2 3.366 VAL3 3.473

KNW3 1.759 VAL4 2.357

KNW4 2.574 VAL5 3.865

PBC1 2.585 VAL6 2.776

PBC2 3.250

Figure 5. Final model with R square and path coefficient.
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Figure 6. Hypothesis testing results. The dotted red line indicates the relationship is not significant.
Note: * p < 0.05, ** p < 0.01 *** p < 0.001.

Table 7. Results of initial hypothesis testing and path estimation.

Hypothesis β Mean STDEV T Statistics p-Values
Hypothesis Testing

Results

H1 KNOWLEDGE → ATD 0.130 0.136 0.063 2.062 0.040 supported

H2 KNOWLEDGE → PU 0.114 0.110 0.078 1.459 0.145 Not supported

H3 KNOWLEDGE → SN 0.177 0.167 0.092 1.924 0.050 supported

H4 KNOWLEDGE → PBC 0.161 0.159 0.081 1.975 0.049 supported

H5 VALUE → PU 0.538 0.540 0.076 7.070 0.000 supported

H6 VALUE → SN 0.415 0.422 0.074 5.637 0.000 supported

H7 VALUE → PBC 0.586 0.587 0.064 9.159 0.000 supported

H8 HABIT → ATD 0.146 0.145 0.057 2.557 0.011 supported

H9 PU → ATD 0.580 0.578 0.057 10.257 0.000 supported

H10 HABIT → BI 0.487 0.490 0.064 7.646 0.000 supported

H11 ATD → BI 0.066 0.065 0.061 1.083 0.280 Not supported

H12 PU → BI 0.224 0.227 0.067 3.335 0.001 supported

H13 SN → BI 0.045 0.048 0.058 0.776 0.438 Not supported

H14 PBC → BI 0.080 0.083 0.073 1.103 0.271 Not supported

H15 INNOVATIVENESS → BI 0.131 0.121 0.064 2.045 0.041 supported
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4.6. Coefficient of Determination (R2)

The coefficient of determination (R2) is commonly used to evaluate the structural
model due to the extent to which relationships are predicted between the dependent and
independent variables [88,89]. This ranges from 0 to 1, with a higher R2 value leading to
greater prediction accuracy in a study model [90]. R2 values less than 0.25, between 0.5
and 0.75, and above 0.75 are categorized as weak, moderate, and substantial, respectively.
Based on the smart PLS results, all the model’s dependent variables had good predictive
accuracy with moderate R2 values, as shown in Table 8 and Figure 5.

Table 8. Coefficient of determination (R2).

Construct R2 Interpretation

PU 0.362 moderate

SN 0.275 moderate

PBC 0.461 moderate

ATD 0.514 moderate

BI 0.704 moderate

4.7. Predictive Relevance (Q2)

Besides the analysis of R2 values as a significant criterion, Hair [75] also suggested the
evaluation of Stone–Geisser’s Q2, which is used to assess the relevant predictive stone [91].
This shows that a higher Q2 value leads to the specific predictive accuracy of item data
points. The value of this construct is also obtained through the blindfolding procedure in
SmartPLS software. Moreover, Q2 is used to assess cross-validated redundancy measures
for each dependent construct [92]. Based on the endogenous latent variable, a relevant
predictive model was achieved due to the value of Q2 being more than 0. Predictive
relevance is also considered small, medium, and large when below, equal to, and above 0.02,
0.15, and 0.35, respectively. Table 9 shows the Q2 values for the five endogenous variables
not less than 0.217, indicating that the independent construct (behavioral intention) had a
significant predictive value for the dependent determinant.

Table 9. Q2 Value.

Construct SSO SSE Q2 (=1 − SSE/SSO)
Interpretation

Q2 Value

ATD 603.000 387.197 0.358 large

BI 402.000 186.412 0.536 large

PBC 804.000 495.756 0.383 large

PU 603.000 446.721 0.259 medium

SN 603.000 472.187 0.217 medium

4.8. Effect Size (F2)

According to the evaluation of the structural model, an analysis of the F2 value also
needs to be performed. This construct explains the effect of exogenous on endogenous
variables to determine changes in the R2 value when specific exogenous determinants are
excluded from the model. The F2 values below, between, and above 0.15, 0.15 and 0.35, and
0.35 are categorized as small, medium, and large effects, respectively. Based on the results,
perceived usefulness had the largest F2 for attitudes, as shown in Table 10.
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Table 10. Value of effect size.

Relationship F-Square Effect Size

ATD → BI 0.007 small

HABIT → ATD 0.034 small

HABIT → BI 0.367 large

INNOVATIVENESS → BI 0.027 small

KNOWLEDGE → ATD 0.028 small

KNOWLEDGE → PBC 0.037 small

KNOWLEDGE → PU 0.016 small

KNOWLEDGE → SN 0.033 small

PBC → BI 0.010 small

PU → ATD 0.540 large

PU → BI 0.064 small

SN → BI 0.003 small

VALUE → PBC 0.487 large

VALUE → PU 0.346 large

VALUE → SN 0.182 medium

4.9. Moderating Effect Analysis of Gender and Age

This study subsequently examined the occurrence of differences between two demo-
graphic factors—gender and age—regarding preservice teachers’ intentions to implement
STEM education. The moderator effects were calculated and analyzed using t-test and
ANOVA analysis through the SPSS software [93]. In this case, the results of the independent
sample t-test concerned the differences between men and women in the implementation of
the educational approach. Table 11 also indicates that the preservice teachers did not show
a significant difference (p > 0.05) in the perceptions of men and women for the 10 variables.
Therefore, gender did not affect Indonesian preservice teachers’ behavioral intentions to
implement STEM education.

Table 11. Results of testing gender differences in STEM education using a t-test.

Variable
Male Female

t-Value p-Value
Mean Std Mean Std

KNW 3.8500 0.75886 3.8494 0.67871 0.000 0.997

VAL 4.0833 0.44150 4.0146 0.59267 0.367 0.545

ATD 3.9333 0.49052 4.1092 0.53971 2.779 0.097

SN 3.9778 0.80674 3.7251 0.65815 3.504 0.063

PBC 4.1500 0.41833 4.0716 0.55005 0.552 0.458

PU 4.1000 0.41199 4.0994 0.59177 0.000 0.996

BI 4.1000 0.63518 3.9298 0.60468 1.991 0.160

HB 3.7500 0.75144 3.5965 0.79579 0.965 0.327

INV 3.8417 0.49777 3.9898 0.60595 1.600 0.207

Based on the age moderator effect analysis, differences were observed in the sub-
jective norm and habit variables at p-values < 0.05, as well as t-values of 4.239 and
5.546, respectively.

98



Sustainability 2022, 14, 9925

5. Discussion

The developed model aimed to predict the factors influencing the attitude and be-
havioral intention of preservice teachers toward implementing STEM education. Based
on the PLS algorithm, 11 of the 15 hypotheses were supported, with three predictors each
directly affecting the teachers’ attitudes and behavioral intentions in implementing STEM
education. At approximately 70%, the structural model also successfully validated and
analyzed the factors having a relationship with the two constructs (attitude and behavioral
intention). Additionally, the final model increased the power of TPB, contributing to the
behavioral intention knowledge of the teachers. These results contributed to the closure of
analytical gaps and provided valuable outputs for improving the present implementation
of STEM education in Indonesia. Regarding the increase in teachers’ attitudes concerning
the implementation of this educational approach, knowledge, perceived usefulness, and
habit were observed as the positively significant variables. Perceived usefulness had the
greatest positive effect on the implementation attitudes. This was in line with previous arti-
cles, where the variable largely affected behavior in the acceptance model theory [48,50,94].
These results provided information to Indonesian governments and institutions to improve
the implementation of STEM education. This ensured the need for special/continuous
training and guidance on the objectives of learning, as well as the benefits of the educa-
tional approach. It also enabled the awareness of students concerning the need for the
present STEM education and increased technical knowledge. The factors directly affecting
behavioral intentions included habit, perceived usefulness, and innovativeness. In this case,
habit had the largest positive significance on the BI of teachers concerning implementing
STEM education. Innovativeness also had a significant positive effect due to the utilization
of Generation Z children not older than 25 years old [95]. This is because they have high
enthusiasm for new things and new concepts, with the curiosity to utilize innovative learn-
ing approaches subsequently considered [96,97]. The generation was also dominated by
undergraduates, as they were required to learn many things and innovate through different
learning approaches. These outcomes are in line with several previous studies [62,64].

According to these results, habit was the biggest effective factor having a relationship
with the implementation of STEM education in Indonesia. Therefore, all educational in-
stitution levels need to familiarize preservice teachers with the use of STEM education.
It should also be included as a mandatory or additional course while transforming the
learning approach in eligible classes. Additionally, the obtained results need to adequately
familiarize these teachers with STEM education-based learning to increase their behav-
ioral intention to implement it. Meanwhile, subjective norms did not have a significant
relationship with BI. This was not in line with many previous studies, where the variable
significantly affected a person’s behavioral intention to perform attitudinal actions [53,98].
More articles also showed that it was the first biggest positive factor influencing BI and
UB (behavioral intention and usage behavior) [99]. In this condition, Indonesian preser-
vice teachers assumed that they had the value and knowledge of STEM education, and
felt that the perceived usefulness of implementation was a more important factor than
environmental influences.

The results also showed no gender effect on all factors affecting preservice teachers’
behavioral intentions toward implementing the educational approach. This showed that
STEM education improved gender differences in the fields of science and computer pro-
grams, which were previously less favored by women in Indonesia. These results were
essentially in line with Price [100], where differences were observed in the gender factor
concerning intention to continue STEM education. Age was also found to moderate subjec-
tive norms and habits, with the teachers <20 years old having higher responses than other
individuals (see Table 12). This explained that the preservice teachers were environmentally
influenced in the first and second years of college. Therefore, lecturers and campuses need
to capitalize on this golden opportunity to instill the knowledge and importance of STEM
education in all educational personnel.
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Table 12. The results of the age difference test on STEM education using the t-test.

Construct
Under 20 20–25

t-Value p-Value
Mean Std Mean Std

KNW 3.8750 0.66366 3.8401 0.70038 0.101 0.751

VAL 3.9568 0.66208 4.0499 0.53579 1.046 0.308

ATD 4.0802 0.57530 4.0839 0.52174 0.002 0.966

SN 3.9259 0.66562 3.7029 0.68594 4.239 0.041

PBC 4.1435 0.53111 4.0612 0.53282 0.944 0.333

PU 4.0494 0.60884 4.1179 0.55284 0.574 0.449

BI 4.0833 0.67816 3.9082 0.57938 3.286 0.071

HB 3.8333 0.81264 3.5408 0.76863 5.546 0.019

INV 4.0833 0.61621 3.9252 0.57963 2.842 0.093

6. Conclusions and Implication

This study predicted the factors influencing the behavioral intention of Indonesian
preservice teachers to implement STEM education. It also examined the moderating role of
gender and age on the behavioral intentions concerning implementation. Using Indonesian
preservice teachers as samples, success was achieved in the validation, analysis, and
extension of the TPB model. In this condition, three factors each had a direct relationship
with attitude and behavioral intention. Based on gender and age, differences were also
observed in subjective norms, perceived behavioral control, and habit. These results are
expected to be an important contribution toward increasing the use of STEM education in
the future. This is because the learning technique encourages interdisciplinary education
with a sustainable development approach. Besides this, sustainable development goals also
require STEM education to educate sensitive and professional interdisciplinary individuals.
The results obtained subsequently need to close a gap in areas related to the behavioral
intention of implementing STEM education in developing countries. The strength of this
study model also showed that preservice teachers’ attitudes and BI toward STEM education
were above 50 and 70%, respectively.

7. Limitation and Suggestions

This study had several limitations, including the development of a conceptual model
from the original TPB model. Another limitation was the addition of several determinants
with the potential to influence behavioral intention concerning implementing STEM educa-
tion. Of the many models used to analyze these implementation intentions, each of them
had its advantages, leading to different results from the conceptual development of the
study design.

Since the sample was only limited to the preservice teachers at SK University, Indone-
sia, the result generalization in other countries needs to be carefully carried out. Subsequent
studies need to examine the comparative factors influencing preservice teachers’ inten-
tions to implement STEM education. Additionally, the study only emphasized the use of
quantitative techniques. This indicates that a combination of qualitative and quantitative
methods needs to be used to deeply explain the influential factors of STEM education
implementation. Some additional moderators such as voluntary and major also need to
be added for subsequent analysis. Finally, no negative statements were observed in the
questionnaire, as their additions are suggested to avoid response bias.
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Appendix A

Construct English Version Indonesian Version

Knowledge of STEM
education

I am familiar with science knowledge
(chemistry/physics/biology) at the junior and

senior high school levels

Saya farmiliar dengan pengetahuan science
(kimia/fisika/biologi) di level SMP dan SMA

I am familiar with technology-related knowledge
at the junior and senior high school level

Saya farmiliar dengan pengetahuan terkait
teknologi pada level SMP dan SMA

I am familiar with the knowledge of engineering
(STEM) at the junior and senior high school level

Saya farmiliar dengan pengetahuan mengenai
engineering (STEM) pada level SMP dan SMA

I am familiar with mathematics knowledge at the
junior and senior high school level

Saya farmiliar dengan pengetahuan matematika
pada level SMP dan SMA

Value of STEM education
I feel teaching students how to collect

STEM-related data during the teaching process is
very important

Saya merasa mengajarkan siswa bagaiamana
cara mengumpulkan data yang berhubungan
dengan STEM selama proses mengajar sangat

penting

I feel teaching students how to use STEM-related
data during the teaching process is very

important

Saya merasa mengajarkan siswa bagaimana cara
menggunakan data yang berhubungan dengan
STEM selama proses mengajar sangat penting

I feel like teaching students how to use
STEM-related data during the testing and

modification process.

Saya merasa mengajarkan siswa bagaiamana
cara menggunakan data yang berhubungan
dengan STEM pada saat testing dan proses

modifikasi.

I like using STEM learning in class
Saya suka menggunakan pembelajaran STEM di

kelas

I think STEM activities help improve students’
abilities

Saya pikir kegiatan STEM sangat membantu
meningkatkan kemampuan siswa

I think STEM activities help improve student
learning scores

saya pikir STEM activites dapat membantu
meningkatkan nilai belajar siswa
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Construct English Version Indonesian Version

Attitude concerning STEM
education

Using STEM learning is a good idea
Menggunakan pembelajaran STEM adalah ide

yang bagus

Using STEM learning makes teaching and
learning activities interesting

Menggunakan pembelajaran STEM membuat
kegaiatan belajar mengajar menjadi menarik

I enjoy using STEM learning when teaching
Saya senang menggunakan pembelajaran STEM

saat mengajar

Subjective norm
Other teachers at my school use STEM learning

when teaching
Guru guru lain di sekolah saya menggunakan

pembelajaran STEM saat mengajar

The government advise teachers to implement
STEM learning

Pemerintah menyarankan para guru untuk
mengimplementasikan pembelajaran STEM

The head of the curriculum section advises
teachers to implement STEM education

Kepala bagian kurikulum menyarankan para
guru untuk mengimplementasikan STEM

education

Perceived behavior control
in STEM education

I will try to collaborate with other teachers to
implement STEM education

Saya akan berusaha berkolaborasi dengan guru
lain untuk mengimplementasikan STEM

education

I will try to remind students to solve problems
based on STEM knowledge

Saya akan berusaha mengingatkan siswa untuk
memecahkan masalah berdasarkan pengetahuan

STEM

I will try to teach students how to modify
products based on STEM knowledge

Saya akan berusaha mengajarkan siswa
bagaimana untuk memodifikasi produk

berdasarkan pengetahuan STEM

I will try to teach students how to think based on
STEM knowledge in teaching and learning

activities

Saya akan berusaha untuk mengajarkan siswa
bagaimana untuk berpikir berdasarkan

pengetahuan STEM pada kegiatan belajar
mengajar

Perceived usefulness
I think STEM learning is useful in teaching and

learning activities
Saya rasa pembelajaran STEM bermanfaat pada

kegiatan belajar mengajar

STEM learning improves my teaching skills in
school

Pembelajaran STEM meningkatkan kemampuan
mengajar saya di sekolah

I think using STEM learning for teaching is more
effective than traditional teaching

Saya pikir menggunakan pembelajaran STEM
untuk mengajar efektif dibanding pengajaran

tradisional

Behavioral intention
toward STEM education

I will use STEM learning at every teaching
opportunity

Saya akan menggunakan pembelajaran STEM
pada setiap kesempatan mengajar

I will recommend STEM learning to my teacher
friends

Saya akan merekomendasikan pembelajaran
STEM kepada teman teman guru

Using STEM learning has become my teaching
habit

Habit
I have to use the STEM approach if I teach at the

junior high and high school levels
Menggunakan pembelajaran STEM sudah

menjadi kebiasaan mengajar saya

I enjoy learning about new learning approaches
Saya harus menggunakan pendekatan STEM jika

mengajar di tingkat SMP dan SMA

Innovativeness I enjoy using new teaching methods
Saya senang belajar tentang pendekatan

pembelajaran baru

When there is a new teaching approach, I try to
practice it in the classroom

Saya senang menggunakan metode mengajar
yang baru
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Construct English Version Indonesian Version

Compared to other teachers, I am usually the
first to try a new learning model

Ketika ada pendekatan mengajar yang baru,
saya mencoba untuk mempraktekkannya di

dalam kelas

I am curious about teaching using the STEM
approach

Dibandingkan dengan guru guru lain, saya
biasanya orang pertama yang mencoba model

pembelajaran baru

Anxiety
I am afraid I cannot teach well if I use the STEM

approach
Saya merasa penasaran mengajar menggunakan

pendekatan STEM

I am afraid that students will not like my
teaching method using the STEM approach

Saya takut tidak dapat mengajar dengan baik
jika menggunakan pendekatan STEM

I will use STEM learning at every teaching
opportunity

Saya takut siswa tidak menyukai cara mengajar
saya menggunakan pendekatan STEM
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Abstract: Mathematical modeling is considered a bridge to STEM education and has been incorpo-
rated into K–12 mathematics curriculums in various countries. However, it has a relatively short
history in Hong Kong schools. The lack of high-quality, relevant exemplars of mathematical modeling
activities is a challenge to teacher practice in this area. Hence, this study aims to establish a design
framework for mathematical modeling activities suitable for teachers and students in Hong Kong.
We explore the design and content of the official mathematical modeling exemplars published by
the Hong Kong Education Bureau using a document analysis approach. The findings provide the
basis for developing a framework to be used in the future design of mathematical modeling activities.
Four exemplars were found and analyzed in terms of their structural components, level of learning
experience in mathematical modeling, and design characteristics. Based on our findings, we dis-
cussed various strategies to enhance the design of a mathematical modeling activity, including setting
diversified learning objectives, cross-subject collaboration when formulating the problem context
and instructions, designing more activities suitable for average and underperforming students, em-
phasizing the evaluation of modeling outcomes, and providing relevant supporting materials. Our
study thus lays the groundwork for advancing the teaching and learning of mathematical modeling
in school contexts.

Keywords: mathematical modeling; modeling activity; mathematics education; STEM education;
secondary education

1. Introduction

Mathematical modeling and its applications have been receiving increasing attention
worldwide. As Kertil and Gurel [1] described, mathematical modeling is a process of
mathematizing, interpreting, verifying, revising, and generalizing real-life situations. It is a
cyclical process (i.e., a modeling cycle) in which a real-world model is transformed into a
mathematical model, and then the formulated model is validated and iteratively adjusted
based on the real-life situation [2]. Mathematical modeling is widely applied in the field
of sustainable development across STEM (Science, Technology, Engineering, and Tech-
nology) disciplines, such as monitoring water quality [3], waste treatment infrastructure
planning [4], sustainable energy systems [5], financial risk assessment [6], and pandemic
control strategy [7]. Accordingly, mathematical modeling is considered a bridge to STEM
education [1].

Although training in mathematical modeling is most commonly offered at the univer-
sity level, it has been the foundation for the mathematics framework of the Programme for
International Student Assessment (which measures 15-year-olds’ abilities) since 2015 [8].
As the interest in STEM education has increased, mathematical modeling has been incorpo-
rated into K–12 mathematics curriculums in various countries, such as Singapore [9] and
Australia [10]. Sokolowski [11] conducted a meta-analysis which involved 1670 participants
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in mathematical modeling research across countries (e.g., USA, Germany, and Turkey). His
results suggested that engaging students in mathematical modeling activities significantly
promoted their understanding and application of mathematics concepts compared to tradi-
tional teaching methods. In particular, the interventions in high school settings showed
an overall large effect on student achievement (g = 0.94, 95% CI [0.79, 1.08]) in favor of the
mathematical modeling classrooms over the traditional classrooms [11]. This result thus
provided the ground for practicing mathematical modeling activities in schools to enhance
student learning of mathematics.

So, why do we need to investigate the way of designing mathematical modeling
activities? In Hong Kong, there is a relatively short history of teaching and learning
mathematical modeling in primary and secondary schools. The 2017 curriculum guide [12]
was probably the first to explicitly introduce mathematical modeling into Hong Kong
mathematics education. To promote the teaching and learning of mathematical modeling,
Ang [9] pointed out that teachers need a set of good, ready-made exemplars of modeling
problems and relevant resources. At the time of writing, however, we could find only
four official (i.e., published by the Hong Kong Education Bureau) exemplars [12–15] of
mathematical modeling activities that were accessible to teachers. Further effort is required
to develop high-quality exemplars and resources relevant to the government’s direction.

Therefore, we synthesized the design characteristics of the official mathematical mod-
eling exemplars in Hong Kong using a document analysis approach, aiming at establishing
a design framework for mathematical modeling activities suitable for our teachers and
students. Using the established framework, researchers can have a more focused agenda
for future research to examine the effect of mathematical modeling activities on students’
ability and interest in mathematics in Hong Kong school contexts. Furthermore, this study
can help researchers from other regions to understand how official mathematical modeling
activities are designed in Hong Kong, laying the groundwork for further comparative
studies involving different educational contexts.

2. Conceptual Background

The conceptual background of this study is threefold. First, we provide an overview
of the mathematics education and mathematical modeling in Hong Kong schools. This
can help readers understand the curriculum arrangements regarding the mathematics
topics involved in this study and the government’s effort in promoting mathematical
modeling in recent years. Second, we explicate Ang’s [9] three levels of learning experience
in mathematical modeling. Third, we discuss recent design principles for mathematical
modeling activities. These are the useful resources to establish the design framework in
this study.

2.1. Mathematics Education and Mathematical Modeling in Hong Kong School Contexts

In Hong Kong, mathematics is a compulsory subject in both primary and secondary
schools. The mathematics curriculum covers various learning units across different content
areas (e.g., algebra and data handling) [12]. Nevertheless, the Education Bureau allows
teachers to cater to the needs and abilities of their students through flexibility and diversi-
fication. For example, the secondary mathematics curriculum includes both foundation
topics (i.e., essential concepts and knowledge) and non-foundation topics (i.e., content
beyond the foundation topics). For the non-foundation topics, teachers can evaluate their
suitability for and relevance to their students. In addition to the compulsory part of the
curriculum, there is an optional extended part in the senior secondary school mathematics
curriculum [12]. The extended part consists of two modules: Module 1 (Calculus and Statis-
tics) and Module 2 (Algebra and Calculus). Students who wish to learn more advanced
mathematics can take either Module 1 or Module 2. To illustrate how mathematics topics
are arranged in the curriculum, Table 1 provides examples of several topics in three learning
units (probability, exponential and logarithmic functions, and differentiation) [16,17]. These
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units are involved in the official exemplars retrieved in this study, and thus can help readers
understand the analysis of the exemplars.

Table 1. Mathematics topics of three learning units in Hong Kong mathematics curriculum [16,17].

Compulsory Part

Learning Unit Foundation Topics Non-Foundation Topics Extended Part

Probability

The concept of probability; the
calculation of probabilities of
events by listing the sample

space and counting; etc.

The concept of expectation; the
addition law and multiplication law of
probability; the concept and notation

of conditional probability; etc.

The concept of discrete probability
distribution; the concepts of

expectation E[X]; etc.

Exponential
and logarithmic

functions
None.

The definition and properties of
logarithms; the properties of

exponential functions and logarithmic
functions; etc.

The definition of e and the
exponential series; using exponential
functions and logarithmic functions

to solve problems; etc.

Differentiation None. None.

The addition rule, product rule,
quotient rule, and chain rule of

differentiation; solving the problems
relating to rate of change, maximum,

and minimum; etc.

The teaching and learning of mathematical modeling are at an initial stage in Hong
Kong. Mathematical modeling was not explicitly mentioned in the government’s math-
ematics curriculum documents until 2017. In response to the evolving changes in the
contemporary world, the most recent mathematics curriculum guide for Primary 1 to
Secondary 6 [12] has various updates, including an emphasis on STEM education and an
introduction to mathematical modeling. It states that “STEM education could be strength-
ened through creating opportunities for students to apply the mathematical knowledge
and skills in analysing and modelling real-life problems” [12] (p. 43). To this end, the
curriculum guide recommends organizing STEM-related activities to provide students
with “more opportunities to participate in mathematical modelling through identifying,
formulating and solving the problem” [12] (p. 44). Therefore, topic- and project-based
approaches to integrating learning elements from different key learning areas (e.g., science
education and technology education) are proposed (see [12] (pp. 70–75) for a review). In
other words, mathematical modeling can be (1) incorporated into the teaching and learning
of specific topics inside the classroom and/or (2) conducted outside the classroom as a
project-based learning activity.

In each of the last three academic years (i.e., 2019/20, 2020/21, and 2021/22), the
Education Bureau implemented a seed project to promote STEM education by infusing
mathematical modeling into secondary school mathematics education [18,19]. The imple-
mentation of these three consecutive seed projects reflects not only the Education Bureau’s
determination to promote STEM education through mathematics but also the substan-
tial demand for professional development opportunities and school support. However,
Hong Kong lacks established teacher professional development programs on mathematical
modeling, unlike nearby regions. For example, the Singapore Ministry of Education and
mathematics educators from the National Institute of Education in Nanyang Technological
University have collaborated to provide professional development in designing and imple-
menting mathematical modeling activities in schools since 2010 [20]. To enhance teachers’
professional capacity in promoting STEM education through mathematics, The Educa-
tion University of Hong Kong has launched a new professional development program
on mathematical modeling (to be offered in 2023) for in-service teachers. Hence, further
effort is required to investigate how to advance the teaching and learning of mathematical
modeling in Hong Kong schools.
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2.2. Three Levels of Learning Experience in Mathematical Modeling

To help teachers plan and set goals for a mathematical modeling activity, Ang [9]
divided the learning experience in mathematical modeling into three levels of cognitive
demands and expectations. Using this taxonomy, teachers have a clear trajectory to build
their students’ modeling capacities by moving from one level to the next. The three levels
of learning experience are summarized below [9] (pp. 60–69):

• Level 1 focuses on acquiring skills in a modeling context. The skills are either purely
mathematical skills or some specific skills that are used in mathematical modeling.
Ang [9] observed that in Singapore, Level 1 modeling activities are trim enough to
fit into a typical one- or two-period mathematics lesson. In his “Mountain climbing”
activity, students were required to find an exponential function (i.e., a mathematical
skill) that fitted real data on atmospheric pressures at various altitudes above sea level.
In addition, the students were introduced to the use of Excel’s Solver Tool (i.e., an IT
skill) in finding the value of each parameter in their model.

• Level 2 focuses on developing students’ modeling competencies in applying knowl-
edge specific to mathematical modeling. The activity objectives at this level are to
help students learn to make assumptions that simplify a problem, identify the factors
that influence a variable, and interpret a mathematical solution in real-world terms,
among other modeling skills. Ang [9] cautioned that the Level 2 modeling activities
are more advanced than the Level 1 activities and thus require more instructional
time. In his “Water warming” activity, a cup of ice-water was left to warm up, and
its temperature was recorded every 5 s. Students developed a model that used their
knowledge of differential equations to describe how the water temperature changed
over time. Through this activity, teachers helped their students learn to state the
factors that can affect water temperature and to make relevant assumptions about the
warming process.

• Unlike Level 2 (which develops students’ modeling competencies), the overarching
objective of Level 3 is to tackle a mathematical modeling problem. Students are
required to work in groups and apply various modeling skills, such as developing
a model, solving the model, and making a presentation. The activities at this level
further develop the students’ modeling competencies, and they may take a few days
to complete. In his “Accident at the MRT [Mass Rapid Transit] station” activity,
Ang’s [9] students were given the scenario of a girl who accidentally fell onto the tracks
after walking in a random manner on the platform. The students were expected to
communicate their ideas and construct a simulation model to study her random walk
by (1) listing the variables in the model, (2) making assumptions about the situation
and simplifying the problem, and (3) designing and carrying out the simulation.

2.3. Design Principles for Mathematical Modeling Activities

In addition to students’ levels of learning experience in mathematical modeling, some
researchers have considered the instructional dimension when designing mathematical
modeling activities [21,22]. Geiger et al. [21] generated a set of task design principles based
on both the seminal work of Galbraith [22] and their collaboration with frontline teachers.
The researchers adopted and enriched five of Galbraith’s [22] six principles, namely rel-
evance and motivation, accessibility, feasibility of approach, feasibility of outcome, and
didactical flexibility principles (Principles 2 to 5 and 7, Table 2). Based on the teachers’
feedback, Geiger et al. [21] revealed the need to emphasize the nature and authenticity of
the problems (i.e., open-ended real-world problems). Therefore, they formulated the nature
of problem principle (Principle 1, Table 2) which emphasizes the open-endedness of a prob-
lem and the involvement of both intra-mathematical information (i.e., pure mathematics)
and extra-mathematical information (i.e., information outside of mathematics). For brevity,
Niss and Blum [23] noted that a situation in the extra-mathematical domain may simply be
referred to as “context.” In contrast, intra-mathematical problems are pure mathematical
tasks that are not connected to reality [24].

110



Sustainability 2022, 14, 9757

Table 2. Design principles for mathematical modeling activities based on Geiger et al. [21] (p. 324)
and Galbraith [22] (p. 235).

Principle Description

Principle 1—Nature of problem
Problems must be open-ended and involve both intra- and extra-mathematical

information. The degree of open-endedness depends on students’ previous experience
with modeling.

Principle 2—Relevance and motivation
There are some genuine links with students’ everyday lives. Therefore, the problem

context must be a part of their everyday experience or related to their
personal circumstances.

