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Abstract: The phenomenon of a global retirement crisis has gained increasing attention in recent years. A growing number
of individuals struggle to secure sufficient financial resources to sustain themselves during retirement. Financial knowledge
not only increases the tendency to save for retirement, but it also affects an individual’s everyday money practices, including
borrowing, saving, and investing decisions. Millennials are currently the largest cohort in the workforce and should be
constantly made aware of the urgent need to save from the earliest age possible. The development and implementation of
a unique gamified retirement planning application aimed at improving retirement preparedness was critically examined for
its design rationale, user experiences, and observed successes and shortcomings. A randomised control experiment was
conducted to observe any changes the gamified tool might have on the players’ retirement preparedness. Participants,
millennial employees at a higher education institution, aged between 24 and 43 were randomly divided into one of three
groups (gamification group, education group, and control group), ranging between 29 and 34 participants. The gamified
application created a platform where the gamification group could experience the long-term effects of their decisions in a
low-risk setting by modelling real-life financial decisions, which helped them develop a more accurate grasp of retirement
planning. The education group was only exposed to infographics on retirement planning, and the control group was not
exposed to any intervention. Data were analysed and tested using a nonparametric ANCOVA. The gamified application tends
to be more effective at improving basic financial literacy, promoting interest, fostering awareness, and building confidence.
However, a decrease was observed in respondents’ perceptions of how well they are prepared for retirement and whether
they will achieve the income they need in retirement, which may reflect a “reality check” effect. The infographics appeared
to be more effective at improving financial retirement literacy and resulted in a more positive perception of how well they
are prepared for retirement, which may reflect overconfidence in their knowledge, leading them to believe they are better
prepared than they actually are. Despite some content and technical limitations of the gamified application, it exhibits
promise as a financial education tool, motivating individuals to take proactive steps toward retirement planning. Collectively,
the evidence suggests that gamification enhances financial literacy and interest in retirement planning, prompts self-
reflection, and serves as a “reality check” on respondents’ perceived confidence in retirement preparedness. Consequently,
e-learning environments for financial education interventions should not only consider gamification for motivation, but also
balance engagement, knowledge development, and behavioural awareness, ensuring a meaningful and realistic
development of financial proficiency and behaviour. The limitations of the study suggest that the sample size limits statistical
power and restricts the generalisability of the findings, the self-reported measures may be subject to social desirability bias
or overconfidence, particularly among participants exposed to educational material, and, lastly, due to the time limit of the
study, long-term knowledge retention and sustained behavioural change could not be assessed.

Keywords: Financial education, Retirement planning, Gamification, Millennials

1. Introduction

The phenomenon of a global retirement crisis has attracted increasing attention in recent years as demographic
shifts, economic factors, and social policy inadequacies converge. This crisis is characterised by the inability of
an increasing number of individuals to secure sufficient financial resources to sustain themselves during
retirement (Aegon, 2017). Population ageing is a global reality regarded as one of the main economic and social
changes shaping the 21st century. People are living longer, and fewer children are born. A smaller number of
people will be working to support an increasingly ageing population dependent on their government for financial
support in retirement (Bodnar & Nerlich, 2022). Low levels of financial knowledge, combined with retirement
unpreparedness, are perceived as a significant problem among millennials (Ndou, 2023). The traditional
classroom setting may have worked for previous generations, but it only discourages millennials (McHaney,
2023). The conventional approach of seminars, workshops, and other educational programmes on financial
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education has become insufficient to motivate millennial employees to save and plan for retirement (Sutton,
2019).

It has been argued that the focus of financial education should be on millennial employees (those younger than
43), given that they currently form the largest segment of the workforce and still have the potential to impact
their retirement situation (Hill, 2017). In addition, experimentation and active participation are a great part of
millennials’ learning style. To gain their interest and attention, they must be constantly stimulated and
challenged since they approach learning as a “plug-and-play” (effortless connection of devices to a computer
system to operate) experience that allows them frequent, fast interaction with content. Although gamification
has increasingly gained traction as a promising approach to financial education, the evidence remains
fragmented (Yulianto et al., 2024).

Prior research suggests that gamification may increase engagement, motivation, and short-term interest in
financial content, especially among younger learners. However, evidence of sustained gains in financial literacy
and behavioural outcomes remains inconsistent. Such outcomes appear highly contingent on the quality of game
design, the contextual relevance, and individual user characteristics. Much of the available literature is focused
solely on the acquisition of basic financial knowledge (Ahmad et al., 2025), with comparably limited attention
being paid to retirement planning specifically, especially among full-time working individuals. The literature
indicates that current financial education initiatives do not necessarily enhance millennials’ engagement in
finances, and the retirement situation is becoming increasingly dire due to inadequate planning and saving for
retirement (Yakoboski, Lusardi, & Sticha, 2024). This growing challenge puts the financial well-being of millions
of young working adults at risk and calls for innovative educational approaches to address this problem.
Accordingly, further context-specific research is needed to understand whether gamification supports
retirement education and whether the development of the gamified application influences engagement and
perceived preparedness. This study addresses this gap by examining a gamified retirement planning application
for millennial employees. This study seeks to answer two questions:

Will a gamified retirement planning application enhance financial literacy, increase interest in retirement
planning, and improve perceived retirement preparedness?

What are the potential strengths and weaknesses of such an application?

The article aims to critically examine the development and implementation of a gamified retirement planning
application to enhance the retirement preparedness of full-time millennial employees (ages 24 to 43) based at
a tertiary education institution in South Africa, with a particular focus on its design rationale, user experiences,
and observed successes and shortcomings. This article will highlight the impact of the global retirement crisis,
the future implications for millennials specifically, the need for financial literacy and retirement preparedness,
and explore the use of gamification and digital financial education. It will also elaborate in detail on the design
and implementation of the gamified application, focusing specifically on the theories, player types, design,
content, and game elements applied. The successes, shortcomings, and lessons learned will be examined, after
which concluding remarks will be made.

2. Literature Review

The literature review will provide an overview of the global retirement crisis, financial and retirement literacy,
and the importance of targeting millennials specifically.

2.1 The Global Retirement Crisis

The global reality is that people are increasingly being forced to retire earlier than planned, are steadily growing
older each year, and reach retirement with little to no savings, which places immense fiscal pressure on
governments worldwide. Employed individuals will pay higher taxes, old-age support will be reduced to match
current tax and saving rates, and people will have to work longer and retire later to accumulate more income
(Bodnar & Nerlich, 2022; Natixis, 2022). Low-wage workers (ages 50 to 60) are likely to be the first to lose their
jobs in times of economic downturn (for example, the COVID-19 pandemic), forcing them to retire sooner than
planned with little to no savings. These households enter retirement with more debt than they had a decade
ago. Pensions are eroded relentlessly and other avenues of retirement income become more unreliable due to
fluctuating financial markets, creating a great inequality between economic classes as they age. Currently, half
of American households have no retirement savings. The retirement crisis dooms one to observe the rapid
increase in the number of elderly people becoming poorer, fruitlessly searching for jobs, and adding to the ranks
of the unemployed (Ghilarducci, 2024).
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2.2 Financial Literacy

The complex financial landscape today calls for financial sophistication to build sufficient wealth and increase
the individuals’ tendency to plan for retirement (OECD, 2023). Financially sophisticated individuals are more
likely to be aware of and occupied with saving for retirement. Evidently, planning and preparing for retirement
leads to more wealth in retirement. Financial knowledge also impacts an individual’s everyday money practices,
including borrowing, saving, and investing decisions (Bai, 2023). Young people are frequently advised to start
saving as early as possible, but this can pose a daunting and challenging task, as the younger workforce may lack
sufficient discretionary income to put away in savings accounts, and they might lack the necessary knowledge
and skills, or perceive savings as unimportant while still young (Rappaport, 2019). Research has shown that a
lack of financial literacy leads to the absence of retirement planning. A financially illiterate individual with low
income is most vulnerable to poor financial decisions (Sundarasen, Rajagopalan, & Ibrahim, 2024). The most
recent survey conducted by the Global Financial Literacy Excellence Centre (GFLEC) assessing the financial
literacy levels of US citizens, shows no improvement in overall financial literacy. The results of the survey
(percentage of questions answered correctly) for the last eight years (2017-2024) show a decrease of 1% (49%
in 2017 and 48% in 2024) (Yakoboski et al., 2024). The most recent financial literacy survey conducted by the
OECD, which included 40 countries (excluding the US), showed an overall financial literacy score of 60%
(percentage of questions answered correctly) (OECD, 2023). Comparing it to the OECD financial literacy survey
in 2015, the overall score for 30 countries was 63%, indicating a 3% decrease (2015: 63% to 2023: 60%) (OECD,
2023; 2016). The OECD/INFE has been actively working towards strengthening the financial literacy of adults
globally through financial education initiatives, but the effect thereof on the financial literacy levels of individuals
is not evident yet, at least not in the OECD and GFLEC scores (OECD, 2023; 2019; Yakoboski et al., 2024).

2.3 Millennials

Millennials are currently the largest cohort of employees in the workforce (born between the 1980s and the
beginning of the 2000s). They should be constantly made aware of the urgent need to save from the earliest
possible age. A millennial’s most expensive mistake is delaying retirement savings (Hill, 2017; Sanlam, 2017).
Compared to previous generations, millennials grew up in a more protective environment with unrealistic
expectations for the future. Due to ongoing demographic, political, and macroeconomic factors, millennials
seem oblivious to the less comfortable retirement awaiting them compared to what previous generations
experienced. Their limited understanding of financial matters might stem from a lack of information about the
stark reality they may encounter upon retirement, as well as from a general disinterest in financial matters (Bank
of New York Mellon, 2015). Despite millennials being the most educated generation to date, they are also less
involved in retirement planning and tend to focus on their immediate personal accomplishments, while saving
and investing for retirement are put on the back burner. However, they firmly believe that they will not be able
to retire comfortably and will be worse off than previous generations (De Lima, Nery, & Miranda, 2024). The
millennials’ delay in saving for retirement was also evident in the results from the National Institute for
Retirement Survey in the United States, where 78% of millennials indicated that they would have to continue
working past retirement age due to their financial insecurity (Doonan & Kenneally, 2021). Working past
retirement age may not be an option given the looming retirement crisis and the high percentage of retirees
entering retirement involuntarily (Ghilarducci, 2024). Millennials will face a deeply troubling retirement outlook
as they are not saving nearly enough or not saving at all for retirement due to reasons such as depressed wages,
high student debt, and the lack of access to employer retirement plans (Doonan & Kenneally, 2021). The
literature indicates that young people entering the workforce need financial education and guidance from their
employers to equip them with sufficient knowledge to manage their income and choose the best investment
options for retirement (Michaud, 2021). Motivating millennials to take part in the learning process means
engaging them with visuals and involving them in the process. Millennials are more likely to choose online
(distance) learning formats due to their immersion in technology (McHaney, 2023). Millennials are in favour of
free, easily accessible, and easy-to-understand online financial education resources, but this alone is not enough
to gain their attention (Lusardi & Hasler, 2019). In addition, millennials prefer personalised ways to learn how
to manage their money (Huang, Lassu, & Chan, 2018).

2.4 Gamification and Digital Financial Education

Gamification is defined as the use of game elements in non-game contexts to promote learning by adding a layer
of interest to the task at hand, increasing engagement and motivating action (Kapp, 2012). Online gamification
programmes are a convenient way that has proven to be successful to teach content, making learning engaging,
relevant, personalised, and motivational for millennial employees (Kapp, 2012; Mazzo, 2015). Using gamification
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as an educational tool can build confidence among millennials to take action to enhance their financial
knowledge and start saving towards retirement (Grobbelaar & Alsemgeest, 2024). Furthermore, gamification
can create a fictional setting where individuals can experiment without real-life consequences. This safe space
allows individuals to strategise and learn from their mistakes through immediate feedback, which can foster
sound behaviour in real life (Kapp, 2012). Difficult concepts can be explained in smaller sections of content to
avoid the feeling of being overwhelmed. An essential benefit of gamification is the alleviation of psychological
factors, such as fear and anxiety one experiences when managing finances. These psychological factors can be
managed through gamification by creating smaller tasks and goals to achieve, rather than focusing on the end
goal that may seem unachievable (Van Raaij, 2016). Gamification has gained significant attention across diverse
fields — including education, health services, marketing, and personnel management (Rodrigues et al., 2018) —
due to its ability to engage fundamental drivers of psychological motivation in addition to intrinsic and extrinsic
incentives (Uppaluri, 2025). Uppaluri (2025) conducted a comparative analysis on users of gamified systems and
non-gamified systems to investigate changes in users’ engagement and saving behaviours. The results showed
that after financial applications assimilated gamification, the daily active users increased by 191.67%, financial
goals set by users increased by 180%, and the number of users meeting their financial goals increased by 85.71%.
Thus, by incorporating game elements into financial applications, user activity increases, users are more
motivated to set financial goals and objectives, and users are supported in meeting their set goals. The need to
combine education and gamification into financial management platforms is essential to enhancing user
performance and fostering financial stability. However, gamification must be applied responsibly to avoid the
ethical dilemma of exploiting users instead of empowering them, while maintaining the integrity of financial
guidance within these platforms (Uppaluri, 2025).

3. Methodology

The article aims to explore the design rationale, user experiences, and observed successes and shortcomings of
a gamified retirement planning application developed and implemented to enhance financial literacy, increase
interest in retirement planning, and improve perceived retirement preparedness of full-time millennial
employees who fall between the ages of 24 and 43 at a tertiary education institution in South Africa. The best
approach to determine changes in individuals’ financial literacy levels, interest in the subject and perceptions, is
for the researcher to be objective and independent of the research, which is also called a positivist philosophy.
The primary aim of positivism is to draw conclusions through empirical research, namely observation and
experimentation. Causal relationships between variables are established through causal laws and are connected
to logical reasoning and linked with quantitative methods, where quantitative numerical data are statistically
analysed (Collis & Hussey, 2014). Thus, an observation for successes and shortcomings was conducted through
a randomised control experiment that focused on the cause-and-effect relationship between the independent
variable (cause — financial education in retirement planning) and the dependent variable (effect — retirement
preparedness).

The dependent variable was affected by offering financial education on retirement planning through a gamified
application. The experiment involved three groups, ranging between 29 and 34 respondents per group (total
respondents = 96), one group exposed to the gamified tool, one group exposed to educational infographics (also
available in the gamified tool), and one control group. The recommended sample size for experimental research
is 15 to 30 participants per group (Daniel, 2012; Gay, Mills, & Airasian, 2012). It is important to note that despite
meeting the recommended minimum sample sizes for experimental designs, the relatively small group sizes limit
the statistical power of the analyses and the generalisability of the findings beyond the specific context of the
study.

The experiment used a pre-test, intervention, and post-test and lasted over a two-month period. The pre- and
post-test data were collected through an online questionnaire that all three groups had to complete. The
responses in the pre-test and post-test for the financial literacy and retirement preparedness questions were
compared across the three experimental groups, and any differences among the groups’ scores were linked to
the intervention involved. Kapp (2012), however, cautioned that using a gamified application will not necessarily
turn individuals into subject experts. Thus, an increase in the financial literacy score for a group exposed to an
intervention exceeding that of the control group suggests a noteworthy impact, regardless of whether the
difference is statistically significant. The difference can be traced back to the specific educational initiative
involved.

All output data from the completed pre- and post-tests were extracted in the form of a Microsoft Excel report.
The data collected were then imported, coded, and analysed using the statistical programme SPSS (Version:
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29.0.0.0). The ANCOVA (analysis of covariance) test was applied to determine whether the pre- and post-test
mean scores differed significantly across groups. In order to do a parametric ANCOVA test, two of the
assumptions must be met, namely: the assumption of homogeneity of variance and the assumption of
normality. For each assumption, there is a test to be conducted and if either one of the assumptions is not met,
a non-parametric ANCOVA test must be performed. For either of the tests to be met, the desired p-value should
be more than 0.05 (Field, 2018). The results of both the homogeneity test and the normality test indicated that
some variables’ p-values were greater than 0.05 and others were less. Thus, none of the assumptions were met,
and a non-parametric ANCOVA test was performed. The non-parametric ANCOVA test used to analyse the data
will be discussed later on. Internal and external validity were retained throughout the experiment and protected
against history threats (influence by outside events), maturation threats (development of participants), and
repeated testing and instrumentation threats, through the use of a randomised pre-test-post-test control group
and experimental group design and being conducted in a real-life setting (Babbie, 2016). The development and
implementation of the gamified application was part of a larger PhD study.

4. Design and Implementation

The design of the gamified application was based on the determinants of retirement planning, including financial
literacy, retirement goals, and future time perspective (Anuar, Ismail, & Samad, 2023). Financial literacy is the
ability to allocate financial resources more effectively by analysing financial data and making informed decisions
when saving and building wealth over a lifetime (Ifeanyi, Rena, & Prinsloo, 2019). Yong, Yew, and Wee (2018)
described it as the ability to apply financial skills such as personal financial management, budgeting, and saving
that enable individuals to make sound financial decisions. A retirement goal is a long-term objective that
provides a clear direction of the preferred living standard and quality in retirement to be achieved and serves as
a driving force that inspires one to start planning (Jiun, Satar, & Ishak, 2021). Future time perspective refers to
the extent to which an individual considers the future, anticipates potential outcomes, and plans before taking
any actions (Kooij et al., 2018).

The purpose of the gamified retirement planning application was to provide players with a gameful experience
of real-world financial matters related to retirement planning, what being prepared for retirement entails, and
to raise awareness of the need to plan and save for retirement. Players were tasked with making decisions on
everyday financial and retirement matters and viewed the impact of their decisions and overall performance
through immediate, constant feedback. In reality, the impact of a financial decision can only be experienced
after a certain time has elapsed (Jain & Dutta, 2019). The expectation was that after playing the game, players
would show an increase in their financial literacy levels, and that their perception of how well they are prepared
for retirement would be more accurate in terms of attitudes and behaviours towards retirement planning.

Taking into account the determinants of retirement planning and the intended goal to be achieved through a
gamified retirement planning application, several theories relevant to gamification, including both learning and
motivational theories, were explored to act as the foundation for the development of the gamified application.
These theories inform how individuals acquire knowledge and skills, how to influence attitudes, and change
behaviours. It also serves as guidance for educators in designing effective gamified learning environments by
incorporating appropriate game elements (Kapp, 2012). Identifying the appropriate type of player within the
gamified retirement planning application environment can also contribute to the development of the
application. The type of player can also indicate which game elements to incorporate into the gamified
application (Marczewski, 2018). The following section explores the relevant theories and player types that
support the intended outcomes of the gamified application.

4.1 Theories

The design and implementation of the gamified application were built on four gamification theories. The first is
the theory of gamified learning (Landers et al., 2019), which specifies that game elements can be used in
psychological processes to affect learning. During the development of the gamified application, specific game
elements were incorporated to influence players’ behaviours and attitudes towards retirement planning and
retirement preparedness. Goals were incorporated to enhance players’ understanding of how retirement
planning can help them achieve their retirement goals. Narrative elements created an environment that players
could relate to and change their attitude towards planning and preparing for retirement. The social learning
theory allows players to observe a model’s desired behaviour, process it internally, and afterwards exhibit the
learned behaviour (Kapp, 2012). Through participation in the gamified application, players observe and practice
the process required to prepare for retirement and, ultimately, reach the retirement goal. The play environment
was safe and secure, allowing the participants to make financial decisions and learn from their mistakes without
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experiencing the consequences in real life. Distributed practice allows for the educational content within the
gamified application to be spread across manageable portions at the relevant stage in the application, to prevent
information overload, and develop long-term information retention abilities (Kapp, 2012). The self-
determination theory focuses on the fundamental purpose of human motivation to perform a task by fulfilling
one’s psychological needs (autonomy, competence, and relatedness). Players had control (autonomy) over their
financial decisions through immediate feedback, effort was required to achieve the retirement goal
(competence), and a narrative of everyday financial matters and unexpected life events allowed them to connect
with the gamified environment (relatedness) (Richter, Raban, & Rafaeli, 2015).

4.2 Player Types

Marczewski (2018) developed six types of players for gamified applications: socialisers, free spirits, achievers,
philanthropists, disrupters, and players. The type of player depends on intrinsic motivational factors and
behaviours that players are expected to develop when engaging with the gamified application. Planning for
retirement is solely the individual's responsibility (Ilwry et al., 2021). Keeping this in mind, the gamified
application was developed for a single player to engage with the gamified content without competition or
cooperation with other players. Thus, the types of players suited for such an application were the achiever and
the free spirit. The definition of each player guided the specific game element to incorporate into the application.

Achievers are driven by mastery, by improving themselves, and overcoming challenges is their strength.
Achieving their desired retirement goal will motivate them to engage with the gamified content until they
succeed. Free spirits want to be in control and choose their own path. Their strength lies in their ability to create
wealth within the gamified application and have total control over their finances. Game elements that are
identified by these two types of players are challenges, rewards, new skills, levels, choosing their own path,
unlocking content, avatars, and resources (virtual currency) (Marczewski, 2018).

4.3 Design

Kapp (2012) suggested a development framework used to document the gamified application. A detailed
discussion of the framework employed is provided as follows:

4.3.1 Overview of the gamified retirement planning application

The gamified application was developed to teach individuals the essence of being financially prepared for
retirement. It depicted a real-life scenario of an employee over a 35-year period, in which players had to make
general financial and savings decisions to reach their chosen retirement goal. At the start of the application, the
players chose the retirement goal they wanted to achieve. Construct play allowed players to use their income
earned within the gamified application to gather assets, pay expenses, and save towards retirement, ultimately
reaching the chosen retirement goal. Infographics were provided to help them make informed decisions when
faced with financial events (e.g., deciding whether to buy or rent a house).

4.3.2 Instructional objectives

Instructions were clear and guided the user to reach their retirement goal. The intended outcome of
participating in the gamified application was for players to improve their financial literacy and change their
financial attitudes and behaviours.

4.3.3  Character description

Players could choose an avatar to play the role of a lecturer at a higher education institution, which closely
resonated with their real-world employment environment at the time. Employment started from the age of 26
until 60 years. At the time the gamified application was introduced, the institution’s mandatory retirement age
was 60. The player earned a salary and contributed to the employer’s sponsored retirement fund. Disposable
income was the resource available to the player for making financial choices and dealing with unexpected life
events.

4.3.4 Gamified environment and gameplay

The gamified application was a web-based, fixed-screen application that displayed the avatar and tabs for the
monthly budget, financial ledger, and assets and liabilities. On the same screen, a window displayed the financial
choice and the event the player faced. Once the player made a financial decision by clicking the preferred option
from the available options, the effect of the decision was immediately shown in the monthly budget and other
financial feedback statements.
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4.3.5 Reward structure
Rewards are received in the form of retirement savings within the gamified application. Sound financial decisions

will increase retirement savings, and adverse financial decisions will deplete or restrain retirement savings
growth. Whatever financial decisions were made eventually affected their retirement savings at the end of the
application, which then determined whether they reached their retirement goal.

4.3.6 Look and feel of the gamified application

The gamified application had basic aesthetics without any special features or sound. The application was in the
form of a click-and-play, single-player setting.

4.3.7 Technical aspects

The gamified application was entirely web-based, and no software needed to be downloaded. The application
was compatible with laptops and computers with internet access.

4.4 Content

Players faced day-to-day and unexpected financial events that required them to make financial decisions. The
content of these financial events incorporated into the gamified application was gained from literature on the
phases of life during employment, financial literacy, retirement planning, and retirement preparedness. The
financial topics included the following:

e Salaries and key deductions.

e Retirement funds — rules, regulations, calculations, taxation, life and living annuities, and income
replacement rates.

e Medical health products.

e Accommodation — buying or renting: pros and cons, and the costs involved.

e Financial products — various insurance products, investment properties, equity shares, portfolio
diversification, and investment risk.

e Debt - personal loans, mortgage loans, and vehicle finance.

e Time value of money.

e Budgets.

4.5 Game Elements Applied

A gamified application does not necessarily use all available game elements; it uses only those that are needed
based on the theories and the type of players that form part of the development process. The elements of
gamification are divided into three categories: dynamic, mechanics, and components. Game dynamics outline
the goal to be achieved with the gamified application —the big picture. Game mechanics are the basic processes
that drive movement in the action and player engagement. Game components are the visible indicators of game
dynamics and mechanics. The game elements are interlinked and do not necessarily have a specific approach
for use in the development of the gamified application. The main dynamics applied within the application
included the narrative, emotions, constraints (rules and boundaries), and progression (Werbach & Hunter,
2020).

4.5.1 Narrative

The narrative of the gamified application was based on life as a newly employed worker at a higher education
institution. The employee began their virtual life at age 26 and continued until age 60. The players faced life
events that were directly aligned with their employment, aiming to create an authentic experience. The flow
and sequence of the financial life events acted as curves of interest to hold the players’ attention (Kapp, 2012).
Due to resource constraints, players could only choose between a male or a female character. The aim was not
to link the image (avatar) of the player within the gamified application to a specific ethnic group; they could,
however, choose between a green or purple avatar. As the avatar progressed from one level to the next, it grew
older to illustrate the approach of retirement and that time is running out to save towards their retirement goal
within the application. The ageing avatar was specifically designed based on the finding that participants who
observed their avatar growing older seemed more inclined towards changing their saving behaviour (see Figure
1) (Ersner-Hershfield et al., 2009).

www.ejel.org 7 ISSN 1479-4403


http://www.ejel.org/

The Electronic Journal of e-Learning Volume 24 Issue 3 2026

Figure 1: The avatar within the gamified application that grew older each level
4.5.2 Emotions

Game aesthetics served as the emotional element in the gamified application. Due to cost constraints, only basic
aesthetics were applied (see Figure 2). Visual elements were kept to a minimum, with the focus on the financial
decisions the players had to make. The essential elements incorporated to contribute towards the emotions and
the look and feel of the gamified application included the ageing avatar, feedback panes (budget, financial
ledger, and assets and liabilities), and the life event pane. All of the aesthetics portrayed the importance of
preparing for retirement, which was the ultimate purpose of the gamified application.

Municipal le
Rent incom

R 50,000.00
R
R 658,538.10

Level 2: 31-35

r | ( Assets & Savings Buy investment Property? (I3

Your Monthly Budget

INCOME

Monthly Nett Salary : R33,561.00

Total Income : R33,561.00

EXPENSES

Figure 2: The interface of the Gamified Retirement Planning Application
(https://game.godsoftware.co.za/login/)

4.5.3  Constraints (rules and boundaries)

Constraint elements incorporated in the gamified application included levels, time constraints, infinite
gameplay, and transactions. The application's fixed-screen format prevented participants from exploring the
gamified environment. The players faced a series of choices in sequential order, representing different phases
of life and general life events. Due to time constraints, levels were created, each representing a lifespan of five
years, totaling seven levels (starting at age 26 and ending at age 60). The time constraint served as a warning to
players that the time they have in real life should be used efficiently to save for retirement. The first level
presented players with general financial decisions, including medical aid, accommodation, transport, income
protection, and savings. Players were allowed to make changes to their general financial choices at the beginning
of each subsequent level. From Level 2 onward, investment properties were introduced as another avenue for
saving for retirement. If a player encountered budgeting problems due to costly financial decisions made in
previous levels, they could reset the application to the level where they want to change their previous decision.
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However, players were not allowed to move to the next level or skip levels if they had not completed the series
of financial events in the current level. The levels differed in the types of life events they faced, but not in terms
of difficulty. If adverse decisions were made at earlier levels, it would become increasingly difficult in later levels
to achieve their retirement goal set at the start of the gamified application. The players were allowed infinite
gameplay by resetting the gamified application as many times as they wished and choosing different retirement
goals. With each financial decision, a transaction occured that automatically updated their budget, financial
ledger, and assets and savings. Rules for calculations in the gamified application were programmed to account
for inflation, increases in asset values, compound interest, fixed interest rates, depreciation of vehicles, buying
and selling of assets, the type of financing allowed for specific transactions, and different debt pay-off periods.
The final retirement savings at the end of all seven levels consisted of retirement fund savings, personal savings,
bank account balance, rent income from investment properties, and a deduction for any mortgage loan balance.
The total accumulated retirement savings was compared to the retirement goal chosen at the start of the
application to determine whether the goal was achieved.

4.5.4  Progression

Goal-focused challenges, resources, cascading information, feedback, and rewards embodied the progression
elements employed in the gamified application. Only one goal-focused challenge was incorporated into the
application — to achieve the retirement goal chosen at the start of the gamified application. To achieve their
chosen goal, players had to complete all seven levels and make appropriate financial decisions. Players could
choose from six different retirement goals. The easiest of the retirement goals (goal number one) reflected a
retirement with insufficient savings that does not even cover the most basic needs. The better the retirement
outlook (with more benefits and luxury), the higher the required retirement savings needed to achieve the goal.
Thus, goal number six was the most difficult and nearly impossible to achieve within the gamified application.
Players collected resources in the form of a salary. The disposable income left after compulsory deductions
(retirement fund contributions and taxes) was available to the player to use when making financial decisions
with each life event. More income could be collected if the player decided to buy investment property. Players
were also allowed to put aside additional savings that earned interest. In the event of unexpected life events
with a financial impact, the money in their bank account or savings account could be utilised. If no funds were
available or the player did not want to use their savings or bank account, they could obtain a personal loan,
which would have cost them more, as interest was charged at a very high rate. Through cascading, players were
exposed to information about the financial event they faced at that specific stage. The information was provided
to help players make better-informed decisions. To avoid information overload, the information was given in
chunks rather than all at once. The element of unlocking content as the player progressed through the gamified
application also meant they did not know what lay ahead in the coming levels. If adverse financial decisions were
made, such as declining to obtain income protection, this decision could cost them later due to unexpected life
events (e.g. loss of income due to a medical condition). The most crucial game element used in the gamified
application was feedback. The impact of every financial decision made by a player is immediately reflected on
the budget, financial ledger, and asset and savings statements. The asset statements reported the values of the
properties and the vehicle, total employer pension fund savings, the bank account balance, and the mortgage
loans balances. Feedback provided the player with information about the impact of the decision they made. In
reality, the impact of financial decisions is only discovered in the long term, by which time it may be too late to
rectify their financial situation. Thus, players could learn from their mistakes within the gamified application and
transfer this knowledge to their real-life (Aegon, 2021; Bell, 2018; Kapp, 2012). During the gamified application,
players were rewarded when making sound financial decisions by avoiding the costs of unexpected life events.
They could avoid medical costs if they had the appropriate medical aid plan, avoid accident costs if they had car
insurance, or avoid income loss if they had income protection. When players reached the end of the gamified
application, a message indicated whether they achieved their goal. Reaching the retirement goal set for oneself
was the reward in the gamified application. If a player did not reach their retirement goal, the application
indicated the type of retirement they could afford based on the amount of retirement savings they accumulated.
The result could give the players an idea of how realistic their retirement goal was.

5. Results

The dependent variable, retirement preparedness, was measured in terms of basic financial literacy, retirement
financial literacy, interest in retirement planning, and their perception of how well they think they are prepared
for retirement (attitudes and behaviours towards their retirement). Basic financial literacy assessed
understanding of time value of money, interest rates, compound interest, a safe investment, investment risk,
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investment diversity, inflation, and prime rates. Retirement financial literacy measured knowledge of pension
fund rules (retirement age, withdrawals, and transfers), tax-related matters, differences between funds,
percentage of salary allocated to retirement, and scenarios impacting retirement savings.

This article focused on overall improvements in participants’ financial literacy and retirement preparedness,
emphasising the general trends observed from the gamified application rather than definitive causal
conclusions. The gamification group also provided feedback on Likert-scale statements about the application (1
= strongly disagree; 5 = strongly agree) and answered open-ended questions about what they liked and disliked,
as well as suggestions for improvement. The data gathered from the pre- and post-test were analysed in SPSS
(Version: 29.0.0.0) using a Quade non-parametric ANCOVA to assess differences between groups attributable to
the interventions. A p-value below 0.05 indicates a statistically significant change in post-test results. Although
the intervention groups showed greater increases in financial literacy scores than the control group, these
findings should be interpreted as preliminary trends reflecting the exploratory nature of the study, rather than
conclusive evidence. Table 1 illustrates the financial literacy scores before and after the interventions between
the groups.

Table 1: Basic financial literacy (BFL) and financial retirement literacy (FRL) scores

Variable tested: Gamification Education | Control | Total P-value
Overall basic financial literacy score 0.383
Pre-test: Average BFL score 73.9% 71.7% 76.5% 74.1%
Post-test: Average BFL score 81.2% 78.1% 79.7% 79.6%
Overall increase in BFL score 7.3% 6.4% 3.3% 5.6%
Overall financial retirement literacy score *0.001
Pre-test: Average FRL score 63.2% 59.3% 68.1% 63.6%
Pre-test: Average FRL score 66.1% 72.2% 68.1% 68.9%
Increase in FRL score 2.9% 12.9% 0.0% 5.3%
*p-value <0.05 **p-value <0.001

Both interventions were associated with improvements when compared to the control group. The gamified
application appeared more effective at improving basic financial literacy, whereas a focused study of the
infographics produced greater gains in retirement financial literacy. This difference may be attributed to the
education group’s exclusive focus on core retirement concepts. In contrast, the gamification group divided
attention between gameplay and supplementary infographic content, with limited engagement with the
embedded links.

Table 2 illustrates the participants' interest in retirement planning before and after the interventions (Likert
scale of 1 to 5, where 1 indicates low interest and 5 indicates high interest).

Table 2: Interest in retirement planning

Variable tested: Gamification Education Control Total P-value
Interest in retirement planning 0.278
Pre-test - mean 4.48 4.55 4.62 4.55
Post-test - mean 4.62 4.42 4.44 4.49
Change in mean score 0.14 -0.13 -0.18 -0.06
% increase/-decrease 3% -3% -4% -1%
*p-value <0.05 **p-value <0.001

Participation in the gamified application was associated with a slight increase in interest, whereas the education
and control groups experienced decreases. These trends suggest that interactive, engaging experiences may
promote short-term motivation to engage with retirement planning, consistent with Self-Determination Theory,
which posits that autonomy, mastery, and feedback increase intrinsic motivation. Table 3 provides the

www.ejel.org 10 ©The Authors


http://www.ejel.org/

Chrizaan Grobbelaar and Liezel Alsemgeest

percentage changes of each group for the variables tested, indicating how well the participants think they are
prepared for retirement before and after the interventions.

Table 3: Perception of how well a participant thinks they are prepared for retirement

Variable tested: Gamification Education | Control | Total P-value

1. Personal responsibility 0.564
% increase/-decrease -1% 2% -1% 0%

2. Level of awareness 0.204
% increase/-decrease 7% 12% 1% 7%

3. Understanding of financial matters 0.299
% increase/-decrease 5% 18% 13% 12%

4. Personal retirement plan 0.277
% increase/-decrease -2% 11% 3% 4%

5. Saving enough *0.012
% increase/-decrease 1% 20% -2% 6%

6. Confidence towards retirement 0.104
% increase/-decrease 8% 13% 4% 8%

7. Gross income replacement 1.000
% increase/-decrease -1% 4% 8% 3%

8. Achieve income required 0.633
% increase/-decrease -4% 15% 0% 3%

*p-value <0.05 **p-value <0.001

The gamified application was associated with increased awareness and confidence, but a decrease in their
perception of how well they think their personal retirement plan was developed. This was also the case for the
guestion on whether the gamification group thinks they would achieve the income needed in retirement. Their
response decreased after participating in the game. This may reflect a “reality check” effect, where experiential
learning exposes participants to the real-life challenges of retirement, prompting more realistic self-evaluations.
In contrast, the education group, after being exposed to the infographics, was, overall, more positive in their
perception of how well they are prepared for retirement. This result is consistent with the cognitive bias
literature, suggesting that individuals who study limited but targeted information may overestimate
preparedness. In addition, over-confident individuals are no more likely to be better prepared than those who
are less confident (Angrisani & Casanova, 2019).

Table 4 presents the feedback from the gamification group on the Likert scale statements, rated on a scale from
1 (strongly disagree) to 5 (strongly agree).

Table 4: Feedback from the gamification group on the gamified application

Statements Agree/Strongly Agree Mean

| know more about retirement planning after participating in the gamified 68.9% 3.8
application.
All my concerns regarding retirement planning were covered in the 44.8% 3.2
gamified application.
The gamified application was engaging, fun, and highly interactive. 86.2% 4.2
The gamified application motivated me to be more involved in my 82.7% 4.4
retirement planning and be prepared for retirement.

| would recommend the gamified application to other employees. 79.3% 4.1

Average mean 4.0
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The first and second responses in Table 4 might have appeared more positive if the players actually consulted
the infographics in the gamified application, even though it was not a requirement. They were mainly tasked
with a retirement goal, playing all the levels in the application (making financial decisions throughout), and trying
to achieve their initial retirement goal. The average mean of 4 indicated that the gamification group found the
gamified application useful.

Responses to the open-ended questions were predominantly positive, although some negative experiences
were also reported. Respondents described the gamified application as practical, realistic, and informative due
to real-life scenarios and actual figures incorporated into it. Many indicated that the application made financial
planning more engaging and helped place financial decisions and their consequences for retirement savings into
a clearer perspective. Many thought the unexpected life events were a meaningful and thought-provoking
experience. The feedback statements were particularly well received, as participants could immediately observe
the consequences of their financial decisions. This real-time feedback encouraged reflection on personal
retirement planning and promoted a more realistic assessment of retirement preparedness. Several participants
also reported increased motivation to save for retirement. As one participant commented: “I am more aware of
the need to plan sufficiently for my retirement”, which was an objective of the gamified application.

Despite the generally positive feedback, participants identified several limitations. Some respondents indicated
that the instructions provided at the start of the application could have been clearer. Others noted the absence
of additional saving and payment options, as well as the limitation that certain financial choices, such as selecting
car insurance or deciding to have children, could only be made once. The budgeting structure allowed
participants to spend only available funds, with no option to simulate overdraft or debt, which some felt
restricted their ability to explore the consequences of unwise financial decisions. In addition, a small number of
participants reported feelings of anxiety when engaging with retirement-related content, while technical issues
experienced during gameplay contributed to frustration.

6. Limitations of the study
Several limitations should be acknowledged when interpreting the findings of this study.

First, although the sample size of 29—-34 participants per group meets recommended thresholds for exploratory
experimental research, it may have constrained statistical power. It restricts the generalisability of the findings
beyond the study context. Second, the study relied primarily on self-reported measures of financial literacy,
interest, and perceived retirement preparedness. Such measures may be subject to social desirability bias or
overconfidence, particularly among participants who have been exposed to educational material. Third, the
intervention was evaluated over a two-month period, providing insight into short-term changes only. Long-term
knowledge retention and sustained behavioural change could not be assessed. Finally, while open-ended
responses were thematically categorised, a more in-depth qualitative approach (such as interviews or focus
groups) could provide richer insight into participants’ decision-making processes and behavioural responses.

7. Discussion

The findings suggest that gamification can positively influence basic financial literacy and stimulate interest in
retirement planning, supporting prior research indicating that interactive and experiential learning
environments enhance engagement with complex financial topics (Kapp, 2012; Uppalari, 2025). The increase in
interest observed in the gamification group aligns with studies showing that game elements such as feedback,
progression, and simulated decision-making can enhance intrinsic motivation among adult learners. The results
also indicated a more nuanced outcome. Participation in the gamified application was associated with a decline
in participants’ perceived retirement preparedness. Rather than suggesting a negative effect, the result may
reflect a constructive “reality check”, whereby exposure to realistic financial scenarios could prompt participants
to reassess their previous, more optimistic perception of their retirement situation. This finding extends the
gamification literature by demonstrating that increased engagement does not necessarily lead to greater
confidence and may, in some cases, reduce perceived preparedness as participants become more aware of the
complexity of retirement planning.

This outcome contrasts with the education group, where exposure to infographics resulted in increased financial
retirement literacy, as well as confidence in preparedness. While increased financial literacy is essential,
behavioural finance literacy cautions that greater knowledge can also contribute to overconfidence bias, in
which individuals overestimate their readiness despite limited practical application (Angrisani & Casanova,
2019). The contrasting results across the two intervention groups suggest a gap between perceived competence
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and actual preparedness, underscoring the importance of integrating knowledge-based education with
experiential learning approaches, such as gamification.

The way forward may be to expand the gamified application with a more comprehensive approach, including a
wider range of financial decisions (investment and payment options) and retirement concerns. Players should
be allowed to enter their real salaries and expenses to manipulate the starting conditions in a gamified
application. The automatic update of calculations prevented participants from being educated on how to
perform basic financial calculations which would have contributed to their understanding of financial matters.
Providing educational material through a clickable link to assist players with their financial decisions was not
successful. A different approach must be followed to address this issue. Scaffolding, as one of many ways, can
be applied to compel players to first complete knowledge quizzes or tasks before they can unlock the next level.

Overall, the findings contribute context-specific insight into how gamification influences not only financial
literacy and interest but also self-perception and confidence in retirement preparedness. Gamification may
extend beyond motivation by acting as a reflective process that challenges assumptions and supports more
realistic self-perceptions. This nuanced outcome contributes to existing research by emphasising the need for
financial education interventions that balance engagement, knowledge development, and behavioural
awareness.

8. Conclusion

The gamified retirement planning application successfully illustrated how interactive learning can promote
financial literacy and retirement preparedness. Players experienced the long-term effects of their decisions in a
low-risk setting by modelling real-life financial decisions, which helped them develop a more accurate
understanding of retirement planning. Participants’ self-assessment of their retirement readiness became more
realistic as a result of this interactive tool’s ability to challenge their prejudices and expand their knowledge. The
limitations of the gamified application were a need for clearer instructions, more financial possibilities, and the
ability to customise income and expenses to better suit unique situations. Participants also indicated a desire to
see the consequences of poor financial decisions, which could be included to enhance the educational impact.
These observations imply that, despite its effectiveness, the application might need some improvements to be
more relatable and adaptable, possibly including scaffolding strategies to encourage slower learning. In the end,
this gamified method exhibits promise as a financial education tool, motivating people to take proactive steps
toward retirement planning.
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Abstract: This study aims to design, develop, and evaluate EsyGrade, a web-based essay grading system integrated with
ChatGPT to support the assessment of conceptual understanding in economics education. This study is motivated by the
prevalence of multiple-choice questions in Indonesian high schools due to efficiency considerations, while essay assessments
better suited to measuring conceptual reasoning are still rarely used because of high assessment load. The study employed
a simplified Research and Development (R&D) approach consisting of seven stages. Data were collected through expert
validation using Aiken’s V, a user response questionnaire, and pretest—post-test, and were later analysed using N-Gain and
effect size (Cohen’s d). The research findings indicate that EsyGrade has a high level of validity based on the expert evaluation
and an excellent acceptance rate in the initial pilot test. In the main field trial, the results indicated a moderate improvement
in conceptual understanding based on N-Gain, with a “large” effect size. These findings suggest that the overall change in
learning outcomes indicates a fairly strong impact, although the degree of improvement varied among students. In particular,
the system’s key value lies in its ability to generate structured, reflective feedback, so that it serves not only as a summative
assessment tool but also as a means for formative one. This study contributes to the development of e-learning by
demonstrating that Al-based essay grading systems can be designed to improve efficiency while supporting deeper learning
through the integration of pedagogical principles and technology.

Keywords: Automated essay scoring, ChatGPT, Conceptual understanding, Economics education, Formative assessment,
Educational technology

1. Introduction

Economics education at vocational or public high schools emphasizes the importance of in-depth mastery of
concepts so that students are able to analyse economic phenomena, understand the interrelationships between
variables, and evaluate policies in a real-world context. In Indonesian context, the implementation of the
Freedom to Learn curriculum (Kurikulum Merdeka) developed in response to the disruption of learning caused
by the COVID-19 pandemic marks a significant turning point in reevaluating student learning outcomes. As the
pandemic has led to learning loss and gaps in understanding, this curriculum was designated as a solution to
emphasize learning recovery through the strengthening of essential competencies, particularly critical thinking
skills and conceptual understanding. Thus, it serves as not only a learning framework but also a new benchmark
for assessing learning outcomes that are more oriented toward understanding rather than mere mastery of
facts.