Principle 3—Accessibility It is possible to identify and specify mathematically tractable questions from a general
statement. Suitable sub-questions can be implied by the general problem.

Principle 4—Feasibility of approach
The formulation of a solution process is feasible and involves (a) the use of

mathematics available to students, (b) the making of necessary assumptions, and
(c) the assembly of necessary data.

Principle 5—Feasibility of outcome It is possible for students to solve the mathematics for a basic problem and interpret
the results.

Principle 6—Feasibility of evaluation An evaluation procedure is available that enables students to check for mathematical
accuracy and the appropriateness of the solution in the contextual setting.

Principle 7—Didactical flexibility
The problem is structured into sequential questions that retain the integrity of the

real-world situation. These questions are either given as occasional hints or used to
provide organized assistance by scaffolding a line of investigation.

It is worth nothing that one of Galbraith’s [22] principles of model evaluation was
not included in Geiger et al. [21]. That principle emphasizes the feasibility of checking
the mathematical accuracy and appropriateness of students’ solutions in real-world set-
tings. In line with Galbraith [22], we regard model evaluation as an essential procedure
because mathematical modeling is a cyclical process in which a formulated model is
validated and iteratively adjusted based on the real-world situation [2]. Therefore, we
include Galbraith’s [22] feasibility of evaluation principle (Principle 6, Table 2) in our
analytical framework.

After synthesizing Geiger et al. [21] and Galbraith [22], Table 2 shows seven design
principles which we drew as the foundation for developing a design framework relevant
to Hong Kong school contexts. For example, if we wish to adopt the “Accident at the
MRT station” activity [9], the relevance and motivation principle (Principle 2) suggests
that we should use similar incidents in our own region to contextualize the problem for
our students. Furthermore, the feasibility of approach principle (Principle 4) emphasizes
the consideration of our students’ mathematics backgrounds. Taking the “Mountain
climbing” activity [9] as an example, if the modeling process involves only linear functions
(a foundation topic in Hong Kong) instead of exponential functions (a non-foundation topic
in Hong Kong), more students can manage and formulate a solution.

3. Methods

Although Hong Kong teachers lack established guidelines for designing mathematical
modeling activities, the Education Bureau has published several exemplars which can in-
form our design. Accordingly, a document analysis approach is suitable for identifying the
structural components (i.e., the parts or sections that the exemplars comprise) and design
characteristics underpinning those exemplars. With the above conceptual background, the
following research questions (RQ1 to RQ3) guided our study:

• RQ1: What structural components do the official exemplars comprise?
• RQ2: Which levels of learning experience in mathematical modeling do the official

exemplars provide?
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• RQ3: How can the design principles for mathematical modeling activities be enacted
in the context of Hong Kong mathematics education?

The outcomes solicited from RQ1 can be used to formulate a template for teachers’
activity plan, whereas the findings of RQ2 and RQ3 can inform the way of setting learning
objectives and offering instructions of a mathematical modeling activity, respectively.

3.1. Document Analysis

Document analysis is a qualitative research method used for reviewing and evalu-
ating documents to elicit meaning, gain understanding, and develop empirical knowl-
edge [25,26]. This research approach has been widely applied in the field of sustainable
development [27–32] and mathematics education [33]. Depending on researchers’ ob-
jectives, their documents can take a variety of forms, such as policy documents [27–29],
curriculum documents [30], community sustainability plans [31], and media articles [32].
For example, Yang [33] analyzed three textbook chapters on the Pythagorean theorem. She
identified their common patterns to develop an understanding, compared their instruc-
tional approaches, and made appropriate recommendations. Through document analysis,
researchers can further generate theories to explain phenomena and guide their actions [25].

According to Bowen [25], document analysis procedures entail first retrieving and select-
ing relevant documents and then appraising (i.e., making sense of) and synthesizing the data
contained in those documents. These procedures are detailed in the following sub-sections.

3.2. Retrieval and Selection of Documents

To retrieve relevant documents, we searched the official website of the Hong Kong
Education Bureau and examined the curriculum documents for mathematics education. As
Mhlanga [32] noted, an advantage of this approach is that the documents are available in the
public domain, making it easier for researchers and readers to obtain information without
the need to ask permission from the original authors. The following four factors were
considered when selecting exemplars of mathematical modeling activities [26] (pp. 71–72):

1. Authenticity: the extent to which a document is genuine.
2. Credibility: the extent to which a document is free from errors.
3. Representativeness: the extent to which a document is typical.
4. Meaning: whether the evidence in a document is clear and comprehensible.

As of 20 June 2022 (the date on which we finalized our search), we had found four
exemplars. Table A1 in Appendix A shows the documents reviewed and the number of
exemplars in each document. First, these exemplars are authentic because they are primary
sources retrieved from the Education Bureau. As Table 3 shows, Exemplar 1 is published in
the curriculum guide for mathematics education [12] (pp. 189–194), whereas Exemplars
2 to 4 [13–15] are published on the “Resources—STEM Examples: Examples on STEM
Learning and Teaching Activities” website of the Education Bureau [34]. Notice that a
slightly revised version of Exemplar 1 is also published on that website [35]. Second, these
exemplars are credible because they were produced by the Education Bureau, and we
retrieved the original documents. Third, these exemplars are representative because at the
time of writing, they were the only available exemplars of mathematics modeling activities
designed and published by the Education Bureau. Fourth, these exemplars are clearly
written and understandable. Therefore, the four exemplars that we found were suitable
documents for our analysis.

Table 3. The official exemplars analyzed in this study.

ID Title Source

Exemplar 1 “Modelling the spread of a disease” Curriculum guide [12]
Exemplar 2 “Mathematical modelling on the accommodation demand of visitors to Hong Kong” Official website [13]
Exemplar 3 “Mathematical modelling on decision-making: Probabilistic model” Official website [14]
Exemplar 4 “Investigation on the relation between the maximum walking velocity and the length of legs” Official website [15]
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3.3. Data Analysis

We addressed our research questions through content analysis of the exemplars. To
answer RQ1, we identified and summarized the structural components of the exemplars. To
answer RQ2, we used the three levels of learning experience in mathematical modeling [9]
presented in Section 2.2 as our framework for analysis. To answer RQ3, we used the design
principles for the mathematical modeling activities [21,22] detailed in Section 2.3 as our
lens through which to analyze the design characteristics of each exemplar. Although these
frameworks provided a basis for our content analysis, we were open to refining or adding
to them if new levels of learning experience or design principles emerged. To enhance
the reliability of our analysis, all of the exemplars were double-coded by the first two
authors and reviewed by the third author. In the event of disagreement, we re-examined
the exemplars to come to a consensus. Multiple reviews were conducted until we reached
perfect agreement.

4. Findings

4.1. RQ1: What Structural Components Do the Official Exemplars Comprise?

Table 4 summarizes the structural components of the official exemplars. Most of
the components were found in all of the four exemplars, including their title, key stage
(i.e., grade level), learning unit, objective, prerequisite knowledge, background informa-
tion or scenario, description of activities, and references. However, only Exemplars 2
to 4 explain the exemplars’ relationships with other key learning areas in Hong Kong
secondary education. Exemplar 2 relates to a module in technology education (“Business
Environments, Operations & Organisations”) in junior secondary education [36], whereas
Exemplars 3 and 4 relate to other subjects (“Business, Accounting and Financial Stud-
ies” [37] and “Physics” [38], respectively) in senior secondary education. In addition, only
Exemplars 1 and 3 describe the generic skills involved in the activities, such as critical
thinking and problem-solving skills. In terms of the number of sub-activities, Exemplar
1 consists of three different parts that discuss a simple epidemic model, a counter plague
model, and a challenging problem that requires the application of calculus. By contrast,
Exemplars 2 to 4 are divided into a series of three to four interrelated activities. Finally,
Exemplars 2 and 3 further provide useful teaching and learning resources, including a
list of resources required in the activities, an annex of the information necessary for the
modeling, and student worksheets.

4.2. RQ2: Which Levels of Learning Experience in Mathematical Modeling Do the Official
Exemplars Provide?

We identified the levels of learning experience in mathematical modeling that the
official exemplars provide by making sense of their expectations and instructions. We
distinguished between Level 1 (Exemplar 1), Level 2 (Exemplars 2 and 3), and Level 3
(Exemplar 4).

Exemplar 1 is a modeling activity related to the spread of a disease. There are three
objectives: (1) “To help students relate STEM education with the real life,” (2) “To let
students recognise the mathematics in everyday life and apply information technology
to solve problems,” and (3) “To let students recognise mathematics as a powerful tool
for planning.” These objectives mainly focus on providing students with Level 1 learning
experience in mathematical modeling. Specifically, in the three parts of this exemplar, the
students are expected to learn to apply exponential functions (Model 1: a simple epidemic
model), probability and expectation (Model 2: a counter plague model), and calculus (a
challenging problem) in the context of modeling the spread of a disease. Although assump-
tions are involved in the modeling process, the methods of making those assumptions are
given, along with the initial conditions. For example, “it is assumed that no one dies in
10 months” and “Initially there are 8 healthy people and 2 infected people.” In other words,
Exemplar 1 does not emphasize developing students’ modeling competencies (e.g., making
assumptions to simplify a problem).
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Table 4. Structural components of the official exemplars.

Component Description Exemplar 1 Exemplar 2 Exemplar 3 Exemplar 4

Title A title containing the problem context.
√ √ √ √

Key stage The grade levels of the targeted students.
√ √ √ √

Strand The content area (e.g., data handling). None.
√ √ √

Learning unit The learning unit(s) in which the
exemplar is situated.

√ √ √ √

Objective The objective(s) to be achieved.
√ √ √ √

Prerequisite
knowledge

The knowledge required for the
mathematical modeling activities.

√ √ √ √

Relationship with
other learning areas The related topic(s) in other subjects. None.

√ √ √

Background informa-
tion/scenario An introduction to the problem context.

√ √ √ √

Number of
sub-activities

The number of sub-activities in
the exemplar. 3 4 3 3

Description
of activities

The descriptions of each sub-activity,
including teaching instructions,

questions for discussion, and notes for
teachers (teaching recommendations,

suggested answers/solutions, and
further information).

√ √ √ √

Generic skills
involved

The generic skills (e.g., critical thinking)
that the exemplar requires.

√
None.

√
None.

References The materials (e.g., articles and websites)
related to the modeling problem.

√ √ √ √

Others
(appeared once)

List of resources;
worksheets.

Information
sheet.

Exemplar 2 is a modeling activity related to the accommodation demand of visitors
to Hong Kong. There are two objectives: (1) “To enrich students’ experience in applying
mathematics in handling daily life problems” and (2) “To enhance students’ abilities in
applying the concepts of percentage in modelling real-life situations.” In a series of four
sub-activities, the students are guided to formulate a basic model (i.e., involving only
a growth factor in the number of visitors) and then progressively refine the model by
considering other factors (e.g., whether or not the visitors would stay overnight). Although
the objectives of Exemplar 2 focus on Level 1 learning experience in mathematical modeling,
its activities attempt to develop students’ modeling competencies, such as recognizing the
assumptions involved in a model (e.g., “What assumptions are made in your model?”) and
interpreting a mathematical solution in real-world terms (e.g., “Which assumptions may be
vulnerable to hold in real-life scenarios?”). Therefore, Exemplar 2 provides students with
Level 2 learning experience in mathematical modeling.

Exemplar 3 is a modeling activity related to the decision-making process of buying a
new smartphone. The following objective is stated: “To allow students to understand the
applications of probability in modelling real-life scenarios such as decision-making process
to make reasonable forecast and nurture students’ entrepreneurial spirit.” In a series of
three sub-activities, the students are guided to formulate a basic model (i.e., involving
two brands of smartphones) and then progressively refine the model by considering
other factors (e.g., whether users are likely to buy a new smartphone) and incorporating
additional information (e.g., the probability of a user replacing their smartphone in the
next 12 months). Although its objective focuses on the Level 1 learning experience in
mathematical modeling, its activities attempt to develop students’ modeling competencies,
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such as recognizing the assumptions involved in a model (e.g., “the new smartphones
of both Brand I, Brand S and other brands are available at roughly the same time”) and
identifying factors that influence a variable (e.g., “the users of Brand I smartphone using
earlier generations might have different considerations from those using the latest available
generation”). Therefore, Exemplar 3 provides students with Level 2 learning experience in
mathematical modeling.

Exemplar 4 is a modeling activity related to the relationship between the maximum
walking velocity and the length of legs. The following objective is stated: “To explain
some phenomena in real-life situations through mathematical modelling.” A more specific
direction of investigation is provided in its background information section: “to explore a
suitable simple model to express the relation between the maximum walking velocity and
the length of legs.” Therefore, this exemplar has some characteristics of Level 3 mathemati-
cal modeling activities in which students are expected to tackle the modeling problem. This
exemplar includes three sub-activities. In Activity 1, the students are divided into groups
and collect data on the lengths of their legs and their corresponding walking velocities. In
Activity 2, the students formulate a model (e.g., a linear function or quadratic function)
that fits their data. However, we identified several instructions (e.g., “The teacher guides
students to extract the data” and the “students in each group examine whether the linear
model of function . . . is suitable to describe the relation”) that facilitate the students’ inves-
tigation but might limit the level of their learning experience. Finally, Activity 3 is designed
only for students who study senior secondary school physics. The students are guided to
use their physics knowledge to formulate a theoretical model of the modeling problem.
Their theoretical model is then compared with the modeling outcomes in Activity 2.

4.3. RQ3: How Can the Design Principles for Mathematical Modeling Activities Be Enacted in the
Context of Hong Kong Mathematics Education?

We examined the design characteristics underpinning the official exemplars using the
framework presented in Table 2. Tables 5 and 6 summarize how the seven design principles
of mathematical modeling activities are enacted in the exemplars. Table 5 shows that
their design characteristics are similar in terms of Principle 2 (relevance and motivation),
Principle 3 (accessibility), Principle 5 (feasibility of outcome), and Principle 7 (didactical
flexibility). Taking the didactical flexibility principle (Principle 7) as an example, all of the
four exemplars provide suggested procedures for class activities, notes for teachers, and
scaffolded questions, enabling teachers to assist students’ learning and investigation.

Despite the similarity of certain design characteristics, Table 6 shows that the exemplars
are different in their enactments of Principle 1 (nature of problem), Principle 4 (feasibility
of approach), and Principle 6 (feasibility of evaluation). First, the nature of problem
principle (Principle 1) emphasizes the open-endedness of the problem in a mathematical
modeling activity. Although the problems in all four exemplars are open-ended, we
found that Exemplars 1 and 4 are different from Exemplars 2 and 3. The former are
open-ended in terms of the mathematical approach to modeling. Taking Exemplar 1 as an
example, it discusses the following approaches to modeling the spread of a disease: (1) a
simple epidemic model using knowledge of exponential functions; (2) a counter plague
model using knowledge of probability and expectation; and (3) a theoretical solution using
knowledge of calculus. In contrast, only one major mathematical approach is adopted in
Exemplar 2 (growth rate) and Exemplar 3 (probability and relative frequency). Nevertheless,
these two exemplars are open-ended in terms of their approaches to making assumptions
in the modeling process. In a series of activities, the students are guided to consider new
variables (e.g., Exemplar 3: “Consider a new smartphone?”) and refine their assumptions
(e.g., Exemplar 2: “Which assumptions may be vulnerable to hold in real-life scenarios?
Why? How can it be refined so as to improve the accuracy of the model?”) to improve
their models.
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Table 5. Similar enactments of the design principles in the official exemplars.

Principle (Description) Exemplar Representative Quotes

Principle 2—Relevance and motivation.
(The problem context is related to

students’ everyday lives.)

1 “Bird flu, SARS and Ebola are examples of fatal epidemics that have
emerged in a large scale in the past two decades.”

2 “Tourism industry is a mainstay of Hong Kong’s economy.”

3 “The activities to be introduced are based on real life scenario on the
decision-making process of buying a new smartphone.”

4 “When you are hurry to somewhere, you may walk very fast.”

Principle 3—Accessibility. (Sub-questions
can be implied by the general problem.)

1 “What is the difference if 3 persons are infected at each stage?”

2 “Please suggest some ways to estimate the number of visitor arrivals
to Hong Kong in a whole year.”

3 “the teacher may . . . ask students to represent the scenario with a
tree diagram with suitably defined events.”

4
“students in each group examine whether the linear model of

function . . . is suitable to describe the relation between V (their
walking velocities) and L (lengths of their legs).”

Principle 5—Feasibility of outcome. (The
solution can be addressed by students
with relevant knowledge. Suggested

questions are provided to guide
their interpretation.)

1 “How many steps will it take to infect all the people in the classroom?
How about the whole school?”

2 “When will the room supply be inadequate if all growth rates
are unchanged?”

3 “by using the tree diagram, . . . Predict the future market share of
Brand I and Brand S after their release of new models.”

4
“According to students’ mathematical knowledge involving

functions and indices, students may try the following functions for
explorations: V = aL2 + bL + c . . . ; V = abL . . . ”

Principle 7—Didactical flexibility.
(Procedures of class activities, notes for

teachers, and scaffolded questions
are provided.)

1 “Does the epidemic take off or die out in each case?”

2 “What information is needed for constructing the model?”

3 “Which group of smartphone users has greater brand loyalty, users of
Brand I or Brand S?”

4
“1. The class is divided into several groups . . . 2. In each group,
every student walks as fast as possible . . . 3. In each group, the

length of the legs of each group member is calculated . . . ”

Second, the feasibility of approach principle (Principle 4) includes three aspects:
(a) the use of mathematics available to students, (b) the making of necessary assump-
tions, and (c) the assembly of necessary data. The major difference between the four
exemplars concerns the use of mathematics available to students. Accordingly, the four
exemplars target different students. Only Exemplar 2 is suitable for all of the students in
Hong Kong because it involves only the foundation topics (e.g., concepts of percentage
changes and growth rates) in the mathematics curriculum. Exemplar 3 is suitable for
more capable students because it involves non-foundation topics (e.g., the concept and
notation of conditional probability). Only some specific groups of students have adequate
knowledge to complete all of the sub-activities in Exemplars 1 and 4 (Exemplar 1: students
taking the extended part of the mathematics curriculum; Exemplar 4: students taking senior
secondary school physics).

Third, the feasibility of evaluation principle (Principle 6) emphasizes that the students
should be allowed to evaluate their model in their real-world setting. In Exemplar 2,
this evaluation is feasible using the data on government websites, such as the Hong
Kong Tourism Commission and the Hong Kong Census and Statistics Department. These
websites are provided in both the teacher notes and student worksheets. An evaluation is
stated in the teacher notes: “The model [formulated in Activity 1] does not fit the data in
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2015, 2016 and 2017.” In Exemplar 4, the students collect data and formulate their models
in Activities 1 and 2, respectively. Their modeling outcomes are then compared with the
theoretical model formulated in Activity 3. However, Activity 3 requires physics knowledge
(e.g., circular motion and centripetal acceleration). Therefore, not all of the students can
formulate the theoretical model and make the required comparison. In Exemplars 1 and 3,
no explicit statements about model evaluation were identified.

Table 6. Different enactments of the design principles in the official exemplars.

Principle Exemplar Description

Principle 1—Nature of
problem

1 and 4 The problem is open-ended in terms of mathematical approaches to modeling.

2 and 3 The problem is open-ended in terms of approaches to making assumptions.

Principle 4—Feasibility of
approach

1 The formation of a solution requires knowledge of the concept of probability and
expectation (JS; F), exponential functions (SS; NF), and calculus (SS; EP).

2
The formation of a solution requires knowledge of the concepts of percentage

changes and growth rates (JS; F). The websites with the necessary data are provided
in the teacher notes and student worksheets.

3
The formation of a solution requires the concept of probability (JS; F) and the

concept and notation of conditional probability (SS; NF). The necessary data are
provided in the annex of this exemplar.

4
The formation of a solution requires knowledge of the concepts of linear (SS; F),

quadratic (SS; F), and exponential and logarithmic (SS; NF) functions. Activity 3 also
requires knowledge of physics (SS).

Principle 6—Feasibility of
evaluation

1 and 3 None.

2
Evaluation is feasible using the provided data on government websites, such as the
websites of the Hong Kong Tourism Commission and the Hong Kong Census and

Statistics Department.

4 The students’ modeling outcomes in Activity 2 are compared with the theoretical
model formulated in Activity 3.

Note. JS = junior secondary; SS = senior secondary. EP = topics in the extended part; F = foundation topics;
NF = non-foundation topics.

5. Discussion

The findings and implications pertaining to each research question are discussed in
the following sub-sections. After that, the limitations of this study are acknowledged with
recommendations for future research.

5.1. Structural Components of a Mathematical Modeling Activity Plan (RQ1)

In this study, we first analyzed the structural components of the official mathematical
modeling exemplars (see Table 4). By and large, they can provide some basic information
(e.g., content area and objective) and the details of their activities (e.g., descriptions of
each sub-activity and questions for discussion). However, we found that their expected
number of lessons and target students were missing. For example, students in Exemplar 4
have to collect data in an open area (where students can measure the time of walking
along a 10 m straight path) and then analyze the data. The activity may require more
instructional time. In addition, one of its sub-activities is only suitable for students taking
senior secondary school physics, as it requires physics knowledge (e.g., circular motion and
centripetal acceleration) to formulate a theoretical model. These are some practical issues
that teachers may consider when adopting the mathematical modeling activity in their
classrooms. Therefore, duration and target students of the activity should be mentioned
in the future. To summarize, Table 7 proposes a template for a mathematical modeling
activity plan. Educators can use the template to guide them in designing future activities.
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Table 7. A template for a mathematical modeling activity plan.

Section Component

Basic information

Title
Key stage (or grade level)
Strand (or content area)

Learning unit
Objective

Prerequisite knowledge
Relationship with other learning areas

Duration (or number of lessons)
Target students

Background information (or scenario)

Activities (3 to 4 sub-activities)

Descriptions of each sub-activity
Questions for discussion

Note for teachers (including teaching recommendations,
suggested answers/solutions, and further information)

Other information
Generic skills involved

References

Annex
List of resources required

Information sheets
Sample worksheets

5.2. Setting Diversified Learning Objectives of a Mathematical Modeling Activity (RQ2)

Our findings suggested that the official exemplars are situated at Levels 1 to 3 of
learning experience in mathematical modeling, as detailed in Section 4.2. This indicated
the feasibility of using all three levels of mathematical modeling activities in Hong Kong
schools. However, Ang [9] argued that teachers should progressively build students’
mathematical modeling capacity by moving from one level to the next over time. Therefore,
future activity plans should be flexible in terms of their objectives and learning tasks. Using
the taxonomy of Ang [9], we suggested that the objectives of future mathematical modeling
activities can be threefold (i.e., Levels 1 to 3), with corresponding recommended learning
tasks. Teachers can conduct the activities based on their students’ needs and abilities. By
doing so, they can better enact the didactical flexibility principle (Principle 7) [21,22]. Using
the problem context of Exemplar 1 (originally Level 1), Table 8 demonstrates a possible
method of designing a set of diversified objectives and learning tasks that provide different
levels of learning experience in mathematical modeling.

Table 8. Diversified objectives and learning tasks in Exemplar 1 by level of learning experience in
mathematical modeling.

Level Objective Learning Task

1
To enhance the students’ skills in applying their
knowledge of differential equations in modeling

the spread of a disease.

With an infection rate and recovery rate along with other
necessary assumptions and initial conditions, the students

apply their knowledge to formulate the model.

2
To develop the students’ modeling competencies

in simplifying the problem of the spread of
a disease.

The students are directed to identify the variables in the
model and to make assumptions to simplify the problem.

3 To explore a suitable model to express the spread
of a disease.

The students formulate the model based on
their knowledge.

5.3. Enactment of Design Principles for Mathematical Modeling Activities (RQ3)

Our findings suggested that the design principles of Geiger et al. [21] and Galbraith [22]
were enacted, albeit with some variations, as shown in Tables 5 and 6. These findings can
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provide teachers with insights into the design of mathematical modeling activities. Several
implications are discussed in the following sub-sections.

5.3.1. Principles 1 to 3: The Need for Cross-Subject Collaboration

In terms of their problem contexts, all of the exemplars involve extra-mathematical
information and relate to students’ everyday lives, indicating the enactment of the na-
ture of problem principle (Principle 1) [21] and the relevance and motivation principle
(Principle 2) [21,22]. Exemplar 1 is related to mathematical biology, whereas Exemplars 2
to 4 explicitly state their relationship with other learning areas in STEM, including tourism,
business, and physics. Accordingly, it is unreasonable to expect that mathematics teachers
alone can design the mathematical modeling activities that involve extra-mathematical
knowledge. For example, they may not be able to explain the relationship between the es-
tablished mathematical models and the tourism industry (Exemplar 2) and the real benefits
of mathematical modeling in the global smartphone market (Exemplar 3).

As suggested in previous studies, cross-subject collaboration can facilitate the imple-
mentation of STEM education in both classroom and extracurricular activity settings [39].
Therefore, the development of mathematical modeling activities requires the involvement of
teachers in different subject areas. Teachers in other subjects can help mathematics teachers
to both formulate the problem context and design subject-specific instructions. However, it
is worth noticing that not all problems can be addressed using the mathematics available to
secondary school students. Therefore, mathematics teachers should ensure the enactment
of the accessibility principle (Principle 3) [21,22] by evaluating the possibility of identifying
and specifying mathematically tractable questions from the formulated problems.

5.3.2. Principles 4 and 5: The Need for More Mathematical Modeling Activities in
Foundation Topics and Supporting Data in Modeling

According to the feasibility of approach principle (Principle 4) [21,22] and the feasibility
of outcome principle (Principle 5) [21,22], students in a mathematical modeling activity
should have adequate knowledge to formulate a solution process and address the solution.
However, we found that only Exemplar 2 is suitable for all of the students in Hong Kong
(see Table 6). The mathematical modeling activities in other exemplars involve some
non-foundation topics (Exemplars 1, 3, and 4) and topics in the extended part of the
mathematics curriculum (Exemplar 1). The average and underperforming students may
not have adequate knowledge to handle the problems in these exemplars. There is thus a
need for designing more mathematical modeling activities in the foundation topics (see
Table 1).

Besides mathematics knowledge, the feasibility of approach principle (Principle 4) [21,22]
emphasizes the importance of assembling the necessary data in the modeling process.
Teachers should be aware that students’ modeling processes can be hindered by the fact
that not all real-world data and research reports are publicly available. For example,
Exemplar 3 requires the use of marketing research data which may not be accessible
to students. Therefore, an information sheet with the data on the global smartphone
market is provided for students to formulate their model in the annex of this exemplar. In
Exemplar 2, unfortunately, some hyperlinks to necessary data are no longer working. In
future mathematical modeling activity plans, teachers can consider appending the essential
data required in the modeling process to ensure the enactment of Principle 4 [21,22].

5.3.3. Principle 6: The Need for Strengthening the Evaluation of Modeling Outcomes

Our findings revealed that the enactment of the feasibility of evaluation principle
(Principle 6) [22] requires reinforcement in future mathematical modeling activities. As Gal-
braith [22] noted, students’ modeling outcomes should be tested in their real-world settings.
However, we found that Exemplars 1 and 3 do not explicitly emphasize the evaluation of
students’ modeling outcomes (see Table 6). For Exemplar 1, such an evaluation is feasible if
the students obtain real-world data on the spread of a disease, such as its infection rate and
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recovery rate, whereas for Exemplar 3, the evaluation is feasible if the students obtain recent
data from a marketing research report. Taking the spread of the COVID-19 pandemic as an
example, real-world global data are available on the Web. As of 24 June 2022, for example,
the recovery rate in Hong Kong was 97.4% [40]. In addition, teachers can ask students to
compare the new model to the previously formulated models (i.e., the simple epidemic
model and the counter plague model) in terms of their reliability and precision. Using
real-world data and relevant instructions, future mathematical modeling activities can
emphasize the feasibility of testing, refining, and comparing students’ modeling outcomes.

5.3.4. Principle 7: The Need for Supporting Materials

Finally, we found that some official exemplars can better support the enactment of
the didactical flexibility principle (Principle 7) [21,22]. First, Exemplar 2 provides sample
worksheets (see Table 4) in which teachers can understand how the modeling problem is
structured into sequential activities and questions. The use of such ready-made resources
not only decreases frontline teachers’ workloads developing instructional materials but
also facilitates their teaching practice [41]. Second, although all of the exemplars list their
references, those provided in Exemplar 4 are worth mentioning. Its references [42–44]
are directly related to the modeling problem in this exemplar (i.e., the relation between
maximum walking velocity and the length of legs), which can help teachers prepare for the
activity and support their students’ independent exploration of the problem. Therefore,
we recommend that these supporting materials be provided in future activity plans for
mathematical modeling.

5.4. Limitations and Recommendations for Future Research

There are some limitations of this study. We acknowledge that the number of available
official exemplars was limited. Therefore, the proposed set of design principles is prelimi-
nary and merits further research for improvement. We recommend that empirical studies be
conducted in teacher education and professional development settings to solicit pre-service
teachers’ and in-service teachers’ suggestions for enhancing the design framework.

Second, this study employed a document analysis approach. Therefore, our analysis
focused only on the content of the official exemplars. Further authentic classroom studies
are required to examine whether the mathematical modeling activities can develop students’
abilities and increase their interest in mathematics. Besides the official exemplars, teachers
and researchers can use our framework to design more mathematical modeling activities
for teaching and research purposes. Future research can thus have a more focused agenda
to examine the efficacy of mathematical modeling activities and determine whether the
design framework can be applied in other regions at similar grade levels.

Finally, the COVID-19 pandemic has a profound impact on educational systems,
where some instructional activities have been transitioned fully online. Future research
can examine the teaching and learning of mathematical modeling in different learning
environments (e.g., face-to-face, online, and hybrid) and propose updates on the curriculum
for sustainable practices [45–47].

6. Conclusions

This study analyzed four official mathematical modeling exemplars published by
the Hong Kong Education Bureau. Our analysis was underpinned by Ang’s [9] taxon-
omy of learning experience in mathematical modeling and some existing principles for
designing mathematical modeling activities [21,22]. Our findings indicated the feasibility
of setting diversified learning objectives in future mathematical modeling activity plans,
which enables teachers to conduct the activities based on their students’ needs and abilities.
With reference to the official exemplars, we discussed various strategies to ensure a better
enactment of the design principles in future mathematical modeling activities, including
cross-subject collaboration, designing mathematical modeling activities in the foundation
topics, emphasizing the evaluation of modeling outcomes, and providing more supporting
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materials (e.g., student worksheets and references about the modeling problem in con-
cern). Hence, the design framework proposed is useful for teachers and researchers to
design mathematical modeling activities that are suitable for both teachers and students in
Hong Kong. This study also serves as a reference for teachers and researchers from other
regions, informing both their development of mathematical modeling activities and the
methodology of building their design framework.
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Appendix A

Table A1. Documents reviewed in this study.

Documents/Sources * (Year of Publication, If Any) Exemplars Included Exemplars

Mathematics Education Key Learning Area Curriculum Guide
(Primary 1—Secondary 3) (2002) N = 13 N = 0

Mathematics Education Key Learning Area Curriculum Guide
(Primary 1—Secondary 6) (2017) N = 22 ** N = 1

Mathematics Key Learning Area—Pure Mathematics Curriculum and
Assessment Guide (Advanced Level) (2004) N = 3 N = 0

Target Oriented Curriculum Programme of Study for Mathematics—Key
Stage 1 (primary 1–3) (1995) N = 5 N = 0

Target Oriented Curriculum Programme of Study for Mathematics—Key
Stage 2 (Primary 4–6) (1995) N = 7 N = 0

(Website) Resources—STEM Examples: Examples on STEM Learning and
Teaching Activities N = 29 *** N = 3

Note. * Other reviewed documents without exemplars included: Checklist of major updates on Mathematics
Curriculum and Assessment Guide (S4–6) (November 2015); Comparison between Syllabuses for Secondary
Schools—Mathematics (Secondary 1–5) (1999) and Syllabuses for Secondary Schools—Syllabus for Mathematics
(Forms I–V) (1985); Comparison of Syllabuses for Primary Schools—Mathematics (1983) and Mathematics Educa-
tion Key Learning Area—Mathematics Curriculum Guide (P1–P6) (2000); Comparison of Target Oriented Curricu-
lum Programme of Study for Mathematics (1995) and Mathematics Education Key Learning Area—Mathematics
Curriculum Guide (P1–P6) (2000); Comparison of the Content of the Revised Mathematics Curriculum and Cur-
rent Mathematics Curriculum; Consultation on the Revised Mathematics Curriculum (P1–S6) (held from March to
May 2017); Explanatory Notes to Junior Secondary Mathematics Curriculum (2020); Explanatory Notes to Primary
Mathematics Curriculum—Key Stage 1 (2018); Explanatory Notes to Primary Mathematics Curriculum—Key
Stage 2 (2020); Explanatory Notes to Senior Secondary Mathematics Curriculum—Module 1 (with updates in
August 2018); Explanatory Notes to Senior Secondary Mathematics Curriculum—Module 2 (with updates in
August 2018); Explanatory Notes to Senior Secondary Mathematics Curriculum—Module 1; Explanatory Notes to
Senior Secondary Mathematics Curriculum—Module 2; Explanatory Notes to Senior Secondary Mathematics
Curriculum—The Compulsory Part (with updates in December 2021); Explanatory Notes to Senior Secondary
Mathematics Curriculum—The Compulsory Part; Guidelines on Catering for Learner Diversity and Creating
Space in Senior Secondary Mathematics (2021); Information Sheet “Summary of Changes to the Contents of
Syllabuses for Secondary Schools—AL Applied Mathematics (1992)”; Mathematics Curriculum and Assessment
Guide (Secondary 4–6) (2007); Mathematics Curriculum and Assessment Guide (Secondary 4–6) (with updates in
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December 2017); Mathematics Curriculum and Assessment Guide (Secondary 4–6) (with updates in November
2015); Mathematics Education Key Learning Area—Additional Mathematics Curriculum Guide (S4–S5) (2001);
Mathematics Education Key Learning Area—Mathematics Curriculum Guide (P1–P6) (2000); Recommended
implementation timeline for the revised Mathematics curriculum; Recommended implementation timeline for the
revised senior secondary Mathematics curriculum; Supplement to Mathematics Education Key Learning Area
Curriculum Guide: Learning Content of Primary Mathematics (2017); Supplement to Mathematics Education Key
Learning Area Curriculum Guide: Learning Content of Junior Secondary Mathematics (2017); Supplement to
Mathematics Education Key Learning Area Curriculum Guide: Learning Content of Senior Secondary Mathemat-
ics (2017); Supplementary Notes on Teaching of Advanced Supplementary Level—Mathematics and Statistics
(1998); Supplementary Notes to Senior Secondary Mathematics Curriculum; Syllabuses for Primary Schools: Math-
ematics (1973); Syllabuses for Primary Schools: Mathematics (1983); Syllabuses for Secondary Schools—Additional
Mathematics (Secondary 4–5) (1992); Syllabuses for Secondary Schools—Applied Mathematics (Advanced Sup-
plementary Level) (1998); Syllabuses for Secondary Schools—Applied Mathematics (Advanced Level) (1992);
Syllabuses for Secondary Schools—Mathematics & Statistics (Advanced Supplementary Level) (1991); Syllabuses
for Secondary Schools—Mathematics (Secondary 1–5) (1999); Syllabuses for Secondary Schools—Mathematics
(Secondary 1–5) (1999); Syllabuses for Secondary Schools—Pure Mathematics (Advanced Level) (1992); Syllabuses
for Secondary Schools—Syllabus for Mathematics (Forms I–V) (1985). ** The Exemplar of “Flippable Measure
Spoons” remarks that it involves “the ideas of mathematical modelling” [12] (p. 181). However, it appears that
the primary focus of this exemplar is not highly related to mathematical modeling. Therefore, the exemplar was
not included in our analysis. *** A slightly revised version of Exemplar 1 (“Modelling the spread of a disease,” as
published in the curriculum guide for mathematics education [12]) is also published on this website [34].
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Abstract: In this study, we conducted a thematic analysis of the views and perspectives of university
students about online learning, specifically regarding their interpretations and experiences of the
transition from traditional face-to-face courses to online teaching during the COVID-19 pandemic.
The sample included 209 undergraduate and postgraduate students who were invited to complete
five tasks, i.e., a free association task, answering open questions about the advantages and disadvan-
tages of online learning, providing suggestions for improving online learning, and sharing a personal
experience lived during this period. Some of the main themes extracted from the data refer to the
negative aspects of online learning mentioned by participants in relation to its disadvantages, such as
health and psychosocial problems (e.g., stress, anxiety, decreased motivation, isolation/loneliness,
and apathy) and learning process problems (e.g., misunderstandings, a lack of feedback, additional
academical requirements, a lack of challenge, and disengagement). Other recurrent themes refer to
the positive aspects of online learning associated with its benefits: comfort and accessibility, economy
(saving time and money), and psychological and medical safety. The personal experiences during
COVID-19 shared by our respondents were organised around four main themes (positive, negative,
ambivalent, and transformative experiences) related to students’ adaptation to the educational context
generated by the pandemic. Based on these findings, practical recommendations for universities and
researchers are discussed.

Keywords: students’ perceptions; online learning; educational experience; COVID-19 pandemic;
qualitative study; thematic analysis

1. Introduction

As of March 2020, due to the ongoing COVID-19 global pandemic, most higher
education institutions worldwide were forced to close their doors and start teaching online.
The change from traditional learning to remote online learning was swiftly enacted, without
the proper preparation or training of both academics and students. The sudden and
“forced” [1] (p. 466) shift in teaching approach impacted the academic experience of
both academics and students and led to a series of social, technical, educational, and
psychological challenges.

There is a close relationship between education and sustainable development that
requires policymakers to carefully assess the consequences resulting from its dynamics.
Though sustainable development, concerning the preservation of a safe environment
for future generations, is promoted through education, the educational system itself is
under pressure to change due to the many challenges related to sustainability, e.g., greater
awareness of natural, economic, and social resources; new perspective of social justice and
universal wellbeing; and new attitudes toward consumption and lifestyle [2].
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Under these circumstances, a sudden change in the educational system—introduced
on a large scale due to a social crisis like the COVID-19 pandemic—needs to be discussed
both globally and contextually. An analysis is needed in relation to different factors that
influenced the adopted policies and strategies, e.g., the level of development of online
learning networks, previous experience in integrating online and traditional learning [3],
balancing synchronous and asynchronous learning [4], and training for teachers and stu-
dents [5]. It is also important to discuss the effects of the change at several levels, including
economic, social, psychological, teaching quality, and academic achievement. For example,
some researchers highlighted the positive effects of online learning on students’ academic
performance, autonomous learning [6], and engagement [7]. Other researchers described
the negative academic outcomes for students [8] and the psychosocial challenges of the
virtual learning environment [9–11], while others considered the effects of technologies in
a more nuanced manner, considering various specific factors. It is important to weigh the
benefits of innovative economic, social, and technological solutions against the possible neg-
ative effects of pressure for change to not compromise some of the Sustainable Development
Goals (SDGs), e.g., viable and sustainable economic solutions for the resources-constrained
education systems, quality education for all, health and wellbeing, and social justice [12].
However, the experience of online education during the COVID-19 pandemic has called
for innovative adaptations that can be used in the future for the digital transformation of
higher education institutions by building on the empirical evidence accumulated during
this period of crisis.

In this study, we conducted a psychosocial analysis of the transition from traditional
face-to-face courses to online teaching during the COVID-19 pandemic. Online learning
is an alternative to face-to-face courses that requires specific considerations, e.g., a higher
involvement on behalf of both academics and students, a higher social online presence, and
a series of personal characteristics. Most importantly, online learning requires previous
training, rigorous preparation, and a conscious, deliberate acceptance of its advantages and
disadvantages [13]. While many universities had the technical support necessary to adopt
online learning as an alternative during the COVID-19 pandemic, most students were not
prepared for it and did not freely choose it.

The general objective of this study was to explore the difficulties and challenges
encountered by university students during the COVID-19 pandemic, as well as their
perceptions of the advantages and disadvantages of online learning. We were also interested
in the students’ recommendations concerning the improvement of online learning and
their shared experience of this new teaching approach. Finally, our study was aimed to
provide an account of the way in which students managed online learning and to offer
some recommendations for future crisis situations.

Perceptions are defined as complex mental processes by which people understand,
interpret, evaluate, and form a picture of social phenomena. Furthermore, perceptions
are studied by exploring individual voices that can be expressed, for example, through
“narratives, storytelling, behaviour, and reactions to individuals or groups” [14] (p. 606). In
this study, perceptions were operationalised through views, ways of understanding, and
personal perspectives developed within the processes of social interaction and communica-
tion about online learning. In addition, we also explored perceptions of the environment,
social events, and emotions, as well as self-perceptions and perceptions of others, all of
which are known to be socially and culturally influenced and/or shaped [15].

Why conduct a study on students’ perceptions? Perceptions represent interpretations
of reality with truth value for many people, being “extremely powerful and influential in
human thought and behaviour” [14] (p. 606). Negative perceptions of online learning could
lead to a decrease in academic performance, while positive perceptions could have the
opposite effect of increasing performance. These perceptions can also influence students’
behaviour in virtual classrooms, both in relation to learning objectives and with peers and
teachers. Attention, motivation, emotions, and satisfaction in response to learning can
also be modulated by students’ perceptions. Furthermore, by studying perceptions of the
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e-learning system, we can access students’ views, evaluations, and interpretations, which
(when corroborated with those of education professionals) can form the basis for improving
the quality of learning, provide solutions to more successfully cope with pandemic-like
situations, and create a basis for intervention and counselling for students who experience
difficulties in adapting to such situations.

This study was based on the ontological and epistemological frameworks of social
constructionist paradigm. According to the social constructionist paradigm, knowledge is
not necessarily based on the objective and unbiased observation of reality, but its elaboration
depends on the historical and cultural context and is achieved through experiences of
social interaction and communication [16]. In this study, social interactions took place
not only in a specific broader social context created by the outbreak of the COVID-19
pandemic but also within small, virtual, clearly socially bounded communities, namely
those generated by the online learning environment. The participants’ perceptions and
experiences are the result of their conscious engagement to generate shared meanings to
manage the new form of learning. Furthermore, our study was based on the weak social
constructivism perspective [17] because the elaboration of shared social knowledge is not
totally independent of objective societal aspects and the development of human beings;
rather, it is constructed over a set of objective facts. In our case, shared meanings about
online learning were marked by factors such as technological development, institutional
frameworks of learning processes, and reported personal, psychological and medical issues.
Finally, we adopted a qualitative approach with thematic analysis [18].

2. Online Learning vs. Face-To-Face Teaching

Previous studies underlined the numerous advantages of online learning such as lower
costs, high accessibility and flexibility, rapid exchanges between teachers and students,
opportunities for students to perform other activities while undertaking their studies (e.g.,
part-time jobs), and lower levels of stress [19–25]. Other studies also pointed out the
disadvantages of online learning such as technical issues (e.g., internet connection and
broadband issues), the risk of low attention levels, loss of sense of belonging, isolation, loss
of motivation, and poor communication [7,20–22,24–26].

Several key factors impact the effectiveness of online learning, and some of the most
important refer to: (1) technology, e.g., access, navigation and internet connection, the
design of e-learning platforms, and accessibility to learning synchronous and asynchronous
learning materials; (2) instructors’ characteristics, e.g., teaching styles, attitudes towards
students, digital skills, and encouraging interaction between participants; and (3) students’
characteristics, e.g., personality traits, demographic characteristics, and digital knowledge
and skills [27]. Regarding the latter, studies showed that online learning might be more
beneficial for specific types of students. Motivation and self-discipline are extremely
important, as students must be able to efficiently manage their deadlines and allocate time
for asynchronous and synchronous materials [28]. Additionally, students must be able
to learn through experience [29] and hold strong independent learning and motivation
skills [20].

The objective of online learning is to maintain the same quality of education as tradi-
tional face-to-face teaching while using online methods and platforms [30]. This is harder
to achieve since online learning requires a completely different learning environment, e.g.,
access to the learning materials, methods for online social interaction, and assessment tools.
Online learning is not just a different way of delivering learning materials and contents
but also a completely different social space in which individuals interact with each other,
express themselves and their emotions, and seek solutions to different problems. As such,
this environment needs to be as similar as possible to the traditional one to avoid any
potential limitations to the communication and interaction between teachers and students.

Unlike in-person lectures, online learning is based on virtual learning environments
(VLEs) accessed through a computer, smartphone, or tablet. Consequently, any act of
communication and all its components (emission, reception, feedback, etc.) are mediated by

126



Sustainability 2022, 14, 8138

a digital medium, e.g., computer, and is thus experienced quite differently than face-to-face
teaching. The Media Naturalness Theory [31] was developed to explain the principles of
electronic communication. According to this theory, a decrease in the degree of naturalness
of a communication medium leads to the following effects in connection with a communi-
cation interaction: (a) increased cognitive effort, (b) increased communication ambiguity,
and (c) decreased physiological arousal [9].

Different strategies can be adopted to increase the similarity between any communi-
cation mediated by an electronic medium and the face-to-face medium. One strategy is
adopting performant digital devices, fast broadband speed, high quality learning platforms.
Another one is ensuring digital training (e.g., support and training for the use of e-learning
platforms) and psychological preparation (e.g., establishing appropriate expectations and
developing appropriate alternative modes of communication). A final strategy is ensuring
a high level of involvement from both teachers and students in actual learning, e.g., in-
creased effort to generate social online presence, which can result in an increased senses of
belonging and connectedness [32], actively interacting and working together, and support-
ive environments with prompt communication and common values and interests [1]. Social
presence involves five integrated elements: affective association (emotional connection with
learning activities), knowledge and experience (previous expertise), interaction intensity
(engagement in interpersonal relations), community cohesion (sense of belonging and
sharing resources), and instructor involvement (the teachers’ capacity to shape students’
behaviours and to engage them in critical analysis and reflection) [33,34].

3. Online Remote Learning during the COVID-19 Pandemic

Ensmann et al. [35] explored students’ experiences of online learning during the
COVID-19 pandemic using the Social Presence Model [33,34] as a theoretical framework.
Their findings underline the importance of social presence as a literacy for learning—in any
modality—and the need to provide mental health support for students. Their respondents
frequently invoked a lack of face-to-face, social, and real interactions, and they linked this
to increased screen time, exhaustion, and a lack of interest and motivation for learning.
Similarly, Bączek et al. [36] conducted a survey to investigate the perceptions of online
learning among Polish medical students eight weeks after the move to online learning.
The main disadvantages of online learning evoked by their respondents included a lack
of interactions with patients, technical problems, reduced interactions with the teacher,
a lack of self-discipline, and social isolation. In educational areas involving significant
professional practice, such as medical studies, a lack of direct contact with the professional
environment is a major disadvantage. Furthermore, results from a comparative study
showed that medical students are more dissatisfied with online courses than students in
other degree programmes [37]. In another study, Dung [38] also identified extensive time
staring at digital screens, a lack of body movements, a lack of conditions for developing
social interaction skills, fear of online assessment, concentration loss, and a lack of peer
interaction in virtual classrooms. Almendingen et al. [39] conducted a study examining
Norwegian students’ experiences of the sudden shift to online teaching during lockdown.
Their results showed that 75% of students reported that their life had become more difficult
and 50% felt that learning outcomes would be harder to achieve at two weeks after moving
to online teaching.

Moreover, students in remote areas found online learning to be less efficient than face-
to-face learning because they do not have the appropriate communication networks and
infrastructure required to follow online learning [40]. Other studies also described broad-
band connectivity issues in rural areas as a significant challenge for students to make use
of online learning initiatives [41]. These results suggest that the shift from in-person classes
to online learning increased the social class achievement gap, exacerbating social class
academic disparities [42], and favoured learners whose personalities were characterised
by high levels of agreeableness, conscientiousness, and openness to new experiences [43].
Telyani et al. [44] investigated the perceptions of Cypriot teachers regarding the sudden
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shift from in-person classes to online teaching, specifically regarding the main challenges
of online learning during the COVID-19 pandemic. The most frequently invoked chal-
lenges among the 20 interviewed teachers focused on students’ behaviours such as reduced
interaction, not engaging in solving problems, not answering questions, reduced task
completion, decreased attendance, lowered engagement, and reduced performance [44].
Likewise, Biwer et al. [45] reported that during the period of online learning, students felt
less able to focus their attention and invest as much time and effort in self-study as in the
pre-pandemic period. Effects on mental health were also highlighted. For example, college
students faced increases in anxiety, loneliness, and depression [46,47]. The increases in
stress, anxiety, and depressive thoughts among students were caused by fear and worry
about their own health and of their loved ones, difficulty concentrating, disruptions to
sleeping patterns, decreased social interactions, and increased concerns over academic
performance. Physical health problems, such as headaches, were also reported as a result
of prolonged screen exposure [48].

How did the abrupt adoption of online learning during the pandemic period affect
students’ academic performance from various levels of education (primary school to
university)? The change had both positive and negative effects on academic performance.
In general, however, the effects were rather negative and were influenced by various
factors such as age (or level of schooling), previous learning experience, and learner
characteristics. In a systematic review, Hammerstein et al. [49] highlighted the negative
effects of school closures on student achievement (or test scores) on mathematics, reading,
and other subjects from primary and secondary education, showing a stronger impact on
younger students and those from a lower socio-economic status. Other studies showed
that online learning outcomes were influenced by factors such as learner characteristics,
perceived usefulness, course content and design, ease of use, and faculty capacity. Of these,
learner characteristics, e.g., proactiveness, self-study ability, and compliance, are the most
important factors [50]. The academic results of students who attended at least one academic
year of face-to-face learning before the outbreak of the pandemic were better than students
who started their studies online [51]. In another study on K–12 students, low-performing
students showed greater improvements in performance than high-performing students,
suggesting that online learning had different effects and narrowed the gap between low-
and high-performing students [52].

Furthermore, in a study conducted before pandemic, Broadbent and Fuller-
Tyszkiewicz [53] identified five distinct profiles of self-regulated learning: minimal regu-
lators; restrained regulators; calm, self-reliant, and capable regulators; anxious, capable
collaborators; and super-regulators. The minimal regulators represent the least adaptive
profile, which is characterised by the lowest motivation and self-regulated learning strate-
gies, anxiety, lesser activity organisation, the lowest level of critical thinking, and lacking
confidence in their study abilities. Super-regulators have the highest degree of adaptation.
They tend to set the highest grades goals and have the highest levels of time management
and organisation, effort regulation, metacognition, critical thinking, and confidence in their
study abilities [53].

Similarly, Biwer et al. [45] identified four student profiles according to the reported
changes in their resource-management strategies during online learning in pandemic: the
overwhelmed, the surrenderers, the maintainers, and the adapters. The overwhelmed
refers to the students who are less able to regulate their resources and have difficulties
with attentional regulation, effort regulation, and time management. The surrenderers face
similar difficulties as the overwhelmed in terms of attention, effort, and time management,
but they also invest less effort and time in their self-study. The maintainers differ from
the others only by a relatively small increase in effort and time investment. Finally, the
adapters are characterised by the efficient management of attention, effort, and time, being
more motivated in the new situation. Ishimaru et al. [54] studied the adaptation features
of university students exposed to fully online education during COVID-19 pandemic,
especially engagement and stress. The authors identified three groups of students: school
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adaptation, school maladaptation, and school over-adaptation groups. The first group
presented the lowest level of mental health problems (fatigue, anxiety, and depression),
and the last group experienced the highest level of mental health issues, except for fatigue.
The over-adaptation group generally consisted of older female students who considered
online education to be less beneficial and had shorter total sleep time on weekdays and
longer total sleep time on holidays [54].

Despite numerous challenges, students identified some advantages or positive effects
of online learning. The most frequently evoked were flexible schedules and convenience,
comfortable environments, and enhanced technical skills [41]. Others reported advantages
include the ease of sharing educational materials, effective access to study resources,
updated learning materials, and flexibility in time and space [55–57]. Further studies also
mentioned protecting one’s health and ensuring the community’s safety, saving travel time,
exposing one to new forms of learning, keeping up with the original plan of the semester,
having extra time for self-study, and easy access to online resources [38,58], as well as the
ability to stay at home, continuous access to online materials, the opportunity to learn at
one’s own pace, and comfortable surroundings [36].

4. Method

4.1. Participants

In this study, the convenience sample included 209 undergraduate and postgraduate
students in Psychology, Biology, and Languages from the Alexandru Ioan Cuza University
of Ias, i, Romania (N = 188 females), aged between 19 and 52 years old (M = 22). Among
the participants, 204 of them attended at least two full semesters of online learning during
the COVID-19 pandemic, and 5 of them only attended one semester; 193 students did not
experience online learning before, while 16 experienced this form of learning on previous
occasions (e.g., independent distance learning programmes). Following the measures
to prevent the spread of COVID-19 infection [59], Romanian universities, including the
Alexandru Ioan Cuza University of Ias, i, decided to organise teaching activities predom-
inantly online from April 2019, towards the end of the 2019–2020 academic year. At the
beginning of the 2020–2021 academic year, most faculties moved their teaching activities
exclusively online, with 95% of the students involved in this form of learning [3].

Prior to the pandemic period, teaching activities at the university were carried out in
the traditional face-to-face format for students enrolled in full-time education and included
lectures, tutorials, practical labs, and seminars. Prior to the pandemic, the university’s
e-learning platforms and other digital tools were mainly used for students enrolled in
independent distance learning and for posting learning resources and asynchronous com-
munication. Synchronous online activities carried out before the pandemic were limited
to videoconferences, video meetings for national and international collaborations, and
one-to-one mentoring/supervision activities.

During the COVID-19 pandemic, the participants involved in this study attended
all their lectures, tutorials, and mentoring activities exclusively online. Only a small
part of their practical labs required a hybrid approach. More specifically, Psychology
and Language students attended all teaching activities exclusively online, while Biology
students carried out a small part of their practical labs in face-to-face mode with very
strict social distancing measures in place. Online teaching was officially carried out us-
ing the Cisco Webex, Microsoft Teams, and Moodle digital platforms. Some academics
also used other applications such as Zoom, WhatsApp, and Google Suite in addition to
those agreed upon by the University management. Cisco Webex allows for synchronous
online teaching via video meetings in various forms, such as one-to-many (e.g., lectures),
many-to-many (e.g., debates), one-to-one (mentoring), breakout room/sessions (e.g., group
discussions or labs activities), and chat communication. Microsoft Teams and Moodle
provide options for asynchronous learning in addition to the online video classes (e.g.,
course materials, forums, class assignments, and course calendar).
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4.2. Procedure

The Ethics Committee of Faculty of Psychology and Educational Sciences, Alexan-
dru Ioan Cuza University of Ias, i, approved the study. Participants were provided with
an information sheet that contained a full description of the study and details about
anonymity, data confidentiality, and their right to withdraw from the study. After partici-
pants signed the consent form, they filled in an online Google Forms questionnaire consist-
ing of the five items described below and a few questions related to socio-demographic
variables. The questionnaire was followed by a short debrief. Data were collected in June
2021 at the end of Semester 2 of the academic year.

4.3. Measures and Instruments

(1) Free association task

The free association task is a method widely used to collect data about the content of
a social representation [60–62]. The free association task allows researchers to identify the
latent dimensions defining the structure of the semantic universe of the social object being
studied. It consists of associating words or expressions with a stimulus word or expression
corresponding to the object of representation. In this study, participants were asked to
write down the first five words/expressions that came to their mind when they heard the
stimulus expression-word “Online learning”.

(2) Advantages of online learning

Participants were asked to list five advantages of online learning (From my perspective,
the advantages of online learning are . . . ).

(3) Disadvantages of online learning

Participants were asked to list five disadvantages of online learning (From my perspec-
tive, the disadvantages of online learning are . . . ).

(4) Suggestions for improvement

Participants were asked to provide three suggestions, based on their online learning
experience during the pandemic, for improving the quality of the academic activities delivered
online (To improve the quality of the academic activities delivered online, I recommend . . . ).

(5) Personal experience depicting online learning

Participants were invited to describe a significant event experienced during the
pandemic and associated with their online learning experience (Describe, in 10–15 lines,
a personal experience—a situation, an event—related to online learning).

(6) Socio-demographics

Participants were asked to provide socio-demographic information concerning their
age, gender, years of study, field of study, and number of semesters they attended online.

4.4. Data Analysis

All data were analysed using a thematic analysis (TA) method [18,60,63–67]. TA
is based on a process of generating or identifying themes, subthemes, and interconnec-
tions between themes and subthemes [63,65]. A theme represents “a specific pattern of
meaning found in the data” [60] (p. 209) that “captures something important” about
their relation to the research question [18] (p. 82). Themes and subthemes are obtained
from codes, the smallest components of the analysis, by collapsing or clustering them [63].
Codes are “building blocks” for themes and “patterns of meaning” [66] (p. 297) shared by
research participants.

We chose this approach because it corresponded to the objectives of our research
and has multiple advantages. Firstly, the collected data were qualitative and TA is one of
the most used methods for managing and interpreting this type of data. TA can be used
to process data from various sources such as interviews, focus groups, and newspaper
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articles [65], diaries, discussion forums, story-based methods (vignettes or story-completion
tasks) [67], open-ended responses to questionnaire items, video, images, essays, and free
associations [60]. As stated in the previous section, we used two different techniques
of data collection, i.e., free associations and open-ended questions, to ensure a greater
data diversity and in-depth analyses. Secondly, we chose TA because it is a tool “un-
bounded by theoretical commitments” [66] (p. 297) and a methodological perspective
usually used in exploratory research. TA is an excellent tool for identifying, describing,
and interpreting people’s experiences in relation to an issue, their views and perspectives,
current practices/behaviours, and shared representations of an object of social interest [68].
Thirdly, TA is a flexible method of qualitative data analysis that can be conducted in sev-
eral ways [18,63,67], depending on the research objectives. This feature of the analysis
allowed us to treat the data in two different ways, which we describe below, based on some
methodological decisions [18,67].

4.4.1. Inductive and Deductive Analysis

In our research, the first objective was to explore the views and the perspectives of
students about online learning (items 2 to 4). To process this type of data, we opted for
a thematic analysis characterised by alternating the deductive and inductive approaches.
Therefore, we based our work and questions on previous experiences and findings in this
area. Similarly, to identify and name our codes, themes, and subthemes, we used findings
from previous studies. In this sense, the analysis can be regarded as deductive. At the same
time, the inductive approach was also used because most of the components of the analysis
emerged from the data through a bottom–up approach.

4.4.2. Inductive Analysis

The second objective of our research was to identify, describe, and interpret the
structure of students’ representations of online learning using the data obtained from the
free association task (item 1). The third objective was to explore the emotional experiences
described by participants in relation to an event associated with online learning (item 5).
All data was analysed using an inductive approach—conducted exclusively “bottom–up”—
without theoretical inferences [63].

5. Results

Results were organised in tables, each table containing all the themes and subthemes
resulting from the analysis of data obtained from each single item/task.

5.1. Free Association Task

By analysing data from the free association task (item 1), we were able to extract the
structure of the online learning representation they shared. We identified eight main themes
at an early stage of the analysis. After reviewing and refining these themes, we retained
three of them: Negative, Positive, and Neutral aspects of online learning. Themes such as Mental
health and Psychological wellbeing, Physical health and Medical issues, and Technical
were included in a more comprehensive theme called Negative aspects concerning online
learning. Table 1 presents the themes and subthemes extracted from the free association
task (Item 1).

The first theme refers to negative aspects perceived by students and is the richest in
content. Given that online learning was not an option freely adopted by the students, the
elements associated with this theme must be judged in the light of the social and medical
context of this period. Not surprisingly, psychological wellbeing was affected, with students
experiencing increased levels of stress and anxiety, a lack of concentration, and exhaustion.
This may be due to the novelty of the situation, lack of preparation, lack of an adaptation
period, and the adoption of new teaching/learning strategies, all of which increased the
degree of difficulty in completing academic tasks. Additionally, the prolonged exposure to
screens (sometimes up to 10 h a day) led to fatigue, reduced interest, and medical problems
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such as backpain, headaches, and eye pain. Furthermore, since all teaching materials and
activities had been prepared for face-to-face learning, academics transferred all contents to
online learning without any adjustment since they lacked the time to do so. This can also
explain some of the students’ negative experiences with online learning.

Table 1. Themes and subthemes defining participants’ free associations with online learning.