In economics education, this approach is particularly relevant because economic concepts are abstract and
interconnected, requiring advanced analytical and reasoning skills. This approach aligns with the concept of deep
learning, which demands that students not only memorize information but also understand, analyse, and apply
concepts in context (Marton and Hounsell, 1984; Biggs and Tang, 2011). Therefore, the success of this
curriculum’s implementation depends heavily on the assessment system’s ability to measure deep conceptual
understanding, rather than merely superficial learning outcomes.

However, the results of the 2022 Program for International Student Assessment (PISA) indicate that Indonesian
students’ performance remains relatively low, with scores ranging from 359 to 371 far below the OECD average
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of 472 to 476 (OECD, 2023). Although PISA does not specifically measure economics, the indicators used such as
reasoning skills, problem solving, and the application of concepts in real-world situations reflect key aspects of
conceptual understanding that are also central to the learning objectives of economics. These low scores
indicate that Indonesian students still struggle to connect concepts with real-world practice and to develop
higher order reasoning.

Although essay questions are considered more representative for measuring conceptual understanding because
they allow students to express their arguments and reasoning (Elliott and Balasubramanyam, 2016; Beldar,
2025), assessment practices in the classroom are still dominated by multiple-choice questions. A study by
Kamalia (2023) found that the majority of high school economics teachers in Indonesia prefer objective
questions for their efficiency, despite these instruments’ limitations in measuring higher-order thinking skills
(Petersen, Craig, and Denny, 2016). Preliminary research conducted by researchers in Surakarta reveals that 73%
of teachers tend to use multiple-choice questions more frequently, while less than a third of them employ
essays, and the main obstacle is that correcting one essay may take an average of six to eight minutes to assess
(Pasaribu, Budiman, and Indrarini, 2024), making it difficult for teachers to provide quick and reflective feedback.
This situation slightly creates a research gap between curriculum policies that emphasize authentic assessment
and the actual practices of classroom assessment.

On the other hand, advancements in digital technology particularly in the context of e-learning and artificial
intelligence have opened up new opportunities in educational assessment practices. Al-based systems enable
automated assessment, real-time feedback, and personalized learning, all of which are key elements in the
modern digital learning ecosystem (Mizumoto and Eguchi, 2023). Previous research from Indonesia has
developed an essay assessment system based on Latent Semantic Analysis (LSA), but this system exhibits
limitations in comprehending context, argument logic, and language flexibility (Kinanti and Qoiriah, 2020).
Meanwhile, international research has begun to utilize Large Language Models (LLM) for automatic assessment,
including GPT-3.5 and GPT-4, which have proven to be superior in assessing students' answers semantically and
contextually (Pack, Barrett, and Escalante, 2024; Smerdon, 2024). Mizumoto and Eguchi (2023) even show that
the integration of ChatGPT with learning analytics can offer reflective feedback and personalize learning
experiences. However, research in Indonesia that specifically focuses on developing ChatGPT-based automatic
assessment systems for high school and vocational school economics subjects is still quite limited.

This study introduces two novel aspects in the field of economics education. Firstly, it shifts the focus from
merely assessing learning outcomes based on facts to evaluating students’ conceptual understanding in line with
the Merdeka Curriculum’s requirements. Secondly, the automated assessment system developed using ChatGPT
not only generates scores but also provides reflective feedback that supports formative assessment and
differentiated learning. This innovation aims to bridge the gap between curriculum expectations and the
limitations of traditional assessment practices.

Based on the background and research gaps, this study aims to (1) design and develop a ChatGPT-based
automatic assessment system that is in line with learning outcome indicators, (2) test the feasibility and
practicality of the developed system according to experts, teachers, and students, and (3) analyse the
development of students' conceptual understanding after using the system through a pretest—post-test design
with Normalized Gain (N-Gain) analysis.

2. Literature Review
2.1 Conceptual Understanding in Economics Education

Conceptual understanding is a foundation for meaningful learning, especially in economics where students must
integrate abstract concepts and apply them in real contexts. Rittle-Johnson, Schneider, and Star (2015) define
conceptual understanding as the ability to connect ideas and use them to solve problems, while Anderson and
Krathwohl, (2001) position it as a key stage in the revised Bloom’s taxonomy. Within Bloom’s framework,
conceptual understanding spans from remembering (C1) and understanding (C2), to applying (C3), analysing
(C4), evaluating (C5), and creating (C6) (Bloom, 1956; Anderson, and Krathwohl, 2001). These indicators are
central to assessing deep learning outcomes in economics education, as students are expected not only to recall
definitions but to analyse market dynamics, evaluate policy impacts, and design alternative solutions. However,
studies highlight persistent difficulties among Indonesian students in achieving higher-order thinking skills, with
many remaining at the level of factual recall (Arini, Dewi, and Wibawa, 2024). Despite its importance, the
development of conceptual understanding is often constrained by existing assessment practices. Thus,
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examining how assessment is implemented in economics education becomes crucial to determine whether it
aligns with the goal of fostering higher-order thinking skills.

2.2 Assessment Practices in Economics Education

Despite the centrality of conceptual understanding, classroom assessment practices remain dominated by
multiple choice tests. Teachers favour these instruments because they are efficient, quick to grade, and objective
(Kamalia, 2023). Yet, such tools are limited in capturing higher-order thinking skills (Petersen et al., 2016). Essay
assessments, by contrast, are more representative for evaluating students’ reasoning and conceptual mastery
(Elliott and Balasubramanyam, 2016; Beldar, 2025). This is consistent with the findings of Walstad (2006) and Al-
Obaydi, Pikhart, and Tawafak (2023), which show that essay questions are more effective in measuring the depth
of economic understanding than multiple-choice questions. They allow students to articulate arguments,
demonstrate critical thinking, and connect theories with socio-economic realities (Van Wyk, 2015). However,
the manual grading process is time-consuming, with each essay requiring six to eight minutes on average
(Pasaribu, Budiman, and Indrarini, 2024), and in a class of 30—-32 students, teachers can spend three to five hours
marking a single task (Rafi, Ramadhani, and Sanjaya, 2025). This workload seems to create delays in providing
feedback and reduces the potential for formative assessment.

2.3 Teacher Workload and Assessment Challenges

Teacher workload is a recurring issue in the implementation of authentic assessment. According to Runtuwene
and Tangkawarow, (2020), teacher responsibilities span lesson planning, instruction, assessment, and
administrative duties. Although Minister of Elementary and Secondary Education Regulation No. 11 of 2025
stipulates a standard weekly workload of 37.5 hours (2025), empirical studies show that assessment tasks,
especially essay grading, often exceed this limit (Morris et al., 2024, 2026). This heavy workload not only affects
teachers’ ability to provide timely and reflective feedback but also impacts instructional quality and teacher well-
being (Sabon, 2020; Johnson and Coleman, 2025). These challenges underscore the imperative of embracing
technology to mitigate administrative burdens while maintaining the integrity of assessment processes.

2.4 Automated Essay Scoring and Artificial Intelligence in Education

To address such challenges, Automated Essay Scoring (AES) systems have been developed, relying on Natural
Language Processing (NLP). Early models such as Latent Semantic Analysis (LSA) have been applied in Indonesian
contexts (Kinanti and Qoiriah, 2020), yet remain limited in handling complex argumentation and contextual
reasoning (Alief, Irawati, and Mude, 2023). The emergence of Large Language Models (LLMs), including GPT-3.5
and GPT-4, introduces greater capability in semantic and logical analysis. International studies have shown that
ChatGPT can effectively evaluate essays, provide formative feedback, and support personalised learning
(Mizumoto and Eguchi, 2023; Foung, Lin, and Chen, 2024; Latif and Zhai, 2024; Smerdon, 2024). This suggests
that the feedback generated by language models can help explain students’ conceptual errors and support a
deeper learning process. Thus, this development aligns with the goals of the Merdeka Curriculum, which
promotes personalized, reflective, and meaningful learning experiences.

2.5 Research Gap and Contribution

Despite the development of various automated grading systems, including GradedPro, CoGrader, and Automark,
most of these systems primarily prioritize efficiency through the automation of scoring. However, these systems
generally lack explicit integration of pedagogical aspects, such as reflective feedback to rectify conceptual errors,
alignment with Bloom’s taxonomy, the utilization of structured rubrics, and prompt flexibility tailored to
individual learning requirements.

In accordance with this, while international research increasingly emphasizes the potential of artificial
intelligence (Al) in essay grading, its application in economics education in Indonesia remains limited. Existing
studies have not adequately addressed how Al-based systems can assess conceptual understanding aligned with
Bloom’s taxonomy while simultaneously reducing teachers’ workload. Therefore, this study addresses this gap
by developing a ChatGPT-based essay grading system (EsyGrade) specifically designed for high school economics
education in Indonesia, and by evaluating its impact on students’ conceptual understanding through a pre-test—
post-test design with N-Gain analysis, paired Cohen’s d, and distribution analysis of N-Gain categories.

3. Methodology

This study employed a Research and Development (R&D) design adapted from the model of Borg and Gall
(Bennett, Borg, and Gall, 1984). Educational R&D aims to develop and validate products in iterative cycles of
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design, expert validation, revision, and field testing (Plomp and Nieveen, 2013). While Borg and Gall originally
proposed ten steps, this study streamlined the process into seven stages due to contextual and time constraints,
focusing on the development of an automated essay assessment system using ChatGPT for evaluating students’
conceptual understanding. The research phases include: (1) needs analysis, (2) design planning, (3) prototype
development, (4) expert validation, (5) product revision, (6) field testing, and (7) evaluation and finalization. This
simplification aims to maintain a balance between the depth of development and the feasibility of
implementation in an educational context.

Besides, students’ conceptual understanding in this study was assessed using essay-based tests administered in
pre-test and post-test formats. The items were designed based on the revised Bloom’s taxonomy (C1-C6) to
capture different levels of cognitive processes. Student responses were evaluated using a rubric consisting of
four criteria: conceptual mastery, argumentation, relevance of examples, and structure, ensuring alignment
between automated scoring and pedagogical standards.

A validation instrument, meticulously crafted by experts, comprising 15 items, was employed to assess the
appropriateness of the indicators, the clarity of the rubric, and the feasibility of the system from both an
assessment and a technological standpoint. This evaluation was conducted by educational assessment experts
and IT experts. The instrument underwent expert evaluation using a Likert scale (ranging from 1 to 4) and was
subsequently analysed employing Aiken’s V.

The pilot study was then conducted in two phases, a preliminary pilot study (with 10 participants) and a main
pilot study (72 respondents). These sample sizes were chosen to represent the exploratory and confirmatory
phases of the development research, in which the preliminary pilot study was used to identify initial
improvements, while the main pilot study was used to evaluate the system’s performance on a broader scale.
During the initial pilot phase, questionnaires were distributed to teachers and students to assess usability and
practicality, while observations were conducted during implementation to document technical and pedagogical
challenges.

Data were collected using a pre-test and post-test design with equivalent question characteristics to measure
changes in conceptual understanding after exposure to Al-generated feedback. In addition, questionnaires and
observations were employed to capture user responses and implementation challenges.

Data analysis combined quantitative and qualitative approaches. Quantitative analysis included Normalized Gain
(N-Gain) to measure relative improvement (Hake, 1998), paired Cohen’s d to assess the magnitude of change
(Cohen, 1988), and distribution analysis of N-Gain categories (low, medium, high) to examine individual
variation. Qualitative data from observations and open-ended responses were analysed descriptively to provide
contextual insights into system usability and classroom integration.

4. Results
4.1 Needs Analysis

A previous study worked on a systematic literature review (SLR) on automated essay scoring (AES) between 2020
and 2025, which revealed a notable surge in research in this field, particularly with the adoption of GPT-based
large language models (LLMs) such as GPT-3.5, GPT-4, and ChatGPT (Pratama and Sangka, 2025). These models
demonstrate high accuracy and reliability, especially when combined with prompt designs based on rubrics
(Tang et al., 2024; Yavuz, Celik and Yavas Celik, 2025). However, the literature also highlights challenges related
to validity, consistency, and domain-specific appropriateness (Steiss et al., 2024; Gandolfi, 2025). Importantly,
existing studies are still concentrated on language education, with limited application in economics education,
indicating a gap in domain-specific development (Lee et al., 2024).

Complementing these findings, the needs analysis involving local schools in Surakarta revealed that essay
assessments remain underutilised in economics classrooms. Teachers reported a strong preference for multiple-
choice questions due to efficiency concerns, with essay assessments accounting for less than one-third of
practice. On average, grading a single essay required six to eight minutes, which created a heavy workload in
classes of 30 or more students. This burden limited the ability of teachers to provide timely and reflective
feedback. These results confirm the broader international literature, which recognises manual essay scoring as
labour-intensive, subjective, and inconsistent (Mendoncga, Quintal, and Mendonca, 2025).

In the context of e-learning, these limitations become increasingly relevant, as the effectiveness of digital
learning depends heavily on the availability of rapid and meaningful feedback. Thus, from both theoretical and
practical perspectives, there is a compelling need for Al-based assessment systems that not only enhance the

www.ejel.org 19 ISSN 1479-4403


http://www.ejel.org/

The Electronic Journal of e-Learning Volume 24 Issue 3 2026

efficiency of assessment but are also capable of facilitating the development of conceptual understanding
through reflective and contextual feedback.

4.2 Design Planning and Prototype Development

Drawing inspiration from both international literature and field requirements, the system was meticulously
designed to encompass essay input, automated scoring facilitated by ChatGPT, and structured feedback output.
A rubric aligned with Bloom’s revised taxonomy (C1-C6) was constructed to ensure the evaluation captured
different levels of conceptual understanding, from recall to higher-order reasoning (Anderson and Krathwohl,
2001). This choice directly addresses the gap identified in prior research, where AES systems often emphasise
surface-level correctness but lack explicit alignment with pedagogical standards (Poole and Coss, 2023).

The prototype system, named EsyGrade, was developed as a web-based platform integrated with the ChatGPT
API to support automated essay assessment in economics education. EsyGrade was designed with dual user
roles: teachers and students. Those taking the role as teachers can create question packages, design rubrics,
embed GPT-based scoring prompts, monitor submissions, and export results. On the other side, students can
log in, answer essay questions, and directly access scores and rubric-based feedback.

The system architecture was implemented through four main modules: (1) Essay Input Module, where teachers
add essay tasks and students submit answers; (2) Rubric and Prompt Module, which encodes assessment criteria
into GPT-compatible instructions; (3) Scoring and Feedback Engine, powered by the GPT-3.5 Turbo API to
produce scores and reflective feedback; and (4) Result Display Module, which presents individual results,
summary analytics, and export options for teachers and students.

The early prototype of EsyGrade successfully demonstrated real-time essay scoring and transparent rubric-
based reporting. Figure 1 presents the homepage, while Figure 2 shows the teacher dashboard with features for
guestion package management, monitoring student answers, and tracking token usage.

3 esyprade.com e O @

SeveRADE m

The Al-Based Essay Grading
Revolution

Why Choose EsyGrade?

A platform specifically designed

Figure 1: Early Prototype Snapshot of EsyGrade Homepage
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Figure: 2 Teacher Dashboard on EsyGrade
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The development of this prototype demonstrates that the system can grade essays in real-time and present
structured results based on a rubric. This capability indicates the system’s potential to improve grading efficiency
while providing faster and more transparent feedback. From an e-learning perspective, this feature is relevant
because timely, criteria-based feedback is one of the key factors in supporting meaningful and reflective
learning.

4.3 Expert Validation

The essay assessment system developed in this study went to a validation phase, involving a total of six experts
to scrutinize the items’ assessment and technological aspects. The validation instrument comprises 15 items
that cover two main aspects: (1) assessment design quality (appropriateness of indicators, clarity of rubrics, and
alignment with learning objectives) and (2) technological aspects (system functionality, ease of use, and clarity
of the interface). Each aspect is rated on a 1-4 Likert scale. Example items include “The system aligns with the
curriculum and applicable assessment standards” and “The system interface is easy for users to understand”.
Table 1 presents the content validity coefficient (V value) for each item obtained using the Aiken formula.

Table 1: Content validity coefficient (V-value) of the items

Assessment Expert Technology Expert
ltems \'/ Items |V

1 1 1 0.88888889
2 1 2 0.88888889
3 1 3 1

4 0.77777778 4 0.88888889
5 0.88888889 5 0.88888889
6 0.88888889 6 0.77777778
7 1 7 0.88888889
8 0.88888889 8 0.88888889
9 1 9 0.88888889
10 0.88888889 10 0.88888889
11 0.88888889 11 1

12 1 12 0.88888889
13 1 13 1

14 1 14 1

15 1 15 1

The validation results conducted by six experts, comprising three assessment experts and three technology
experts, revealed that the Aiken’s V values exhibited a range of 0.78 to 1. Notably, most of the items fulfilled the
feasibility criteria, with values exceeding the V-table threshold of 0.79, thereby demonstrating high content
validity. However, certain items demonstrated slightly below-threshold scores, particularly in the domains of
system usability and interface clarity, suggesting a need for enhancement.

Overall, the results confirm that most items are valid and feasible for use, especially in the domains of
assessment content and rubric clarity. Nevertheless, improvements were made to items with lower coefficients
in response to expert suggestions. In addition to the quantitative data, experts provided written feedback
focusing on rubric flexibility, and user interface enhancement. These comments were used to revise and
strengthen the platform before field testing. Thus, the validation phase serves not only as an evaluation process
but also as the basis for refining the system before it enters the field-testing phase.

4.4 Product Revision

Following expert validation, several items with Aiken’s V values below the threshold (0.79) required revision,
particularly in the aspects of system usability and interface clarity. Experts recommended improvements in two
key areas: (1) rubric flexibility, to allow teachers to customise criteria and scoring according to learning
objectives, and (2) user interface enhancements, to improve navigation and provide short guidance for first-time
users.
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These suggestions were accommodated in the revised version of EsyGrade. As illustrated in Figure 3, the rubric
and scoring criteria are now fully customisable, enabling teachers to set different criteria weights (e.g.,
conceptual understanding, argumentation, relevance, language) and determine maximum scores per criterion.
This change ensures greater alignment with classroom needs and curriculum indicators.

S EasyGrage Question Package Information
Taache Question Package Titke ©
B8 Dashboard Gun

B Ousstion Package Descrigtion

Criteria Narne Maximum Score

Criteria Narne

Criteria Narme Maximum Score

Figure 3:Revision Rubric Flexibility

Furthermore, Figure 4 demonstrates improvements in user-friendliness, where a simplified workflow (Create
Question Package — Students Working — Automatic Results) is presented on the landing page, supported by a
short usage guide to assist new users.

How EsyGrade Works

simple yet powerful process to transform the way you grade essays

B 2 @

Create a Question Package Students Working Automatic Results

Comprehensive Features for
Modern Assessment Needs Ready to Get Started?

Join thousands of teachers who have already experienced the ease of
‘ensay grading with EsyGrade.

@ Flexible Assessment Rubric

Figure 4: Revised User Interface

These changes indicate that the quality of a system is determined not only by the accuracy of its assessments
but also by its ease of use and the clarity of user interactions. In the context of e-learning, the aspect of usability
is crucial because it influences users’ acceptance of the technology as well as the effectiveness of its
implementation in learning. Consequently, the product revision phase serves as a technical enhancement and
an endeavour to ensure that the developed system is pedagogically pertinent and adaptable to user
requirements prior to entering the field-testing phase.

4.5 Preliminary Testing

A preliminary field test was conducted with ten students utilizing a Likert scale (1 = poor, 4 = very good) to assess
the feasibility and practicality of the revised concept after expert input, as shown in Table 2.
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Table 2: Preliminary Testing Results

Preliminary Testing

Aspect Mean Category
Content Suitability & Validity 3.73333333 Very Good
Reliability & Fairness of Very Good
Assessment 3.73333333

Alignment with Educational 3.46666667 Very Good
Assessment Principles

Clarity of Reporting Results 3.56666667 Very Good
Data Ethics & Privacy 3.55 Very Good
Integration with the Curriculum 3.9 Very Good

The questionnaire assessed the usability, interface clarity, rubric clarity, and feedback usefulness. All items as
shown in Table 2, achieved the “Very Good” category (mean 2 3.26), with no item falling below the cut-off. These
results designate strong acceptability and ease of use from the student side, confirming that the revisions flexible
rubric customisation and a clear, step-by-step usage guide successfully addressed earlier expert feedback. In the
context of e-learning, user acceptance is a key factor in determining the success of learning technology
implementation. Systems that are easy to use and provide a clear user experience tend to be adopted more
readily by users, making this initial pilot phase a crucial foundation before conducting further testing on a larger
scale. Consistent “Very Good” ratings across aspects likely suggest that EsyGrade is ready to proceed to wider
implementation in the main field test.

4.6 Main Field Testing
4.6.1 Normalized gain (n-gain) analysis

The main field testing involved 72 students across two grade levels: Grade 10 (36 students) who answered essay
questions on Economic Activities and Grade 11 (36 students) who worked on Business and Management. Both
groups completed the pre-test and post-test each of which has five essay items designed with equivalent type
and weight according to Bloom’s revised taxonomy. This standard is intended to ensure that changes in learning
outcomes reflect improvements in conceptual understanding, rather than differences in the difficulty level of
the questions.

The analysis employed the Normalised Gain (N-Gain) method, categorising improvement as High (2 0.7), Medium
(0.3-0.69), and Low (< 0.3). Results showed that the average N-Gain score for both classes was in the Medium
category, as shown in Table 3. These findings suggest that the use of a ChatGPT-based essay grading system
contributes to an improvement in students’ conceptual understanding. However, the fact that the improvement
falls into the “moderate” category indicates that the resulting impact is moderate, meaning that not all students
experienced optimal improvement.

Table 3: Main Field Testing

Main Field Testing

Economic Activities (10th Grade) Business and Management (11th Grade)

Pre-Test Post-test N-Gain Category | Pre-Test Post-Test N-Gain Category
Mean Mean Mean Mean Mean Mean

73.9166667 85.6388889 0.44358861 Medium 74.6111111 82.6944444 | 0.30379371 Medium

In this context, the observed improvement can be attributed to the role of the reflective feedback generated by
the system. By using equivalent items in both the pre-test and post-test, changes in learning outcomes are more
likely to result from students’ ability to recognize their previous errors and correct them based on the feedback
provided. Therefore, the system functions not only as an assessment tool but also as a formative learning tool
that supports students’ reflection on their conceptual understanding.
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4.6.2 Effect size analysis

To complete the analysis, effect sizes were measured using paired Cohen’s d. The results as shown in Table 4,
show that Grade 10 had an effect size of 1.68, while Grade 11 had an effect size of 1.08, both of which fall into
the “Large” category.

Table 4: Effect Size Testing

Class Mean Difference | SD Difference Cohen’s d Category
Economic Activities (10th Grade) 11.72 6.98 1.68 | Large
Business and Management (11th Grade) 8.08 7.47 1.08 | Large

*The interpretation of effect sizes follows Cohen’s (1988) criteria, namely small (0.2), moderate (0.5), and large
(0.8).

These findings suggest that, although the relative improvement measured using N-Gain falls into the moderate
category, the magnitude of the change in learning outcomes is quite significant. This indicates that the system
has a strong practical impact, while the degree of improvement varies among students.

4.6.3  Distribution of n-gain

To obtain a more detailed picture of the variation in improvement at the individual level, an analysis of the N-
Gain distribution was conducted based on low, moderate, and high categories, as shown in Figure 5.

Distribution of N-Gain Categories (Grade 10) Distribution of N-Gain Categories (Grade 11)

30 28 18 17

16 15

4

Number of Students
s
Number of Students

5

' . ’ -
) - [ 0

Low (0-0.3) Medium (0.3-0.7) High (0.7-1.0) Low (0-0.3) Medium (0.3-0.7) High (0.7-1.0)

N-Gain Category N-Gain Category

Figure 5: Distribution of N-Gain Categories

Based on the distribution of N-Gain shown in Figure 5, in 10th grade, the majority of students fell into the
moderate category (28 students), with a small number of students in the low category (5 students) and the high
category (3 students). This indicates that improvement occurred relatively evenly among most students. In
contrast, in 11th grade, the distribution shows greater variation, with more students in the low category (17
students) than in the moderate (15 students) and high (4 students) categories. These findings suggest that the
system’s impact is not uniform across all students. This variation is likely influenced by factors such as initial
ability, readiness to learn, and the ability to utilize the feedback provided.

4.7 Evaluation and Finalisation

The evaluation phase integrated all results from expert validation, pilot testing, and the main field trial. Overall,
the results showed a moderate improvement in students’ conceptual understanding based on N-Gain analysis,
supported by a large effect size. These findings indicate that the system has a strong practical impact, although
the relative level of improvement among students still varies. Beyond quantitative improvements, the system’s
primary value lies in its ability to provide reflective feedback on each student’s essay response. This feedback
not only presents a score but also specifically identifies the strengths and weaknesses of the response, thereby
serving as a formative learning tool.

As shown in Figure 6, for partially correct answers, the system not only displays a score but also provides
guidance on how to improve specific aspects such as reasoning and depth of analysis.
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[D Student Answers

Supply Chain Efficiency and Transparency - Logistics and Delivery Optimization

Supply Chain Automation - Improved Customer Experience - Demand Analytics and

Forecasting - can reduce production costs

12 Assessment Results

Score Details

Mastery of Economic Concepts 78 Argumentation and Reasoning 4/5

Relevance and Quality Examples: 3/4 Structure and Language : 313

Total Shoes: 17/20
Feedback

Good mastery of economic concepts, but argumentation and reasoning need to be

improved to provide more in-depth analysis.

Figure 6: Feedback Partially Correct

Conversely, as shown in Figure 7, for correct and well-structured answers, the system reinforces the conceptual
understanding that has been achieved.

Purchase of raw materials by craftsmen as economic actors who are producers who use
input from other economic actors who are suppliers/producers, Production of chairs by
craftsmen as producers who change input into finished goods, and Sale of chairs to
furniture stores as a distribution action by craftsmen (producers) through

intermediaries to end consumers.

77 Assessment Results

Score Details

Mastery of Economic Concepts 8/8 Argumentation and Reasoning 5/5

Relevance and Quality Examples: 4/4 Structure and Language 3/3

Total Shoes: 20/20
Feedback

Very good answer, mastery of economic concepts and well structured explanation of
economic stages,

Figure 7: Feedback Completely Correct

These dual functions evaluative (scoring) and corrective (providing the right conceptual explanation) ensure that
students not only recognise their errors but also learn the accurate concepts, thereby supporting formative and
meaningful learning (Marton et al., 1984). The integration of reflective and corrective feedback is particularly
important in economics education, where conceptual reasoning is essential. In the context of e-learning, specific
and timely feedback is a crucial component in enhancing the quality of learning and student engagement.

Overall, this evaluation shows that EsyGrade functions effectively in line with its objectives: reducing teachers’
workload, providing timely and structured feedback, and supporting the development of students’ conceptual
understanding. The system has been refined into a tool that is feasible, practical, and pedagogically sound for
integrating Al-based automated essay grading into high school economics education and is ready for
implementation in broader learning contexts.

5. Discussion

The results of this study indicate that the development of EsyGrade as a ChatGPT-based essay grading system
can be successfully implemented and contributes positively to learning. Expert validation revealed a high level
of validity, while preliminary trials indicated excellent levels of acceptance and practicality. In the main field trial
phase, the analysis results showed a moderate improvement in students’ conceptual understanding based on
N-Gain, indicating an improvement in their abilities following the use of the system.
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However, when combined with effect size results indicating a large category (Cohen’s d > 1), a more
comprehensive understanding emerges, indicating that the changes in learning outcomes are of substantial
magnitude, even though the relative rate of improvement among students was uneven. This is reinforced by the
N-Gain distribution analysis, which shows variation in improvement among individuals, particularly in 11th
grade, where a larger proportion of students exhibited low improvement compared to 10th grade. Thus, the
results of this study are more accurately interpreted as a moderate improvement on average, but with a strong
overall impact.

These findings highlight that the primary contribution of the system lies not only in the automation of
assessment, but in its ability to provide reflective feedback that supports formative learning. The feedback
generated does not merely indicate right or wrong but also offers specific explanations regarding the strengths
and weaknesses of students’ answers. From the perspective of formative assessment theory, clear, specific, and
timely feedback is a key factor in improving the quality of learning (Hattie and Timperley, 2007). Therefore, the
integration of Al-based feedback in EsyGrade can be understood as a mechanism that fosters a continuous
process of reflection and improvement in conceptual understanding.

These findings are consistent with previous research showing that the use of ChatGPT in essay grading can
improve the quality of feedback and support students’ independent learning (Mizumoto and Eguchi, 2023).
Additionally, a study by Yavuz, Celik and Yavas Celik, (2025) indicates that rubric-based grading assisted by
ChatGPT has reliability comparable to that of human raters. This study expands on these findings by
demonstrating that a similar approach can also be applied in the context of economics education, which has
different conceptual and analytical characteristics compared to language learning.

In the Indonesian context, these findings are particularly relevant because assessment practices in schools still
tend to be dominated by multiple-choice questions that emphasize rote memorization. This differs from trends
in the broader literature, which is increasingly promoting the use of essay-based assessments and higher-order
thinking as part of a more in-depth learning process (Maryani et al., 2021; Zhao and Fu, 2025). Furthermore,
teachers’ heavy workloads and time constraints pose major obstacles to the widespread implementation of
essay-based assessment. This contextual difference implies that automated grading systems like EsyGrade need
to be designed adaptively, focusing not only on score automation but also on providing clear, structured, and
user-friendly feedback. Therefore, features such as Bloom’s taxonomy-based rubrics, flexibility in assessment
customization, and a simple interface are crucial to ensuring alignment with the needs of users in Indonesia.

Nevertheless, several limitations should be noted. The system still relies on a stable internet connection, and
the quality of the Al's responses sometimes requires verification by a teacher. Furthermore, this study is limited
to a sample in the Surakarta region, so generalizing the findings requires caution.

Despite these limitations, this study offers valuable contributions both practically and theoretically. Practically,
EsyGrade can serve as a tool to enhance the quality of formative assessment while helping to reduce teachers’
workload in the essay grading process. In addition, this study contributes to e-learning research by
demonstrating how Al-based assessment systems can be designed to support not only efficiency but also
meaningful learning processes. Although this study was conducted in the context of economics education in
Indonesia, the design principles developed such as the integration of rubrics based on Bloom’s taxonomy, the
use of customizable prompts, and the provision of reflective feedback have the potential to be applied to various
other fields of learning. Theoretically, these findings suggest that Al-based essay grading systems can be
conceptualised as tools not only to improve efficiency but also to support deep learning through structured
reflective feedback. Thus, this study expands the e-learning literature by emphasizing the importance of
integrating Al technology with pedagogical principles in the development of digital assessment systems.

6. Conclusion and Implications

This study aims to design, develop, and evaluate EsyGrade, a web-based automated essay grading system
integrated with the ChatGPT API to assess conceptual understanding in economics education. Using a modified
version of the Bennett, Borg and Gall, (1984) R&D model, the findings indicate that the developed system is
feasible, user-friendly, and capable of supporting improvements in students’ conceptual understanding. Expert
validation indicates a high level of content validity, while preliminary trials confirm a strong level of user
acceptance. Results from the main field trial show a moderate improvement based on N-Gain, supported by a
large effect size, indicating a change in learning outcomes of considerable magnitude, although the level of
improvement varies among students.
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These findings indicate that the primary value of EsyGrade lies not only in the automation of the grading process,
but also in its ability to provide structured, reflective feedback to support formative learning. Thus, the
assessment is no longer viewed merely as a measurement tool, but as a means of supporting conceptual
understanding and meaningful learning.

From a practical perspective, EsyGrade has the potential to serve as a tool to help teachers manage essay grading
more efficiently without compromising the quality of feedback. This is particularly relevant in classes with large
student populations and limited time for manual grading. From a policy perspective, these findings suggest that
Al-based assessment systems can help bridge the gap between curriculum demands that emphasize higher-
order thinking skills and the practical constraints faced by teachers.

More broadly, this study contributes to the development of e-learning by demonstrating how Al-based essay
grading systems can be integrated with pedagogical principles such as rubric-based assessment and formative
feedback. Although this system was developed in the context of economics education in Indonesia, the design
principles employed such as the use of customizable prompts, alignment with rubrics, and a focus on feedback
have the potential to be adapted across various fields and other educational contexts.

However, several limitations should be noted. The system still relies on a stable internet connection, and in some
cases, the quality of the Al-generated feedback still requires verification by a teacher to ensure contextual
appropriateness. Furthermore, this study was conducted within a limited geographical context, so the findings
should be generalized with caution.

Future research could focus on several areas. First, studies with a broader and more diverse sample both in
terms of geographic region and educational level are needed to enhance the generalizability of the findings.
Second, further research could explore the long-term impact of Al-based feedback on the development of
students’ conceptual understanding. Third, integrating the system with Learning Management Systems (LMS)
and evaluating its implementation over a longer period can provide a more comprehensive picture regarding
the system’s scalability and sustainability.
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Appendix

This appendix presents the research instruments, including expert validation instruments, preliminary testing
instruments, and pre-test and post-test questions to measure students’ conceptual understanding.

Al. Instruments for educational assessment experts

Indicator & Items

A. Content Relevance & Validity

1. The questions entered into the system can be tailored to the intended learning objectives for economics
2. The automatic grading rubric reflects the competency indicators being assessed
3 Test instructions, rubrics, and prompts are presented clearly and are easy for students and teachers to

understand

B. Reliability & Fairness in Assessment

4. Automated essay grading is free from bias (student-neutral)
5. The system assigns consistent scores to essay answers of the same quality
6. The grading scale and weighting used are in accordance with educational assessment standards

C. Alignment with Educational Assessment Principles

7. The system supports the assessment of higher-order thinking skills (analysis, evaluation, synthesis)

8. The system provides feedback in accordance with the principles of formative assessment
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Indicator & Items

9. The system allows teachers to customize assessment rubrics and prompts as needed

D. Clarity in Reporting Results

10. The assessment reports are easy for teachers to read and understand
11. Assessment results can be communicated to students in a transparent manner
12 The system provides analysis of assessment results (such as score distributions and averages) to help

teachers evaluate students

E. Data Ethics & Data Privacy

13. Student assessment data is stored and managed with due regard for confidentiality

14. The system promotes student discipline and honesty (e.g., time limits)

F. Alignment with the Curriculum

15 The system is aligned with the applicable curriculum and competency standards

A2. Instruments for educational technology experts

Indicator & Items

A. Functional Suitability

1 The system’s core features (question set creation, automated grading, and results reports) meet teachers’
) needs
2. The automatic assessment results displayed according to the planned specifications

B. Performance Efficiency

3. The system's response time (for example, when processing essays) is fast and consistent

4. The system can handle large volumes of students or questions without a significant drop in performance

C. Compatibility

5. The system can create custom rubrics and assessment prompts
D. Usability
6. The system's user interface is easy for teachers to understand and use
7. The menu navigation (create question sets, rubrics, prompts, view results) is easy to follow
8. The system provides sufficient guidance and help for new users
E. Reliability
9. The system rarely experiences errors or crashes during use
10. User data (questions, student answers, assessment results) remains securely stored even in the event of an
outage
F. Security
11. The system includes user data security features (secure login, protection of assessment results)
G. Maintainability
12. The system is easy to update (feature updates, bug fixes) without disrupting users
13. The system's technical documentation is sufficient to support further development
H. Portability
14. The system can be easily moved or installed on another server, device, or operating system if necessary
15. Assessment results can be exported as PDF or CSV
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A3. Preliminary Testing Instrument for Students

Indicator & Items

A.

Ease of Access & System Navigation

1.

It's easy for me to log in and access this system

| found the menu and interface of this system easy to understand

.C

o

rity of Instructions & Display

The instructions for answering the questions provided by this system are clear to me

The layout of the questions and the scoring criteria in this system are engaging and easy to understand

. Fairness & Transparency in Evaluation

The score | received feels fair based on my answers

This system clearly displays the grading criteria, so | know the basis for the grading

. Speed & Accuracy of Feedback

This system provides assessment results immediately after | finish answering the questions

The feedback | received helped me understand my mistakes

. Privacy & Security

© m ® [N O | o 0O |& (» WD

| feel secure about my personal data when using this system

10.

My assessment results are securely stored and not misused

F. Support for Learning

1.

This system helps me understand the economics material covered on the exam

12.

This system makes it easier for me to prepare for the next question

13.

This system motivates me to improve my academic performance

G. Overall Experience

14.

Overall, this system is easy to use for solving problems

15.

| am satisfied with this automated grading system as a tool for evaluating the learning process

A4. Pre-test and post-test questions

Questions class X

Phase 1 (pre-test)

Bl

5.

Why is production the core of a society’s economic activities? (Level C4)

What are the four types of factors of production needed to produce a good or service? (Level C1)
What does distribution mean in economic activities? (Level C2)

A farmer grows rice. The rice is then sold to a rice merchant. The rice merchant sells it to small shops.
Consumers buy rice at the shops to cook. Outline the sequence of economic activities! (Level C4)
Why can lifestyle influence a person’s level of consumption? (Level C4)

Phase 2 (post-test)

PwnNpRE

Give three examples of consumption activities carried out by households on a daily basis! (Level C1)
Explain the difference between production and consumption activities! (Level C2)

What is the role of distribution institutions in delivering goods and services to consumers? (Level C2)
Look at the following illustration: A rattan craftsman buys raw materials from a supplier, produces
chairs, and then sells them to a furniture store. Order the stages of these economic activities based
on the roles of the economic actors! (Level C4)

Why can technological developments affect how producers distribute their goods? (Level C4)
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Questions class XI

Phase 1 (pre-test)

1.
2.

Name three types of business entities in Indonesia! (Level C1)

Briefly explain the fundamental differences between state-owned enterprises (SOEs) and private
enterprises! (Level C2)

A cooperative has a Surplus (SHU) of Rp100,000,000. Of this amount, 25% is distributed to members
based on their deposits. If Member A’s total deposit is Rp2,000,000 out of the total deposits of all
members amounting to Rp20,000,000, how much of the Surplus will Member A receive? (Level C3)
Consider the following scenario: A new retail company is opening branches in five cities. Determine
the planning and organizing steps the company should take! (Level C3)

Analyze the three main areas of management within a business entity (e.g., marketing, finance, and
production), and explain how they are related! (Level C4)

Phase 2 (post-test)

Give two examples of cooperative-style business entities in Indonesia! (Level C1)

Briefly explain the difference between top management and middle management! (Level C2)

A cooperative receives a net surplus of Rp50,000,000. Thirty percent is distributed based on savings.
If Member B’s savings are Rp1,500,000 out of total savings of Rp15,000,000, calculate the net surplus
received by Member B! (Level C3)

Given the following scenario: A logistics company is opening a new branch. Identify the “Actuating”
and “Controlling” steps that need to be taken to ensure smooth operations! (Level C3)

Analyze the interrelationship between production, marketing, and finance in supporting the success
of a startup! (Level C4)
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Abstract: While Generative Artificial Intelligence (GenAl) allows new methods to support students in writing processes, its
incorporation into university teaching needs well-designed pedagogy to ensure academic integrity and autonomy of learners,
especially in Project-Based Research (PBR) courses in teacher education, where iterative feedback is important but restricted
by the size of groups and limited resources. The current study aims to address the scalability problem in the feedback process
by evaluating the Al-Supported Revision Module (AIRM). It is implemented as a scaffold designed according to a rubric and
embedded into Moodle, using a local version of the LLaMA-2-7B model for generation of prompts based on instructor
comments for revision in four modes: polishing, restructuring, justifying, and synthesizing. The purpose of the module is to
provide targeted guidance to students rather than full-text generation and support revision while preserving authorship. A
mixed-methods case study approach was used involving 158 primary education student teachers, out of which 132 submitted
draft and revision versions, assessed using a six-criterion rubric. A mixed-design repeated measures ANOVA test revealed
interaction effects for both Literature Review and Methodology at the level of p < .01, with effect sizes of d =0.58 and d =
0.52. The results suggest more improvement in structure and synthesis for the Al group than the conventional group, while
no significant differences were found for Data Justification and Interpretation, suggesting a boundary between procedural
support and higher-order analytical reasoning. Process data analysis revealed active involvement of learners, evidenced by
the fact that on average 14.2% of draft content was changed and 39.7% of Al suggestions were rejected. Qualitative data
analysis revealed that learners utilized this Al-powered module mostly to increase text coherence and clarity while staying
in control of making sense of the content, whereas teachers indicated a shift from superficial to more methodological
feedback practices. Thus, the findings demonstrate that GenAl may be successfully implemented in the feedback process as
an additional scaffold for revision while still respecting the agency of learners.

Keywords: Generative artificial intelligence, Project-based research, Teacher education, Primary teachers, Feedback

1. Introduction

The swift advancement of Artificial Intelligence (Al) and especially Generative Al (GenAl), powered by Large
Language Models (LLMs), has fundamentally shifted academic writing at universities. More broadly, Al has been
adopted in higher education to support learning, assessment, and feedback. GenAl analyzes context and
provides structured feedback, extending support beyond error correction toward higher-level writing processes.
Unlike earlier rule-based systems, GenAl generates context-sensitive suggestions based on probabilistic
language modelling, which has expanded its applicability in academic support tasks. For teacher education, this
change carries a particular relevance to Project-Based Research (PBR) — a method aimed at fostering skills
necessary for future primary teachers (Kokotsaki, Menzies and Wiggins, 2016). PBR's success is frequently
hampered by what is known as a "feedback paradox." Although iteration is an indispensable aspect of gaining
research skills, the conventional approach of providing individual feedback poses several logistic barriers within
larger classes. As noted by Dean et al. (2023), without multiple feedback cycles, revisions often remain surface-
level, focusing on grammar rather than methodological alignment. With insufficient feedback, students will
often find it difficult to advance past purely descriptive literature reviews or to explain their conclusions
transparently.
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The above limitations call for the use of GenAl as a scaffolding mechanism. While commercial applications of
GenAl (such as ChatGPT) function independently to generate generic responses, this study employs a targeted
approach that is tailored to a specific subject. Unlike commercial "black-box" services, which raise concerns
about academic integrity and authorial voice (Zawacki-Richter et al., 2019), the Al-Supported Revision Module
(AIRM) was designed as a transparent pedagogical tool. Based on the local LLaMA-2-7B model, it protects user
privacy while creating prompts based on the rubric. The module processes student text together with instructor
feedback to generate targeted, rubric-aligned revision suggestions at the paragraph level. Instead of producing
text, it focuses on detecting gaps where improvements can be made by correlating feedback from the instructor
with methods and giving suggestions for revisions. Feedback is operationalised through four modes: polish,
restructure, justify, and synthesize.

AIRM is conceptualised as a pedagogical modification of the feedback cycle. The focus of this evaluation is not
to claim long-term cognitive transfer, but to determine how such an Al-driven scaffold influences the quality of
the final research product and the depth of the conceptual revision process. The study was conducted with third-
year pre-service primary teachers at a pedagogical university in Kazakhstan, enrolled in the "Project-Based
Research Activity" course. By comparing draft—revision pairs across Al-assisted and traditional cohorts, the
research addresses the following questions:

RQ1: How does the Al-Supported Revision Module function within the revision cycle of project-based research in
teacher education?