Themes and Subthemes

1. Negative aspects concerning online learning
Stress, low levels of motivation, isolation/loneliness, low levels of focus and attention, experience
of negative emotions, tiredness, exhaustion, frequent backpain or head and eye aches, lower
quality of academic experience, additional academic tasks, monotony/boredom, lack of
organisation, difficulties in understanding academic tasks, lack of preparation, difficulties
with connectivity, loss of internet connection, and power cuts

2. Positive aspects concerning online learning
Working from the comfort of one’s home, no traffic, saving time and money, spending
more time with the family, multitasking, personal development, personal change,
opportunity, challenge, novelty, progress, and creativity

3. Neutral aspects concerning online learning
Online lectures, virtual learning environment, online teaching platforms, oral online
presentations, online tests and exams, internet, technologies, and online devices

The positive aspects are represented in the students’ free associations by two major
areas of interest. The first refers to savings (e.g., time, money, and resources), which would
not be possible when conducting face-to-face learning. The other area refers to personal
opportunities (e.g., challenges, openness to novelty, change, and development). At the
borderline between these areas, we noticed a subtheme, multitasking. Being home allowed
students to multitask while attending online lectures, e.g., listen to their lectures while also
surfing the internet, collecting information about the lecture topics, or attending to other
personal issues. Some participants mentioned being able to take care of their children or
other family members.

The third theme comprises data that we considered neutral. It includes discourse about
new teaching activities and contents, the adoption of new technologies and concepts. These
mentions were not accompanied by positive or negative evaluations.

5.2. Advantages of Online Learning

The analysis of the benefits of learning from the students’ perspective revealed the
following main themes: Comfort and accessibility, Economy (time and money), and Safety
(psychological and medical) (see Table 2). Initially, we had a larger number of themes;
however, we reduced them to three. For example, Saving time, Family time, Saving money,
Avoiding traffic, and Multitasking were all integrated into one theme, Economy (time
and money).

As can be seen in Table 2, some of the advantages mentioned by students were also
found in the previous analysis of their free associations (see Table 1). This repetition—
which was anticipated during the elaboration of the questionnaire—is not redundant or
unnecessary for our thematic analysis. On the contrary, it reinforces the results, as we
discovered identical or similar data obtained through two different tasks that participants
completed. For example, economic advantages were mentioned both here and in the free
association task. While these advantages were included as subthemes within the Positive
aspects of the previous analysis of the free associations, in this analysis, they constituted
one of the main themes, Economy.

As a main theme for advantages, Comfort and accessibility includes subthemes related
to the possibility of staying home within a familiar environment while accessing learning
materials and activities that were difficult to use pre-pandemic without going to the
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university. Familiarity with one’s own living space and a lack of dependence related to
location and distance seem to be the defining characteristics of this theme.

Table 2. Themes and subthemes defining the advantages of online learning as perceived by students.

Themes and Subthemes

1. Comfort and accessibility
Commodity, physical comfort, familiar environment, online participation, mobility, high
accessibility, online resources, more opportunities for synchronous and asynchronous materials,
more teaching resources, timetable flexibility, freedom to organise one’s personal time, faster and
more efficient communication, feedback, problem solving, and higher attendance to classes

2. Economy (time and money)
More free time, saving time, saving money, having more time to engage in other activities,
more time to spend within one’s family, avoiding public transportation, no delays due to
the use of public transportation, having a job, and multitasking

3. Safety (psychological and medical)
Trust, peacefulness, reduced anxiety, and stress due to face-to-face interactions; less
discrimination; less bullying; reduced competitiveness; openness; tolerance; empathy;
relaxation; low risk of COVID-19 infection; and sanitary safety

The third theme, Safety, refers to students being able to control their levels of anxiety,
stress, and mistrust that were triggered by face-to-face learning. One could argue that online
learning has helped some of the students to overcome psychological issues such as the ones
previously mentioned. Online learning is also linked to lower levels of competitiveness,
discrimination, and bullying. We also observed some mentions about reductions in the risk
of COVID-19 contamination; however, these mentions were quite scarce. An explanation
may be related to the medical discourse in the media, in which younger people were
frequently associated with a lower risk of infection compared to older people.

5.3. Disadvantages of Online Learning

The main themes regarding the disadvantages of online learning refer to Health and
psychosocial problems, Learning process problems, Technical problems and low digital abilities, and
Discrimination (see Table 3).

Table 3. Themes and subthemes defining the disadvantages of online learning as perceived
by students.

Themes and Subthemes

1. Health and psychosocial problems
Stress, anxiety, lack of focus and attention, lower motivation levels, apathy, boredom, lower work
efficiency, tiredness, exhaustion, high levels of screen exposure, back pain, head and eye aches,
lack of social contact and physical interaction, lack of face-to-face communication, and loneliness

2. Learning process problems
Lack of challenge, low levels of accountability, disengagement, unfriendly learning
environment, lower efficiency and quality of teaching, monotony, misunderstandings,
disorganisation, lack of feedback, additional academical requirements, higher expectations
from lecturers, improper evaluations, academics are unfamiliar with online assessments,
high level of suspicion regarding plagiarism intentions/behaviours, lack of appropriate
study spaces (home), lack of intimacy, and noises

3. Technical problems and low digital abilities
Unstable internet connection, power cuts, lack of adequate technology, and low
knowledge and skills to use virtual learning environments and technologies
associated with online learning among academics and students

4. Discrimination
Disadvantage for those without digital skills, disadvantage for those without
technological equipment, and disadvantage for those who are less assertive.
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Firstly, we should note some overlap between the Health and psychosocial problems and
Technical problems and low digital abilities themes identified here and the Negative aspects
theme drawn from the free association data (see Table 1). In the context of the disadvantages
of online learning, the Technical problems and low digital abilities theme draws attention to
the users’ digital skills. Although the university organised various courses for the use of
online learning platforms, students struggled with unstable internet connections, power
cuts, a lack of adequate technology, screen blocking, etc., which required more extensive
knowledge, experience, and ability to improvise (in addition to initial technical training) to
find innovative solutions.

The content of the second theme, Learning process problems, mostly speaks for itself,
though some clarifications are necessary. One of the main disadvantages of online learning
mentioned by students refers to assessment methods. To avoid plagiarism and compensate
for the lack of face-to-face interactions in continuous assessments during the semester,
academics introduced additional or new types of assessments (homework, projects, etc.).
These new types of assessments were associated with increased levels of stress, anxiety,
and fatigue among students. Furthermore, some of the subthemes found here were linked
to the ones included in the Comfort and accessibility theme drawn from the analysis of
the advantages of online learning (see Table 2). While students enjoyed the comfort of
their homes, the presence of other family members or colleagues (such as roommates and
flatmates) was noted as significant distractions from learning. Thus, students invoked
a lack of appropriate study spaces (home), a lack of intimacy, and being exposed to noises
as having negative consequences of their learning experiences.

Finally, the last theme about the disadvantages of online learning refers to Discrimina-
tion. Online learning seems to have disadvantaged those with fewer financial resources
(who cannot purchase high-performance electronic devices or pay for a high-speed in-
ternet subscriptions) and those with specific personal characteristics (high anxiety, low
assertiveness and initiative, older, and low digital skills).

5.4. Suggestions to Improve Online Learning

Four themes were identified here: Suggestions for the learning process, Suggestions for
lecturers, Suggestions for learners, and Suggestions for improving communication and interpersonal
relations (Table 4). Some initial themes, e.g., Lectures and Tutorials, Lecturers’ engagement,
and Change of teaching approach, were reorganised into a broader theme, Suggestions for
the learning process.

Table 4. Themes and subthemes reflecting student’ suggestions to improve online learning.

Themes and Subthemes

1. Suggestions for the learning process
Reducing number of students per teaching activity, reducing numbers of academic activities and
assessments, better organisation, more course handbooks available online, detailed handbooks
and supporting materials for each course, reducing risks of plagiarism, unique online teaching
platform for all faculties in the university, more complex online teaching platform, returning to
the traditional teaching approach, and introducing a blended learning approach

2. Suggestions for lecturers
Change of teaching approach, interactive/attractive lectures, more professional
development for academics, higher involvement, and more empathy towards
students going through difficult situations

3. Suggestions for learners
Counselling and wellbeing, academic skills support, additional resources
for disadvantaged students, and higher involvement on behalf of students

4. Suggestions for improving communication and interpersonal relations
Patience/calm, seriousness/responsibility, and
understanding others and openness to communication
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Most suggestions were directed towards improving the learning process. Some of these
suggestions concerned administrative or organisational aspects of online teaching such
as reducing the number of students per group and/or per learning activity, reducing the
number of teaching hours, and reducing the number of activities and assessments. Another
problem reported by students was the simultaneous use of several online platforms. For
example, a student enrolled in courses offered by different faculties had to work with four
or five different virtual learning platforms. To increase learning efficiency, participants
suggested the use of a single online platform for the whole university.

The other two themes include suggestions focussed on academics and students. Aca-
demic staff are expected to improve the quality of the lectures (in particular, the attrac-
tiveness of the presentation and professionalism in online conditions), and students are
expected to be more pro-active in order to increase the effectiveness of learning. Finally,
the last theme focussed on improving the quality of the interactions and communication
between academics and students by showing mutual understanding and empathy.

5.5. Online Learning Experiences

The data obtained from exploration of students’ emotional experiences of online
learning (item 5) formed the basis for identifying a typology of experiences. To better
capture the subjective and integral nature of the analysed experiences, we chose to present
the results by describing the main themes and accompanying them by extracts from
the participants’ responses. The most significant personal events experienced during
COVID-19 were organised around four main themes: Positive, Negative, Ambivalent, and
Transformative experiences.

5.5.1. Theme 1: Positive Experiences

The first theme generated from the data, Positive Experiences, included a variety of
experiences that were emotionally intense or associated with complex emotions, such as
satisfaction, interest, inspiration, joy, elevation, enthusiasm, and optimism. For example,
one of the participants reported experiencing gratitude: “I taught myself how to use new
technologies ( . . . ). This represented a huge personal success. Thanks to the skills I learned online,
I was able to do better assignments for my courses as well as better entrepreneurial projects. I
feel quite grateful for having had this opportunity.” (F, 21) (The letter in brackets indicates the
participant’s gender and the number represents the participant’s age). Another participant
reported joy in being able to more easily express their opinions and satisfaction with using
the platforms: “As an introvert, I really enjoyed online teaching, it was easier to express my
opinion. (...) For me, online learning was much enjoyable than face-to-face.” (F, 22).

Positive experiences are about not only emotions but also the possibility of personal
development. For example, one subtheme of positive experiences is opportunities that
were available to them due to online teaching (e.g., attending extra-courses, participating
at online conferences, and participating at book launches)—opportunities that would
otherwise have been impossible/inaccessible for them: “(...) I was able to attend conferences,
projects, seminars, to which I do not normal have access. The move to online teaching made attending
specific events more accessible.” (F, 21). “I had the opportunity to attend an online conference (...).
But for online learning and using online platforms of interaction, some events and meetings with
external experts wouldn’t have been possible, or might have been more difficult to organise. As
such, online learning facilitated the interactions with professional experts from different places.”
(F, 20). Online learning facilitated students’ development of their digital skills: “My online
presentations were much more efficient as opposed to the ones I previously did face-to-face because I
had more scientific resources which were available directly on my computer.” (F, 22).

Reducing anxiety and shyness was another subtheme mentioned here. Students
who identified as being introverted or socially shy said that online learning helped them
to overcome these issues. Being in the comfort of their own homes created a feeling of
safety and boosted their self-esteem. Two participants reported the following: “Being
a shy individual, in-person exams always made me anxious, no matter how much I revised for the
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exams. I would feel sick to my stomach, nauseous, and very anxious. Take-home exams made me
feel comfortable and calm, I was more focussed, my anxiety levels decreased.” (F, 21). “Face-to-face
learning made me feel shy and less involved, when we started online classes, I started being more
confident and feeling safer.” (F, 20).

5.5.2. Theme 2: Negative Experiences

The second theme, Negative experiences, refers to a lack of social interactions (e.g.,
a lack of physical interactions, a lack of face-to-face communication, a lack of non-verbal
communication, and a lack of engagement from both students and academics). Cameras
being off generated a lack of nonverbal feedback that caused communication difficulties:

“(...) face-to-face communication provides information about the student, their nonverbal behaviour
(posture, gestures). Unfortunately, most of the students have their cameras off during online
learning, therefore it is difficult to get any non-behavioural feedback.” (F, 22). “(...) I was the only
student to have my camera on. I did my presentation and there was no feedback, I could only see
the professor’s camera on (...). It was a very difficult presentation; given that I couldn’t see my
colleagues’ faces, I didn’t know on which aspects of my presentation I should focus or not.” (F, 20).

Some participants regretted the lack of face-to-face communication and felt that this
affected the quality of their learning despite the academics’ efforts to overcome this: “I miss
face-to-face interaction.” (F, 22). “Online learning is not as efficient as face-to-face learning because
it lacks interaction which is extremely important.” (F, 21). “(...) I believe online teaching will never
successfully replace face-to-face teaching... It is extremely painful to see professors trying their best
to make online teaching interactive facing the lack of feedback and interaction. I believe professors
are currently experiencing a state of confusion in their teaching approach.” (M, 20).

Other participants talked about the high levels of stress, exhaustion, and anxiety
experienced during this time: “My levels of anxiety and stress have increased. Sometimes, I’m
struggling to communicate with people around me. Being a student is not only about learning
but also about interacting with others.” (F, 21). “( . . . ) anxiety was one constant issue that I
experienced during online learning.” (M, 21). “I believe one of the things that marked my entire
experience during this time was the lack of peer interaction. I used to be quite shy when doing oral
presentations but since we moved to online learning, this has become even worse, and I believe it
is because of the lack of interaction with my peers. During my oral presentation I felt my heart
pounding, my mouth was dry, and I had difficulties speaking. I think the lack of physical contact
with my peers and professors (...) accentuated my social anxiety.” (F, 20).

Among negative experiences, students also mentioned their confrontation with techni-
cal problems, e.g., poor performance of personal computers, broadband issues, power cuts,
and difficulties in accessing learning platforms. These difficulties generated strong negative
emotions such as a lack of empathy, frustration, fear, aversion, and anxiety, especially when
they were associated with exams or assessments. The following two stories are illustrative
of this point: “One of the most stressful experiences (...) was an exam during which I lost my
internet connection and (...) it took quite a while to get back online and be able to send my exam
answers. It feels that academics are not very empathetic with these kinds of situations, particularly
when we can’t do anything about it. (...). It seems unfair to be penalised for circumstances that
do not reflect our knowledge but rather the technological equipment that we possess. At the same
time, I also try to understand my professors’ position who can’t confirm whether we have or not
the necessary equipment (...). I suppose it is difficult to manage these kinds of situations and make
sure everyone is happy” (F, 20). “I was unable to intervene during some classes because of the high
number of students that were connected, the online platformed crashed. Even more so, my laptop
and smartphone are not very performant which meant that I couldn’t use my camera and I was told
that I couldn’t attend the exam unless I put the camera on (...).” (F, 22).

Some students mentioned experiencing physical issues such as sedentarism, headaches,
back pains, and eye problems: “(...) after sitting in front of the computer for hours, I have
headaches which sometimes can last for hours. I feel that my eyesight has worsen.” (F, 20).
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5.5.3. Theme 3: Ambivalent Experiences

This theme refers to some experiences described as ambivalent in terms of both the
emotions and meanings attributed to them. While participants recognised that online
learning is necessary and offers numerous opportunities for personal development (e.g.,
the pleasure of acquiring new knowledge or the satisfaction of overcoming personal limits),
they also associated online learning with negative emotions, such as a fear of the unknown,
anxiety about their own academic performance, and feeling a lack of social support: “I
was fine (...), I had more time for myself, to learn, to grow (...) There were some negative effects
among which stress and anxiety, (...) I miss physical interaction.” (F, 22). “I know face-to-face
interaction between students and academics is missing, but I feel that everyone adapted to the new
circumstances quite well.” (F, 25).

5.5.4. Theme 4: Progressive experiences

This theme included experiences related to a progress described by the participants,
from initially seeing online learning as a negative experience to seeing it as a more positive
experience later. As students became acquainted with online learning, their experience with
it changed. Three excerpts from the students’ stories are relevant here: “My first experiences
with online learning were a bit bizarre. It felt weird not going to university, not talking to my
colleagues, seeing my professors only on my laptop. In time, I got used to it, it now feels weird
going back to campus. I can’t say I had any issues, on the contrary. I feel more confident doing oral
presentations now. Even so, I still miss face-to-face lectures.” (F, 21). “I remember, at the beginning,
don’t know why, I found it difficult to talk in front of my laptop. I had a constant feeling of talking
to myself, as if nobody else was there. I was surprised by this because I am a very chatty person.
Online learning made it difficult for me but in time I learned to adapt. I can stay that while it started
as something negative, it turned into something positive, I started to develop new skills (...) online
learning helped me develop new digital skills which I didn’t think it was possible to learn in such
a short time.” (F, 27). “In the beginning, it was difficult to do my courses online, but I soon adapted
to all the things associated with it: technology, online platforms, etc. I finally got used to it and I
now see it as an advantage as it saved me quite a lot of time.” (F, 41).

6. Discussion

The aim of this study was to provide a psychosocial analysis of the transition from
face-to-face learning to online teaching during the COVID-19 pandemic as experienced by
a sample of Romanian university students. Our findings suggested that moving from face-
to-face teaching to online learning during the COVID-19 pandemic was associated with
a wide range of beliefs and perspectives, behaviours, and affective experiences. To begin
with, we can argue that students’ representation of online learning, as seen from their free
association responses, was polarised; the semantic field of this representation was organised
around two major themes. Some elements have positive connotations and generally refer
to comfort, savings (time and money), challenges, and personal development, which is
consistent with previous findings [38,55,69]. Other elements have negative connotations;
students associated online learning with high levels of stress, low motivation, attention, and
focus, as well as with negative emotions such as feelings of isolation and loneliness. These
results are in line with previous findings [35,36,38,39,41,44,70]. Furthermore, emotional
and physical exhaustion, headaches, backpains, and eye problems were among the most
frequently invoked psychological and physical problems. The frequency of these issues
among our participants was rather low but comparable to similar studies [33,34,71–73].

Further analyses considered the advantages and disadvantages of online learning
and suggestions for improving the quality of academic activities. Firstly, students men-
tioned negative aspects such as a lower quality of higher education, monotony, boredom,
difficulties in understanding the courses (e.g., a lack of clarity, a lack of feedback, and
a lack of non-verbal behaviour), and improper space to connect from home. Other studies
reported similar findings, e.g., difficulties in hearing the voice of the instructors and in
acquiring the contents of the lessons [38], houses unfit for home-office purposes [39], poor
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learning conditions at home [36], and work–home interference [70]. Perceptions of a lower
quality of higher education can be explained by the reduced engagement of both teachers
and students, a lack of knowledge, and difficulties in using the appropriate technology. In
a similar study, lecturers expressed difficulties such as a lack of energy and reduced
performance while students invoked not engaging in solving problems, not answering
questions, reduced performance, and engagement, among others [44]. Furthermore, in
a study on students’ perceptions about online learning during the COVID-19 pandemic,
Almendingen et al. [39] reported an overall sense of reduced motivation and effort. Sec-
ondly, students reported a series of positive aspects such as comfort, commodity, avoiding
traffic, higher accessibility, saving time and money, psychological safety, and opportunities
for personal training and development. These results are in line with previous studies
that reported positive aspects of flexibility, remote learning, accessibility [69], comfort
and flexibility of space and time [55], saving travel time, and exposure to new forms of
learning [38].

Some of the themes invoked by our participants can be seen as both advantages and
disadvantages for online learning. For example, some students reported higher levels
of anxiety and stress during online learning, while others mentioned that their levels
of anxiety and stress became lower during online learning. For some, online learning
brought psychological safety, while others felts less safe. Some of the students reacted
more positively to the new situation; they adapted quite easily, focusing on its advantages
and overcoming its challenges. Others experienced more difficulties, associating online
learning with negative emotions, e.g., anxiety, shyness, and isolation. The shift from
face-to-face teaching to online learning did not agree with everyone. Previous studies
showed that online learning fits more with students exhibiting specific personality traits
and socio-demographic backgrounds [20,27–29]. Our study results suggest that online
learning provided an advantage for students already exhibiting digital knowledge, thus
confirming the hypothesis that the pandemic has deepened digital inequalities [74].

When asked about suggestions to improve the quality of higher education, the most
significant invoked suggestions referred to institutional management (e.g., reducing teach-
ing hours, reducing the number of assessments, and using better equipment and online
platforms). Other suggestions were focused on lecturers and referred to making online
teaching more interactive, providing higher engagement, and providing more detailed
course materials. Further suggestions included providing counselling and more support
for disadvantaged students.

While many of these aspects are positive, the dominant image of online learning is
a negative one. However, these negative perceptions are strongly linked with the develop-
ment of a global health pandemic and the restrictions that accompanied it such as multiple
lockdown periods. Firstly, our participants, as well as many students worldwide, were
forced into online learning because of national lockdowns regardless of their preferences.
The results might have been different had the students been able to choose between face-
to-face and online learning. Secondly, negative perceptions were probably also caused by
the way online lectures and tutorials were delivered during this period, namely through
synchronous video communication in all its forms—e.g., one-to-one, one-to-many, and many-
to-many [10]. This way of delivery has many advantages such as instructional tools, e.g.,
screen sharing, polling, chat, and breakout rooms. While some students appreciated these
features and showed higher engagement [75], most students expressed discontent, particu-
larly related to being forced to spend several hours per day in front of their screens, as seen
in other studies [38,76]. The desire to be engaged in academic activities and the interest
to explore new learning modalities were significantly diminished by psychological and
physical difficulties. A blended approach including both synchronous and asynchronous
learning activities might be the solution. This is in line with some of the suggestions made
by our respondents: reducing live online sessions and increasing the number of online
materials, e.g., asynchronous activities and recordings of live sessions. This would allow
students to revisit recorded live sessions at their own pace or consult recorded materials
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at convenient times. Finally, another potential cause for these predominantly negative
perceptions was the sudden shift—without any previous training—from traditional face-to-
face teaching to online learning. Both students and lecturers were unfamiliar with virtual
learning environments and associated learning platforms, and they were not ready for the
academic demands of online synchronous learning, e.g., increased engagement, creating
online communities, and a sense of belonging, as well as other social activities delivered
online. The emergence of the pandemic and the need to teach almost exclusively online
found the academic community insufficiently prepared for such an experience. Although
lecturers had access to training opportunities, e.g., learning how to use virtual learning en-
vironments and platforms delivering online lectures and tutorials, they were not prepared
for the human component of online learning, e.g., teaching presence, cognitive presence,
and social presence, which are essential aspects of remote blended learning [33,34,71,72].
Online learning includes a series of skills regarding the development of teaching
presence, e.g., direct instruction, instructional management, and building understand-
ing [72]. The development of teaching presence is essential because it contributes to the
development of other dimensions such as cognitive and social presence [77] and signif-
icantly corelates with student learning outcomes [78]. The lack of previous knowledge
about remote blended learning led to a low level of teaching presence among teachers and
academics that, in turn, led to perceptions of low social presence and a poor quality of the
overall academic experience. These were followed by technical issues (e.g., poor internet
connection, power cuts, and poor technical resources) that impacted media naturalness [31].
This might partially explain the reported physical and psychological problems (e.g., tired-
ness, exhaustion, and stress) caused by the high cognitive load and the extra mental effort
required to assimilate the often-monotonous contents delivered online [9].

The themes drawn from our data support the identification of three categories of
students in terms of their complex reactions to online learning. When analysing the data
provided by each participant regarding all five tasks, we observed consistency between par-
ticipants’ representation of online learning, their views, perspectives, and affective polarity
of the experience. These results allowed us to describe the three distinct groups of partic-
ipants according to their adaptation to online learning: the most adapted, the least adapted,
and the uncertain groups. The first group included the most adapted, as their representation
of online learning was dominated by positive elements and their associated experiences
had a rather positive affective tone. These students reported feeling comfortable in the new
situation, having favourable opinions and attitudes towards online learning, effectively
reacting to learning tasks, having better digital skills, and finding new opportunities and
challenges. A second group of students were characterised as least adapted. Their views
and perspectives were generally unfavourable to online learning, and their associated
experiences had a rather negative affective tone. They reported higher levels of stress,
anxiety, and loneliness and lower levels of academic effectiveness. Several students in this
group mentioned exhaustion, headaches, and back or eye pain. Students in the uncertain
group did not yet have clear views about online learning, their emotional experiences being
characterised by ambivalence. While they recognised that online learning has numerous
academic opportunities and possibilities for personal development, they expressed high
levels of stress, anxiety, and exhaustion. They reported being engaged in a struggle to adapt,
where the stakes were academic performance and wellbeing and the path required them to
overcome their own limitations. These limitations seem to be linked to certain personality
traits, a lack of digital skills, and the use of ineffective self-regulation strategies during
a period when time and other resource management was essential. This possible typology
is, to some extent, consistent with typologies originated from previous studies [45,53,54].

7. Conclusions, Limitations, and Recommendations

The global COVID-19 health pandemic forced universities worldwide to swiftly
change their ways of teaching and adopt online learning. Academics increased their
efforts to make sure that the quality of their teaching was not impacted by this change while
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creating a feeling of normality within the new online environment. Similarly, students
made significant efforts to adapt to the new changes and continue their education. Despite
their increased efforts, academics and students faced numerous challenges. A low online
social presence, in all its forms (e.g., sense of belonging and emotional connectedness),
was one of the most significant aspects invoked by our respondents. This was followed
by decreases in the learning quality and efficiency caused by the sudden move to remote
blended learning and the technical issues experienced by both teachers and students.

Some of our findings are worth discussing in relation to sustainable development, as
digitalisation and the introduction of online education on a large scale can be judiciously
used to solve economic, environmental, and social problems. Although the experience
of online learning during a crisis differs from planned online education [79], knowing
the perceived negative and positive effects, as well as relating personal lived experiences
in a local educational context with certain economic and social characteristics, can pro-
vide valuable information for the design of virtual learning environments. Outlining the
differences between adaptive and non-adaptive students—based on their perceptions of
online learning—draws attention to the need to narrow the inter-individual gap for sev-
eral dimensions (e.g., developing flexibility, socio-emotional, self-regulatory, digital, and
problem-solving skills) while considering the particularities of students’ own development
and the individual pace of adaptation to change.

This study highlights the possible decreases in the quality of teaching through pre-
dominant and prolonged online learning, as psychological and social wellbeing may be
affected (e.g., boredom and fatigue, decreased engagement and motivation, lower so-
cial presence, and naturalness of the social climate). The economic benefits of online
learning (e.g., saving time and money) mentioned in this study support previous findings
regarding the contribution of online learning to increasing access to education and narrow-
ing the gap between the rich and poor. However, in countries with low minimum income
and significant regional economic differences, online learning could be negatively im-
pacted by factors such as inadequate space to connect from home, poor internet connection
and electronic devices, unsuitable houses for home offices, and poor learning conditions
at home.

Online learning was investigated in a wide variety of quantitative studies during the
COVID-19 pandemic. Our study is unique as it looked at students’ perceptions using a qual-
itative approach, thus providing the opportunity to deepen and broaden our knowledge
about online learning in crisis situations. For example, while previous quantitative studies
identified the characteristics of the more adapted versus less adapted learners (e.g., [45,53])
our findings provide additional information on learners’ motivations, their personal affec-
tive experiences, and the psychological and medical issues that they encountered. These
findings will inform future quantitative studies looking into, e.g., the development of
new scales assessing students’ perceptions, and might represent the foundation for the
development of psychological or social interventions.

The current study had several methodological limitations. Firstly, the qualitative
approach makes it difficult to formulate scientific causal conclusions based on our results.
Secondly, the predominance of female participants primarily from the same university
restricts the generalisation of our results to a larger student population. Future studies
should investigate larger student samples equally distributed according to gender from
different universities across different regions. Thirdly, due to the qualitative nature of
the tasks presented to the students in this study, numerous respondents provided similar
answers for the different tasks.