RQ2: Which aspects of student research writing show the greatest improvement when revisions are Al-assisted?
RQ3: How do students and instructors perceive the benefits and risks of integrating Al into revision tasks ?
2. Literature Review

2.1 Project-Based Learning in Teacher Education

Project-Based Learning (PBL) encourages active, inquiry-based learning rather than passive learning. The use of
projects helps the pre-service teachers learn to conduct inquiries, and also to acquire the identity of research-
oriented professionals (Tsybulsky and Muchnik-Rozanov, 2023). At the same time, PBL is demanding for novices.
Students often struggle to define researchable questions, formulate clear aims and narrow broad topics (Costley
et al., 2023). Literature reviews tend to remain descriptive rather than synthetic, limiting the identification of
gaps (Gao and Chen, 2024), while methodological reasoning is frequently weakened by misalignment between
aims and methods (Helle, Tynjala and Olkinuora, 2006).

2.2 Feedback and Revision in Project-Based Research Writing

Revision is central to PBR writing, enabling learning through iterative drafting and feedback cycles (Lu, Yao and
Zhu, 2023). Feedback improves coherence and reflection, while peer input adds diverse perspectives, provided
that students possess sufficient feedback literacy (Lineback and Holbrook, 2023; Wei and Liu, 2024; Carless and
Boud, 2018).

However, revision practices remain inconsistent: students often focus on surface-level corrections or
misinterpret feedback due to limited metacognitive skills, and instructors in large courses are unable to provide
multiple feedback cycles (Hanafi et al., 2025; Yu and Xie, 2025). This creates a “feedback paradox,” where
revision is essential for learning but constrained by institutional conditions. Structured feedback loops,
particularly draft—feedback—resubmission cycles, have been shown to improve outcomes by narrowing the gap
between current and desired performance (Bjalde, Boud and Lindberg, 2025), especially when combined with
multiple feedback sources and structured debriefing (Sahlan, 2025). These limitations highlight the need for
scalable approaches that operationalise feedback processes within high-enrollment contexts.

2.3 Generative Systems in Higher Education Writing

The introduction of GenAl has reframed debates about student writing, shifting from initial concerns about
plagiarism, loss of originality and fabricated references toward a more balanced evidence base. Systematic
reviews and meta-analyses show that, when used as a supplement rather than a substitute, generative tools can
improve fluency and organisation, although effects on higher-order reasoning remain mixed and context-
dependent (Deng et al., 2025; Lo, 2023). Similar patterns are observed in higher education, where improvements
in readability and efficiency are accompanied by variability in output quality and the need for critical verification
(Bhullar, Joshi and Chugh, 2024; O’Dea, 2024). Experimental studies further indicate gains in clarity and structure
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when Al is used for feedback (Mahapatra, 2024; Polakova and lvenz, 2024) but also point to risks such as reduced
creativity and shallow revisions (Niloy et al., 2024; Kim et al., 2025).

This limitation is relevant in education because research writing requires combining theoretical knowledge with
practical applications; the methodology needs to be justified, and educational implications have to be discussed
(Eysenbach, 2023). This indicates a limitation in human—Al collaboration between humans and artificial
intelligence, since generative models are good at facilitating procedural activities in writing but cannot perform
meaning-making tasks. Thus, the problem is not about how to employ the technology, but rather about how to
create a proper scaffolding.

2.4 Integrity, Reliability and Reference Practices

A major limitation of generative systems is the unreliability of references, with studies showing frequent
fabrication of citations in Al-generated texts (Rashidi et al., 2023), posing risks for academic writing where source
credibility is essential (Chelli et al., 2024). Beyond this, overreliance on generative support may homogenise
writing and weaken authorial voice, contributing to “cognitive offloading,” where students uncritically adopt Al
suggestions (Koo, 2023; Kooli, 2023; Nautiyal, Albrecht and Nautiyal, 2023). To mitigate these risks, students
must develop evaluative judgement to critically assess automated guidance, particularly given the inherent
variability of feedback processes (Aygicek, 2025). Recommended safeguards include DOI verification, disclosure
of Al use and reflective tasks documenting how tools are applied (Walters and Wilder, 2023). However, these
approaches remain largely theoretical, with limited empirical evidence on their effectiveness in authentic
educational settings.

2.5 Positioning Within Technology-Integration Frameworks

Conceptual frameworks clarify how generative systems operate in education. The SAMR (Substitution—
Augmentation—Modification—Redefinition) model defines technology adoption as substitution, augmentation,
modification or redefinition (Hamilton, Rosenberg and Akcaoglu, 2016), with current evidence suggesting that
generative tools primarily function at the levels of augmentation (improving grammar and style) and
modification (supporting structural reorganisation and argument development), while redefinition remains rare
in teacher education (Jiménez Sierra et al., 2023). The TPACK (Technological Pedagogical Content Knowledge)
framework emphasises the alignment of technological, pedagogical and content knowledge (Mishra and
Koehler, 2006), with research indicating that generative tools are most effective when embedded within
pedagogical structures such as feedback cycles and aligned with disciplinary content (Lim et al., 2023). Across
both frameworks, the role of agency is central: technology does not transform practice by itself, but depends on
how it is integrated, perceived and critically engaged with. In this perspective, the value of Al lies in supporting
a human-centred assessment transition, where technology facilitates student development and professional
growth without displacing the learner’s role as the primary agent in the writing process (Goode et al., 2026).

2.6 Summary of Gaps

However, PBL is crucial in teacher education and comes with constant challenges in problem identification,
synthesis of literature and methodology justification. To address these challenges, feedback and revisions are
needed but the process is hampered by organizational restrictions and lack of feedback literacy skills. Generative
tools can enhance coherence and reflection within writing but there are concerns of invented citations, lack of
originality and generalized writing.

The key limitation is the absence of scholarly studies that explain the functioning of generative tools during
revision processes within teacher education. Studies have been more theoretical, focusing on either integrity
and the technological potentials of the tool but not its real incorporation into feedback processes. Also, although
SAMR and TPACK frameworks have been cited numerous times, very little attention has been paid to
interpreting findings from the perspective of such frameworks.

3. Materials and Methods
3.1 Research Design

This study is a mixed-method case study that evaluated the effect of AIRM on a class of pre-service teachers. In
a single course, students participated in two different conditions; namely, instructor-only feedback and
instructor feedback with AIRM through Moodle. As randomization was not possible, equivalent baselines were
set. Quantitative data included paired draft—revision submissions scored on six rubric criteria, along with process
metrics (e.g., suggestions, acceptance rates, text modification, revision modes). Qualitative data included open-
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ended student surveys and instructor reflections, analysed thematically. Triangulation of rubric gains, system
logs and thematic findings provided convergent evidence on revision behaviour, writing improvement and
practical feasibility. The primary outcome of the study is the improvement in writing quality measured through
rubric-based draft-revision comparisons, while interaction metrics (e.g., suggestion uptake and ratings) are used
as complementary process indicators to interpret student engagement.

3.2 Context and Participants

This research was conducted at Zhetysu University named after I. Zhansugurov in Kazakhstan as part of an
obligatory course during the third year of studies on PBR activities among pre-service primary school teachers.
Students are required to conduct small-scale research related to primary schools. There were 158 participants
in total, of which 132 provided complete pairs of drafts and revisions (Table 1). Students were allocated at the
seminar group level for timetable reasons, which created a quasi-experimental design with non-random
assignment but controlled instructional conditions. Sections assigned to the Al-assisted condition accessed AIRM
in Moodle after receiving instructor feedback, while all other instructional conditions remained identical across
groups. To minimise contamination, sections operated in partitioned Moodle spaces without cross-access to
materials, while baseline comparability was established based on draft rubric scores and demographic variables
(age, gender). No systematic differences between seminar groups or instructors were observed. All instructors
followed a shared rubric and feedback protocol to ensure consistency.

Table 1: Participant Profile

Participation Demographics
Delivery type Enrolled Complete draft— Excluded Average age Female Male (%)
students revision pairs submissions (%)
Traditional 76 62 14 20.3 85.5 14.5
(instructor
comments only)
Al-assisted (with 82 70 12 20.5 83 17
revision module)
Total 158 132 26 20.4 84 16

3.3 Al-Supported Revision Module

The AIRM was developed as an integrated extension of Moodle to support structured revision of PBR reports. It
followed an iterative design process aligning LLM constraints with institutional rubric requirements, extending
instructor feedback with targeted and transparent recommendations. Technically, AIRM used a locally hosted
LLaMA-2-7B (temperature = 0.2, max tokens = 512) fine-tuned on institutional academic writing guides and
program materials. The model was deployed locally without external API calls to ensure data privacy and full
control over prompts and outputs. Predefined prompts generated concise, actionable guidance across four
modes: polish (clarity and style), restructure (organisation), justify (strengthening arguments) and synthesise
(connecting literature and concepts). Each prompt incorporated three elements: (1) the relevant segment of
student text, (2) instructor feedback, and (3) task instructions aligned with a revision mode. Example prompt
templates, including the orchestration step and mode-specific guidance, are provided in Appendix 1. The internal
architecture and processing pipeline of the module are presented in Figure 1. The architecture restricts outputs
to feedback-linked suggestions rather than full-text rewrites, ensuring student authorship.
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Figure 1: System Architecture of the Al-Supported Revision Module

When students accessed AIRM after receiving instructor feedback, relevant sections of the draft were identified
based on instructor feedback and highlighted within the interface. Segmentation was performed at paragraph
level and anchored to instructor comments to ensure consistent alignment. In cases where feedback referred to
sub-paragraph elements, the nearest paragraph was used as the minimal segmentation unit to preserve
contextual coherence. For each highlighted section, the system generated short, targeted suggestions indicating
required improvements, without rewriting the text. Suggestions were based on the selected text, instructor
feedback and instructional materials (e.g., academic writing guides) uploaded by the instructor. The overall

workflow of the module within the revision cycle is illustrated in Figure 2.
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Figure 2: Workflow of the Al-Supported Revision Module Within the LMS Revision Cycle

The interface, shown in Figure 3, provided up to three suggestions for each section, allowing the user to either
accept, skip, or evaluate its usefulness on a scale from one to five. Applying a suggestion indicated independent
revision by the student; no automatic text replacement occurred. This interaction design was intended to
support selective uptake of suggestions, ensuring active evaluation rather than passive acceptance.

www.ejel.org

37

ISSN 1479-4403


http://www.ejel.org/

The Electronic Journal of e-Learning Volume 24 Issue 3 2026

nstructor feedback  Editor Al

cate the gap addressed by your study.”

Group sources thematically and
Academic integrity notice

Text editor

Al outputs may

ntain inaccur:
verified sources and retain auth

Georgia v 1Epx ~  Nomal v B 1 U Al suggestions (b: ack) respansibiliy.

H  sList  1.List ===

Shorteuts
ion fits the stated aim; briefly contrast

Link  Unlink o~ Clear
* Keyboard: CirlfCmd + § — save
* Tabs: — / ~ — navigate

Methods and design.

An observational design was used across two consecutive lessons in each class (four lessons total).

Structured field notes captured engagement indicators in three-minute intervals. Immediately after each

lesson, short semi-structured interviews (3—5 minutes) were conducted with a stratified sample of pupils

(n = 12 across both classes) to elicit perceptions of difficulty, strategy choice, and the role of prompts.

Rationale. | Observation was selected to align with the aim of capturing in-situ behaviours (e.g., on-task

dialogue, help-seeking, strategic persistence) that may not be accessible through one-off questionnaires; Jump 1o text

it provides contextualised, moment-to-moment evidence of engagement.

Instruments.

- s N . . ear level, grouping, task
The observation rubric included three behavioural indicators (on-task talk, persistence after an impasse, Y grouping.
and help-seeking) and two cognitive indicators (reference to a named strategy and explicit monitoring

statements). Interview prompts invited short examples of when a prompt helped or hindered progress.

Mark as addressed | IR LG

Procedure.
Teachers introduced problem-solving tasks with a brief whole-class launch (< 7 minutes) and displayed

Synthesise

three prompts on the board. During guided practice, teachers modelled asking themselves the prompts
once before pupils began independent or paired work. The prompts remained visible throughout the

work phase. The researcher observed two focus tables per lesson, rotating every three minutes.

Figure 3: Student Interaction Interface and Suggestion Management in AIRM

In order to avoid cognitive overload, the number of suggestions that could be generated was restricted to three
per section and determined by a threshold explicitly drawn from criteria specified within the rubric (Appendix
2). This threshold was operationalised via semantic similarity scoring between student text and rubric
descriptors (embedding-based comparison), combined with rule-based heuristics (e.g., missing rationale, weak
citation patterns, aim—method misalighment) to determine whether additional suggestions were required. For
weaker segments, rule-based heuristics identified gaps (e.g., missing rationale, weak citation patterns, aim—
method misalighment) to trigger mode-specific guidance. For example, the absence of an explicit
methodological rationale triggered a “justify” suggestion, while disconnected paragraph transitions prompted a
“restructure” recommendation. This ensured alignment between automated feedback and assessment
standards.

Students retained full control over the revision process. Suggestions could be applied or skipped and optionally
rated on a 1-5 usefulness scale. After revision, a report summarised text modifications and mode distribution.
The four modes were aligned with key aspects of research writing: polish captured clarity and style, restructure
targeted organisation in the literature review and methodological reasoning, justify strengthened
methodological argumentation and data justification, while synthesise supported integration of sources in the
literature review and interpretation. To safeguard integrity, each session began with a disclaimer reminding
students to critically evaluate Al outputs and maintain authorship.

3.4 Data Collection

Multiple data sources were collected to evaluate the effects of the Al-Supported Revision Module across
performance, process and perception. The core dataset consisted of 132 paired student submissions (draft and
revised versions) from both cohorts.

All drafts and revisions were evaluated by two independent raters using a six-criterion rubric covering core
dimensions of PBR. The raters were blinded to group allocation. Each of the 132 projects was assessed twice
(draft and final), yielding 264 ratings. Inter-rater agreement was assessed with a two-way random-effects ICC
(ICC(2,1), absolute agreement, single measures) with 95% confidence intervals. Overall reliability was good (ICC
=.82,95% Cl [.76, .87]). Final scores were calculated as the mean of the two raters’ evaluations.

Additional data were collected for the Al-assisted cohort. Module logs (N = 70 sessions) recorded suggestions
generated, uptake (applied vs. skipped), percentage of text modified and changes across four modes (polish,
restructure, justify, synthesise). In addition, 64 students completed voluntary surveys on benefits and
limitations, and four instructors provided perspectives on feasibility and teaching implications. Survey
participation was voluntary, which may introduce self-selection bias. Table 2 summarises all data sources.
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Table 2: Overview of Data Sources

Data Source Records / N | Purpose of Use

Draft—Revision Pairs 132 pairs To measure improvement across six rubric criteria

Independent Rubric Scores | 264 ratings To ensure objective evaluation of drafts/revisions

Module Logs 70 sessions | To analyse interaction patterns (modes, % edits)
Student Surveys 64 forms To capture perceptions of benefits and challenges
Instructor Surveys 4 forms To assess feasibility and teaching implications

3.5 Data Analysis

Within each cohort, draft and revision scores were compared using paired t-tests across six rubric criteria.
Between cohorts, differences in gain scores were analysed using independent t-tests and repeated-measures
ANOVA. ANOVA tested the interaction between stage (draft vs. revision) and group (Al-assisted vs. traditional).
All tests were two-tailed with the significance threshold set at a = .05. Effect sizes (Cohen’s d) were calculated
using pooled Standard Deviations (SD) of draft and revision scores. For ANOVA, effect sizes are reported as
partial eta squared (n?%), providing an indication of both statistical significance and practical importance.
Assumptions of normality and homogeneity of variance were checked and met prior to analysis. All statistical
analyses were conducted using JASP (version 0.95.4.0).

Qualitative data were analysed using thematic analysis to capture latent patterns and subjective experiences in
student—Al interaction. Open-ended responses (n = 64 students; n = 4 instructors) were independently coded by
two researchers using a hybrid framework combining deductive categories (polish, restructure, justify,
synthesise) with inductive themes (e.g., cognitive load, feedback redundancy). Coding reliability was ensured
through initial calibration and iterative consensus. Responses in Russian and Kazakh were translated and verified
by bilingual researchers. Code frequencies and illustrative quotations are reported to support interpretation and
triangulate quantitative findings.

The triangulation among rubric score improvements, log data, and qualitative themes yielded convergent and
supplementary insights into how the module affected revision processes and results. The summary of the data
collection process is presented in Figure 4.

Course: Project-Based Research Activity of the Primary School Teacher

Traditional group
(instructor feedback only)

Draft-revision pairs Mixed-methods analysis

(n=132)

76 enrolled; 62 analysed

quantitative
(scores, logs)

Al-assisted group L
(with revision module)

Module logs (suggestions,

; ualitative
% edits, modes) 4

(surveys, feedback)

82 enrolled; 70 analysed [T

Student surveys (n=64)

| Participants enrolled (n = 158) ‘

[ Excluded participants: 26 l Instructor surveys (n=4)

Figure 4: Study Design and Data Sources of the Research
3.6 Ethical Considerations

The study was conducted in a natural classroom environment without experimental manipulation beyond access
to the Al-Supported Revision Module. All participation was voluntary and informed consent was obtained from
every participant. Students could withdraw at any time without academic consequences, and participation did
not affect course grades or formal assessment outcomes. No grades were assigned for the use of the module or
participation in the study. All drafts and revisions were anonymised, and survey data were reported in aggregate
form. The module itself was explicitly framed as a supportive tool rather than a replacement for student work.
Students retained full control over revisions, including accepting or skipping suggestions, ensuring full
authorship of the final text. Each session began with a disclaimer that Al outputs may be inaccurate and require
critical evaluation. Students were instructed not to treat system outputs as authoritative sources. These
measures ensured transparency, academic integrity and alignment with recognised ethical standards, including
informed consent, data protection and voluntary participation.
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4. Results and Findings
4.1 Quantitative Outcomes: Reliability and Overall Performance

The technical validity of the assessment was determined using the inter-rater reliability for 264 independent
evaluations. A two-way random-effects intraclass correlation coefficient (ICC) for absolute agreement (single
measures) demonstrated good reliability across the six criteria, with an overall ICC of 0.821 (95% Cl [0.755,
0.869]).

Regarding overall student progress across the entire sample (N = 132), a paired samples t-test confirmed
statistically significant improvements from draft to revision for all rubric criteria (Table 3). The largest effect sizes
were observed in Literature Review (d = 0.58) and Methodology (d = 0.52), both indicating a medium-to-large
impact. Improvements in analytical dimensions, such as Data Justification (d = 0.21) and Interpretation (d = 0.19),
yielded smaller effect sizes, representing the baseline growth in higher-order research competencies
(Mekheimer, 2025).

Table 3: Descriptive Statistics and Overall Growth from Draft to Revision (N = 132 Pairs)

Criterion Draft Mean (SD) Revision Mean (SD) t(131) Cohen’s d p
Problem Formulation 3.00 (1.35) 3.50 (1.64) 12.42 0.33 <.001
Literature Review 2.90 (1.12) 3.71 (1.61) 10.65 0.58 <.001
Methodology 2.80 (1.27) 3.61(1.78) 10.44 0.52 <.001
Data Justification 3.10 (1.26) 3.40 (1.58) 2.20 0.21 .029
Interpretation 3.20 (1.29) 3.50 (1.85) 2.21 0.19 .029
Reflection 3.30 (1.39) 3.71 (1.48) 16.94 0.28 <.001

4.2 Comparative Analysis: Al-Assisted vs. Traditional Cohorts

To assess the added value of the module, a mixed-design repeated measures ANOVA was conducted to compare
the performance of the Al-assisted group (n = 70) and the traditional group (n = 62). Descriptive statistics for
both cohorts are presented in Table 4, including means and SD for each stage.

Table 4: Descriptive Statistics by Group and Stage (n = 132)

Group Criterion Draft Mean (SD) Revision Mean (SD) Gain (A)
Traditional Problem Formulation 3.17 (1.32) 3.56 (1.64) +0.39
Literature Review 2.86 (1.19) 3.45 (1.73) +0.59
Methodology 3.03 (1.29) 3.62 (1.74) +0.59
Data Justification 3.13 (1.20) 3.43 (1.59) +0.30
Interpretation 3.36 (1.28) 3.61(1.83) +0.25
Reflection 3.38 (1.36) 3.73 (1.45) +0.35
Al-assisted Problem Formulation 2.85 (1.37) 3.44 (1.65) +0.59
Literature Review 2.94 (1.05) 3.93 (1.47) +0.99
Methodology 2.60 (1.22) 3.59 (1.83) +0.99
Data Justification 3.07 (1.31) 3.37 (1.58) +0.30
Interpretation 3.06 (1.28) 3.41 (1.87) +0.35
Reflection 3.24 (1.42) 3.69 (1.52) +0.45

The ANOVA results (Table 5) revealed a highly significant interaction effect between Stage and Group for
Literature Review (F(1, 130) = 7.506, p = .007, with a partial eta squared of 0.055) and Methodology (F(1, 130) =
7.197, p =.008, with a partial eta squared of 0.052).
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Table 5: Summary of Repeated Measures ANOVA (Interaction Effects: Stage x Group)

Criterion SS df MS F p n%
Problem Formulation 0.696 1 0.696 4.718 .032 0.035
Literature Review 2.685 1 2.685 7.506 .007 0.055
Methodology 2.685 1 2.685 7.197 .008 0.052
Data Justification 0.000 1 0.000 0.000 .995 <.001
Interpretation 0.164 1 0.164 0.131 .718 0.001
Reflection 0.175 1 0.175 4.861 .029 0.036

Significant interaction effects were also found for Problem Formulation (p = .032) and Reflection (p = .029).
However, no significant interaction was observed for Data Justification (F(1, 130) < 0.001) or Interpretation (F(1,
130) = 0.131, p =.718), where both cohorts demonstrated statistically equivalent progress. Figure 5 illustrates
these interaction patterns, highlighting the steeper slope of improvement for the Al-assisted group in Literature
Review and Methodology, contrasting with the parallel trajectories observed in analytical criteria.