Nonetheless, these findings allowed us to formulate some recommendations to en-
sure that the quality of the academic experience will not be impacted in the future when
online learning will be more frequently and systematically adopted than it was before
the pandemic. Among these, we recommend (1) using the same online platform—one
that offers a dynamic, interactive, and multifunctional learning environment (intuitive
user interface, streaming video, efficient online assessment tools, integrated collaborative
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tools, private and secure sessions, etc.) across departments and faculties; (2) modify-
ing the teaching timetable to make it more flexible (shorter live online sessions, longer
breaks between online live sessions, smaller groups for tutorials/practical activities, etc.);
(3) improving online materials (detailed course handbooks, additional asynchronous materi-
als, pre-recorded materials, recordings of online live sessions, etc.) and gradually migrating
towards a digitalised curriculum (see [80]); (4) providing technical and pedagogical train-
ing for teachers and students before introducing new systems or teaching approaches;
(5) providing pedagogical and psychological counselling to teachers and students during
critical periods; and (6) motivating teachers and students in order to develop a higher
online social presence. Some of these recommendations are similar to those proposed in
previous studies [38,42].
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Learning during the COVID-19 Pandemic: A Survey Study of Polish Medical Students. Medicine 2021, 100, e24821. [CrossRef]

37. Aivaz, K.-A.; Teodorescu, D. The Impact of the Coronavirus Pandemic on Medical Education: A Case Study at a Public University
in Romania. Sustainability 2022, 14, 542. [CrossRef]

38. Dung, D.T.H. The Advantages and Disadvantages of Virtual Learning. IOSR J. Res. Method Educ. 2020, 10, 45–48. [CrossRef]
39. Almendingen, K.; Morseth, M.S.; Gjølstad, E.; Brevik, A.; Tørris, C. Student’s Experiences with Online Teaching Following

COVID-19 Lockdown: A Mixed Methods Explorative Study. PLoS ONE 2021, 16, e0250378. [CrossRef] [PubMed]
40. Harefa, S.; Sihombing, G.L.A. Students’ Perception of Online Learning amidst the COVID-19 Pandemic: A Study of Junior, Senior

High School and College Students in a Remote Area. F1000Research 2021, 10, 867. [CrossRef] [PubMed]
41. Muthuprasad, T.; Aiswarya, S.; Aditya, K.; Jha, G.K. Students’ Perception and Preference for Online Education in India during

COVID-19 Pandemic. Soc. Sci. Humanit. Open 2021, 3, 100101. [CrossRef]
42. Goudeau, S.; Sanrey, C.; Stanczak, A.; Manstead, A.; Darnon, C. Why Lockdown and Distance Learning during the COVID-19

Pandemic Are Likely to Increase the Social Class Achievement Gap. Nat. Hum. Behav. 2021, 5, 1273–1281. [CrossRef]

142



Sustainability 2022, 14, 8138

43. Yu, Z. The Effects of Gender, Educational Level, and Personality on Online Learning Outcomes during the COVID-19 Pandemic.
Int. J. Educ. Technol. High. Educ. 2021, 18, 14. [CrossRef] [PubMed]

44. Telyani, A.E.; Farmanesh, P.; Zargar, P. The Impact of COVID-19 Instigated Changes on Loneliness of Teachers and Motivation–
Engagement of Students: A Psychological Analysis of Education Sector. Front. Psychol. 2021, 12, 4353. [CrossRef]

45. Biwer, F.; Wiradhany, W.; Oude Egbrink, M.; Hospers, H.; Wasenitz, S.; Jansen, W.; De Bruin, A. Changes and Adaptations:
How University Students Self-Regulate Their Online Learning during the COVID-19 Pandemic. Front. Psychol. 2021, 12, 642593.
[CrossRef] [PubMed]

46. Lee, J.; Solomon, M.; Stead, T.; Kwon, B.; Ganti, L. Impact of COVID-19 on the Mental Health of US College Students.
BMC Psychol. 2021, 9, 95. [CrossRef]

47. Alsoud, A.R.; Harasis, A.A. The Impact of COVID-19 Pandemic on Student’s e-Learning Experience in Jordan. J. Theor. Appl.
Electron. Commer. Res. 2021, 16, 1404–1414. [CrossRef]

48. Hashish, A.; Aly, E.; Baatiah, N.Y.; Bashaweeh, A.H.; Kattan, A.M. The Online Learning Experience and Reported Headaches
Associated with Screen Exposure Time among Saudi Health Sciences Students during the COVID-19 Pandemic. BMC Med. Educ.
2022, 22, 226. [CrossRef]

49. Hammerstein, S.; König, C.; Dreisörner, T.; Frey, A. Effects of COVID-19-Related School Closures on Student Achievement-
A Systematic Review. Front. Psychol. 2021, 12, 4020. [CrossRef] [PubMed]

50. Pham, T.T.T.; Le, H.A.; Do, D.T. The Factors Affecting Students’ Online Learning Outcomes during the COVID-19 Pandemic:
A Bayesian Exploratory Factor Analysis. Educ. Res. Int. 2021, 2021, 2669098. [CrossRef]

51. Mostafa, S.; Cousins-Cooper, K.; Tankersley, B.; Burns, S.; Tang, G. The Impact of COVID-19 Induced Emergency Remote
Instruction on Students’ Academic Performance at an HBCU. PLoS ONE 2022, 17, e0264947. [CrossRef]

52. Spitzer, M.W.H.; Musslick, S. Academic Performance of K-12 Students in an Online-Learning Environment for Mathematics
Increased during the Shutdown of Schools in Wake of the COVID-19 Pandemic. PLoS ONE 2021, 16, e0255629. [CrossRef]
[PubMed]

53. Broadbent, J.; Fuller-Tyszkiewicz, M. Profiles in Self-Regulated Learning and Their Correlates for Online and Blended Learning
Students. Educ. Technol. Res. Dev. 2018, 66, 1435–1455. [CrossRef]

54. Ishimaru, D.; Adachi, H.; Nagahara, H.; Shirai, S.; Takemura, H.; Takemura, N.; Mehrasa, A.; Higashino, T.; Yagi, Y.; Ikeda, M.
Characteristics of Adaptation in Undergraduate University Students Suddenly Exposed to Fully Online Education during the
COVID-19 Pandemic. Front. Psychiatry 2021, 1571, 731137. [CrossRef]

55. Khan, M.A.; Nabi, M.K.; Khojah, M.; Tahir, M. Students’ Perception towards e-Learning during COVID-19 Pandemic in India:
An Empirical Study. Sustainability 2020, 13, 57. [CrossRef]

56. Almahasees, Z.; Mohsen, K.; Amin, M.O. Faculty’s and Students’ Perceptions of Online Learning during COVID-19. Front. Educ.
2021, 6, 638470. [CrossRef]

57. Al-Alami, Z.M.; Adwan, S.W.; Alsous, M. Remote Learning during COVID-19 Lockdown: A Study on Anatomy and Histology
Education for Pharmacy Students in Jordan. Anat. Sci. Educ. 2022, 15, 249–260. [CrossRef]

58. Al Zahrani, E.M.; Al Naam, Y.A.; AlRabeeah, S.M.; Aldossary, D.N.; Al-Jamea, L.H.; Woodman, A.; Shawaheen, M.; Altiti, O.;
Quiambao, J.V.; Arulanantham, Z.J. E-Learning Experience of the Medical Profession’s College Students during COVID-19
Pandemic in Saudi Arabia. BMC Med. Educ. 2021, 21, 443. [CrossRef]

59. Măsurile Stabilite de Ministerul Educatiei Si Cercetarii Cu Privire La Reluarea Cursurilor. Available online: https://www.edu.ro/
m%C4%83surile-stabilite-de-ministerul-educa%C8%9Biei-%C8%99i-cercet%C4%83rii-cu-privire-la-reluarea-cursurilor (accessed
on 4 April 2022)

60. Joffe, H. Thematic Analysis. In Qualitative Research Methods in Mental Health and Psychotherapy: A Guide for Students and Practitioners;
Harper, D., Thompson, A.R., Eds.; Wiley-Blackwell: Chichester, UK, 2012; Volume 1, pp. 209–223.

61. Dany, L.; Urdapilleta, I.; Lo Monaco, G. Free Associations and Social Representations: Some Reflections on Rank-Frequency and
Importance-Frequency Methods. Qual. Quant. 2015, 49, 489–507. [CrossRef]

62. Lo Monaco, G.; Piermattéo, A.; Rateau, P.; Tavani, J.L. Methods for Studying the Structure of Social Representations: A Critical
Review and Agenda for Future Research. J. Theory Soc. Behav. 2017, 47, 306–331. [CrossRef]

63. Braun, V.; Clarke, V. Thematic Analysis. In APA Handbook of Research Methods in Psychology; Research designs: Quantitative,
qualitative, neuropsychological, and biological; Cooper, H., Camic, P.M., Long, D.L., Panter, A.T., Rindskopf, D., Sher, K.J., Eds.;
American Psychological Association: Washington, DC, USA, 2012; Volume 2, pp. 57–71.

64. Willig, C. EBOOK: Introducing Qualitative Research in Psychology; Open University Press: Berkshire, UK, 2013.
65. Howitt, D. Introduction to Qualitative Research Methods in Psychology, 3rd ed.; Pearson: London, UK, 2016.
66. Clarke, V.; Brown, V. Thematic Analysis. J. Posit. Psychol. 2017, 12, 297–298. [CrossRef]
67. Terry, G.; Hayfield, N.; Clarke, V.; Braun, V. Thematic Analysis. SAGE Handb. Qual. Res. Psychol. 2017, 2, 17–37.
68. Braun, V.; Clarke, V.; Weate, P. Using Thematic Analysis in Sport and Exercise Research. In Routledge Handbook of Qualitative

Research in Sport and Exercise; Smith, B., Sparkes, A.C., Eds.; Routledge: London, UK, 2016; pp. 191–205.
69. Mukhtar, K.; Javed, K.; Arooj, M.; Sethi, A. Advantages, Limitations and Recommendations for Online Learning during COVID-19

Pandemic Era. Pak. J. Med. Sci. 2020, 36, S27. [CrossRef] [PubMed]
70. Wang, B.; Liu, Y.; Qian, J.; Parker, S.K. Achieving Effective Remote Working during the COVID-19 Pandemic: A Work Design

Perspective. Appl. Psychol. 2021, 70, 16–59. [CrossRef]

143



Sustainability 2022, 14, 8138

71. Gunawardena, C.N.; Zittle, F.J. Social Presence as a Predictor of Satisfaction within a Computer-mediated Conferencing Environ-
ment. Am. J. Distance Educ. 1997, 11, 8–26. [CrossRef]

72. Garrison, D.R.; Anderson, T.; Archer, W. Critical Inquiry in a Text-Based Environment: Computer Conferencing in Higher
Education. Internet High. Educ. 1999, 2, 87–105. [CrossRef]

73. Yaseen, Q.B.; Salah, H. The Impact of E-Learning during COVID-19 Pandemic on Students’ Body Aches in Palestine. Sci. Rep.
2021, 11, 22379. [CrossRef]

74. Beaunoyer, E.; Dupéré, S.; Guitton, M.J. COVID-19 and Digital Inequalities: Reciprocal Impacts and Mitigation Strategies.
Comput. Hum. Behav. 2020, 111, 106424. [CrossRef]

75. Fadde, P.J.; Vu, P. Blended Online Learning: Benefits, Challenges, and Misconceptions. In Online Learning: Common Misconceptions,
Benefits, and Challenges; Lowenthal, P.R., York, C.S., Richardson, J.C., Eds.; Nova Publishers: Hauppauge, NY, USA, 2014;
Volume 2014, pp. 33–48.

76. Elfirdoussi, S.; Lachgar, M.; Kabaili, H.; Rochdi, A.; Goujdami, D.; El Firdoussi, L. Assessing Distance Learning in Higher
Education during the COVID-19 Pandemic. Educ. Res. Int. 2020, 2020, 13. [CrossRef]

77. Shea, P.; Bidjerano, T. Cognitive Presence and Online Learner Engagement: A Cluster Analysis of the Community of Inquiry
Framework. J. Comput. High. Educ. 2009, 21, 199–217. [CrossRef]

78. Shea, P.; Hayes, S.; Vickers, J. Online Instructional Effort Measured through the Lens of Teaching Presence in the Community
of Inquiry Framework: A Re-Examination of Measures and Approach. Int. Rev. Res. Open Distrib. Learn. 2010, 11, 127–154.
[CrossRef]

79. Hodges, C.B.; Moore, S.; Lockee, B.B.; Trust, T.; Bond, M.A. The Difference between Emergency Remote Teaching and Online
Learning. Available online: https://er.educause.edu/articles/2020/3/the-difference-between-emergency-remote-teaching-and-
online-learning (accessed on 28 April 2022).

80. Khoza, S.B. Exploring the Migration to a Digitalised Curriculum at UKZN. Educ. Sci. 2021, 11, 682. [CrossRef]

144



Citation: Lavicza, Z.; Weinhandl, R.;

Prodromou, T.; And̄ić, B.; Lieban, D.;
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Abstract: In this paper, we offer three examples from our research projects on both technological and
pedagogical innovations to illustrate the impact of rapid technology changes on research. Members
of our research team both developed and used technology applications in their research projects,
utilizing design-based research (DBR). During the experiments, we encountered new challenges by
the end of the research cycle due to updates in technologies. Although we had an idea of how to
redesign the project for the next cycle based on the analyses of data, we noticed that we needed to
not only redesign our approaches based on the research results but the changes in technologies were
so rapid that materials and pedagogies needed to be altered as well. In our article, we propose an
additional aspect to be considered in DBR while researching technology integration or innovative
technologies. Moreover, the rapid change in technology raises further challenges to teachers’ profes-
sional development and the integration of those innovative technologies in classrooms. We anticipate
our work to contribute to the development of technology resources and related pedagogies as well
as the refinement of research methodologies in technology environments. Our contributions for the
development of technology resources and refinement of research methods in technology-supported
learning environments should, among other things, contribute to a less complex and at the same time
more sustainable integration of pedagogical innovations into scientific and school practices.

Keywords: technological and pedagogical innovations; 3D printing; flipped classrooms; augmented
reality; steam education

1. Introduction

Numerous studies have shown that, with increasing regularity, digital technologies
are being integrated into STE(A)M (Science, Technology, Engineering, Arts and Mathe-
matics) education (see definition below), but these innovations do meet with a variety of
challenges [1,2]. These challenges include developing appropriate technologies, resources,
pedagogies, and, importantly, preparing teachers to be able to utilize technologies with new
teaching approaches [3]. Several studies focus on the various integrations of technologies
into current educational settings and some on the future potentials of new emerging tech-
nologies [4]. These experiences have deepened students’ understanding and boosted their
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confidence and enjoyment of engaging with mathematics and other science subjects [5–9].
Increasing students’ confidence and enjoyment in engaging with mathematics and other
science subjects should contribute to sustainable learning, according to [10]. In this context,
sustainable learning can be considered as, among other things, approaches that may focus
on elements related to learning processes rather than on accumulating knowledge. Based
on current research and the experience of developing STE(A)M education technology, the
Research Centre at Johannes Kepler University, Austria and the GeoGebra Development
Centre, together with an international cadre of colleagues, are experimenting and evaluat-
ing the potentials and innovations of educational technologies to address issues with these
technologies’ current and future uses in STEAM-related education. These issues include
addressing the growing emphasis on inter and trans-disciplinary learning environments,
connecting subjects more closely to the other disciplines within the STEM framework, and,
more recently, the inclusion of the Arts, (broadly, through a sense of design and creativity)
to develop teaching from STEM to STE-A-M transitions [11]. Developing pedagogies to
nurture skills, in particular creativity and critical thinking, that are increasingly identified
as necessary inclusions within the future of education [12]. Critical thinking by students
and teachers as well as pedagogies may transcend boundaries of subjects and are also
central elements of sustainable education [10]. Adopting, developing, and integrating
new innovative technologies, including the technologies of augmented reality, 3D-printing,
gamification, and adaptive learning, each integrated into the dynamic geometry environ-
ment known as “GeoGebra” [13]. Developing both off- and online teacher training courses
and resources that enable teachers to use technologies immediately and to consider how
digital innovations may be integrated into teaching in the future [14]. While a large number
of studies examine the acceptance of a particular digital technology by teachers, there
are only few studies aiming at investigating how teachers adapt to constant changes in
educational technologies.

Developing theoretical approaches to be able to better examine these issues. Within this
paper, we will focus on the challenges that are created when the technological environment
is developing and evolving at a pace that outstrips educational institutions’ abilities to adopt
and adapt to the innovations available to them. The main goal of the current study was to
identify approaches through which teachers and researchers adapt to the changes brought
along by fast-changing technologies. Therefore, we hope to contribute to the development
of both research methodologies and questions raised by technology integration to further
education in our age.

We offer three examples from our research projects (e.g., Da Vinci Machines and
3D printing, flipped learning approaches, and augmented reality applications), which
demonstrate the situation wherein a teaching practice employing a new technology was
undergoing implementation research only to need significant revision due to the advance-
ment in the technology prior to the research being published. We will argue that research
methodologies, especially in our case, and design-based research (DBR) needs to be adapted
to suit the fast-paced technology changes. Further, we argue that teachers’ professional de-
velopment also needs to emphasize assisting teachers to keep up with the pace of changes
in technology-related practices and pedagogies. In this context, our research projects as
well as the need for adaptation of research approaches that we aimed to propose are in line
with sustainable education. According to [15], it is a specific characteristic of sustainable
education that it should not be viewed only as a simple addition to traditional learning and
teaching practices but also that sustainable education should represent a cultural change.
For sustainable education it is vital that it utilizes a more ecological or relational view of
the world. Contemporary learning approaches, for instance, flipped classrooms, could
facilitate large-scale issues, such as ecological questions or problems to be addressed in
classrooms, and modern technologies, such as augmented reality applications, may enable
concrete elements of complex systems, e.g., ecology, to be explored three-dimensionally
and actively by students.
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2. Context

Despite the initial slow integration of technologies into education around the turn of
the 21st century, currently, mostly in developed countries technologies are being imple-
mented more rapidly. Thanks to substantial investments by both government and industry,
combined with the widespread use of cellular technology and educational application
development, fewer barriers to accessibility exist than ever before and this is on a global
scale [16–18]. Nevertheless, the use of technology is still rather marginal in most countries,
but trends show that they are becoming more accepted and utilized [19]. Certainly, there are
numerous issues hindering the use of technologies in schools, for instance, the uniformity
and continuous reliability of machines and software [20], its demand needing to keep up
with its place in curricula and assessment [21], and the novelty of pedagogical approaches
needed in their uses [22]. However, according to research, the two areas mainly hindering
the spread of technologies in teaching practices are the insufficient preparation and support
of teachers [22,23] and the role of technologies in assessment and curricula [24]. According
to [25], it is also teachers who are up to date with technological trends that are essential to
achieving better and sustainable education for all by 2030. According to [26,27], teachers
who keep up with technological trends also have an impact on society in general and a
modern educational environment, consisting of highly trained teachers and technological
trends, which, among other things, can help students develop skills needed to achieve
sustainable development goals.

With respect to the latter, assessment and curricula, in many countries, teachers need
to prepare students for tests and standardized assessment. National curricula often include
the promotion of technologies in teaching but because assessment is not yet technologi-
cally supported, teachers do not have the time and motivation to use technology in their
teaching to afford students these exam preparations. There are countries, such as Aus-
tria, Denmark, and Finland, that are changing their assessment practices to allow the
utilization of advanced technologies in state-wide assessment; however, there are still
difficulties in integration because of the persuasion and preparation of teachers for such
new demands [28].

The professional development and support of teachers is extremely important because we
need to show teachers how to use technologies in their practices and continuous support is
needed to strengthen its initial integration into these [29,30]. There are numerous studies offering
ideas and knowledge on teachers’ professional developments with technologies [31–34] as well
as programs offering continuous support in schools [35]. Additionally, there are numerous
initiatives developing pedagogical innovations for technology integration [14]. Many of these
ideas are powerful and innovative, but a new difficulty started to arise, in that educational
technology and the opportunities offered by these technologies are changing so rapidly that it is
difficult to keep up with the preparation of teachers.

Interestingly, the development of technologies and educational technology is racing
ahead rapidly to support these demands and assist difficulties, but changes in the pace
of development pose new challenges. Currently, technologies are developing quickly
to offer advanced opportunities to be securely used in large-scale assessment and are
aligned with classroom uses and offer similar interfaces. For instance, in Austria and
Finland, assessment developments are being explored, which involve utilizing locked
mobile phones to use only graphing software or developing sticks that restrict computer
use beyond using mathematical software, respectively. Importantly, such technology
involvement in assessments requires the important preparation of teachers.

Another issue in education is that software and emerging technologies, such as aug-
mented and virtual reality, 3D printing, adaptive learning solutions, etc., offer entirely new
opportunities to be utilized in teaching, besides the continuous upgrades of basic software
applications. This trend needs to be followed and adopted in teacher training, not only to
prepare teachers to be able to use technologies but also to teach them how to adapt their
practices to these new technological opportunities.

147



Sustainability 2022, 14, 7237

Our research team and related groups are developing technology applications and, at
the same time, carrying out research on both technological and pedagogical innovations.
There are numerous projects in this area, but most of our research projects utilize design-
based research (DBR) because it offers suitable frameworks for developing and testing
innovations in STEAM education.

3. Design-Based Research for Examining Innovations in Education

DBR is one of the emerging methodologies utilized by numerous researchers in edu-
cation. According to [36] “Design-based Research is a methodology designed by and for
educators that seeks to increase the impact, transfer, and translation of education research
into improved practice. In addition, it stresses the need for theory building and the devel-
opment of design principles that guide, inform, and improve both practice and research in
educational contexts”.

Cobb et al. [37] characterized design experiments as having the potential to examine
the complexity of educational settings and the numerous variables that may be observed
with the implementation of such methodology. Similarly, ref. [38,39] claim that DBR and
associated research results proved to be promising in overcoming the problems of educa-
tional research in complex and multi-layered educational settings. Furthermore, a variety of
stakeholders may be involved in research processes (e.g., teachers, researchers, educational
developers, program designers, and more). Elements of design-based research may involve
tasks given to students; problems that they are asked to solve; tools and related material
provided, including instructional materials; and practical means through which teachers
can orchestrate classroom activities. The emphasis on the articulation of all these elements
leads design experiments to be applied in a variety of configurations that often vary in type
and scope. Implementations of the DBR methodology could support our understanding
of how students and teachers develop their practices by collecting multiple forms of data
through DBR in order to explore the variety of learning processes and practices. DBR
necessitates close cooperation and collaboration among researchers and practitioners. In
DBR, the roles and the tasks of researchers and practitioners are divided more clearly than
in other research approaches which also involve multiple stakeholders [40,41] In DBR the
main tasks of researchers and practitioners are to design innovations in education, further
develop them, implement them, support students during the implementation of innova-
tions, assess the impact of the innovation, and often begin the process again [42–44]. In this
process, special attention is paid to design principles and reflecting on the possible reasons
for the success or failure of a design in a specific educational setting [45–48]. Through a
cycle of iterations, DBR should not only provide answers to what works and what does not
but should also generate practical and theoretical knowledge [49,50].

In our projects, we followed an interpretation offered by [51], who views DBR as
“a systematic but flexible methodology aimed to improve educational practices through
iterative analysis, design, development, and implementation, based on collaboration among
researchers and practitioners in real-world settings and leading to contextually- sensitive
design principles and theories” (pp. 6–7). We encountered new and heretofore unaccounted-
for challenges within DBR during our experiments. By the end of our research cycle, we
would have gathered information that would lead to a redesign of the project for the
next cycle based on the analyses of data. However, we also were confronting changes
in the technologies being implemented. Often these changes were so rapid that they
would precipitate alterations in the teaching materials and pedagogies independent of the
feedback data acquired during the implementation. This may have serious implications for
the validity of DBR projects that are centered on the use of leading-edge technologies. What
follows are three examples from our projects based upon a rapidly changing technology.
We propose an additional aspect to be considered in DBR while researching technology
integration or innovative technologies.
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4. Examples of Influences of Rapid Technology Changes upon Educational
Innovation Research

4.1. Modelling da Vinci Machines

Lieban and Lavicza researched students’ experiences while they used a geometric
modeling approach with dynamic geometry software, complemented with physical model-
ing. Aiming to enhance students’ understanding of interconnections between the current
trends in Science, Technology, Engineering, Art, and Mathematics education (STEAM), they
assisted students in better understanding the functioning of certain physical mechanisms.
Emerging from concepts from the history of Mathematics and a book by Leonardo Da
Vinci [52], the authors started their study by encouraging students to engage with a double
reconstruction (both physical and with GeoGebra) of certain Da Vinci machines prototypes.
The tool that was available for physical reconstruction was wood.

The conjecture of the study was that the use of historical models could offer assistance
to mathematical concepts and promote students’ creative thinking and problem-solving
strategies while they immerse themselves in the investigative process of interesting ideas.
The study concentrated on Brazilian students, combining the use of physical and digital
tools as well as investigating how utilizing physical and digital tools could support students’
creative thinking and problem-solving in STEAM subjects.

Inspired by recent studies, ref. [53,54], which supported the benefits of design and
implementation of multi-representational approaches to exploring 3D objects using crafts,
computer technology, and paper-and-pencil methods, the study attempted to integrate ge-
ometry with algebra and trigonometry reaching beyond technical instrumentation. Lieban
and Lavicza particularly emphasized the example of joints with circular movements. Prin-
ciples providing the background for the modeling process shown in Figure 1 were adapted
from [55]. The solution can be achieved through both directions.

Figure 1. Modeling process from a mechanical analog to geometric problem through a mechani-
cal principle.

This approach considered the importance of applying an methodology to problem-
solving at the preliminary stage through constructing mechanical analogies for geomet-
ric problems.

The authors added the arrow in the opposite direction, since the reverse case (geo-
metric reasoning supports mechanical reasoning) is equally possible according to their
experience. The authors found that although, on the one hand, mechanical reasoning was
essential to discussing the ratio for a pulley system in one case; on the other hand, in
another case, with the help of rotational simulations (i.e., geometric reasoning) by means of
digital modeling, the students discovered how to build a functioning physical prototype.

The researchers conducted their research with 16-year-old students who participated
in a vocational (informatics) course and were supported by a teacher of mathematics and
a teacher of physics. The project utilized design-based research and included cycles of
both physical and digital designs. Students were asked to select Da Vinci machines to
investigate. One of the most successful modeling approaches was the construction of
the Da Vinci Rotary Bridge (Figure 2) developed by four students who were asked to
develop both physical and digital models in order to improve the joints of the existing
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mechanisms. Students could select any software for their digital modeling, but most groups
chose GeoGebra as it was available and suitable for their work.

Figure 2. The digital prototype developed using the GeoGebra 3D feature (left) and the physical
model made of wood (right) were developed in parallel (this and other Da Vinci models can be found
at https://www.geogebra.org/m/AnHK7nCX, accessed on 12 May 2022).

Students were encouraged to develop the two models in parallel and GeoGebra
materials and GeoGebra 3D features were integrated. Students were able to follow the
digital modeling process and they concentrated on principles of rotation, translation, and
spatial geometry.

Another construction was of DaVinci’s catapult, which had a 4D frame with a structure
made of flexible material (similar to plastic straws) that is easy for students to manipulate
in classrooms. They simplified the physical model using simple elements that made the
construction of the GeoGebra model easier (Figure 3).

Figure 3. Catapult evolution and becoming easy to represent (by Diego Lieban).

However, the principles of joint motions remained in the models. Additionally, the
coloring of specific moving elements contributed to the visualization and spatial under-
standing of students.

For the purpose of this paper, it is important how the evolution of technology altered
the end results of the DBR approach. It can be seen in both modeling approaches that the
initial modeling was created by GeoGebra without the features of GeoGebra 3D software
available, then by the end of the modeling cycle GeoGebra 3D was released and new
modeling opportunities arose. The experiment lasted for an entire semester and the design
of the machines was improved continuously in both physical and digital forms. However,
the release of new software features of GeoGebra 3D made the initial digital modeling
completely obsolete and allowed students to improve their models with more appropriate
tools, which also made learning through modeling more interesting. Thus, when writing
up DBR results we had to consider the changes in the technological environment and
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re-calibrate the upcoming cycles with an updated software tool and reconsider challenges
emerging from these new features. Furthermore, after the initial release of GeoGebra 3D
the software continued improving considerably, allowing further ease of modeling but at
the same time adding complexity for solutions because of the sophistication of the tool. In
sum, we not only needed to consider results from DBR for the next cycles but also consider
designing the next steps with an improved tool. Thus, was added the need to anticipate
additional challenges that may appear in both practice and research. We experienced
similar changes when working with 3D printing modeling for STEAM-based teaching.

4.2. Rapid Developments of 3D Printing for STEAM-Based Teaching

In line with the previously outlined research [56], the focus on developing resources
to connect concrete and abstract ideas through physical and digital modelling and the
development of mathematical and technological competencies through physical and digital
manipulatives continued. Tasks involved possibilities for students developing mathemat-
ical models digitally who converted these constructions, via 3D printing, into physical
models to explore the properties of both physical and digital representations. Similar to
the Da Vinci project, we also utilized elements of DBR and action research to explore the
evolution of these learning environments and offer improved designs for such modeling
and learning.

We developed a simple task: dissect a cube into equal volume and surface area parts.
Throughout the modeling process, students were immersed in a dynamic, exploratory
process, involving constant questioning and reshaping of problems and solutions. The
design process started with a brainstorming session as a starting point, followed by a
brainstorming session during which students discussed alternatives and restrictions to
develop their personal ideas or puzzles.

The next example, for instance, shows how students could combine pieces of a stan-
dard pyramid (Figure 4a) in different ways to obtain new solutions. While the initial
model represented 1/6 of the cube, when students joined two or three pieces together it
became 1/2 and 1/3 of the cube, as shown in Figure 4b,c. When continuing the dissection
process as illustrated by Figure 4d–f, the solutions appeared to be a bit less intuitive. At
this stage of developing different solutions from the same basic shape, it was important
to discuss and show why the volume and the surface area were still the same for all the
parts. Observing the symmetry and the fractions involved we realized that opportunities
for learning Mathematics go beyond metric geometry.

Figure 4. Developing different solutions from the same basic shape: (a) shows how a standard
pyramid can be combined in different ways with the aim to obtain new solutions; (b–d) when two
or three of them are connected together, they present 1/3 and 1/2 of the cube; (e,f) continuing the
dissection process will provide less intuitive solutions (by Diego Lieban).

This following task provided a fruitful opportunity to extend ideas from a 2D plane
to a 3D space. In particular, we used a solution obtained initially in 2D to split a square
into four pieces with equal perimeters and surface areas. When students divided a square
in such a way, they found that similar conditions were applied in both 2D and 3D spaces,
which meant what they had done was equivalent to splitting a cube into four pieces which
had the same area and volume, as illustrated by Figure 5.
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Figure 5. From a 2D to a 3D space, analogies are transferred by extrusion. Example of a digital and
physical solution obtained initially in 2D to split a square (a) and cube (b) into four pieces with equal
perimeter and surface area; b (by Diego Lieban).

Concerning the physical and digital explorations, we observed that while the physical
models allowed more freedom in the sense of testing and assembling the cube, the pre-
set model assembled in the digital version was able to highlight certain regularities or
behaviors when dragging all parts together to arrange them as a single final piece.

Modeling was performed in GeoGebra 3D, the features of which improved slightly
during the DBR process. However, opportunities to print models from GeoGebra 3D (it
needs to be emphasized that only a few mathematical software have the capability to export
models to 3D printing, and we know of no software that allows for dynamic manipulations
in connection to 3D printing) improved considerably during the DBR experiments. We are
fortunate in our research group because we can not only utilize the software but also make
recommendations for the direction of its improvements. GeoGebra is not a CAD software
and does not include Boolean operations, and, as such, may not yet be the best for 3D print-
ing when involving the addition or subtraction of shapes, but it is a mathematical tool that
can contribute to students’ understanding, and its 3D printing features offer new insights
for students to understand Mathematics. However, while defining mathematical objects
in GeoGebra may be easier, in CAD software it is possibly more complicated, depending
on the desired models. These experiments (and others) contributed to the inspiration for
developing features in GeoGebra that utilize the advantages of both mathematical and
CAD software to offer new opportunities for teachers to explore mathematics with new
depth. Nevertheless, we aim to prepare teachers to be able to decide which software to use
for different modeling purposes.