; s 5 G
Problem Formulation Literature Review Methodology rou’.)
_ O Al-assisted
4.0 4.5 — - 0
4.0 4 ® Traditional
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Figure 5: Interaction Effect Between Stage (Draft vs. Revision) and Condition (Al-Assisted vs. Traditional) on
Mean Rubric Scores

4.3 Process Metrics: Student Interaction with AIRM

To understand the mechanisms behind the score improvements, interaction logs from the Al-assisted cohort (n
=70) were analysed. On average, the system generated 6.8 suggestions per report (SD = 2.24). A key finding was
student agency: students demonstrated a selective approach, accepting 60.3% of recommendations (M = 4.1,
SD = 1.45) and rejecting 39.7% (M = 2.7, SD = 0.91).

The system also captured utility ratings for each suggestion. Of the 476 generated suggestions, 412 (86.5%)
received an optional rating on a 1-5 scale, yielding an overall mean of 3.9 (SD = 0.8). Perceived usefulness was
highest for the Polish mode (M = 4.2, SD = 0.6), followed by Restructure (M = 3.9, SD = 0.7), Justify (M = 3.6, SD
=0.9), and Synthesise (M = 3.4, SD = 1.1). The descriptive statistics for these interaction metrics are summarised
in Table 6.
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Table 6: Interaction Metrics from AIRM System Logs (n = 70)

Metric Mean (SD) Range Total
Suggestions Generated 6.8 (2.24) 3-12 476
Suggestions Accepted 4.1 (1.45) 2-8 287
Suggestions Rejected 2.7 (0.91) 1-5 189
Text Modified (Word Count) 281.4 (109.7) 125-519 19,700

The volume of revision was significantly higher in the Al-assisted group compared to the traditional cohort.
Students using the module modified an average of 14.2% (SD = 5.02) of their draft text, whereas the traditional
group, relying on peer and self-correction, modified only 8.5% (SD = 3.2) of their content. This difference
suggests that the Al-assisted feedback acted as a more effective "nudge," prompting students to engage in more
extensive rewriting, particularly in sections where the system identified structural or logical gaps. As shown in
Figure 6, the modification rate was not uniform across the report sections. The highest percentages of modified
text were observed in the Literature Review and Methodology sections, which directly correlates with the
highest score gains reported in Section 4.2.
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Figure 6: Percentage of Text Modified by Section and Condition
4.4 Qualitative Insights: Thematic Analysis of Feedback

To capture the subjective experiences of the participants, qualitative data from open-ended survey responses
(N = 64 students) and instructor reflections (n = 4) were analysed. Thematic coding was performed by two
independent researchers on a corpus of 118 individual comments. An initial inter-coder agreement of 88% was
achieved, with discrepancies resolved through consensus. The analysis identified distinct patterns of
engagement, with frequencies indicating the relative prominence of themes, categorised into Perceived Benefits
and Reported Challenges (Table 7).

Table 7: Thematic Coding of Student and Instructor Feedback

Category Theme Frequency lllustrative Quote Source
Perceived Clarity and 40 “The module helped me make my text clearer and Student
benefits organisation more structured, especially in the introduction.”
Metacognitive 24 “I liked the final report because it showed me what | Student
reflection had actually changed, not just what | thought |
changed.”
Value of new 8 “The suggestion gave me a new idea for connecting Student
perspectives literature.”
Shift in instructor 4 “The module freed me from correcting grammar, so | Instructor
role could focus on methodology with students.”
Selective adoption | 12 “| skipped some advice because it did not fit my Student
of suggestions argument, but others were very useful.”
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Category Theme Frequency lllustrative Quote Source
Reported Cognitive demand | 16 “Sometimes there were too many points at once and | | Student
Challenges did not know where to start.”
Feedback 10 “This was similar to what the teacher already wrote, Student
redundancy so | did not use it.”
Critical evaluation | 3 “Students must learn not to trust the Al blindly, but to Instructor
requirement use it as support.”

Note: Frequency = number of mentions

Students consistently described the module as a tool for improving clarity and organisation, suggesting that it
functioned primarily as a structural scaffold. As one student noted: “The Al didn't just fix my grammar; it
highlighted where my methodology was fragmented, which made it easier to align my steps with the research
aims.” Many students emphasised the role of the revision report in supporting metacognitive awareness,
particularly in recognising the extent of their own revisions. Another participant reflected: “Seeing the summary
of my changes at the end was eye-opening; it made me realize how much | had actually improved the text
compared to my first draft.”

However, students also reported cognitive challenges, indicating that the volume of automated suggestions
could at times hinder the revision process. One student remarked: “At times, receiving three different
suggestions for one paragraph was overwhelming, and | struggled to decide which one to prioritize.” Finally,
while Critical Evaluation (n = 3) was less frequently mentioned in surveys, the qualitative evidence confirms that
student agency was active and deliberate. This was best captured by a student who explained their selective
adoption: “I had to be careful; | skipped suggestions that tried to change the meaning of my results, as the Al
didn’t know the specific classroom context of my project.” These insights, aligned with the 40% rejection rate in
Section 4.3, demonstrate that the module fostered a critical dialogue rather than a passive acceptance of
technology.

5. Discussion

5.1 Summary of Key Findings

The results show that the AIRM greatly improved students' research writing through a more stringent revision
strategy. According to the mixed-design ANOVA outcomes (Section 4.2), the treatment was found to be effective
in achieving significant improvement in two important dimensions — Literature Review (n?%, = 0.055, d = 0.58)
and Methodology (n?% = 0.052, d = 0.52). These effects suggest that the module supported idea development
within a rubric framework. As argued by Bjalde, Boud and Lindberg (2025), the most effective feedback activities
are those that move beyond mere information delivery and instead facilitate a continuous "draft—feedback—
resubmission" cycle. In our study, the module transformed instructor comments from static advice into
actionable, iterative prompts. This is evidenced by the process metrics: the Al-assisted group modified 14.2% of
their draft text, which is a nearly 70% increase compared to the 8.5% modification rate observed in the
traditional cohort. This discrepancy confirms that the module acted as a "catalyst," preventing the "minimalist
revision trap" where students change only minor surface elements while leaving the underlying conceptual flaws
untouched.

Furthermore, the significant improvements in methodological reasoning support the findings of Sahlan (2025),
who emphasizes that integrating tutor feedback with structured reflection enhances the pedagogical
competence of pre-service teachers. By utilizing the Restructure and Synthesise modes, students were nudged
to align their research aims with their methodological choices more precisely. Operating at the SAMR
Modification level, the system redesigned revision tasks to foster deeper inquiry rather than merely substituting
feedback.

The concentration of gains in structural and logical dimensions (Literature Review and Methodology) highlights
a strategic alignment between the inherent strengths of LLMs and the procedural needs of novice researchers.
These results also suggest that the AIRM effectively managed the "procedural load" of research writing. By
providing a logical framework for structural synthesis, the module enabled students to overcome the cognitive
barriers of organizing complex information, allowing them to produce more coherent narratives. This alignment
between pedagogy and technology (TPACK) shows that the module’s effectiveness comes from its integration
into instructor-led feedback cycles.
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5.2 Conceptual Boundaries and the Analytic Gap in Al Scaffolding

Results reveal an “analytic gap,” evidenced by non-significant performance gains in Data Justification and
Interpretation across both cohorts. Unlike the structural improvements observed in other criteria, these
analytical dimensions yielded no significant interaction effect (p > .05). This gap highlights a boundary between
procedural support and higher-order synthesis, distinguishing AIRM’s scaffolded approach from authorship-
blurring open tools.

The absence of growth in interpretation serves as empirical evidence against concerns regarding unreflective Al
adoption or automated content generation. As highlighted by Tlili et al. (2023), the integration of generative
tools often carries the risk of "hallucinations" that can undermine a student’s critical engagement. However, the
plateau in these specific results demonstrates that the AIRM functioned strictly as a cognitive scaffold rather
than a generative substitute. By restricting the model’s access to raw primary datasets, the system design
ensured that students remained the sole intellectual owners of their findings. PBR requires situated knowledge
in order to achieve interpretative results since there is no way for any generalized model to match the knowledge
of a specific pedagogical situation existing in Kazakhstan. In this case, the "analytic gap" justifies the use of the
module as an ethical tool because it successfully handles the "procedural load" required by the structure, and
at the same time retains the "epistemic load" in meaning creation for the human researcher.

5.3 Selective Adoption and the Manifestation of Student Agency

The interaction logs reveal a complex pattern of engagement that contradicts the premise of unreflective Al
adoption. The 39.7% rejection rate suggests that students acted as critical evaluators rather than passive
recipients. This selective adoption aligns with the "active role" of students in the feedback process advocated by
Bjeelde, Boud and Lindberg (2025), where learning occurs through the deliberate evaluation and application of
suggestions. Rejecting Al suggestions manifests evaluative judgment as a core research competence rather than
scaffold failure.

The qualitative data presented in Table 7 further elucidates these thematic priorities. The high frequency of
mentions regarding Clarity and Organisation (40 instances) compared to Justification and Argumentation (12
instances) reflects a hierarchical approach to revision. Students utilized the AIRM primarily to resolve "first-
order" structural and linguistic barriers, thereby creating the necessary cognitive space to refine their internal
arguments. Furthermore, the integration of Al guidance provides a distinct contrast to traditional peer
assessment mechanisms. While Aygicek (2025) highlights the inherent variability and subjectivity often
associated with peer-driven feedback, the AIRM offered a consistent methodological "grid." However, the 14.2%
text modification rate indicates that this stability did not lead to standardisation; instead, it served as a catalyst
for individualised rewriting. By positioning the student as the final authority over each suggested revision, the
module ensured that the authorial voice remained intact. Consequently, the revision process was transformed
into a critical dialogue, where the ability to discern and reject irrelevant advice became as pedagogically valuable
as the adoption of helpful prompts.

5.4 Pedagogical Transitions and the Reconfiguration of Instructional Roles

The implementation of the AIRM facilitated a shift in instructional dynamics of the research-based course.
Qualitative insights from the participating instructors indicated a transition from serving as primary providers of
surface-level corrections to assuming roles as high-level methodological mentors. This redistribution of
instructional effort was characterized by the delegation of repetitive structural and grammatical feedback to the
Al module, which consequently permitted instructors to dedicate more time to complex, inquiry-driven
dialogue.

This transition aligns with the principles of human-centered assessment articulated by Goode et al. (2026),
where the focus of evaluation shifts from mere measurement toward the holistic support of student transitions
and professional development. In this framework, the Al scaffold functioned as a preliminary layer of support,
ensuring that drafts reached a certain level of structural maturity before human intervention. Consequently, the
interaction between mentor and student was elevated, focusing on methodological nuances and pedagogical
implications rather than basic clarity.

Furthermore, the integration of the module encouraged a more rigorous form of professional reflection. As
suggested by Sahlan (2025), combining tutor feedback with structured revision tools is essential for enhancing
the competence of pre-service teachers, as it necessitates a deliberate "debriefing" of one's own writing. The
instructors observed that this model effectively addressed the logistical challenges of high-enrollment programs,
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allowing for a scalable feedback mechanism that does not compromise the depth of individualised guidance.
This pedagogical modification suggests that the value of Al in teacher education lies in its ability to optimize
human expertise, ensuring that mentors intervene at the most critical stages of the inquiry process.

5.5 Research Limitations and Future Directions

This study has several limitations. First, it evaluates scaffolded performance rather than independent skill
transfer, as no post-test was conducted after removing AIRM support. Second, the quasi-experimental design
without random assignment introduces potential selection bias despite baseline equivalence. Third, the findings
are context-specific, as the study was conducted within a single pedagogical university in Kazakhstan with pre-
service primary teachers, in a multilingual setting where academic writing is often performed in English as a
Foreign Language (EFL). These contextual, cultural, and linguistic factors may have influenced revision patterns
and the effectiveness of Al-supported feedback, limiting generalisability. Fourth, a possible novelty effect may
have increased student engagement. Fifth, the results depend on the specific configuration of the LLaMA-2-7B
model and prompt design, which may not transfer to other systems. Finally, despite implemented safeguards,
the risk of cognitive offloading and over-reliance on Al remains (Tlili et al., 2023).

Future research should examine long-term skill transfer through longitudinal designs and delayed post-tests
without Al support. Replication across diverse cultural, linguistic and disciplinary contexts is needed to test
generalisability. Further work should also explore adaptive prompting strategies to better support higher-order
analytical reasoning and address the identified “analytic gap,” while maintaining student agency and authorship.

6. Conclusion

The current research shows that it is possible to deploy the AIRM framework in a research course, thus providing
an efficient example of feedback provision in the context of teacher education. By connecting a locally deployed
language model with institutional rubrics and instructor intentions, this research goes further than the chatbot
paradigm by creating a feedback-oriented scaffold that ensures effective revision without any creation of output
text. This module has positively impacted the structure and methodology of students' essays, leaving the limits
of human authorship untouched.

In relation to the research questions, the findings indicate that AIRM functioned as a structured scaffold within
the revision cycle of project-based research (RQ1), leading to the most substantial improvements in literature
review and methodological alignment (RQ2). At the same time, both students and instructors perceived the
module as a supportive tool that enhances clarity and feedback processes while preserving learner agency and
critical judgement (RQ3).

Evaluation suggests that although AIRM acts as a potent instigator of meaningful change, the extent of influence
is dictated by the dynamics of a purposeful synergy and not automation per se. With the development of the
“analytical gap” and the high rejection rate of Al recommendations, it is evident that students acted as the
primary agents of change in the process, performing an evaluative function of judgment and “feedback literacy.”
Evaluation lends credence to the human-in-the-loop model, where instructional load is partially transferred to
Al, enabling educators to focus on higher-level teaching processes while informing the design of scalable,
human-centred feedback systems in teacher education and beyond.

Al Statement: During the preparation of this manuscript, the authors used Grammarly for language editing and
proofreading purposes only. No generative Al tool was used for content generation, data analysis,
interpretation, or reference generation.
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Appendix 1

All prompts were executed deterministically within the same template structure to ensure consistency of
outputs across users and sessions.

Table 8: Prompt Templates for Al-Supported Revision Guidance

Prompt Type Prompt Template

Orchestrator Task: Analyse student text in relation to instructor feedback and supporting materials, and generate
structured revision guidance.

Inputs: text = [TEXT]; feedback = [TEXT]; materials = [INSTITUTIONAL MATERIALS]

Instructions: identify relevant segments; classify issues based on rubric-aligned criteria (clarity,
coherence, argumentation, synthesis); map each issue to a revision mode (polish / restructure / justify
| synthesise); generate targeted guidance per segment.

Output (JSON): { "segments™: [ { "text_span™: "...", "mode™: "...", "issue": "...", "suggestion™: "..."} ] }
Constraints: no full-text rewriting; guidance only; strongly align with feedback and materials.

Example output: { "segments": [ { "text_span": "...", "mode": "justify", "issue": "claim not supported"”,
"suggestion": "add empirical reference linking to aim" }]}

Restructure Task: Analyse text structure using feedback. Identify issues in flow and organisation. Suggest how to
reorder or connect ideas.

Constraints: no rewriting; concise guidance only.

Justify Evaluate strength of argumentation. Identify unsupported claims or weak reasoning. Suggest how to
strengthen justification and link to aims.

Constraints: no rewriting; no full sentences for insertion.

Appendix 2
Table 9: Rubric for Evaluating Project-Based Research Reports
Criterion 1 — Minimal 2 — Emerging | 3 — Developing 4 — Proficient 5 — Advanced
Problem Problem absent or Problem Problem Problem clear Problem precise,
Formulation incomprehensible vague, aim identifiable but and mostly fully aligned with
unclear methodology,
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Criterion 1 — Minimal 2 — Emerging | 3 — Developing 4 — Proficient 5 — Advanced
partly aligned with | aligned with demonstrates
methods aims originality

Literature Fewer than 3 3-5 sources; 6-8 sources; 9-12 sources; > 13 sources;

Review references; no descriptive, some partial strong synthesis
academic sources weak organisation, synthesis, (>60% thematic
relevance limited synthesis mostly relevant discussion), clear
and recent gap identified
Methodology Method missing or Method Method described | Method Method rigorously
irrelevant present but with some explained explained,
described rationale, partial clearly, rationale | rationale well
superficially alignment present, aligned | supported, fully
with aims aligned with aims
Data Data absent or Data Data described Data Data fully justified,
Justification irrelevant mentioned but weakly linked appropriate and | strongly linked to
without to aims linked to aims aims, supported
justification with adequate by credible
justification references
Interpretation No interpretation Minimal Interpretation Interpretation Interpretation
beyond restating interpretation, present but clear, with comprehensive,
results weak link to descriptive critical linkage critical and
aims to aims connected to
broader literature
Reflection No reflection on Minimal Reflection present | Reflection Reflection
process or reflection, but limited in balanced, extensive, critical
outcomes superficial depth covers and linked to
strengths and professional
weaknesses growth
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Abstract: Online learning has become a core mode of higher education, intensifying questions about what constitutes high-
quality teaching and learning in digital environments and how students form evaluations of their online learning experiences.
The Community of Inquiry (Col) framework highlights teaching, social, and cognitive presence as key pedagogical conditions,
yet less is known about how these conditions operate alongside learner characteristics and students’ perceived learning
outcomes to shape attitudes toward online learning. This quantitative study surveyed 316 undergraduates enrolled in 22
fully online undergraduate courses. Students reported demographic characteristics (including age, gender, ethnicity, faculty
affiliation, learning-disability status) and self-reported cumulative Grade Point Average (GPA) range. Perceptions of Col
presences were measured using a validated Col instrument, and perceived learning outcomes were assessed as
multidimensional gains (cognitive, metacognitive, and social). Analyses included group comparisons and hierarchical
regression models predicting attitudes toward online learning. Group comparisons indicated significant differences in
perceived presence across demographic groups, although most effects were small. Perceptions of cognitive and social
presence also varied across self-reported GPA ranges, whereas teaching presence was relatively stable. In hierarchical
regression, demographic variables explained a modest portion of variance in attitudes. Adding Col presences substantially
improved prediction, with cognitive presence emerging as the primary presence-related predictor. When perceived learning
outcomes were added, perceived cognitive and metacognitive gains were the strongest predictors of more positive attitudes,
and the unique contribution of Col presences was reduced, suggesting that perceived learning gains may help explain the
presence—attitude link. The findings therefore point to a more integrative account of online learning quality, in which
students’ attitudes appear to depend less on fixed demographic differences and more on whether online courses are
experienced as cognitively meaningful and supportive of reflective growth. Findings underscore the centrality of cognitive
engagement and perceived learning gains for shaping students’ attitudes toward online learning and point to actionable
design priorities: inquiry-oriented activities, structured reflection and metacognitive scaffolds, and consistent course
organization and support that promote equity across diverse learners. These results also inform institutional policy by
emphasizing shared online-course quality standards and professional learning focused on evidence-informed design
practices.

Keywords: Online learning, Community of inquiry, Student attitudes, Perceived learning outcomes

1. Introduction and Theoretical Background

In recent years, education systems around the world have invested considerable effort in designing innovative
learning environments, with a particular emphasis on the integration of digital technologies (Collins & Halverson,
2018). The outbreak of the Covid-19 pandemic in early 2020 triggered a dramatic transformation in education,
requiring a rapid and comprehensive transition to remote learning for all students (Dietrich, 2020, Fewella, 2023,
McGaughey et al. 2022). Importantly, the pandemic accelerated a shift that was already underway: online
learning had been steadily expanding in higher education as institutions sought to increase access and flexibility,
and it has remained a central mode of provision in the post-pandemic landscape (McGaughey et al., 2022, Miiller
& Mildenberger, 2021, Getenet et al., 2024). Although it is difficult to equate emergency-induced online learning
with programs designed intentionally for digital delivery, the pandemic nonetheless exposed persistent
challenges in online learning, such as reduced interaction between students, instructors, and course content,
and a noticeable decline in the sense of academic belonging for both students and faculty (Baxter & Haycock,
2014, Seifert & Bar-Tal, 2023). It also highlighted disparities in students’ home learning environments,
exacerbating existing inequalities (Gillis & Krull, 2020, Sasson & Yehuda, 2026). This issue is especially relevant
in the Israeli higher-education context examined in the present study, which includes both Jewish majority and
Arab minority students and therefore provides an opportunity to consider how online learning is experienced
across a socially diverse student population. In this context, students’ attitudes toward online learning have
become a critical indicator of quality, shaping engagement, persistence, and willingness to enroll in future online
courses (Akar, 2024, Jiang, Zhou & Yang, 2024, Mcintyre et al., 2023, Paris, Lakhal & Mukamurera, 2025, Steyn
et al., 2024). In addition to attitudes, students’ perceived learning outcomes (Rovai et al., 2009, Yang, Wang &
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Zhao, 2025) provide a complementary indicator of online course quality, capturing learners’ own assessment of
the gains they attribute to the learning experience. In the present study, we conceptualize perceived outcomes
as multidimensional, encompassing cognitive, metacognitive, and social learning gains. Examining these
perceived outcomes alongside pedagogical features and learner characteristics helps clarify how pedagogical
conditions translate into students’ overall evaluation of online learning. Taken together, these considerations
position students’ attitudes toward online learning as a product of the interplay among pedagogical conditions,
learner characteristics, and perceived learning gains.

Alongside these challenges, online learning also offers meaningful pedagogical opportunities. At the institutional
level, flexible provision can expand access across time and place, yet its value depends on intentional design and
adequate student support rather than convenience alone (Jones et al., 2025, Xie, Siau & Nah, 2020).
Pedagogically, well-designed online learning can support multimodal engagement and collaborative knowledge
construction (Olsson, Mozelius & Collin, 2016, Reyes, Cuenca & Martinez, 2025, Simpson, 2016). In addition,
learning analytics and student-facing dashboards enable monitoring of learning processes and the provision of
actionable feedback, provided they are aligned with the learning sciences and used to inform pedagogical action
(Paulsen & Lindsay, 2024, Saghafi, Franz & Crowther, 2014).