At the beginning of our DBR, the software did not allow the controlling of the thickness
of 3D printed models and models had to be exported to CAD software for secondary
processing, but through our requests to the developer team, this was resolved after some
months and contributed to our experiments. In addition, when modeling digitally before
printing, the transparency of models was not appropriate for exploring certain mathematical
concepts inside the dissected cubes, but later assisted our explorations. Additionally,
the dragging mode of the dynamic software allowed users to customize their solutions
and improve their design. The evolution of 3D printing features considerably helped
us and there are still continuous improvements to be made in the software, but it also
resulted in changes in resources and results at the end of the DBR cycles. Furthermore,
during our investigation and experiments with 3D printing the augmented reality (AR)
application of GeoGebra became available, which further influenced our DBR results. In
AR, besides the original software features utilized for modeling, shapes could be placed
onto physical models making the process more fluid and interesting for students. The
dynamic design and constructions of mathematical objects emerged in AR, and this again
offered new opportunities for digital modelling and complemented our 3D printed models
by projecting/merging AR models onto 3D printed models, further altering our DBR cycles.
Further details of GeoGebra AR can be found in [57,58], Figure 6 shows an example of AR
placement in students’ surroundings, and Figure 7 depicts a learning scenario in which
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a physical 3D printed model is combined with an AR virtual model to further enhance
mathematical ideas.

Figure 6. Example of GeoGebra AR (by Diego Lieban).

Figure 7. Desktop, 3D prints, and AR (by Diego Lieban).

The description of our project showed that it is becoming increasingly important
to count on changes in technologies and complement DBR with attention to technology
changes. The next example looks at how pedagogical innovations, such as flipped classroom
environments, need to adapt to technology changes as well.

4.3. Adapting Flipped Learning Approaches for Technology Changes

Another example illustrating our argument that rapid changes in technology develop-
ment impact both research and teaching practices come from our work on experimenting
with flipped learning approaches and technology resources. We carried out several projects
involving technology uses and flipped learning and experienced the impact of rapid tech-
nology changes. We chose one particular topic where students were encouraged to build
bridges with physical resources and utilize dynamic mathematics software to model and
analyze the mathematical content of their work. This study also employed design research
approaches, and changes in technology appeared when the augmented reality application
of GeoGebra became powerful enough to be used for modeling, which offered new oppor-
tunities beyond utilizing the desktop or mobile versions of GeoGebra. Before outlining
the project, we offer a brief introduction to flipped learning approaches (FLA) and the
technology-related considerations of the project.

As the pedagogical approach of our study, we chose to develop experiments with
flipped learning approaches and utilized DBR as a methodology as the combination was
able to offer interesting results for technology integration. Learning with FLA enabled
students to be assigned tasks and tools to investigate before coming to classes and class
time was mainly devoted to discussion and deepening students’ knowledge. Originally,
flipped classroom environments were used in the literature, but they were mostly associated
with video preparations before classes [59,60] and stricter prescriptions on how flipped
classroom methods should be applied. However, for our study, we wanted to extend the
pool of technologies and develop wider opportunities for experimentation, and thus we
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utilized FLA as a further development of flipped classroom methods in the literature [61]. In
addition, FLA enables students to decide by themselves whether to learn individually or in
groups, which was an important consideration for our study design. Using FLA, ref. [62–64]
were able to demonstrate the positive effects of education and we utilized numerous results
from these studies for our design. Furthermore, as highlighted earlier, DBR was utilized,
which was also supported by [44], who utilized DBR for complex activities in blended
learning environments, which could form frameworks for flipped education. Additionally,
technology integration into STEAM teaching and learning in such environments could be
beneficial and is often valued by students.

Our study aimed to investigate how the modeling of real phenomena and a technology-
enhanced mathematization of real-life models could be carried out in higher secondary
level classrooms. Thus, we worked with 9th grade students who were asked to examine
the properties and constructions of DaVinci or mathematical bridges, build such bridges
in groups of three to five students, and then mathematize the self-made bridges using
GeoGebra. When planning the study, we considered the desktop version of GeoGebra
(Version 6) because this version of GeoGebra allowed us to simplify inserting and modifying
images. Students built their bridges in teams and modeled their constructions with the
GeoGebra desktop version, and the mobile app was also available for them to check their
solutions. Examples of students’ modeling can be seen in Figure 8.

Figure 8. Solutions of Da Vinci bridges (by Robert Weinhandl).

According to DBR, we collected written feedback from students and carried out
numerous interviews, besides the observations of their projects. The data were analyzed
(we are currently working on further analyses by constant comparative methods) and
findings were integrated into subsequent design cycles. Extended results of this study will
be published in [65]. In the development of the design cycles, we had to take into account
new opportunities that software development offered. Students discovered new features
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and immediately started to experiment with AR features, but participating teachers were
slightly concerned about such quick changes in technology tools.

5. Discussion

With previous examples, we offered an overview of how some of our projects experi-
enced the impact of fast-changing technologies. We suggested with these examples that
developing technology-enhanced resources, pedagogies, and the preparation of teachers as
well as research approaches need to be updated to keep up with technology changes. This
would contribute to more appropriate applications of technologies in education and assist
teachers in remaining updated with technological trends that are necessary for leveraging
better and sustainable education for all by 2030 [25]. According to McKnight et al. [26],
teachers trained to keep up with technological trends are more successful in developing
creative, collaborative, personalized, and supportive learning environments. Similarly,
Sarker [27] points out that providing resources and support to teachers to follow techno-
logical trends not only contributes to the education of students but also has an impact
on society in general. The same authors also explained that the educational environment
which is consistent with technological trends develops students’ skills that are necessary for
attaining to sustainable development goals (SDGs). Aligning the development of certain
areas of human activity with the development of technologies is one of the key areas for the
implementation of SDGs, and education has been identified as one of the key components
in this process [66]. Education is critical to achieving SDGs: there is a sustainable goal dedi-
cated solely to education (SDG4), and education and educational technologies are linked to
all SDGs in numerous ways [67]. This indicates the great social importance of harmonizing
education with constant changes in technologies and adopting research methods related
to its rapid changes. In addition, enhancing technological infrastructure and improving
digital competencies of teachers through professional development based on contemporary
scientific research is crucial for the digitalization of the educational process [68].

In our work, and more generally for researchers working on innovative educational
approaches, it is important to develop teaching and learning environments with more
interconnectedness of subjects and topics; our examples showed topics connecting subjects
and highlighted some aspects of creativity and creation integration into STEAM classrooms.

This is consistent with earlier research suggesting that digitalization opportunities
should be maximized in order to make transdisciplinary materials as well as technological
resources available to all [69]. Thus, we work with the framework of STEAM education [11]
that involves the incorporation of creativity both in innovative classroom resources and
related pedagogies [12]. In our case, the connection of physical and digital resources are
key components in our projects, and by developing innovations within these frameworks
we were able to show positive results in students’ learning, motivations, and attitudes as
well as influencing teachers’ thinking on how technology could be integrated into their
practices. The preparation of teachers became increasingly important for us when we
observed that teachers were highly concerned about the technological changes happening
even over the short period of time we worked together with technologies. We believe,
and will further test in our projects, that the skills of adapting technologies and nurturing
acceptance for such situations could be a way forward, but we also realized that individual
teachers could hardly cope with such challenges; therefore, working within a community
of like-minded teachers, these concerns could be reduced considerably. Thus, nurturing
teacher communities and sharing resources and approaches could be the key to preparing
teachers for the rapidly changing educational technology environment, and pooling various
skills of teachers and splitting their knowledge could become increasingly important. In
our projects, and future projects, in particular, we will focus even more on fostering
such communities and making recommendations and specific actions for designing the
training and environments to create a space for such communities. We are fortunate in
our team that we could closely work together with the software developer team and offer
immediate feedback from our research to improve the development of the software as
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well as design online training environments for developing teachers and communities.
Our software development group has already begun constructing online spaces for virtual
and in-class collaboration environments as well as research methodologies related to
various research approaches in schools. In particular, to reflect the rapid development of
technologies, we started to combine education and user experience (UX) research methods,
particularly persona development and A–B testing, beyond the examples presented in
this paper. Importantly, results of our study are in line with previous studies [70], in
which team collaboration is vital for improving teaching and research capacities with
the implementation of fast-changing digital technologies. Such studies also proposed a
graduated team-building method, taking into account teams’ professional and seniority
integration and development. This entails accounts of nationally recognized and integrated
innovative educational professionals as a team of curriculum research and development
advisors to oversee research and development from macro and professional standpoints.

In connection with developing innovative technology environments and connected
educational approaches, we also highlighted the necessity for updating and further de-
veloping research methodologies, especially in our case of design-based research. While
developing cycles of DBR, we needed to take into account how much technology de-
veloped and how we could integrate these new feathers into the next cycles of DBR. It
would be important to work on this issue as the development of technology is unlikely
to slow down and more research will be carried out in this area. We are already making
some recommendations, but in our future projects, we will pay particular attention to
understanding the impact of technology changes. Additionally, we see great potential in
combining educational research and software development research. Thus, we have begun
working with some UX researchers and have made attempts to combine aspects of these
two research methodologies to better understand the impact of technology changes as well
as to contribute to the development of educational technologies with research insights
from various methodologies. As [25] points out, it is of great importance that scientific
research support the education system in the process of adapting to changes in technology
and science. Thus, well-designed, state-of-the-art, and up-to-date research approaches can
greatly contribute to the development of technology integration in education.

6. Conclusions

The present study was aimed at pointing out the impacts of fast-changing technologies
on education and related research methodologies. We highlighted that changes in research
approaches and teacher training are necessary to enhance innovations and integration
in our technological education environments. Therefore, research methodologies need
to be continuously updated along with transdisciplinary and technological resources
for teacher development. We also highlighted the importance of the involvement of
teachers, researchers, and developers as well as teacher training professionals in the process
of designing learning environments for the successful applications of technologies in
education. Our examples and research suggest that design-based research has an important
role in such developments, but DBR needs to be continuously updated to keep up with fast-
changing technologies. In our current work, we have already started new methodological
experiments and have begun combining DBR with UX research approaches. Nevertheless,
further studies are needed to better understand the impact of teachers’ skills to adapt to
constant, fast changes in technology and their abilities to follow changes in technology
through pedagogical approaches as well as meaningfully updating research methodologies.
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Abstract: The continuous deterioration of the environment is one of the major concerns that societies
are facing nowadays. As a response to this challenging situation, the general assembly of the United
Nations (UN) created the 2030 Agenda, proposing 17 Sustainable Development Goals (SDGs) to foster
sustainable development. Thus, the significance of educating in values related to sustainability and
care for the environment must acquire a relevant importance in the education system to provide an
Education for Sustainable Development (ESD) in Science, Technology, Engineering and Mathematics
(STEM). Therefore, it is necessary to incorporate teaching methodologies that are able to connect
with students and to generate enriching experiences. In this regard, it can promote knowledge of
the environment and provide a service to the community to ensure sustainable development. This
research presents the design, implementation and evaluation of a Service Learning (SL) methodology
as an ESD strategy in a university course. Precisely, it describes the development and evaluation
of an SL project implemented in a general science subject during a 2020/2021 course taught at the
Teacher Training College of the University of Extremadura (Spain). A total of 46 students participated
in the study on a voluntary basis. A pre- and post-test methodology was used to assess the suitability
of SL as an ESD strategy, resulting in a significant increase in the students’ knowledge about the
innovative teaching strategies to work with suitable contents after the project, as well as in their
knowledge about SDGs. Moreover, the students’ participation in the SL project made them aware of
the community implications in maintaining the environment and generating benefit for the whole
community. In addition, this research shows how the SL teaching methodology is an important tool
for the achievement of both curricular competences and environmental awareness, since theoretical
knowledge is applied to tangible work to perform a real community service, and therefore is a very
suitable teaching strategy to be applied in EDS.

Keywords: service learning; sustainability; STEM; heritage; initial teacher training

1. Introduction

Climate change constitutes an important issue among the problems affecting humanity
nowadays. The acceleration of this process in recent decades has become a social reality
that severely threatens different ecosystems [1], and generates a series of effects that affects
the environmental quality [2]. In fact, the high consumption of energy and the depletion
of resources that the current economic system demands is generating a problematic sit-
uation between economy and environment [3–5]. These practices, far from progressing
towards a sustainable model, continued their course, causing irreversible problems in
our environment. Therefore, the concept of sustainable development must be considered
to change a devastating dynamic between economy development and the destruction of
our ecosystems.
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In this context, in September 2015, the General Assembly of the United Nations
(UN) created the 2030 Agenda, indicating 17 Sustainable Development Goals (SDGs) and
169 targets with an ambitious vision in the economic, social, and environmental spheres.
Governments are expected to assume their responsibility by establishing policies and
measures for the implementation of the 2030 Agenda [6].

Among the SDGs, the following are the most related to the project described in
this research:

SDG 4. Ensure inclusive and equitable quality education and promote lifelong learning
opportunities for all.

SDG 11. Make inclusive, safe, resilient, and sustainable cities and human settlements.
SDG 16. Promote peaceful and inclusive societies for sustainable development, pro-

vide access to justice for all and build effective, accountable, and inclusive institutions at
all levels.

A fundamental tool for the development of a common awareness to sustainable de-
velopment is working on sustainability concepts from the early educational levels. In fact,
Jickling and Wals [7] point out that the challenge that teachers must face is to find a different
way of educating our students, searching for strategies and methodologies that connect
with the interests and motivation of the student, allowing them to achieve a meaningful
learning. In this sense, the Service Learning (SL) methodology can be an important tool to
change this situation. The SL methodology combines experiential learning processes that
provide a service to the community [8–10]. These direct and/or indirect services involve
students in their community, and take them from their own educational environment to
their neighbourhood and/or other nearby municipalities [11]. Performing social actions
without the search for material incentives increases the probability of generating positive
reciprocity in interpersonal and social relationships [12]. Sigmon [13], cited in Sotelino [14]
(p. 60), states that there have been many definitions and approaches used in the general
framework of joining service and learning, undoubtedly, as Furco and Billig [15] argue, due
to the fact that its multidimensional and multidisciplinary nature adds further complexity
to its conceptualisation. Thus, SL could be understood as a pedagogy of teaching whereby
students acquire a better understanding of academic content by applying skills and knowl-
edge for the benefit of society [15]. Furthermore, it could be defined as an educational
proposal that promotes social commitment, combining learning and community service
processes in a well-functioning programme where participants are trained by working on
actual needs of the environment in order to improve and transform it [16–18].

1.1. SL and Other Experiential Practices

There are many environmental education initiatives that focus on raising the awareness
of pupils about environmental issues, but they are limited to the level of commitment, as
awareness-raising actions that do not lead to real participation. To clearly recognise the
relationship between SL and other experiential practices, Stanford University created SL
programmes [19]. An adaptation of this initiative is shown in Figure 1, and is a widely
used tool in the academic bibliography to differentiate SL from other experiential practices
(volunteering, field work, etc.), with which it is often confused [20], and to identify which
aspects need to be introduced to consider these activities as SL actions.

As shown in Figure 1, four types of educational practices can be found. Their recogni-
tion makes it possible to clarify their conceptual clarification and steps to follow, which
turn each of these experiential practices into an SL proposal. To analyse the differences
and similarities between them, the work of Mayor [21], and Montes, Tapia and Yaber [22]
is applied.
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Figure 1. The quadrants of Service Learning (SL) displaying the four types of experiences based on
the degree of learning and service reached.

The number of SL projects that have been designed and implemented in recent years
has increased in an important way [9]. This increase has allowed us to distinguish large
fields of experiential educational practices, and the necessary steps to favour the transition
from these educational practices to the formulation of an SL project [21–23]. Thus, to ensure
a balance between the curricular or formative learnings and the activities that constitute
the service to the community, it is necessary not only to properly design the educational
practices, but also the learning activities [9].

The need for a new type of citizen emerging from the universities is defined by a
philanthropic profile based on personal responsibilities. For this university-based figure
to emerge, learning must balance the academic with the practical [24]. As a result, SL
methodology is currently used to connect students’ knowledge and skills to provide the
service to others, orienting the theoretical aspects, talent, and creativity towards social
commitment. Thus, students not only acquire knowledge and exercise their skills, but also
contribute to improving aspects of the reality in which they live [16]. From this perspective,
SL is a valuable strategy for the inclusion of sustainability in the curriculum at any level of
education [24–26].

1.2. SL Methodology in the Study of Science

Over the last years, the number of students taking university studies related to science
and the interest of young people in this discipline has decreased significantly. The lack
of interest for this discipline is a complex phenomenon and cannot be attributed to a
single factor, but rather to multiple factors, such as the social consideration of science
and the teaching of science at school [27]. This is causing difficulties in providing a solid
scientific knowledge and, therefore, in ensuring a proper scientific literacy in citizens that
allows them to participate in the scientific world. Consequently, it is the responsibility of
the education system to reverse this situation by advocating methodologies that involve
students in their own learning, since, as the National Science Education Standards states,
“everyone needs to be able to take part in public discourse and debate on the important
issues related to science and technology; and everyone deserves to participate in the
excitement and personal satisfaction that learning and understanding the natural world
can produce” (p. 32) [28].

One of the biggest difficulties in science teaching lies in the predominance of theory
over practice [27], causing an apathy of students towards science and an increase in the
lack of interest in science. In this sense, the SL methodology could be an important tool
to change this paradigm. SL combines experiential learning processes directed towards
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community service, which has shown to increase learning retention, as well as motivation
towards school activities. This is, consequently, reflected in higher classroom attendance
and an improvement in average grades [8–10]. Besides, positive results are also seen with
respect to a higher ability to analyse and synthesise complex information, showing that
service learning has an impact on students’ academic development [29,30].

The necessity to create a common awareness that can stop the progressive destruction
of nature was highlighted over time [31]. Therefore, education should not be placed on
the sidelines of this universal problem [32]. In fact, the university, as an open space for
thought, reflection, and action, is called to be at the forefront in performing strategies and
methods that enable solutions to the multiple challenges at a global and local level [33].
To achieve this goal, different international organisations and programmes, such as The
United Nations Educational, Scientific and Cultural Organization (UNESCO) and the
United Nations Environment Programme (UNEP), indicate the importance of intervening
at the educational level. Thus, the Education for Sustainable Development (ESD) in Science,
Technology, Engineering and Mathematics (STEM) focuses its objectives not only on relating
with theoretical aspects, but also on involving citizens through participation. Therefore,
ESD combines the promotion of cognitive, socio-emotional, and behavioural learning
objectives [6], which is consistent with the new educational paradigm, which understands
education as a participatory learning process and a process of construction oriented towards
a sustainable ecology [32]. The implementation of the SDGs in education implies the
promotion of the development of sustainability competencies, such as critical thinking,
ethics and values, and interpersonal skills in students [34–36].

In this context, there are many perspectives and approaches that share the basic aims
and principles of ESD, but all agree in the strengthening of civil society [37], i.e., providing
participatory structures by conceiving social and educational action as a process of cultural
democracy. Nevertheless, as Jickling and Wals [7] state, the real challenge that educators
face to achieve a more sustainable future lies in our ability to educate learners differently.
In this regard, methodologies such as SL are highlighted. SL, far from being just a tool for
educating about and towards sustainability, is also an intrinsically sustainable experience
through which students, teachers, and members of the community participate in real, active,
and in-depth actions to promote sustainable development.

As a result, the SL methodology is an important tool for the achievement of both
curricular competences and environmental awareness, since theoretical knowledge is
applied to tangible work to perform a real community service. SL promotes the participants’
establishment of links between thought and action, enabling the development of capacities
to construct, and applies and transfers knowledge in a meaningful way by placing them
in front of problematic situations in their immediate environment, with the intention to
promote their active participation in improving them [21].

Only citizen involvement and participation at the local level can broaden horizons,
educating towards sustainability and generating sustainable development that goes from
the local to the global [38]. Any SL project, regardless of how small it may be, has as its
starting point the participation of different entities that coexist in the community. Therefore,
SL projects are the backbone of a whole community network that provides a solution to
a real problem, acquiring an added value as it conceives communities as a pedagogical
resource, promoting development and sustainability as assets in the daily practice of its
inhabitants, as socio-educational practices that move from the local to the global. Besides,
SL projects offer an opportunity to contribute to the community itself and must also involve
the people who are part of it, recognising them as subjects of the action and not as mere
objects of attention [31].
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1.3. SL Methodology at the University Level

Tackling the lack of motivation among university students is the main challenge facing
teachers at this level of education. A way to achieve this goal is implementing a teaching
strategy that combines contents and methodology in a practical manner, providing students
with the skills and training needed for their future professional career [39].

One way to improve this motivation is to connect theoretical contents with practical
situations in which students participate in their own learning. In that way, the interest
and the assignment of value to the task make students more cognitively involved [40].
Therefore, the SL methodology contributes to putting the theoretical contents into practice,
establishing a connection between the curriculum and the professional reality. The use of
SL as an instructional methodology has shown that the students were satisfied with the
experience, as they valued it as an advantage in their training, due to being in direct contact
with solidarity projects which, in addition to broadening their professional competences,
broadened their personal horizons [41]. This being said, and in view of its characteristics
and impact on students, SL could be described as a methodology that has attracted the
attention of the educational community [42]. This educational community is increasingly
focused on bringing theoretical content closer to the realities of the students by creating
a new scenario between the university and society, in which the meaning and value of
educational practices such as SL, need to be highlighted.

Thus, this research is a descriptive and quantitative evaluation of the students’ knowl-
edge of using Service Learning as a teaching methodology for ESD and sustainable educa-
tion, and their knowledge about SDGs after participating in the SL project as a teaching
strategy. In particular, the teaching strategy consisted in the implementation of an SL
project through the development of different activities. Accordingly, the hypotheses of this
study are:

Hypothesis 1 (H1): Participating in an SL project allows students to know this methodology and
its plausible uses for ESD.

Hypothesis 2 (H2): The participation in the proposed SL project increases knowledge about SDGs.

2. Methodology

2.1. Sample

This research describes the design, implementation, and evaluation of an SL project
as an ESD implemented during 2021 in a general science course taught in the Teaching
Training School of the University of Extremadura (Spain). Precisely, the research was
conducted with pre-service teachers enrolled in the Primary Education programme. A total
of 46 students participated in the research on a voluntary basis, with an age range from 19
to 41 years old (mean value 20.2 years old), with a higher proportion of women than men.
With regard to the participants’ educational background, there were slightly more students
with a science background than a social sciences background. Table 1 provides detailed
information on the main demographic characteristics of the participating sample.

Table 1. Demographic information of pre-service teachers participating in this research.

N
Gender (%) Age (%) Educational Background (%)

Male Female 19–21 22–25 >25 Social Sciences Science Technology

46 30.43 69.56 89.13 8.69 2.17 41.32 54.34 4.34

2.2. SL Project as Intervention

The SL project was designed and implemented in a general science subject, compulsory
in the Primary Education bachelor’s degree at the University of Extremadura (Spain).
Among other objectives, this subject seeks to provide pre-service teachers with sustainable
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concepts related to resource preservation and environment preservation. In addition, this
course deals with training and teaching strategies to apply these concepts with elementary
school students. In this case, the teaching strategy implemented was an SL project that
students developed during part of the course. Thus, the project lasted two months, in
which different activities were implemented depending on the time and knowledge of
the students. As it was mentioned before, an SL project is characterized by creating a link
between students and their environment. In this case, the interaction of the SL participants
(students) and the city of Cáceres was fostered, to work on the preservation of its historical
values and environmental protection. The city of Cáceres is among the cities catalogued as
World Heritage Sites by UNESCO. Although the city is particularly well-conserved, many
places in the old town must be repaired periodically due to vandalism. Therefore, knowing
the heritage value of the city and putting the students’ work into its dissemination helps
young people to protect and enjoy the city of Cáceres in a more sustainable way.

Thus, the SL project was implemented through different activities that took place
following the sequence that it is shown in Figure 2.

Figure 2. Phases of the project carried out following the SL methodology. Phase 1: Presentation of
the project and the SL project; Phase 2: Students’ field work about Sustainable Development Goals
(SDGs) and the historical town; Phase 3: Students put together all the information and build the
service learning goal; and Phase 4: Final discussion and results presentation.

First phase: At the beginning, the basic principles of the SL methodology and its
fundamental differences with other experiential practices were explained, as well as a
general introduction to the SDGs. For this first activity, the whole group received a lecture
with all the activities’ details. In addition, students were requested to participate. The
whole group took part in this activity and were introduced to the activities that would
be developed thereafter, as we must remember that SL projects must be open to the
participation and reflection of the students who were involved in them.

Second phase: The students, in a process of enquiry and reflection, had to develop a
task that involved studying and visiting the old neighbourhood of the city of Cáceres. Thus,
students were able to learn its history, and identify places and situations to work in the
context of the SDGs. For the achievement of this activity, students worked in heterogeneous
groups. They had to look for information about the cost to the institutions caring for our
heritage environment and the numerous acts of vandalism that occur in our city. Once each
group had identified different sustainability issues in the city, they were asked to carry out
a small project to address them through SL in primary education. In this way, we would
ensure that the learners would have an additional tool as future teachers.

Third phase: Following this reflection, in working groups, an interactive map of the
old city of Cáceres was created with the help of the Cáceres Historical City Consortium and
the City Hall (see Figure 3), which was subsequently disseminated with the aim of raising
awareness and valuing our heritage, in order to prevent possible actions that could threaten
its conservation. With this activity, students continued working with the same groups, and
each of them made a series of videos that were later uploaded to a platform so that the rest
of the classmates could watch them. With the information that each group presented in
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their videos, a small test was carried out to evaluate the knowledge acquired throughout
the project. In addition, once the interactive map was assembled, it was disseminated
through social networks and among different entities in Cáceres to raise awareness of the
heritage value of the old city of Cáceres.

Figure 3. Interactive map of the city of Cáceres. Its location has an interactive video, in which
students participating on the SL project explained the relevance of this historical landmark and the
relevance of its preservation.

Fourth phase: Finally, students made different panels to disseminate the information
about the costs involved in the maintenance of the city and the problems caused by
vandalism. These panels were placed throughout the school, so that the rest of the university
students could have contact with the reality of the city and the opportunity to critically
inform themselves about the needs of the city and its maintenance.

2.3. Instrument

The instrument used to collect data from participants was the questionnaire. The
instrument was designed to collect the students’ self-assessment of their knowledge about
and interest in the teaching methodology implemented that was based on the development
and implementation of an SL Project, as well as the students’ knowledge about the SDGs
and their implementation. The instrument consisted in three sections. The first one was
designated to collect the demographic information of the participants. The second one
aimed to assess the degree of the participants’ knowledge about active teaching method-
ologies in general, and about SL methodology and its implementation (MK: Methodology
Knowledge). This section had a total of 11 items following a five points Likert-type scale
(1. Strongly disagree, 2. Disagree, 3. Don’t know, 4. Agree, and 5. Strongly agree). Finally,
the third part of the questionnaire was intended to assess the students’ knowledge about
the SDGs and their perception for sustainable development (SDGK: SDG Knowledge). This
section consisted of 10 items, again following a five point Likert-type scale (1. Strongly
disagree, 2. Disagree, 3, Don’t know, 4. Agree, and 5. Strongly agree). The instrument
was distributed before the first activity and at the end of the last one, both during class
time to encourage maximum student participation. The participation in this research was
voluntary and participation consent was obtained before starting. The anonymity of the
participants was granted, since no personal and identifying information was obtained
from the participants. Finally, before submitting the instrument to the participants, it was
validated by means of a panel of experts, and the instrument reliability was measured by
means of the Cronbach alpha test. Table 2 summarizes the items used for the second and
third sections.
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Table 2. Instrument used to collect data from participants regarding the participants’ Methodology
Knowledge (MK) and SDG Knowledge (SDGK) in this research.

MK Item Questionnaire SDGK Item Questionnaire

MK_1 I know the SL methodology. SDG_1 How familiar are you with the concept of SDGs?

MK_2 I know how to design an educational project with
active methodologies. SDG_2 You have a strong interest in learning about the

SDGs.

MK_3 I have sufficient teaching tools/knowledge to teach
with innovative methodologies. SDG_3 I know what the SDGs are.

MK_4 I feel motivated by the tasks I carry out in my
teacher training process at the university. SDG_4 I recognise the necessities of my environment in

terms of what the SDGs dictate.

MK_5 I try to involve the community in the educational
projects/activities I design. SDG_5 I am aware of the environmental and heritage

problems in my community.

MK_6 I feel calm when I have to make public presentations. SDG_6 I feel responsible for certain environmental
problems around me.

MK_7 I value the city of Cáceres positively. SDG_7 I participate in activities (e.g., lectures and activities)
about sustainability and heritage.

MK_8 I know the history and culture of the city of Cáceres. SDG_8 I believe that caring for the environment and culture
is a high cost for public administrations.

MK_9 I have studied the history and heritage of my
city/town throughout my academic training. SDG_9 I am interested in taking care of my city’s heritage.

MK_10 I encourage respect and care for the environment in
my teaching activities. SDG_10 I encourage care for the cultural heritage of my city.

MK_11 I contribute in some way to the care of my city.

2.4. Statical and Data Analysis

Firstly, a descriptive study of the participant sample was conducted to characterise
and describe the study population. Next, prior to the application of the different statistical
tests, we analysed both the homogeneity of the sample and the distribution of the data
collected (Shapiro–Wilk), concluding that the data were normally distributed and, therefore,
parametric tests were applied. To assess the reliability of the instrument, the Cronbach alpha
was calculated, which was 0.778 and 0.832 for the second and third part of the instrument,
respectively, and therefore the instrument used could be considered reliable. Finally, to
assess the influence of the instructions followed (SL methodology) on the different variables
studied, a Student’s t-test was applied. When significant differences were observed, the
effect size (Cohen’s d) was also calculated. For all calculations, the Jamovi 1.6.23 statistical
package was used.

3. Results

3.1. Results on Knowledge of SL and Innovative Methodologies

Firstly, before the analysis of the project results, the level of knowledge of the par-
ticipants in relation to the use of innovative teaching methodologies in general and of
SL was analysed. Since the internal reliability of the instrument could be considered as
acceptable, a global score for the MK scale was calculated from the second section of
the instrument as a summatory of the scores of all individual items of this section of the
instrument (MKTotal = ∑i=11

i=1 MKi). Figure 4 represents the total score before and after
the development and implementation of the SL project with the students. As can be seen,
a substantial increase was found after implementing the SL project. In fact, the mean
value of MKTotal MKTotal after completing the project was 44.9 (std dev = 5.97), whereas the
mean value of MKTotal before completing the project was 36.9 (std dev = 5.60). A Student’s
t-test showed that the difference among both values was significant (t(82) = 6.35, p < 0.001,
d = 1.34), suggesting that the implementation of the SL project made a genuine difference
in the students’ knowledge about active learning methodologies and SL methodology. In
addition, the Effect Size (d = 1.34) denotes a very high effect.

167



Sustainability 2022, 14, 6965

Figure 4. Total score for the MKTotal of the participants before (pre-test) and after (post-test) the
implementation of the SL project.

3.2. Impact on Knowledge of the SDGs

Another aspect analysed was the extent to which participants were aware of the
SDGs. Specifically, Figure 5 summarises the results obtained when participants were
asked about the degree of knowledge in relation to the SDGs. As it can be observed in
the figure, in all cases, the level of the participants’ knowledge about the SDGs increased
after the implementation of the designed SL project. A global score for the SDGs scale
was calculated as a summatory of the scores of all individual items of this section of
the instrument (SDGTotal = ∑i=10

i=1 SDGi). According to the results, the mean value of
SDGTotal after completing the Project was 28.8 (std dev = 6.95), whereas the mean value of
SDGTotal before completing the Project was 37.1 (std dev = 5.71). A Student’s t-test showed
that the difference among both values was significant (t(82) = 5.93, p < 0.001, d = 1.30),
suggesting that the implementation of the SL Project made a genuine difference in the
students’ knowledge about the SDGs. In addition, the Effect Size (d = 1.30) denotes a very
high effect.

Figure 5. Total score for the participants’ SDG knowledge before (pre-test) and after (post-test) the
implementation of the SL project.

4. Discussion

The continuous deterioration of our environment is causing a large negative impact
on our society that needs to be addressed from different perspectives. Education should
not be placed on the sidelines of this universal problem [43]. In fact, different international
organisations and programmes, such as UNESCO and the UNEP, indicate the importance
of intervening at the educational level [6,32]. Thus, the ESD was set up to involve citizens
through participation in educational programmes, in order to foster values and attitudes
that enable a more sustainable and fair society for all. Thus, teaching methodologies as
SL, which engage students with society by carrying out a service for the community, and
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at the same time allow them to achieve the academic and transversal competences, must
be highlighted [44]. Thus, SL, far from being just a tool for educating about and towards
sustainability, is also intrinsically a sustainable experience through which students, teachers,
and members of the community participate in real, active, and in-depth actions to promote
sustainable development. SL practices are becoming increasingly important in education
systems. Different examples of the success of implementing SL projects for ESD are already
available in the literature [45–48].

According to the results obtained in this study, the impact of the implementation of
the project has been significant in most of the variables of the study in terms of knowledge
of SL and active methodologies. Not only was the effect significant, but also the size of the
effect was very large (d = 1.30). Thus, the implementation and participation in an SL project
could be seen as an appropriate strategy in teacher training [39,49], as the students engage
effectively in the learning process. Similar results are also reported for active learning
methodologies, such as performing project-based Learning (PBL), and activities that can
later be applied in future teaching work [50], among other active methodologies [51–53].
The connection of the students to their community has also proved to engage and motivate
them more efficiently in the learning process [54]. In this sense, Castro et al. [55] present
different SL projects aimed at providing the students skills for the support of a sustainable
society. Their study was carried out with pre-service teacher students, concluding with a
high degree of satisfaction of all participants. Since students’ demotivation is one of the
main causes of current school failure [49], SL is a relevant teaching tool, since participation
in SL projects favours the motivation of students, where the impact of the SL project was
highly significant. In fact, as Hernández-Blanco et al. [39] indicate, SL could be seen as an
educational methodology that not only seeks learning, but also a social transformation.
SL allows students to learn while they learn and act on the needs of their environment.
Similar results were also reported previously with university students participating in SL
projects [39,55]. This is reflected in the data obtained after implementing the SL project,
since the activities aimed at increasing the knowledge and care of the environment of the
community, and at improving the cultural level of the participating students by fostering a
bond with their community [54,55]. On the other hand, according to the results collected,
the participants showed a low level of knowledge of the history and culture of the environ-
ment in which the project took place. Therefore, SL could be seen as an educational practice
that helps young people to acquire service-related knowledge, developing academic and
professional skills. Moreover, it acts in two directions—on the environment in which the
service has an impact and on the institution that promotes the project [17,54]—as it im-
proves the living conditions of the community by fostering active citizenship, while at the
same time generating young people with better teaching tools and a higher cultural level.

Despite the efforts made by administrations to promote the achievement of the SDGs,
set out in the 2030 Agenda, the reality shows that without the active participation of citi-
zens, which allows them to be aware of the needs of their environment, these proposals
are insufficient [33,43]. In this sense, ESD has come to be essential in contributing to the
achievement of global sustainable development, not only by providing knowledge, but also
by promoting the acquisition of sustainability competences to implement the SDGs [56]. To
help to achieve this goal, students must be involved in learning activities aimed at building
a connection between students and community [55], as the active participation in an SL
project. Thus, the results obtained in this study, which show a significant increase in the in-
terest shown by participants in learning and knowing the SDGs after participating in the SL
project, are statistically significant, with a very high effect (d = 1.30). This is a fundamental
factor for the achievement of the SDGs [57], as the role of young people is crucial in the new
global development agenda [56], both for them and for future generations [58,59]. García-
Rico et al. [60] report that the use of SL experiences with students boosted and strengthened
the knowledge, comprehension, sensitivity, and compromise in relation to the SDGs. In fact,
having a solid knowledge of the SDGs allows students to examine their environment in a
more critical way. In this way, students are able to understand the path set out by the UN
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for the sustainable development of our cities [43,61]. In this sense, Howell [62] concludes
that to achieve an effective education for sustainable development, appropriate pedagogies
are required, highlighting the need to engage learners in transformative learning through
collaborative and learner-centred activities. Thus, the activities implemented in the SL
project aimed at increasing the students’ knowledge about the environment. Working
directly with the community contributes to generating an awareness with social projection,
as was also reported by Castro et al. [55]. It is important that education starts from the
experience of its protagonists, with activities that do not focus on them, but that help and
nourish them from their environment, generating a benefit for the community [17,61]. The
project has had a significant impact on the knowledge and responsibility of the students
with regard to their immediate environment.

Intervening in projects with the characteristics of SL gives students the tools to par-
ticipate and initiate other activities that have an impact on their environment, since SL
practices, unlike other training activities, introduce action in the community with the aim
of improving it [16,39,63].

5. Conclusions

In this study, an SL project was designed to implement sustainable education strategies
in a university science course. After its implementation, this research aimed to assess the
participants’ knowledge about the use of innovative teaching methodologies applied to
ESD, such as Service Learning (H1), and how designing and implementing an SL projected
helped to connect students with their environment, promoting care and responsibility
for it, and their awareness of the SDGs (H2). The SL project was implemented in the
Teaching Training School of the University of Extremadura (Spain). Precisely, the study
was conducted with pre-service teachers enrolled in the Primary Education program.

The SL project designed in this research aimed to increase the teacher trainer students’
awareness about the SDGs and their implementation in a local environment, in addition to
knowing a new learning strategy to be used for ESD. Thus, the project was implemented in
four phases. In the first one, the project was presented to the participants. The second one
consisted in students’ field work about SDGs and the historical town. In Phase 3, students
were asked to put together all the information and build the SL goal. Finally, Phase 4
consisted of a final discussion and results presentation.

A pre- and post-test methodology, submitted before and after the SL implementation,
was applied. According to the results, students’ involvement in the design and implemen-
tation of the SL project applied to ESD had a significant positive effect. Firstly, students’
knowledge about innovative teaching strategies to be applied to ESD has significantly
increased. Students’ engagement in the design and implementation of the SL project was
proved to increase their knowledge about the proposed methodology, but also their moti-
vation towards learning. Thus, the SL methodology applied to ESD is a very suitable tool
in the university context, and more specifically for trainee teachers, since the participants
not only obtain the benefits of the methodology as participating students, but it also allows
them to improve their teaching practice. On the other hand, the development of the SL
project had a significant impact on the students’ knowledge about sustainable education
and the SDGs. Precisely, after completing the project, the students w awareness of environ-
ment preservation, and the role of education in sustainable development. Moreover, the
students’ participation in the SL project made them aware of the community implications
in maintaining the environment and generating benefit for the whole community.

Thus, this research shows how the SL teaching methodology is an important tool
for the achievement of both curricular competences and environmental awareness, since
theoretical knowledge is applied to tangible work to perform a real community service,
and therefore it is a very suitable teaching strategy to be applied to EDS.

The main limitation of this study is the impossibility of comparing the results to other
methodologies besides SL (no control group was used), due to the characteristics of the
sample. Besides this, sample size and more information of subsequent years constitute
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limitations of our findings, which would allow us to prove the potential of SL as a teaching
strategy in EDS and sustainable education. However, the results presented constitute
the preliminary results of projects in which service learning projects are used in EDS and
sustainable education.
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Abstract: Intending to analyze structural relationships between measured variables and latent
constructs, researchers tend to adopt structural equation modeling (SEM) through either “covariance-
based SEM” (CB-SEM) or “variance-based SEM” (VB-SEM)/“partial least squares SEM” (PLS-SEM)
by using numerous statistical applications. Nevertheless, the reviews on understanding the optimal
choice of proprietary statistical software packages in SEM approaches are scarce despite its immense
importance in sustaining education. Therefore, a systematic review would be obligated to scrutinize
the empirical studies to fill this gap. By employing the Preferred Reporting Items for Systematic
Review and Meta-Analyses (PRISMA) guidelines, a total of 47 publications that met the inclusion
criteria were obtained. To extract articles from August 2018 to 2022, Scopus, Web of Science (WoS),
and The Education Resources Information Center (ERIC) databases were adopted. The findings imply
that six types of proprietary statistical software packages emerged as an optimal choice: Lisrel, Amos,
Mplus, SmartPLS, R package (plspm), and WarpPLS. Despite the widespread usage of a variety of
statistical applications, SmartPLS and AMOS were rigorously utilized in VB-SEM/PLS-SEM and
CB-SEM, respectively. This review is important for practitioners to discover which statistical tools are
relevant to use and to identify gaps in order to sustain mathematics education for the future.

Keywords: mathematics education; optimal choice; proprietary statistical software packages;
structural equation modeling; systematic review

1. Introduction

Sustainable Development Goals (SDGs) are relevant in multiple industries; however,
there is no disputing that the education sector is as significant as other industries [1]. The
fourth United Nations Sustainable Development Goal (SDG4) emphasized the importance
of high-quality education to support the sector’s sustainability as it prepares for the year
2030 [2,3]. To accomplish that aim, research regarding structural equation modeling, or
SEM for short, has gained greater traction in mathematics education. As the latest method
for multivariate data analysis [4,5], SEM was pioneered by Sewall Wright in 1934. The
analysis method was developed as an alternative to regression modeling through the
Ordinary Least Square (OLS) method [6,7]. Since this method was found to be able to
overcome the limitations found in the regression modeling analysis, it is often referred to as
the Second-Generation multivariate analysis method [6–8] in the mathematical landscape.

Despite analyzing structural relationships among constructs and indicators, SEM
permits researchers to simultaneously model and estimate complex relationships among
multiple dependent and independent variables. In the mathematical area, prior researchers
used SEM as their preference over the traditional multivariate method. This is because
SEM provides explicit evaluation of measurement error, estimates the latent variables via
observed/manifest variable, and is capable of model testing, in which a structure may be
imposed and the data’s fit can be verified. In addition, most multivariate approaches, by
not explicitly modeling measurement error, accidently disregard it, whereas the SEM model
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estimates these error variance parameters for both exogenous and endogenous variables.
Another reason why previous mathematics scholars preferred SEM is that it offers the
estimation of latent variables from observed variables such that the creation of composites
considers measurement error. Eventually, completely developed models can be tested
against data using SEM as a conceptual or theoretical framework or mathematical model,
and their fit to the sample data can be evaluated. Researchers generally draw on two
appropriate statistical methods to estimate SEM—CB-SEM or VB-SEM/PLS-SEM [4,8–12].
Looking across the literature, PLS-SEM is also referred to as PLS path modeling (PLS-
PM) [13,14]. The study in [15] noted that researchers must be aware of the variations
in order to implement the appropriate methodology, since each estimation is ideal for a
different research circumstance. Neither method is generally preferable over the other, and
neither is acceptable in every context [16] of mathematics.

This is because CB-SEM in mathematics research, in fact, is generally employed to
confirm (or reject) theories and the underlying hypotheses. It tends to confirm or reject
hypotheses by evaluating how closely a suggested theoretical model can replicate the
covariance matrix for an observed sample dataset [8]. On the contrary, PLS has been
established as a “causal-predictive” approach to SEM, which focuses on explaining the
variance in the models’ dependent variables [17]. In short, CB-SEM is the prominent
method for testing more established theories, while VB-SEM/PLS-SEM is a more applicable
strategy that permits exploratory research in causal research, especially building and
predicting new theory [11,18]. Consequently, the choice between both SEM approaches is
highly considered around the globe due to the need for this methodology in sustainable
mathematics education. As a result, SEM statistical software packages are expanding
quickly to serve in this matter. This is because the SEM tool and its method are closely
associated and have an impact on the outcomes and the analysis carried out [19,20] by
mathematics scholars.

Current literature has underlined the statistical applications, such as EQS [6,7,9,21,22],
Amos [4,6,7,9,21–25], Lisrel [4,6,7,9,21,22,25], Stata (Builder, Sem, Gsem) [9,22], STAT
PROC CALIS (SAS) [6,7,9,22], Statistica (Sepath) [9,22], Simplis [6,7], Systat (Ramona) [22],
Ωinyx [9,22], Prelis, and a number of R-based packages (Lavaan, Sem, OpenMx, Lava, and
Systemfit) [9,22]. These are most widely used for mathematical research applying CB-SEM
studies. While users who prefer open-source environments may discover the R packages
appealing, there are also other commercial software packages in CB-SEM that are rapidly
evolving, particularly Mplus [4,6,7,9,22,25,26]. VB-SEM/PLS-SEM, the second approach,
concentrates on the analysis of variance and can be performed by applying PLS-Graph [25],
SmartPLS [4,9,25,27], WarpPLS [9,25,28], Adonco [25,29], Xlstat [25], Stata [4], SAS, LVPLS,
and VisualPLS. Research has brought forward several packages for the R environment such
as SEMinR [25,30,31], cSEM [9,25,30,32], semPLS [33], plspm [34], and Matrixpls, the use
of which has recently become more ubiquitous. It can also be carried out using the PLS
module in the “R” statistical software package.

Since statistical applications have been established as a significant predictor of SEM
outcomes, extensive mathematics research has been executed to elevate the SEM statistical
software package features and to identify the nature and elements of it. Aligned with
increasing mathematics research on SEM statistical software packages, limited literature
reviews were conducted to synthesize prior studies from different circumstances. The
studies included a review and comparative study on software packages for SEM [21], a
review of eight software packages for SEM [35], and a review of PLS-SEM statistical pro-
grams [25]. The process of synthesis is lacking in the articles; for instance, most systematic
reviews did not mention the databases that were used to retrieve the articles, which led to
unreliable results. To counter these limitations, it has been recommended to use Scopus
and WoS databases, as they are well known for being the complete data sources for many
applications and bibliometric analysis [36]. In addition, ERIC is another choice as it offers
mathematics academic scholars, educators, academicians, or the general public with a
comprehensive, rich, searchable, user-friendly, internet-based bibliographic and full-text
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database of mathematics education research and information. Generally, those sources used
high-quality systematic reviews, meta-analyses, meta-synthesis, and bibliometric studies in
the context of mathematics.

Furthermore, it has been noticed that the PRISMA guidelines are not promoted in those
studies, resulting in misinterpretation and inadvertent bias [37]. While these studies were
carried out prior to this review and informed the direction for future studies through basic
guidelines, they could not provide overall current research trends on the optimal choice of
CB-SEM and VB-SEM/PLS-SEM statistical applications through comparing perspectives
via a single review article in the field of mathematics, thereby leaving insufficient systematic
reviews as a source of reference for the mathematics researchers. Apart from systematic
reviews, previous empirical studies looked at numerous SEM statistical applications from
various angles [30,38–42]. Those studies highlighted various SEM statistical applications
used for analysis of SEM. However, given that there are not many mathematics researchers
that systematically reviewed the current research patterns on the optimal choice of statistical
applications in mathematics education, those studies are still inadequate.

In a case where the existing review lacks a solid synthesis in the mathematical context, a
systematic review might be a useful technique [43]. This is because it gathers pertinent data
about a specific subject that met the pre-established eligibility requirements and provided an
accurate solution to the research questions that had been posed [44]. Therefore, a systematic
review of previous mathematics research is essential to identify the current research trends
by examining the optimal choices of proprietary statistical software packages in SEM
approaches, respectively, for sustainable mathematics education. By detecting these gaps,
this study attempts to conduct a systematic review to evaluate the latest research trends in
mathematics education with the following research question:

RQ: What are the optimal choices of proprietary statistical software packages in SEM
approaches for sustainable mathematics education?

With this purpose in mind, we started to compile the scholarly articles that used SEM
statistical applications within the mathematical area. To do so, the method of systematic
review was employed, targeting main articles published in Scopus, WoS, and ERIC. Since
systematic literature reviews (SLRs) are deemed to be highly transparent and are seen as
a rigorous search procedure, identifying the protocol or the guidelines before carrying
out the review process is crucial. As such, the authors adopted the PRISMA guidelines
involving four robust steps: identification, screening, eligibility, and inclusion. Every step
was performed correctly, such as the keywords and the selection of articles, which are
described in detail. Beginning with the identification steps, the authors identified 396
publications in total, of which the sample was reduced to 47 papers over the next three
phases. This review took up the challenges to contribute to the existing body of knowledge
by conducting an SLR on the optimal choice of SEM tools in mathematics research. Based
on these ideas, this study aims to accommodate the gap by careful review of the past
studies to acquire a better knowledge of the optimal choice of SEM tools in the context of
mathematics learning.

In this regard, a few contributions were configured. First, this review serves as a
guide for mathematics users to comprehend the distinctive features of each SEM statistical
application and make informed decisions on the most appropriate application for future
mathematics research. In addition, it may aid the upcoming mathematics researchers
and educators in planning future studies by assisting them in understanding research
patterns in this field. This is in line with [45], who emphasized that publishing trends
are a crucial signal for identifying a field’s development. Furthermore, the stakeholders,
non-government, and government parties, such as mathematics educators and experts
or curriculum developers, can now understand the necessities of arranging the forum or
seminar with hands-on activity dealing with SEM statistical tools, instead of conducting
SEM methodological class virtually for upcoming mathematics scholars. On top of that, this
study provides specific areas that should be the target of future mathematics researchers and
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beginners. The basic structure of this paper follows these phases: introduction, methods,
results, discussion, and conclusion.

2. Methodology

An overview of the research methods used in the current study will be provided in this
section. Five main sub-sections—PRISMA, resources, inclusion and exclusion criteria, sys-
tematic review process, and data abstraction and analysis—will be discussed comprehensively.

2.1. The Review Protocol (PRISMA)

PRISMA is a peer-reviewed standard approach that employs a checklist of recommen-
dations to ensure the consistency and quality of the revision process [46]. PRISMA suits
SLR in the social sciences with three main tangible benefits [47]. First, it is able to define
clear research questions that permit systematic research. Second, it can identify inclusion
and exclusion criteria. Lastly, PRISMA can examine a large database of scientific literature
in a defined time. Since this approach is deemed suitable to identify the relevant statistical
applications used in SEM approaches in mathematics coherently, it was adopted in this
review. In order to produce a well-organized and transparent systematic review, a few
phases of identification, screening, eligibility, and exclusion were carried out [48,49].

2.2. Resources

Acknowledged as premier journal databases amongst bibliographic databases [50] and
for being the most comprehensive data sources for numerous applications and bibliometric
analysis [36], Scopus and WoS were applied as the primary databases. As for journal cover-
age, both complemented each other in terms of impact, prestige, and influence [51]. WoS
was the first comprehensive international bibliographic database. As a result, it evolved
into the most significant source of bibliographic data for tasks like journal selection, re-
search evaluation, bibliometric analysis, and others over time [52]. The WoS Core Collection
comprises about 74.8 million academic data and datasets, 1.5 billion referenced references
(going back to 1900), and 254 topic disciplines, according to the most recent figures from
2020 [36].

Nevertheless, Scopus has proven to be reliable and, in some ways, even better than
WoS, earning its place as a comprehensive bibliographic data source [53]. The authors
of [54] added it is an international database of peer-reviewed publications from all over the
world. Scopus has updated its content coverage guide, which now lists 206,000 books from
more than 5000 international publishers, about 120,000 conferences, and 23,452 current
journal titles [36]. Because it is primarily a resource for education-related texts (80%) with
the largest index of articles, Eric was included as a supporting database to determine more
empirical research regarding SEM in the mathematics field. Over 250 journals are currently
available in ERIC, and they were chosen for inclusion in the database based on certain
standards. The database search cannot be limited to a single database [43]. Thus, employing
these three databases is deemed sufficient.

2.3. Systematic Review Process

As it is less stringent [55] with a reliable, reproducible, and methodical approach,
extensive applications, and explicit execution [56], SLR is known as the most reputable
research method. It acts as a replicable methodology for finding, evaluating, and synthe-
sizing information with a high level of objectivity [43]. The study in [57] emphasized that
when conducting systematic reviews, adherence to a pre-established and explicitly stated
protocol is crucial. Due to this, this SLR consolidates four phases as per the PRISMA 2020
guidelines as recommended by [58], reflected in Figure 1.
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Figure 1. Study flow diagram (adapted from [58]).

2.3.1. Identification

Identification is the first phase of applying several procedures to enrich major key-
words so that articles from the database may be retrieved as widely as feasible. By the time
of the protocol, reviewers should have determined the keywords that dictate which docu-
ments are obtained [59]. Consultations with experts might help find more keywords [43].
Since one author in this systematic review is an expert in the field, a discussion was
held. A cross-reading of a few articles served to identify missing keywords for the search
strings [43]. On top of that, to improve the quality of the main keywords, a list of synonyms
and similar terms was garnered using the electronic dictionary Thesaurus and Oxford
Lexico, dictionaries, and encyclopedia, resulting in 23 keywords.

An advanced search was employed in this review to enable extensive search queries
employing field codes, Boolean, and proximity operators to limit the search. Thus, Boolean
AND OR were used to broaden the scope of the search as recommended by [60]. Employing
informatics phrase searching, wild cards, truncation, and mixed Boolean operators, Table 1
displays the search terms for Scopus. The identical search term was then entered utilizing
the title search (TS) feature into the WoS database. However, the search term varied for
ERIC due to its different features. A systematic search of “Structural equation modeling”
OR “SEM” AND “Mathematics” OR “Mathematics education” was used for ERIC. The
specified databases produced a total of 396 possible articles (Scopus, N = 172, WoS, N = 69
& ERIC, N = 155).

Table 1. The search string used for the systematic review process.

Database Keywords Used

Scopus

TITLE-ABS-KEY ([“structural equation modeling” OR “SEM”] AND [“covariance-based
SEM” OR “CB-SEM” OR “variance-based SEM” OR “VB-SEM” OR “partial least square” OR

“partial least square-SEM” OR “partial least square structural equation modeling” OR
“PLS-SEM” OR “proprietary statistical software package*” OR “statistical application*” OR

“statistical program*” OR “statistical software*” OR “SEM software*” OR “software
package*” OR “software program”*] AND [“mathematic*” OR “mathematic* education” OR
“mathematic* teach* and learning” OR “mathematic* literacy” OR “mathematic* subject” OR

“mathematic* discipline”])
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2.3.2. Screening

The process of including or excluding articles generated by databases is known as
screening in the second phase. The inclusion and exclusion of studies determines the scope
and validity of systematic review results [61] in order to find suitable documents [62]. Thus,
multiple sets of inclusion and exclusion criteria were applied. Practically, the review must
always be constrained to studies relevant to the research question [63]. Since this review
attempted to gain more data on empirical documents, the journal articles that used empiri-
cal evidence were chosen. This action was the first criterion. On the contrary, systematic
reviews, non-empirical articles, book series, chapters in books, and conference proceedings
were excluded because they were deemed as unnecessary articles [48]. The study in [64]
mentioned that conference proceedings and book chapters are less comprehensive. Second,
concentrating on English-language journal articles made it possible to avoid the prospect
of difficult or ambiguous translations [65] and reduce misunderstandings.

Before reviewing the articles, writers should ascertain the time period covered by the
articles [66]. Thus, for the third inclusion, authors set the time range. Although a short
time span could significantly reduce the number of research articles that are eligible [61],
authors considered articles published within the last five years. The criterion was set
because years from 2017 to 1990 produced less than ten articles each year for Scopus and
Wos, respectively. This proved that many articles pertaining to SEM statistical tools in
mathematics were published in numbers reaching over ten each year after 2017. The
review’s scope may be restricted to a few high-quality journals or only include publications
in a particular field of study [67]. Therefore, articles that were distributed globally in
mathematics education/subject/discipline/literacy/Teaching and Learning (TnL) were
concentrated in the final part of the inclusion and exclusion procedure. At the completion
of the review procedure, 175 articles were discovered after the exclusion of 208 articles that
were unrelated to the criteria/topic and 13 duplicate articles, as shown in Figure 1. Table 2
featured the summary of the included and excluded criteria.

Table 2. The exclusion and inclusion criteria.

Criterion (C) Inclusion (I) Exclusion (E)

Type of article/literature Journal (research articles/empirical
articles)

Journals (systematic
review/non-empirical articles), book

series, chapter in book, and conference
proceeding

Language English Non-English
Timeline Between 2018 and 2022 <2018

Country/region All -

Field Mathematics educa-
tion/subject/discipline/literacy/TnL

Non-mathematics educa-
tion/subject/discipline/literacy/TnL

2.3.3. Eligibility

The third step is eligibility. A total of 175 articles were verified to see if they fulfilled
the requirements for inclusion and were compatible with the objectives of the current
research. This was achieved by reading through the titles, abstracts, methods, results,
and discussions. Only 47 potential publications were ready for further analysis after
the elimination of 128 papers. Those 128 articles were not in the mathematics context,
although they elaborated upon SEM statistical applications. This was also applied for
Science, Technology, Engineering, and Mathematics (STEM), since it was referred to as
multidisciplinary [68,69] and was not focused on just the field of mathematics, although
the use of publications from other disciplines [43] leads to a broad view and provides the
foundation to synthesize the research field from different perspectives [70]. Surprisingly,
six studies were eligible in the targeted field; however, methodological flaws existed, as
they never mentioned the SEM statistical applications [71–76]. Since those studies were
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deemed as useful for this systematic review, authors contacted the authors via email. By
prompt reply from them, those studies were included.

2.3.4. Inclusion Criteria

The articles were retained and met the criteria for analysis during the final phase,
known as the inclusion criteria. The 47 articles for this systematic review revolved around
SEM statistical applications in mathematics education. Previous literature underscored
that the number of articles to be included in SLRs is never more than 50 [77]. Thus,
47 articles are deemed sufficient to carry out a systematic review in line with the statement.
The availability of adequate literature on the issue to support a synthesis serves as the
foundation for writing an SLR [78]. Thus, it was believed that those 47 articles are sufficient
to produce a holistic finding.

2.4. Data Abstraction and Analysis

Those 47 articles were evaluated, reviewed, and analyzed; the results are explained in
depth in this report.

3. Results

3.1. General Findings
3.1.1. Distribution of Publications Based on Countries

Figure 2 displays the distribution of articles by country. Only the nation of the primary
author can receive the maximum score of 1 for each publication. By producing 27.7% or
13 articles, Malaysia was identified as a prominent country that embraced the trend of
SEM applications in mathematics education, followed by Indonesia (N = 8 and 17.0%),
West Africa (N = 5 and 10.6%), and East Africa (N = 3 and 6.4%). There are three countries
with two papers on SEM statistical applications: (Cyprus) Southeast Europe, Spain, and
USA. United Arab Emirates, Turkey, Philippines, Taiwan, South Korea, Australia, India,
Southeast and Central Finland, Israel, South Africa, Switzerland, and China, the other
12 remaining countries, published one paper each. It was discovered that the top seven
nations contributed about 66.0% of all relevant publications related to the target field over
the previous five years.

3.1.2. Distribution of Publications Based on Years

Based on the results from Figure 2, the authors have demonstrated the growth of
SEM tool publications in the period from June 2018 to June 2022 via Figure 3. Although
there have been fluctuations in the number of papers issued, the findings revealed that the
interest in the area has been stable from 2018 to 2020, with eight papers written each year.
At the peak of targeted research publications in 2021, Indonesia (N = 5) had more papers
published than Malaysia (N = 3), Spain (N= 2), West Africa (N = 1), (Cyprus) Southeast
Europe (N = 1), USA (N = 1), and Australia (N = 1). This year contributed 31.9% to the
field. The number of reviewed articles increased and declined by 53.3% in the last three
consecutive years (2020, 2021, 2022).

3.1.3. Distribution of Publications Based on Research Design

The relationship/correlations shown by SEM correspond to the researchers’ hypothe-
ses. Thus, the SEM approach entails correlational or causal assumptions together with
quantitative data in the model [6,7]. Parallel to the above statements, the findings of the
study underscored that almost all researchers (N = 45 and 95.7%) employed quantitative
design in their study, followed by qualitative (N = 0 and 0%) and mixed method (N = 2 and
4.3%). The trends in quantitative methods appear to be applied consistently throughout
the last five years, even though the number of papers in this field has fluctuated, as shown
in Figure 4. Years 2019 and 2021 are the only two years focused on mixed method. This
shows more studies should utilize this technique in the upcoming year. However, there are
no studies undertaken that use a qualitative research method.
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Figure 2. Distribution of articles based on countries.

Figure 3. Distribution of articles based on years.

Figure 4. Distribution of articles based on research design.

3.1.4. Distribution of Publications Based on Samples

The distribution of papers by sample is shown in Figure 5. Articles that prioritize the
students from secondary/middle/high school (N = 16) are commonly found, followed
by students/undergraduate students from university (N = 15), mathematics teachers
from secondary/middle/high school (N = 9), students from primary/elementary school
(N = 7), prospective/pre-service/graduate mathematics teachers from university (N = 3),
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mathematics teachers from primary/elementary school (N = 2), principal (N = 2), and
parents (N = 1). Samples from students were high (N = 28) compared to others. All eight
categories of samples were fully discussed in 2019, but not in other years. Other samples
might appear, such as learners, educators, pre-school students, pre-school mathematics
teachers, novice/in-service mathematics teachers, lectures, professors, doctors, and so on,
but this review solely covered empirical articles from 2018 to 2022.