The shift to remote learning during Covid-19 catalyzed a new era of pedagogical experimentation. Online
learning has moved from a marginal alternative to a central and, at times, essential component of higher
education. As a result, the need for thoughtful pedagogical design and institutional policy for online learning has
become both urgent (Andrade & Alden-Rivers, 2019). At the same time, evidence consistently suggests that
students do not benefit from online learning in the same way: learner characteristics and resources (e.g., prior
academic experience and self-regulation) shape how students engage with online courses and the support they
require to succeed (Xu & Jaggars, 2013, Dumford & Miller, 2018, Muljana & Luo, 2019). These differences make
it especially important to clarify which pedagogical conditions foster meaningful interaction and positive
attitudes for diverse learners. However, we still have limited understanding of which pedagogical conditions
most strongly foster meaningful interaction with instructors, peers, and course content and how these
conditions relate to students’ attitudes toward online learning (Nortvig, Petersen & Balle, 2018, Rodrigues et al.,
2019).

Recent scholarship has increasingly moved beyond viewing online learning as a mere technological shift and has
instead highlighted the pedagogical conditions that underpin high-quality online higher education. Research
evidence indicate that effectiveness is shaped by interacting factors such as clear course structure and design
(e.g., coherent organization of learning activities, transparent expectations, and feasible timelines), high-quality
interaction and collaborative learning processes that build a sense of community, assessment and feedback
practices aligned with intended learning outcomes, and student-related capabilities such as self-regulation,
metacognitive skills, and digital literacy (Broadbent & Poon, 2015, Castro & Tumibay, 2021, Muljana & Luo, 2019,
Sasson & Yehuda, 2026, Sun & Chen, 2016, van Dorresteijn et al., 2025). Complementing this broader picture,
work on collaborative online learning demonstrates that outcomes such as learning gains and satisfaction are
closely tied to the quality of digital interaction and group-process characteristics (e.g., participation,
transactivity, and group climate), underscoring that pedagogical quality is enacted through interactional
processes rather than tools alone (Bach & Thiel, 2024). Existing evidence often examines these elements in
relative isolation, leaving open how pedagogical features of online learning environments, learner
characteristics, and perceived learning gains jointly shape students’ overall experience and attitudes toward
online learning (Lai & Bower, 2019). Addressing this need, the present study investigates the combined
contribution of pedagogical characteristics, learner characteristics, and perceived learning outcomes to
students’ attitudes toward online learning in higher education.

To examine these pedagogical conditions more systematically, the present study draws on the Community of
Inquiry (Col) framework developed by Garrison, Anderson, and Archer (2000), one of the most influential models
for analyzing the quality of online learning environments. This model conceptualizes meaningful online learning
as the result of the dynamic interaction between three core types of presence: cognitive presence — the extent
to which learners are able to construct and confirm meaning through sustained reflection and discourse, social
presence — the ability of participants to present themselves as "real people" in the online environment and to
engage in purposeful communication and collaboration, and teaching presence — the design, facilitation, and
direction of cognitive and social processes to support learning outcomes. Together, these three dimensions form
the foundation for a successful and engaging online learning experience. The Col model provides a valuable lens
for examining the pedagogical quality of online courses because it focuses directly on the interactional and
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instructional processes through which meaningful online learning is organized, facilitated, and experienced by
students.

Recent scholarship continues to affirm the Col framework as both a design guide and an analytic lens, while also
emphasizing contextual variability in how “presence” is enacted in practice. In a systematic review of Col
applications in TESL/TEFL, Guo, Jeyaraj, and Razali (2025) show that studies increasingly use Col not only to
evaluate learners’ perceptions (often via survey-based measures) but also to inform concrete instructional
design choices such as structuring interaction, scaffolding inquiry processes, and aligning activities with
language-learning goals. Richardson et al. (2025) demonstrate through a multiple case study across disciplines
that Col indicators are not uniformly evident in online course designs and that instructors’ disciplinary and
pedagogical goals shape which indicators are foregrounded, suggesting that Col-informed “quality” may
legitimately look different across contexts. Finally, meta-analytic evidence links Col processes to outcomes.
Yang, Wang, and Zhao (2025) report strong positive associations between cognitive presence and both perceived
learning and satisfaction, while also showing that effect sizes vary by factors such as disciplinary area, course
duration, and measurement scale type. Taken together, these findings motivate examining how students’
perceptions of teaching, social, and cognitive presence relate to learner characteristics and attitudes, clarifying
which pedagogical features are most consequential for students’ online learning experience in higher education.
At the same time, an important explanatory gap remains within this line of research. Although Col studies have
consistently linked the three presences to outcomes such as perceived learning and satisfaction, it is still unclear
whether students’ attitudes toward online learning are shaped directly by teaching, social, and cognitive
presence, or whether these presences matter primarily because they foster perceived cognitive and
metacognitive gains.

This literature suggests that while the Col framework offers a strong lens for conceptualizing the pedagogical
processes that shape online learning, it may not by itself fully explain variation in students’ evaluations of online
courses. Studies indicate that Col indicators are enacted differently across disciplinary contexts and course
designs (Lim & Richardson, 2022, Richardson et al., 2025), and meta-analytic evidence shows that Col processes,
especially cognitive presence, are closely associated with perceived learning and satisfaction (Martin et al., 2022,
Yang, Wang & Zhao, 2025). At the same time, broader research on online higher education shows that students
do not experience online learning uniformly, as learner characteristics and resources shape engagement and
support needs (Dumford & Miller, 2018, Muljana & Luo, 2019, Xu & Jaggars, 2013). For this reason, the present
study uses Col as its primary pedagogical lens, while also incorporating learner characteristics and perceived
learning outcomes to examine how pedagogical processes are experienced by different students and translated
into attitudes toward online learning.

Grounded in the COI framework, the present study addresses these needs by examining (a) whether students’
perceptions of teaching, social, and cognitive presence differ across key demographic groups and self-reported
achievement levels, and (b) how student characteristics, perceived three Col presences, and perceived learning
outcomes jointly explain attitudes toward online learning. By clarifying whether the association of Col presences
with attitudes is direct or is better understood through perceived cognitive and metacognitive gains, the study
contributes to a more explicit account of how pedagogical quality is translated into students’ evaluations of
online learning, while also offering actionable insights for improving both the effectiveness and equity of online
course design and institutional policy.

1.1 Research Questions

RQ1: To what extent do students’ perceptions of the three Col presences (teaching, cognitive, and social) differ
across student characteristics, including age, gender, ethnicity, faculty affiliation, learning-disability status, and
self-reported academic achievement (GPA)?

RQ2: What are the predictors of students’ attitudes toward online learning, as examined through three
conceptual models: (1) student demographic characteristics, (2) perceived three Col presences, and (3) perceived
learning outcomes (cognitive, metacognitive, and social)?

2. Methodology

The quantitative research method that focuses on collecting numerical data that are analyzed using statistics in
order to explain a phenomenon (Creswell & Creswell, 2018), was chosen for the present research. The goal is to
identify statistical relationships between the study variables.
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The research was carried out at a university in Northern Israel and examined students’ experiences in fully online
courses. The sample included 316 students. Notably, the Israeli context is substantively relevant because the
analysis considers demographic differences between Jewish and Arab students - groups that reflect broader
social and cultural diversity in Israeli higher education. Within the institution, roughly three-quarters of students
are Jewish (about 75%), while the remaining quarter consists of minority students from the Arab sector. This
demographic composition provides a meaningful context for interpreting patterns in students’ perceptions and
attitudes toward online learning.

A total of 22 undergraduate courses were represented, spanning multiple disciplines, including education, social
sciences, humanities, and science and technology. The courses varied in scope and level, comprising both
introductory courses and more content-specific offerings. All courses were delivered fully online. Some were
conducted in a fully asynchronous format, whereas others included limited synchronous online sessions (e.g.,
via Zoom) or other structured online interaction components.

2.1 Instruments

A structured questionnaire was developed consisting of four parts. The first part collected demographic
information from the participants, including age, gender, ethnicity (self-identified as Jewish or Arab), faculty
affiliation, and whether they had been diagnosed with a learning disability. Students were also asked to report
their cumulative academic grade point average (GPA) by selecting one of five predefined ranges: below 60, 60—
70, 70-80, 80-90, or 90-100. This categorical measure was used to examine whether perceptions of online-
course presences differed across self-reported achievement levels.

The second part assessed students’ perceptions of the pedagogical components of the online course, focusing
on the three types of presence - cognitive, social, and teaching presence, as defined by the Communityoftnguiry
COI framework (Garrison, Anderson & Archer, 2000). This section was based on the validated instrument
developed by Arbaugh et al. (2008) and included 34 items rated on a five-point Likert scale. The third part of the
qguestionnaire included 16 items addressing students’ perceptions of learning outcomes in the online course.
These items were adapted from the instruments of Rovai et al. (2009) and Alt (2017). In Alt’s original
questionnaire, the items were phrased to describe the pedagogical characteristics of the course, in the current
study, they were modified to reflect students’ perceived benefits and learning outcomes of the course. The final
part of the questionnaire included five items designed to measure student satisfaction with online learning: “/
find online courses convenient,” “Online courses can help me grow as a learner,” “I am satisfied with online
learning,” “I would like to take online courses in the future,” and “I would recommend an online course to a
friend”. The overall reliability of this part of the questionnaire, which refers to student satisfaction with online
learning, was a = 0.935.

An Exploratory Factor Analysis (EFA) was conducted for the 34 questionnaire items, assessing students’
perceptions of the pedagogical components of the online course, based on the three types of presence
(cognitive, social, and teaching presence) as defined by the COI framework (Garrison, Anderson & Archer, 2000).
No restriction on the number of extracted factors was made. The default criterion for factor retention was an
eigenvalue greater than 1 (Eigenvalue Criterion). The analysis used the Principal Component extraction method
with oblique (Oblimin) rotation, based on the assumption that the factors are correlated. The analysis yielded
34 items loading on three distinct factors (see Appendix 1), which together explained 66.2% of the total variance
(KMO =0.964, Bartlett’s test < 0.001). Each item loaded on only one of the three factors, with a loading threshold
set at 0.40. Table 1 presents the results of the factor analysis for the three identified factors: cognitive presence,
social presence, and teaching presence.

Table 1: Factor Loadings - Exploratory Factor Analysis — Pedagogical Components

Item Cognitive Social presence | Teaching

presence presence
Problems posed increased my interest in course issues 0.764
Course activities piqued my curiosity 0.874
| felt motivated to explore content related questions 0.813
| utilized a variety of information sources to explore 0.647

problems posed in this course
Brainstorming and finding relevant information helped me 0.570
resolve content related questions
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Item Cognitive Social presence | Teaching
presence presence

Online discussions were valuable in helping me 0.638
appreciate different perspectives

Combining new information helped me answer 0.611

questions raised in course activities

Learning activities helped me construct 0.696

explanations/solutions

Reflection on course content and discussions helped me 0.616
understand fundamental concepts in this class

| can describe ways to test and apply the knowledge 0.832
created in this course

| have developed solutions to course problems 0.774

that can be applied in practice

| can apply the knowledge created in this course to my 0.788
work or other non-class related activities
Getting to know other course participants gave me a 0.810
sense of belonging in the course
| was able to form distinct impressions of some course 0.841
participants
Online or web-based communication is an excellent 0.574
medium for social interaction

| felt comfortable conversing through the online medium 0.491
| felt comfortable participating in the course discussions 0.564
| felt comfortable interacting with other 0.795

course participants

| felt comfortable disagreeing with other course 0.706
participants while still maintaining a sense of trust

| felt that my point of view was acknowledged by other 0.718
course participants

Online discussions help me to develop a sense 0.520

of collaboration

The instructor clearly communicated important course 0.626
topics

The instructor clearly communicated important course 0.753
goals

The instructor provided clear instructions on how to 0.753

participate in course learning activities

The instructor clearly communicated important due 0.719
dates/time frames for learning activities

The instructor was helpful in identifying areas of 0.755
agreement and disagreement on course topics that
helped me to learn

The instructor was helpful in guiding the class towards 0.683
understanding course topics in a way that helped me
clarify my thinking

The instructor helped to keep course participants 0.667
engaged and participating in productive dialogue

The instructor helped keep the course participants on 0.617
task in a way that helped me to learn

The instructor encouraged course participants to explore 0.577
new concepts in this course
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Item Cognitive Social presence | Teaching
presence presence
Instructor actions reinforced the development of a sense 0.410

of community among course participants

The instructor helped to focus discussion on relevant 0.620
issues in a way that helped me to learn

The instructor provided feedback that helped me 0.506
understand my strengths and weaknesses relative to the
course's goals and objectives

The instructor provided feedback in a timely fashion 0.465

Cronbach’s alpha reliability coefficients were calculated for each of the factors (categories) identified in this
section of the questionnaire. The results indicated a reliability of a = 0.950 for cognitive presence, a = 0.940 for
social presence, and a = 0.946 for teaching presence. The overall reliability of this part of the questionnaire was
o =0.974.

An Exploratory Factor Analysis (EFA) was conducted for the 16 items addressing students’ perceptions of
learning outcomes in the online course as well. No restriction on the number of extracted factors was made. The
default criterion for factor retention was an eigenvalue greater than 1 (Eigenvalue Criterion). The analysis used
the Principal Component extraction method with oblique (Oblimin) rotation, based on the assumption that the
factors are correlated. The analysis yielded 15 items loading on three distinct factors (see Appendix 2), which
together explained 73.82% of the total variance (KMO = 0.947, Bartlett’s test < 0.001). Each item loaded on only
one of the three factors, with a loading threshold set at 0.40. Table 2 presents the results of the factor analysis
for the three identified factors: metacognitive learning outcomes, cognitive learning outcomes, and social
learning outcomes.

Table 2: Factor Loadings - Exploratory Factor Analysis — Learning Outcomes

Item Metacognitive Cognitive Social
outcomes outcomes outcomes

| am able to organize the course materials in a logical 0.680
way

| am able to create a type of "study guide" that would 0.943
help future students taking this course

| am able to apply the skills | acquired in this course to 0.856
other academic courses (both online and in-person)

| am able to provide well-founded criticism of the texts 0.675
used in the course

| have expanded my skills in the subject area covered by 0.569
the course

| can demonstrate to others the skills | acquired in the 0.604
subject

| feel that | am able to think more effectively as a result of 0.739
the course

I learned how to solve real-world problems (theoretical or 0.911
practical) as a result of the course

| learned how to ask questions about complex problems 0.841
as a result of the course

| learned how to search for explanations to real-world 0.923
problems as a result of the course

In the framework of the course, | learned skills that help 0.857
me investigate a topic that interests me

In the framework of the course, | learned how to explore 0.706
a selected topic in depth

Overall, | believe | can achieve what is important to me as 0.701
a result of the course

As part of the course, | was given opportunities to work 0.796
with other students and develop my teamwork skills
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Item

Metacognitive
outcomes

Cognitive
outcomes

Social
outcomes

As part of the course, | was given opportunities to 0.720
engage in discussions with peers and improve my

argumentation skills

Cronbach’s alpha reliability coefficients were calculated for each of the factors (categories) identified in this
section of the questionnaire. The results indicated a reliability of a = 0.911 for metacognitive outcomes, a =
0.828 for social outcomes, and a = 0.944 for cognitive outcomes. The overall reliability of this part of the
questionnaire was a = 0.956.

2.2 Participants

The questionnaire was distributed among 578 students, of whom 316 responded (55%). Participants ranged in
age from 20 to 63 years (M = 27.14, SD = 6.18, median = 26, valid age data were available for 310 students).
Respondents were 58% women (182) and 42% men (134), 57% (179) majored in the social sciences and
humanities, 25% (78) majored in education and teaching, and 18% (58) majored in science and technology, 73%
(231) of the respondents were not diagnosed with learning disabilities, whereas 27% (85) were diagnosed. Of
the respondents, 87% (276) were self-identified as Jewish, 10% (30) as Arab, and the remainder (10, 3%) did not
answer the ethnicity question.

2.3 Ethical Considerations

The study received approval from the Ethics Committee of the academic institution. Participants were informed
that their participation was voluntary and anonymous, and that they could withdraw from the study at any time
without any consequences. The objectives of the study were clearly presented to the participants prior to data
collection, and informed consent was obtained. It was explicitly stated that participation in the study would have
no impact on their academic status or coursework. The questionnaire was distributed electronically via a link
sent by departmental administrative staff through email communication with students.

3. Results

RQ 1: To what extent do students’ perceptions of the three Col presences (teaching, cognitive, and social) differ
across student characteristics, including gender, ethnicity, faculty affiliation, learning-disability status, and self-
reported academic achievement (GPA)?

To assess the normality of the dependent variables, Kolmogorov-Smirnov and Shapiro-Wilk tests were
conducted for each variable separately. In all cases, the significance values (p) were below .05, indicating that
the variables were not normally distributed. Therefore, non-parametric tests were used to address the research
guestion. To examine differences in students’ perceptions of the pedagogical design of online courses according
to demographic characteristics, the Mann—Whitney U test was applied for dichotomous variables (gender,
ethnicity, and learning disabilities), and the Kruskal-Wallis H test was used for the variables faculty (with three
categories) and students' self-reported cumulative GPA range (categorized into five intervals).

The results revealed significant differences in students’ perceptions of all types of presence based on gender (in
favor of male students) and faculty (in favor of students from the Faculties of Humanities and Social Sciences,
and Education). Significant differences were also found in teaching presence (in favor of students without
learning disabilities) and in social presence (in favor of Arab students). In all cases, the effect sizes were relatively
small. Table 3 presents the full results.

Table 3: Perceptions of the pedagogical characterization of the online course according to demographic

variables
Variable Teaching Social Cognitive Total
presence presence presence
Mean rank
Mean rank Mean rank Mean rank
Female 147.02 138.01 142.75 141.76
Gender
Male 174.10 185.36 178.87 181.23
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Variable Teaching Social Coghnitive Total
presence presence presence
Mean rank
Mean rank Mean rank Mean rank
Mann- U=10104, U=8464.5, U=9327.5, U=9148,
Whitney U z=-2.607, p<.01, | z=-4.563, p<.01, z=-3.479, p<.01, z=-3.795, p<.01,
effect size=0.147 effect effect size=0.196 effect size=0.214
test size=0.257
Jews 150.92 149.58 150.79 150.32
Arabs 177.23 184.33 173.23 182.72
Ethnicity Mann-— n.s. U=3185, n.s. n.s.
Whitney U z=-2.052, p<.05,
effect
test size=0.115
Without 167.94 163.59 163.29 166.48
diagnosis
Learning With diagnosis 132.84 142.63 143.44 136.81
disabilities Mann— U=7636.5, n.s. n.s. U=7974,
Whitney U z=-3.032, p<.01, z=-2.560, p<.05,
effect size=0.170 effect size=0.144
test
Social Sciences 175.90 175.58 173.50 177.15
and Humanities
Education and 144.10 149.69 140.76 143.82
Teaching
Faculty Science and 121.44 111.42 130.15 117.98
Technology
Kruskal-Wallis H(2)=18.12, H(2)=22.41, H(2)=13.40, H(2)=21.00, p<.001
H p<.001 p<.001 p<.001
test
Below 60 198.94 213.00 199.81 210.38
60-70 184.24 219.50 198.10 202.43
70-80 156.80 155.89 147.17 145.43
GPA 80-90 145.07 141.94 144.71 143.35
90-100 167.61 162.69 169.19 166.44
Kruskal-Wallis n.s. H(4)=16.65, H(4)=10.74, H(4)=12.06,
H p<.005
p<.05 p<.05
test

The GPA-based comparisons in Table 3 indicate that students with lower self-reported academic achievement
tend to perceive stronger cognitive and social presence in online courses. In contrast, teaching presence appears
to be perceived similarly across all GPA ranges. To better understand the direction of these differences, the
mean ranks for each GPA group were examined. In all significant presence types—social and cognitive
presence—students who reported lower cumulative GPA scores (especially those in the "< 60" and "61-70"
ranges) showed higher mean ranks, indicating stronger perceptions of presence. Conversely, students in the
"81-90" GPA range consistently had the lowest mean ranks, suggesting weaker perceptions of presence in the
online learning environment. Post-hoc comparisons using Mann—-Whitney U tests were conducted to further
examine the significant differences identified in the Kruskal-Wallis tests regarding students’ perceptions of
cognitive and social presence across self-reported GPA ranges. For cognitive presence, students in the 61-70
GPA group reported significantly higher levels compared to those in the 71-80 and 81-90 GPA groups.
Specifically, students in the 61-70 group had a higher mean rank (49.38) than those in the 71-80 group (Mean
Rank = 33.10), U=302.50, Z=-2.895, p=.004, with a medium effect size (r=.337). Similarly, they reported higher
cognitive presence than students in the 81-90 group (Mean Rank = 101.90 vs. 74.46), U=872.00, Z=-2.553,
p=.011, with a small-to-medium effect size (r=.205).
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For social presence, the 61-70 GPA group also perceived significantly higher levels than their higher-achieving
peers. They scored higher than the 71-80 group (Mean Rank = 48.50 vs. 32.63), U=339.50, Z=-2.721, p=.007,
with a medium effect size (r=.316), and higher than the 81-90 group (Mean Rank = 100.71 vs. 75.12), U=896.50,
Z=-2.472, p=.013, with a small-to-medium effect size (r=.199). No other pairwise comparisons yielded
statistically significant differences for either presence type.

RQ 2: What are the predictors of students’ attitudes toward online learning, as examined through three
conceptual models: (1) student demographic characteristics, (2) perceived three Col presences, and (3) perceived
learning outcomes (cognitive, metacognitive, and social)?

To identify the predictors of students’ attitudes toward online courses, a hierarchical multiple regression analysis
was conducted in three steps:

Model 1 —Student Demographic Characteristics: The model included five variables: gender, age, faculty, learning
disability status, and ethnicity (Jewish/Arab). The model was significant, F(5, 289) = 4.731, p <.001 and explained
7.6% of the variance in attitudes (R? = 0.076). Among the predictors, gender (8 = -0.119, p =.044), ethnicity (6 =
0.144, p = .014), and faculty affiliation (8 = -0.133, p =.030), were significant contributors. Female and Jewish
students reported more positive attitudes.