3.2. Main Findings

Proper SEM statistical applications are considered vital for good SEM results. This
notwithstanding, SEM statistical applications in mathematics are a cause for concern. The
question “Which statistical application should I use for my data analysis in SEM?” is
commonly asked by numerous scholars [25]. There are no trends that attempt to steer clear
of direct answers to such inquiries; instead, recommendations are made that readers read
papers with proper direction. By implementing the proper SEM statistical applications in
SEM approaches in mathematics education, these issues could be resolved. Thus, we feel a
little pressured and motivated by the requirement to offer a thorough evaluation of these
applications by a systematic review in order to comply with requests, as well as to close
the gap.

The study in [79] highlighted that systematic reviews are inspiring, valuable, and es-
sential for identifying the precedence of future research and the range of human knowledge
in order to reach an appropriate and authoritative conclusion. Thus, it is believed that
the findings of this systematic review can aid researchers in better comprehending and
choosing appropriate statistical analysis tools in the field of mathematics. Therefore, for
the thematic analysis, 47 articles were reviewed over two themes, namely CB-SEM and
VB-SEM/PLS-SEM statistical applications, to overcome the issues undertaken in mathe-
matics education. The studies included are displayed in Table 3. A total of six sub-themes
were found based on the two themes reviewed in this systematic review. The following
sub-topics provide an overview for each of the themes and their sub-themes.
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Students (primary/ elementary school)

Students (secondary/ middle/ high school)

Students/ undergraduate students (University)

Mathematics teacher (primary/ elementary school)

Mathematics teacher (secondary/ middle/ high school)
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Parents
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Figure 5. Distribution of articles based on samples.
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Table 3. The findings regarding the types of proprietary statistical software packages according to
SEM approaches.

No Study
Research
Design Countries

Sample and
Level

Types of Proprietary Statistical Software Packages According to SEM
Approaches

CB-SEM VB-SEM/PLS-SEM
Lisrel Amos Mplus SmartPLS R Package WarpPLS

1 [71] QN Malaysia

Students
(International

secondary
school)

X X X
√

X X

2 [72] QN Malaysia

Students
(International

secondary
school)

X X X
√

X X

3 [73] QN Malaysia

Students
(International

secondary
school)

X X X
√

X X

4 [80] QN West
Africa

Core and
elective

mathematics
teachers

(Secondary
school)

X
√

X X X X

5 [81] QN West
Africa

Undergraduate
students

(University)
X

√
X X X X

6 [82] QN West
Africa

Undergraduate
students

(University)
X

√
X X X X

7 [83] QN West
Africa

Senior
students

(High school)
X

√
X X X X

8 [84] QN UEA

Parents,
Mathematics
teachers, and

students
(Elementary

school)

√
X X X X X

9 [85] QN Turkey

Prospective
mathematics

teachers
(University)

X X X
√

X X

10 [86] QN Philippines
Mathematics

teachers
(High school)

X X X X X
√

11 [87] QN Taiwan
Students

(Vocational
high school)

X X X
√

X X

12 [88] QN Malaysia

Mathematics
teachers

(Secondary
school)

X X X
√

X X

13 [89] QN Malaysia
Students

(Secondary
school)

X X X
√

X X

14 [90] QN Indonesia Students
(University)

√
X X X X X

15 [91] QN Indonesia Students
(University) X

√
X X X X

16 [92] QN Indonesia Students
(University) X

√
X X X X

17 [93] QN Indonesia Students
(University) X

√
X X X X
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Table 3. Cont.

No Study
Research
Design Countries Sample and

Level

Types of Proprietary Statistical Software Packages According to SEM
Approaches

CB-SEM VB-SEM/PLS-SEM
Lisrel Amos Mplus SmartPLS R Package WarpPLS

18 [94] QN South
Korea

Students
(Elementary

school)
X X

√
X X X

19 [95] QN
(Cyprus)
Southeast

Europe

Students
(Primary
school)

X X X
√

X X

20 [74] QN Spain

Pre-service
mathematics

teachers
(University)

X X X
√

X X

21 [96] QN Australia Students
(University) X X X

√
X X

22 [97] QN
(Cyprus)
Southeast

Europe

Principal,
Mathematics
teachers, and

students
(Primary
school)

X
√

X X X X

23 [75] QN India
Undergraduate

students
(University)

X X X
√

X X

24 [98] MM East
Africa

Students
(Secondary

school)
X X

√
X X X

25 [99] QN Indonesia Students
(University)

√
X X X X X

26 [100] MM USA

Students
(Elementary

school,
charter school,

and
home-school

groups)

X X
√

X X X

27 [101] QN Indonesia

Mathematics
teachers

(Secondary
school)

X X X
√

X X

28 [102] QN Malaysia
Undergraduate

students
(University)

X X X
√

X X

29 [103] QN Malaysia

Graduate
mathematics

teachers
(University)

X X X
√

X X

30 [104] QN Malaysia
Undergraduate

students
(University)

X X X
√

X X

31 [105] QN Malaysia
Undergraduate

students
(University)

X X X
√

X X

32 [106] QN East
Africa

Students
(Lower

secondary
school)

X X
√

X X X

33 [107] QN

Southern
and

central
Finland

Students
(Lower and

upper
secondary

school)

X X
√

X
√

X
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Table 3. Cont.

No Study
Research
Design Countries

Sample and
Level

Types of Proprietary Statistical Software Packages According to SEM
Approaches

CB-SEM VB-SEM/PLS-SEM
Lisrel Amos Mplus SmartPLS R Package WarpPLS

34 [76] QN West
Africa

Mathematics
teachers

(Secondary
school)

X X X
√

X X

35 [108] QN Israel

Principals,
mathematics
teachers, and

students
(Middle
school)

X X
√

X X X

36 [109] QN South
Africa

Students
(Public

university)
X

√
X X X X

37 [110] QN Malaysia
Students
(Primary
school)

X X X
√

X X

38 [111] QN Indonesia
Students

(Secondary
school)

√
X X X X X

39 [112] QN Switzerland

Students
(Primary and

secondary
school)

X X
√

X X X

40 [113] QN Malaysia
Students

(Private high
school)

X X X
√

X X

41 [114] QN Malaysia
Students

(Private high
school)

X X X
√

X X

42 [115] QN Malaysia

Students
(Private

lower-level
high school)

X X X
√

X X

43 [116] QN Spain
Undergraduate

students
(University)

X X X
√

X X

44 [117] QN East
Africa

Mathematics
teachers

(Secondary
school)

X
√

X X X X

45 [118] QN Indonesia

Mathematics
teachers

(Secondary
school)

X X X
√

X X

46 [119] QN China Students
(University) X

√
X X X X

47 [120] QN USA

Mathematics
teachers and

students
(Middle
school)

X X X X X
√

QN—Quantitative; QL—Qualitative; MM—Mixed method.

According to Table 3, the authors offer a systematic review to explore the optimal
choice of SEM statistical software packages for sustainable mathematics education. The
authors used the PRISMA protocol for the systematic review, which has four phases.
Starting with the identification phase in three databases (Scopus, WoS, and ERIC), the
authors identified 396 studies in total, from which the sample was reduced over the next
three phases to a total of 47 articles. Based on the author’s findings, there are six software
packages that emerged: Lisrel (N = 4), Amos (N = 11), Mplus (N = 7), SmartPLS (N = 23),
the R package (plspm) (N = 1), and WarpPLS (N = 2). Nevertheless, the findings led to
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the identification that two packages, namely SmartPLS (VB-SEM/PLS-SEM) and Amos
(CB-SEM), have been highly considered by researchers in mathematics education.

3.2.1. CB-SEM Statistical Applications

The CB-SEM statistical software applications in this systematic review were classified
into three categories—Lisrel, Amos, and Mplus. For an appropriate categorization of
statistical software package implementation in the context of mathematics fields based on
the literature review, these subgroups were designed. Table 4 depicts the different types
of categorizations together with the associated articles (N = 22) that were employed in
this study. As displayed in Table 4, four articles were connected to the implementation of
Lisrel in the field of mathematics. Results from Lisrel v.9.20 highlighted the significance of
the attitudes and behavior of teachers, parents, and students in TIMSS scores [84]. Using
Lisrel v.8.80, the factors that affect the difficulty of students learning mathematics (campus
environment, family environment, community environment, and seating) significantly
affected the students’ self [90]. The data analyses in [99] used descriptive statistics, confir-
matory factor analysis (CFA), and SEM. Furthermore, findings illustrated that the levels
of all aspects of students’ mathematics anxieties (N = 109) in online mathematics learning
were at the medium level. The authors included further outcomes that showed that other
than physiological and behavioral, two anxiety aspects—affective and cognitive—affected
mathematics learning achievement. As such, ref. [111] noted a positive correlation be-
tween blended professional training on mathematics teachers’ creativity and their teaching
effectiveness through the Lisrel program.

Table 4. Findings regarding CB-SEM statistical applications.

Study CB-SEM Statistical Applications

[84,90,99,111] Lisrel (N = 4 studies)
[80–83,91–93,97,109,117,119] Amos (N = 11 studies)

[94,98,100,106–108,112] Mplus (N = 7 studies)

On top of that, also included in this review were 11 studies that demonstrated Amos as
another type of proprietary statistical software package used in mathematics (Table 4). The
SEM was run in Amos (v.23) to test the various hypotheses in the first four studies [80–83].
Yarhands Dissou Arthur, being a main author for these studies, emphasized that the
results of the studies were positive. For instance, school-related factors and ICT training
significantly enhanced the perceived ease of use and perceived usefulness of ICT by
mathematics teachers [80]. Among senior high school students (N= 321) in Ghana, peer
tutoring, teaching quality, and motivation had significant positive effects on mathematics
achievement [83]. The path analysis by using Amos in another study exhibits that the
mediating role of student learning interest partially mediated the relationships between
learning motivation and mathematics performance, as well as between teaching quality
and mathematics performance [82]. In [81], the additional variables, among which was
airline, however, show that there is no significant effect on mathematics achievement. On
the contrary, the effect of peer-assisted mathematics learning on mathematics performance
was fully mediated by students’ learning interest. The Amos version 23, continued by [117]
with findings, shows that learning intentions, success criteria, and peer assessments are
significant predictors of teachers’ evaluating skills.

In [91], the CFA method by AMOS (v.18) software verified that the questionnaire of
achievement goal was appropriate for the context of Indonesian students. The authors also
mentioned that 538 Indonesian students adopted other avoidance and self-approach goals
in order to determine the nature of achievement goals in mathematics education programs.
Likewise, refs. [92,93] handled AMOS (v.18). A study from [92] demonstrates that while
task and self-approach had a significant and positive impact on mathematical modeling
competency, task avoidance goals had a significant and detrimental impact. Furthermore,
the findings depicted that metacognition and mathematical modeling had a direct cor-
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relation that was statistically significant [93]. Additionally, the authors argued that the
interrelationships between mathematical modeling competency and metacognitive strate-
gies are considerably moderated by academic year level, which acts as a partial moderator.
By utilizing the other version of Amos, which is v.22, the results from [109] reflect how
TAM constructs significantly influence the acceptance of e-books among mathematics and
statistics students at universities. A discussion in [119] was related to the interrelationships
between these factors and the learning effects on advanced mathematics. The result of the
study revealed that the affective support of teachers is positively correlated with students’
learning cognition and learning self-efficacy. These data were analyzed using software
AMOS (v.19). Although the author used an old version of Amos, version 7.0, the outcome
was stable by illustrating that effective teaching strategies and student achievement are
positively and significantly impacted by principal evaluation [97].

Mplus is the other type of statistical software that is considered in this review apart
from Lisrel and Amos. Most of the studies revealed a positive finding regarding the inte-
gration of the Mplus tool in SEM analysis. For instance, there is a significant connection
between students’ cognitive appraisals with enjoyment and mathematics anxiety [106], and
punishment sensitivity with psychological strain (motivational appraisals and task achieve-
ment) [107]. Moreover, in fourth grade, students who participate in more early numeracy
activities at home are more likely to perform well in mathematics [94]. Next, authors ran an
SEM mediation path analysis using MPlus software [100]. Based on this review, the output
from Mplus indicated significant direct and indirect effects for all pathways (math attitude,
math pre-test, math digital game use, helping affordance perception, hindering affordance
perception, post-test performance) for all 187 children. In [112], the cross-lagged models
were computed using Mplus v.7.3 to test the reciprocal effects between self-determined
motivation (intrinsic and identified motivation) and negative emotions (anxiety, anger, and
boredom) in mathematics. The authors claimed that regarding the influence of students’
emotions on their motivation, the relationship had a consistent direction for all emotions.
Furthermore, the results from Mplus v.7.02 emphasized the value of parental interactions
and the necessity of putting into action effective strategies for fostering parental inter-
actions [108]. According to survey data analyzed using SEM by Mplus v.7.31, students’
perceptions of the effectiveness of teachers’ feedback delivery and perceived scaffolding
positively predicted students’ use of feedback, whereas perceived monitoring adversely
predicted the use of feedback [98].

3.2.2. VB-SEM/PLS-SEM Statistical Applications

The authors of 26 articles were quite enthusiastic regarding VB-SEM/PLS-SEM sta-
tistical software applications, as seen by the fact that most of them embraced it in their
articles. The articles that addressed VB-SEM/PLS-SEM statistical applications in the context
of mathematics are presented in Table 5. Findings indicate that most authors discussed
the smartPLS as an analysis tool for SEM analysis. Based on the data gathered from the
sample, each study (N = 23) using SmartPLS showed a significant and positive relationship
between endogenous and exogenous variables, as illustrated in Table 6. Another type of
VB-SEM/PLS-SEM statistical software application is plspm from R packages. The authors
in [107] proved from their studies that the integration of the R package (plspm) in the
mathematics classroom showed a significant relationship between eighth graders’ temper-
amental reward and punishment sensitivities and their motivational appraisals (interest,
strain, effort). As illustrated in Table 5, two articles mentioned the choice of WarpPLS,
especially versions 5.0 and 6.0, to analyze SEM in their studies. These two articles [86,120]
have similar findings whereby the implementation of WarpPLS in mathematics education
provides benefits to the research findings of SEM. For example, the individual institutional
leadership model had a significant and favorable impact on scientific output [86]. The
findings from [120] revealed that because teachers offer greater possibilities for content
engagement, in-class computer use was indirectly related to mathematical achievement.
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Table 5. Findings regarding VB-SEM/PLS-SEM statistical applications.

Study VB-SEM/PLS-SEM Statistical Applications

[71–76,85,87–89,95,96,101–105,110,113–116,118] SmartPLS (N = 23 studies)
[107] R package (plspm) (N = 1 study)

[86,120] WarpPLS (N = 2 studies)

Table 6. Findings regarding SmartPLS.

Study Findings

[71]

F1: a significant relationship between performance expectancy, effort expectancy, and
student attitude toward the use of an online mathematics homework tool.

F2: a significant relationship between student attitudes and their actual use of online
homework.

[72]
F1: a significant relationship between perceived usefulness, perceived ease of use, and

attitude toward the use of a web-based mathematics homework tool.
F2: a significant relationship between attitude and mathematics self-efficacy factor.

[73] F1: perceived usefulness and perceived ease of use are predictors of attitude toward the use
of OHW.

[85]

F1: direct effects of technological content knowledge (TCK), technological pedagogical
knowledge (TPK21), and pedagogical content knowledge (PCK21) on TPACK-21.

F2: teachers’ content knowledge (CK), technological knowledge (TK), and pedagogical
knowledge (PK21) directly affect technological content knowledge (TCK).

[87]

F1: perceived usefulness significantly affected attitude toward use and behavioral intention
to use.

F2: attitude toward use significantly affected behavioral intention to use.
F3: attitude toward use exhibited significant mediating effects between perceived

usefulness and behavioral intention to use.

[88] F1: infrastructure support and system quality affect teachers’ intention to use
geometer’s sketchpad.

[89] F1: teacher affective support and classroom instruction predict attitude towards
mathematics more than parental influences.

[95]

F1: the mathematical mindset of students could directly and moderately describe their
mathematical knowledge.

F2: mathematical knowledge and mathematical mindset can both directly and to a
significant extent be used to describe mathematical imagination.

[74]

F1: component relation effects of OB, ATP, and ATN of pre-service teachers toward
mathematics learning and the influence of their educational background.

F2: science and technology background were positively correlated after the flipped-OCN
method compared with the rest of pre-service teachers.

[96]
F1: a significant relationship between students’ self-efficacy, self-regulated learning

strategies, and epistemological beliefs about mathematics as well as their perceptions of the
learning environment.

[75]
F1: learning through constructivist Digital Learning Heutagogy supported academic

achievement, learning engagement, and positive emotions
F2: peer relationship not supported by the intervention.

[101] F1: attitude toward E-learning use and E-learning experience were the two most significant
constructs in predicting E-learning use.

[102] F1: a significant relationship between teaching quality and students’ academic performance.

[103] F1: a significant relationship between Program Education Objectives (PEOs) and Program
Learning Outcomes (PLOs).
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Table 6. Cont.

Study Findings

[104] F1: a significant relationship between statistical reasoning and students’
academic performance.

[105] F1: students’ attitude and belief toward statistics, statistical reasoning, self-efficacy,
motivation, and the relationship with academic performance are statistically important.

[76]
F1: a significant relationship between the will, skill, tool, and pedagogy parameters and the

stages of adoption of teachers’ use of ICT.
F2: Tool strongly predicts ICT integration.

[110] F1: a significant relationship between cognitive factors (symbol sense, pattern sense,
number sense, and operation sense) and algebraic thinking.

[113]

F1: task value and critical thinking skills predicts students’ performance in
mathematical reasoning.

F2: critical thinking skills fully mediated with the relationship of mastery goal orientation
on the students’ abilities to solve the reasoning tasks.

[114]
F1: students’ formative performance predicts their summative performance.

F2: formative performance significantly mediates the relationship between self-confidence
and summative performance.

[115]

F1: behavioral regulations (self-observation, self-judgment, and self-reaction) significantly
influence student academic achievement and mathematical reasoning ability.

F2: cognition regulation significantly mediates the relationship between motivational
regulation and reasoning ability.

F3: behavioral, cognition regulation, and students’ reasoning ability significantly mediates
the relationship between motivational regulation and academic achievement.

[116] F1: Format and depth of the video tutorials predict performance learning and
promoting autonomy.

[118] F1: a significant relationship between perceived ease of use and subjective norm influence
(PEU and SN) with teachers’ microgame usage behaviors and intentions.

F1—Finding 1; F2—Finding 2; F3—Finding 3.

4. Discussion

The review’s main findings betokened the various types of proprietary statistical
software packages used in analysis of CB-SEM and VB-SEM/PLS-SEM in the field of math-
ematics. Ultimately, the results led to the identification of numerous statistical applications:
Lisrel, Amos, Mplus, SmartPLS, R package (plspm), and WarpPLS. This notwithstand-
ing, the results of this review revealed that, when compared to the other five statistical
applications, smartPLS was the most extensively used in the domain of mathematics. This
demonstrates that smartPLS is increasingly commonly employed to solve the SEM analy-
sis that mathematics researchers encountered, especially in VB-SEM/PLS-SEM. Findings
indicated that 23 studies showed a significant positive correlation among the variables
employed. Through a sophisticated reporting feature, a user-friendly interface, advanced
reporting capabilities, and availability at no cost to academics and researchers, the software
has gained popularity in mathematics. Being a freely available and graphical user interface
software, it was designed in a contemporary Java-based programming environment [25].
Following the 2003 launch of the initial online version, SmartPLS 2 was released in 2005.
The program was updated and extended in 2015 [27]. The software has been developed to
be very applicable and user-friendly to assist experts and beginners in creating scientifically
sound and state-of-the-art VB-SEM/PLS-SEM analyses [121].

To enhance modeling and analysis capabilities, regular upgrades and additions are of-
fered. Current versions of Apple and Microsoft operating systems are also compatible with
the application. In addition, many analytical functions were automated in the subsequent
iteration of SmartPLS, and PLS-SEM applications in journals expanded substantially [4].
Since it is known as a scientifically grounded software, it strives to provide complete trans-
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parency on how results are computed mathematically in order to ensure the repeatability of
outcomes. Results from SmartPLS are presented in neatly organized tables and, in certain
cases, in illuminating results graphics [122,123]. Additionally, users can save the outcomes
or reports in Excel, HTML, and R formats for subsequent use or collaboration with oth-
ers [25]. If there are subgroups spanning the entire theoretical model simultaneously, the
SmartPLS software has numerous methods for finding them. These methods belong to
the broad category of models known as latent class methods [4]. Although smartPLS was
identified as the most prevalent statistical application in the mathematical perspective,
other types of proprietary statistical software packages play an important part in SEM
analysis, and their contributions cannot be discounted. For instance, becoming a growing
trend in mathematics next to SmartPLS, Analysis of Moment Structures, or Amos for short,
revealed a significant and favorable impact on the variables that were examined in 11 stud-
ies. Amos is known by another name: IBM SPSS AMOS. This software (Amos Development
Corporation, 1983–2013) is for Windows computers. The authors in [22] emphasized that
Amos is composed of two primary components: Amos Graphics and a separate Program
Editor for working with Amos syntax. Having a fantastic graphical user interface, Amos
can be quickly accessible and has an organized output format. It incorporates special
features, such as a search for specifications in the absence of theory, diverse bootstrapping
options, and a restricted application of Bayesian estimation. A highly intriguing feature of
AMOS has been created within the Microsoft Windows interface, enabling mathematics
researchers to either directly write the equation statements via AMOS graphics, or to specify
the model by drawing a path diagram illustrating the relationships between variables.

However, since AMOS graphics offer all the tools that will ever be required for devel-
oping and dealing with SEM path diagrams, researchers will always choose to leverage it
to easily detect relationships between the variables [21]. This software is most suitable and
practical to use for post-graduates because they can convert the research framework into
IBM-SPSS-AMOS graphics for analysis [6,7]. In addition to being a module in SPSS, AMOS
is one of the first SEM tools that largely relies on a graphical interface for all functions,
so researchers never have to use syntactic commands or computer code [4]. Through
AMOS software, mathematics researchers can test the validity and reliability of a construct
measurement model built by using the CFA procedure. After completing the CFA report,
the mathematics researcher can model all these constructs into a structural model for
analysis. Therefore, this resource is the best and most user-friendly method for analyzing
and testing a theory [6,7]. The literature has underlined that although Amos is under
CB-SEM, somehow it can handle analysis of PLS-SEM [124]. Although SmartPLS and
Amos dominated among other software packages in mathematics education, Lisrel, Mplus,
R package (Plpsm), and WarpPLS still have different strengths, special features, areas of
improvement, estimation methods, and limitations that could influence a researcher’s
choice. For instance, like Amos, the other two packages, Lisrel and Mplus, allow users to
estimate parameters for models with well-defined structures [35] and present a specific
version of the maximum likelihood for incomplete data files that operate in the way just
explained [22]. The main difference between these packages is the presence of a graphical
interface for model specification and results presentation. Historically, the first commercial
CB-SEM program to become widely used was LISREL [9,125,126], although it was not the
first software to perform path analysis or SEM [126]. The name was derived from LInear
Structural RELations [4]. LISREL is a versatile program that may be applied in a wide range
of contexts (including cross-sectional, experimental, quasi-experimental, and longitudinal
investigations) and at one point nearly entirely replaced SEM.

Next, a modeling program with numerous approaches, called Mplus, also includes
a graphical user interface [127]. Despite the fact that there are several software packages
available today, most require data that are continuous. In several types of analysis, Mplus
permits the use of binary, ordinal, and censored variables. As if that were not enough,
Mplus integrates some types of analysis that are difficult to access in other statistical pack-
ages (such as latent class analysis) and enables the researcher to use novel approaches that
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are not available elsewhere, like exploratory structural equation modeling (ESEM) [26].
Furthermore, Mplus has a very active community where mathematics researchers can
get troubleshooting assistance if needed. The other VB-SEM/PLS-SEM software pro-
gram that is still under active development is WarpPLS. Like SmartPLS, WarpPLS is very
user-friendly with its modeling interface, and analyses may be carried out without any pro-
gramming knowledge. The program has a graphical user interface for variance-based and
factor-based SEM, employing classic composite-based PLS and more modern factor-based
techniques [25]. Unlike SmartPLS, WarpPLS is categorized under commercial software.
Hence, it was developed by Ned Kock in 2009. WarpPLS’s capacity to recognize and model
non-linearity among variables in path models, whether these variables are measured as
latent variables or not, is one of its key advantages. This capability results in parameters
that take relevant underlying heterogeneity into consideration. However, plspm is an R
package including a collection of functions for doing PLS-PM analysis on both metric and
non-metric data, as well as REBUS analysis. The project began in the fall of 2005 [14]. The
first R package for PLS-PM was released in 2009, almost four years later. The absence of a
graphical interface for creating path diagrams is one of the primary distinctions between
plspm and other PLS-PM applications [14].

In a nutshell, although the first commercial software that appeared on the market was
LISREL, other statistical software programs and approaches have emerged over time [9].
SEM is a versatile approach to examining how things are related to each other in the context
of mathematics. Therefore, SEM statistical applications can appear quite different [10].
Findings of a review revealed that among 47 articles, a total of 26 studies were analyzed
through VB-SEM/PLS-SEM statistical applications, whereas 22 publications were examined
through the CB-SEM software packages. The trends reflects that these six SEM tools were
the optimal choices among researchers in mathematics education at present. To ensure
inclusive and equitable quality education and create opportunities for lifelong learning in
the mathematical landscape, each mathematics researcher used relevant statistical software
to undertake their analysis, although their features are varied. Some statistical applications
are more established and provide a wide range of mathematical analysis, whilst the rest are
newer and focus on a specific sort of analysis. Thus, trying to identify which is best would
be an incorrect approach, since there are several advocates and users of each application.
Each package differs in terms of strengths, limitations, areas of improvement, and special
features that may dictate the choice of selection in the field of mathematics, as indicated by
the findings of this systematic review.

5. Conclusions

To explore the latest trends of multiple CB-SEM and VB-SEM/PLS-SEM statistical
applications in mathematics education was the aim of this systematic review. This research
thereby fills the gap left by the paucity of systematic reviews on SEM statistical appli-
cations in mathematics. Additionally, this research covers a knowledge gap in lifelong
learning through research trends on optimal choices of proprietary statistical software
packages in SEM approaches, which may be essential for achieving the SDG4. Three
databases have been included to retrieve 47 potential articles in accordance with the guide-
lines issued by PRISMA. Dealing with those studies showed the same results according
to each statistical application. No study shows significantly different results, and suspi-
cion was not raised [128]. The main findings have sought to explain that there are six
different commercial/free software packages with “stand alone”/“packages” CB-SEM
and VB-SEM/PLS-SEM applications, respectively, with graphical user interfaces that were
identified, namely Lisrel, Amos, Mplus, SmartPLS, WarpPLS, and R package (plspm). This
indicated that those statistical applications have been the optimal choices for researchers in
the field of mathematics.

Although six SEM statistical application trends emerged from this review, the results
add to our understanding that SmartPLS (VB-SEM/PLS-SEM) and Amos (CB-SEM) have
been highly considered by researchers in mathematics education. This result was in
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tandem with earlier research indicating that SmartPLS and Amos were the best software
packages for SEM approaches [9]. Recently, in a bibliometric review, ref. [129] analyzed
164 documents from Brazilian journals from the EBSCO and PROQUEST database during
1996–2015. They pointed out that the nearly 50% of publications (N = 82) used Amos,
followed by 30% of articles using the SmartPLS (N = 31) and Lisrel (N = 19). AMOS
(part of SPSS) was the most frequently used software, with 13 papers (40.6%) found in
other systematic reviews that were conducted in 2009 [130]. On the contrary, Mplus, with
23 studies (37.0%), dominated Amos and Lisrel, with 14 studies (24.0%) each in another
review [131]. Furthermore, findings from other reviews portrayed SmartPLS [121] and
Amos [132] as comprehensive software programs compared to others. This implies that
in order to facilitate diverse analyses, SmartPLS and Amos will, in essence, be gradually
developed in the coming years. By gaining notoriety, both can be predicted to have a
successful future and will keep solidifying their position as premier standard statistical
software solutions for research in mathematics education.

This study has several limitations. The first limitation of the study is that only six
statistical applications were the subject of this paper. The other SEM statistical applications
were not mentioned as a trend in this review. This limitation undoubtedly creates new
possibilities in the future, particularly in terms of choosing mathematics research for other
different SEM statistical applications. Second, this review was conducted only using three
databases: Scopus, WoS, and Eric. Consequently, incorporating articles from additional
databases could produce various outcomes; therefore, further studies can investigate the
same subjects by including more articles from different databases such as Mendeley, Google
Scholar, Semantic scholar, Dimension.ai, PsycInfo, Science Direct, Ebsco, Proquest, Social
Science Citation Index (SSCI), and so on. The study’s exclusion of dissertations, theses, and
manuscripts produced in languages other than English is its third limitation. Fourth, this
review used literature from the last five years. Therefore, a longer time span should be used
in literature review studies in the future. It was observed that contrasting CB-SEM and
VB-SEM/PLS-SEM applications in a single review may produce a comparison between the
statistical applications and their respective analytical techniques. Consequently, the future
review should focus on either CB-SEM or VB-SEM/PLS-SEM applications separately in
mathematics education.

Next, other statistical applications, such as R packages (sem, Lavaan and OpenMx) [21,35],
EQS, PROC CALIS (SAS) [35], ADANCO [25], EQS [130], Stata, DEA Warwick, EBTs, and
EQS [129], have been discussed in the respective prior reviews. Some of the articles
examined in this review did not describe those statistical applications. Future studies
could examine the relationships between learners, educators, academics, and context in
order to further assess those statistical applications in mathematics education. Despite
its limitations, this study makes a few vital contributions and implications to the body of
knowledge relating to mathematics education and to practical concerns. The outcomes of
this review function as a manual to help mathematics users and practitioners understand
the unique characteristics of each SEM software program and decide which is best for
their research, resulting in closing the gap found in the field of mathematics. Even though
there are numerous statistical analysis programs in SEM approaches available on the
market, when they are applied properly with the suitable research design and procedures,
there is little difference between these programs in terms of their findings. Thus, it was
recommended that mathematics researchers and interested parties should comprehend the
most recent SEM statistical application adaptations and strategically select an appropriate
application based on their research questions and design, as well as their pertinence to the
system of education in the respective country for sustainable mathematics education. We
hope that this systematic review will act as a springboard for understanding the various
applications in SEM approaches before making the best decision in mathematics education,
as well as contribute to the knowledge gap in promoting lifelong learning via SEM statistical
applications, which could be valuable for achieving the fourth SDG, especially in the area
of mathematics.
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