Model 2 — Pedagogical Characteristics (COI Presences): The second model included the predictors from Model 1
and added pedagogical variables: teaching presence, social presence, and cognitive presence (Garrison,
Anderson & Archer, 2000). The model was significant, F(8, 286) = 17.495, p < .001 and explained variance
increased to 33% (R? = 0.329). Cognitive presence (8 = 0.338, p <.001) was a significant contributor. Students
who experienced greater cognitive engagement reported more positive attitudes. Teaching and social presence
were not statistically significant when controlling for cognitive presence and demographics.

Model 3 — Perceived Learning Outcomes: The third model added variables related to perceived cognitive,
metacognitive, and social learning outcomes. The final model was significant, F(11, 283) = 14.479, p < .001 and
explained variance further increased to 36% (R? = 0.360). Among the predictors, perceived metacognitive
learning outcomes (8 = 0.212, p =.033) and perceived cognitive learning outcomes (8 = 0.205, p =.042), were
significant contributors. Greater self-reported development of metacognitive skills predicted more positive
attitudes. Cognitive learning gains were also positively associated with student attitudes. None of the presences
(teaching, social, or cognitive) remained significant in this model, indicating that their influence may be mediated
through students' perceptions of actual learning outcomes. Table 4 presents the results of the hierarchical
multiple regression analysis predicting students’ attitudes toward online learning across the three conceptual
models.

Table 4: Hierarchical multiple regression predicting attitudes toward online learning

Predictor Model 1 B B p Model 2 B B p Model 3 B B p
(SE) (SE) (SE)

Constant 3.683 - .002 0.689 - .507 0.862 - .406
(1.159) (1.037) (1.037)

Gender -0.065 -119 | .044 -0.015 -.027 | .595 -0.010 -.019 .713
(0.032) (0.028) (0.028)

Age -0.002 -.014 | .809 -0.004 -.024 | .619 -0.006 -.036 .453
(0.010) (0.009) (0.009)

Faculty affiliation -0.184 -133 | .030 -0.027 -019 | .719 -0.013 -.009 .861
(0.084) (0.074) (0.074)

Learning disability 0.267 110 .059 0.183 .076 133 0.115 .047 .340
status (0.141) (0.121) (0.120)

Ethnicity 0.225 144 | .014 0.100 .064 .207 0.093 .060 231
(Jewish/Arab) (0.091) (0.079) (0.077)

Teaching presence - - - 0.147 125 147 0.048 .041 .637
(0.101) (0.102)

Social presence - - - 0.102 .108 .169 0.130 138 128
(0.074) (0.085)

Cognitive presence - - - 0.375 .338 | <.001 0.104 .093 422
(0.108) (0.129)
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Predictor Model 1 B B p Model 2 B B p Model 3 B B p
(SE) (SE) (SE)
Cognitive learning - - - - - - 0.209 .205 .042
outcomes (0.103)
Social learning - - - - - - -0.069 -.080 .296
outcomes (0.066)
Metacognitive - - - - - - 0.230 212 .033
learning outcomes (0.108)

Model statistics

R .275 .573 .600
R? .076 .329 .360
Adjusted R? .060 .310 .335
AR? .076 .253 .032
F for model 4.731%* 17.495** 14.479*+*
AF 4.731*** 35.911** 4.651*

**p <.01; ***p <.001.
4, Discussion

This study examined how pedagogical characteristics of online learning environments, conceptualized through
the Col presences, relate to students’ attitudes toward online learning, and whether these associations are
shaped by learner characteristics and students’ perceived learning outcomes. Data were collected from
undergraduate students enrolled in fully online courses, representing a range of disciplines. Using a quantitative
survey design, teaching, social, and cognitive presence were assessed, alongside perceived learning outcomes
(cognitive, metacognitive, and social) and overall attitudes toward online learning. The discussion below
highlights the main findings, situates them within recent scholarship on online course quality, and outlines
implications for equitable online course design and institutional policy in higher education.

Regarding group differences (RQ1), students’ perceptions of Col presences varied across several student
characteristics, however, these differences should be interpreted with caution because most effect sizes were
small. Rather than indicating large or stable divides between student groups, the findings point to modest
variations in how different learners may experience the online learning environment under particular
disciplinary and instructional conditions. In this sense, learner characteristics appear to shape online-course
perceptions in limited and context-sensitive ways, while much of the overall experience may still be driven by
course-level pedagogical design.

The disciplinary differences observed in the present study, where students from education and the
humanities/social sciences reported stronger perceived presences than students from science and technology,
are consistent with growing evidence that Col-related processes are enacted in discipline-sensitive ways rather
than as a uniform “one-size-fits-all” configuration. Research on online course design suggests that instructors’
disciplinary aims and pedagogical traditions shape which Col indicators are foregrounded in learning activities
and assessment, which in turn may influence how visible teaching, social, and cognitive presence becomes to
students (Richardson et al., 2025). Complementary qualitative work also indicates that while teaching presence
is typically valued across fields, the salience and perceived necessity of social presence can vary by discipline,
particularly in hard-applied contexts where interaction may be less central to how learning is organized and
evaluated (Lim & Richardson, 2022). In line with these arguments, large-scale evidence further points to
systematic disciplinary patterns in online learning experiences and presence-related dimensions, often showing
comparatively weaker indicators in science/engineering relative to humanities, and highlighting that certain
pedagogical components (e.g., facilitating discourse) may be especially consequential in STEM contexts (Li &
Wang, 2024). Taken together, these findings suggest that the differences detected in our sample may reflect
variation in how online courses operationalize interaction, facilitation, and inquiry across disciplines,
underscoring the need for discipline-sensitive Col-informed design and faculty development rather than
assuming that the same presence profile will emerge, or be equally functional, across all fields. At the same time,
because the effect sizes were small, these disciplinary differences are better understood as modest tendencies
in students’ perceptions rather than as evidence of sharply distinct online learning experiences across fields.

www.ejel.org 58 ©The Authors


http://www.ejel.org/

Irit Sasson

Gender-related differences in perceptions of online learning conditions have been reported, although findings
are not always directional or consistent. Li and Wang (2024) highlight this heterogeneity by showing that specific
dimensions of teaching presence relate differently to male and female students’ online learning experiences,
suggesting that gender effects may depend on which pedagogical processes are most salient in a given context.
In the present study, male students reported higher levels of teaching, social, and cognitive presence than
female students, albeit with relatively small effect sizes. This pattern may reflect differences in how students
engage with and interpret online interaction and instructional support, or it may be partially shaped by
contextual factors such as disciplinary enrollment patterns and course design features. Future research should
therefore examine whether gender differences persist after accounting for course-level variation and whether
they are mediated by participation behaviors or perceived learning gains. Given the relatively small effect sizes,
this pattern should be interpreted cautiously and not as evidence of a strong or uniform gender-based divide in
online learning experience.

In the current study, students’ disability status was associated with a small but significant difference in teaching
presence perceptions. Students without a diagnosed learning disability reported higher teaching presence,
whereas no significant differences emerged for cognitive or social presence. At the same time, the effect size
was small, suggesting that this result should be interpreted as a limited area of difference rather than as evidence
of a broad disparity in online learning experience. This pattern is consistent with the view that, for students with
special needs, the “pedagogical work” of online teaching is often experienced most strongly through instructor-
led design and guidance, namely, how clearly the course is structured, how expectations are communicated,
and how feedback and support are provided throughout the learning process (Ohrstedt et al., 2024). From a Col
perspective, these elements map directly onto teaching presence as the design, facilitation, and direction of
learning processes, suggesting that when instructional organization and instructor support are less visible or less
accessible, students with learning disabilities may evaluate teaching presence more critically even if peer
interaction and cognitive engagement are perceived similarly. Practically, this finding reinforces the importance
of inclusive online course design: strengthening transparency (instructions, timelines, criteria), accessibility of
materials, and timely, actionable instructor feedback may be particularly consequential for reducing barriers and
supporting equitable learning experiences among students with learning disabilities.

Our finding is consistent with recent evidence suggesting that, although many faculty members are genuinely
motivated to support online students with disabilities, they often feel underprepared and constrained by limited
time, compensation, and institutional training, conditions that can reduce the extent to which teaching presence
is enacted through proactive design, facilitation, and guidance (Lehan et al., 2025). These insights offer a
plausible explanation for why teaching presence, more than social or cognitive presence, may be the dimension
most sensitive to disability-related differences. Students who need clearer structure, predictable
communication, and timely, targeted feedback may experience variability in these “high-touch” instructional
processes more strongly when inclusive design is not systematically embedded.

Ethnicity-related differences in perceived social presence should be interpreted cautiously given the small effect
size, yet they may point to how online environments can reshape participation conditions for students from
minoritized groups within hegemonic academic spaces. In the present study, students from the Arab minority
reported higher social presence, which aligns with qualitative evidence suggesting that synchronous online
learning (e.g., via Zoom) can reduce fear, self-censorship, and linguistic inhibition that sometimes characterize
face-to-face participation in majority-group settings, thereby enabling more confident self-expression and
interaction (Halabi, 2023). At the same time, research on Jewish—Arab undergraduates during COVID-19
indicates that minority students may concurrently experience greater academic challenges alongside lower
perceived social support and institutional trust, underscoring that “feeling socially present” in online learning
does not necessarily imply equal access to supportive resources or a uniformly positive overall experience (Ismail
et al., 2023). Taken together, these findings suggest that social presence may be shaped not only by course
design but also by perceived psychological safety, power relations, and language comfort, mechanisms that may
similarly affect other underrepresented or minoritized groups across higher education systems.

Interestingly, perceptions of presence varied across self-reported cumulative GPA categories. Students in the
lower GPA ranges tended to report stronger cognitive and social presence, whereas teaching presence was
perceived more similarly across achievement levels. This pattern is noteworthy because the broader Col
literature typically reports positive associations between presences and learning outcomes, including actual
performance and perceived learning (Martin et al., 2022, Rockinson-Szapkiw et al., 2016), and recent evidence
in blended contexts likewise links teaching, social, and cognitive presence to learning performance (Li & Ye,
2025). One interpretation is a compensatory salience mechanism. Students who struggle academically may rely
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more on interaction, clarification, and community resources, and thus become more attuned to, or place greater
value on, the social and cognitive dimensions of the online learning environment when these are present. This
aligns with research framing academic help-seeking as a central self-regulated learning strategy in online courses
and linking it to achievement-related outcomes (Fong et al., 2023, Won et al., 2024), as well as reviews showing
that SRL processes are consistently related to academic achievement in online and blended learning (Xu, Shi &
Zhao, 2023). At the same time, the observed pattern may reflect contextual confounding (e.g., disciplinary
clustering, course design differences, or instructor practices that co-vary with both GPA distributions and
perceived presence) and should therefore be examined in future work using multilevel models nested within
courses and instructors, complemented by objective achievement and behavioral trace indicators of
engagement and help-seeking.

The RQ1 findings suggest that although learner characteristics were associated with some differences in
perceived presence, these differences were generally small in magnitude and context-dependent. Rather than
indicating large or stable divides between student groups, the results point to modest variations in how different
learners may experience the online learning environment under particular disciplinary and instructional
conditions. In practical terms, these findings suggest that while student characteristics should not be ignored,
online learning quality is unlikely to be determined primarily by fixed group membership alone.

In addressing Research Question 2, the hierarchical models suggest that learner demographics played a relatively
limited role in explaining students’ attitudes toward online learning. Although some demographic predictors
reached statistical significance, Model 1 accounted for only a modest proportion of the variance. By contrast,
the substantial increase in explained variance after adding Col presences, and the further contribution of
perceived learning outcomes, indicates that students’ attitudes are shaped less by who they are demographically
and more by how they experience the pedagogical quality and learning value of the course. More specifically,
the findings suggest that cognitive presence may be important not simply as a favorable feature of online
learning in itself, but because it is linked to students’ sense that meaningful learning has taken place. Once
perceived cognitive and metacognitive gains were introduced, the direct contribution of Col presences was
reduced, which is consistent with the interpretation that students evaluate online learning primarily through the
extent to which it produces deeper understanding and reflective growth. Because the study is cross-sectional,
this pattern should not be interpreted causally, however, it does support a more proximal account of student
attitudes in which perceived learning gains may help explain why certain pedagogical conditions matter more
than others.

This pattern aligns with accumulated evidence that cognitive presence is strongly associated with blended
contexts (Martin et al.,, 2022), and with recent meta-analytic findings showing large correlations between
cognitive presence and both perceived learning and satisfaction, alongside meaningful heterogeneity across
disciplinary areas and course features (Yang, Wang & Zhao, 2025). At the same time, prior work indicates that
perceived learning outcomes are a proximal determinant of satisfaction and related judgments about online
learning quality (e.g., Su & Guo, 2021), suggesting that Col presence may matter to students’ attitudes to the
extent that they recognize it as cognitively and metacognitively beneficial.

This study has several limitations that should be considered when interpreting the findings. First, the cross-
sectional design does not allow causal conclusions about the relationships among Col presences, perceived
learning outcomes, and attitudes. Second, all variables were measured through self-report, which may introduce
shared-method variance. This limitation is especially relevant for the self-reported cumulative GPA measure, as
students may over-report their academic achievement due to social desirability or recall bias, because GPA was
analyzed in broad intervals, even modest inaccuracies may have affected group classification and should
therefore be considered when interpreting the GPA-related findings. Third, although the response rate was
acceptable, non-response bias cannot be ruled out, as no formal comparison was conducted between
respondents and the broader invited student cohort. Fourth, the sample was drawn from a single university, and
generalizability to other institutional and national contexts should be made cautiously. Finally, students were
nested within multiple online courses and instructors. Because the analyses did not explicitly model this
clustering structure, some variance attributable to course-level design, instructional practices, and assessment
conditions may not have been adequately separated from learner-level variance. As a result, the standard errors
of some individual-level estimates may have been biased, and the magnitude of learner-level effects should
therefore be interpreted with appropriate caution.

Despite these limitations, the findings suggest that improving students’ attitudes toward online learning may
depend less on fixed demographic differences and more on whether course design makes meaningful learning
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gains visible to students. The relatively modest contribution of demographic variables, compared with the
stronger explanatory role of Col presences and especially perceived cognitive and metacognitive gains, suggests
that online-course quality should be designed primarily around pedagogical processes that support deeper
understanding, reflective learning, and a clear sense of progress. In practical terms, this means prioritizing
inquiry-oriented and application-based tasks that strengthen cognitive presence, embedding metacognitive
scaffolds such as planning prompts, self-monitoring activities, and guided reflection, and ensuring transparent
course organization and timely feedback, particularly as a targeted support for students who may be more
sensitive to variability in teaching presence, including those with learning disabilities. At the institutional level,
the findings support shared quality standards and faculty development that focus not only on technical delivery,
but on designing online courses in ways that help students experience learning as cognitively meaningful and
metacognitively productive.

Beyond these practical implications, the study also makes a theoretical contribution by extending Col-based
research by suggesting an integrative view in which perceived learning outcomes constitute a central link in
understanding students’ attitudes toward online learning, alongside the three presences. By combining process
indicators (Col presences), multidimensional perceived gains (cognitive, metacognitive, and social), and learner
characteristics, the study contributes to more nuanced models of online learning quality in higher education.

Future research can build on these findings by testing formal mediation models (e.g., SEM) to examine whether
perceived learning outcomes account for the association between Col presences and attitudes. Multi-level
designs that nest students within courses and instructors would help disentangle course-level pedagogical
effects from learner-level differences. In addition, incorporating objective indicators, such as LMS trace data,
course grades, and retention, could complement self-reports and clarify how perceived quality aligns with
behavioral engagement and academic performance. Finally, comparative studies across fully online, blended,
and synchronous formats would strengthen generalizability and identify which pedagogical conditions are most
robust across delivery modes.

In conclusion, this study suggests that students’ attitudes toward online learning are shaped less by fixed
demographic differences than by how they experience the pedagogical quality and learning value of online
courses. Although some subgroup differences in perceived presence were statistically significant, their generally
small effect sizes indicate that these patterns should be interpreted as modest and context-dependent rather
than as strong divides between student groups. By contrast, the findings point more clearly to the importance
of pedagogical processes and, in particular, to the central role of perceived cognitive and metacognitive gains in
shaping students’ evaluations of online learning. In this sense, the study contributes to the field by advancing a
more integrative account of online learning quality, one that connects Col presences, perceived learning
outcomes, and learner characteristics, while highlighting that students’ judgments of online learning may
depend primarily on whether they experience it as meaningful, cognitively engaging, and supportive of reflective
growth.
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Figure 1: Scree plot for the exploratory factor analysis of students’ perceptions of the three types of
presence (cognitive, social, and teaching presence) as defined by the Community of Inquiry
framework
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Figure 2: Scree plot for the exploratory factor analysis of students’ perceptions of learning outcomes in the
online course
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Abstract: Papua, Indonesia, has a rich ethnochemical heritage, including plant-based dyeing and starch processing, that is
rarely represented in tertiary chemistry curricula. At the same time, uneven internet connectivity constrains students’
opportunities to develop robust digital literacy. These dual challenges highlight a need for e-learning models that are
culturally grounded, technologically adaptive, and pedagogically transformative. This study redesigned an Ethnochemistry
Technology lecture into a low-bandwidth, culturally embedded, and virtue-infused e-learning model to improve students’
digital literacy and character outcomes measurably. Using a semester-long Design-Based Research approach at a public
university in Jayapura, the course integrated Papuan case vignettes, flipped and HyFlex delivery, downloadable H5P
interactives, short micro-lectures, an augmented-reality dye-extraction lab with offline alternatives, communal reflection
journals, peer mentoring, and a service-learning partnership with a village craft cooperative. Cultural consultants, including
community elders and a dye artisan, ensured epistemic authenticity. Learning tasks were aligned with Kurikulum Merdeka
virtues, respect for local wisdom, collaboration, and environmental stewardship, and mapped to UNESCO digital-literacy
domains. Findings indicate substantial and educationally meaningful gains in digital literacy and character mastery. Students
demonstrated great improvement across all digital-literacy domains, alongside marked increases in demonstrated respect
for local wisdom, collaborative engagement, and environmental responsibility. Engagement indicators also rose consistently
throughout the semester, particularly during immersive and community-linked activities. Qualitative feedback revealed
heightened confidence in evaluating digital sources and a deeper recognition of chemistry within local cultural practices.
Beyond local impact, this study contributes to e-learning practice by presenting a scalable blueprint for culturally responsive,
low-bandwidth digital pedagogy in resource-constrained contexts. It advances the field of e-learning in Papua by validating
indigenous knowledge as a central epistemic resource in technology-enhanced higher education. The model demonstrates
that digital transformation need not marginalize local culture; instead, it can amplify it. Future research should explore multi-
campus replication, long-term retention effects, and adaptation for additional Indigenous language communities.

Keywords: Ethnochemistry, Digital literacy, Character education, Flipped learning, Design-based research

1. Introduction

Authors in Indonesia repeatedly note that integration of local wisdom into chemistry curricula, learning tools,
and teaching materials remains rare, creating a persistent implementation gap despite strong conceptual
justification. Ethnochemistry research consistently argues that chemistry instruction becomes more meaningful
when chemical concepts are grounded in learners’ lived cultural contexts and “home-cultures,” thereby
improving engagement and conceptual accessibility (Irfandi, 2022). This gap is also documented in Indonesia,
where ethnochemistry is positioned as a means to legitimize indigenous cultural knowledge within formal
chemistry education and to connect classroom chemistry to culturally situated practices (Wahyudiati and
Qurniati, 2023).

Within the existing ethnochemistry literature, “digital mediation” has mainly been operationalized as
technology-based learning media rather than as a systematically engineered lecture model that simultaneously
measures digital literacy competencies and character outcomes. Nevertheless, multiple studies demonstrate
that ethnochemistry content can be embedded in web-based or multimedia formats, such as Weebly-based
websites (Irnawati and Rahmawan, 2024), and microblog-based learning resources (Anggreni, Hadiarti and
Fadhilah, 2023). These studies collectively provide evidence that ethnochemistry can be designed for digitally
mediated delivery. Still, they do not, as a body, establish an integrated higher-education lecture architecture
that jointly targets (i) digital literacy as an explicit competence, (ii) indigenous epistemic legitimacy, and (iii)
measurable character outcomes, reinforcing the fragmentation highlighted in the task (Leny Heliawati et al.,
2022). Incorporating Papua's ethnochemical heritage into STEM education and addressing digital literacy gaps
offer significant opportunities to enhance the relevance and effectiveness of education in the region.
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Furthermore, aligning educational practices with character education mandates can ensure that students
emerge as informed, responsible, and culturally aware individuals who can contribute positively to their
communities.

Current ethnochemistry technology courses at the host public university in Jayapura still follow a teacher-
centred slide-and-chalk routine. Formative evaluations in 2024 revealed that fewer than 40 % of students could
(i) describe a locally sourced dye-extraction pathway or (ii) pass a basic digital-information verification task.
Moreover, observational rubrics found limited evidence of the Merdeka virtues during laboratory teamwork.

1.1 Research Question
Against this background, this study asks the following questions:

RQ1: How can a culturally grounded, digitally mediated lecture model be engineered to lift students' digital-
literacy competencies while legitimising Papuan ethnochemistry?

RQ2: To what extent does that model foster measurable growth in the targeted character values of respect,
collaboration, and environmental stewardship?

The remainder of this article proceeds as follows. Section 2 synthesises literature on ethnochemistry pedagogy,
technology-enhanced lecture models, digital-literacy frameworks for developing regions, and character-
education theory, culminating in a visual conceptual model. Section 3 details the Papuan context and needs
analysis that informed the design specification. Section 4 outlines the mixed-methods Design-Based Research
protocol, instruments, and ethical safeguards. Section 5 documents the iterative development of the
Transformative Ethnochemistry Lecture Model, including interactive H5P content and augmented-reality dye
labs co-facilitated by community elders. Section 6 reports quantitative and qualitative results; Section 7
interprets those findings in light of prior work and identifies limitations. Section 8 concludes with practical
recommendations and directions for multi-campus replication.

By foregrounding ethnochemical heritage, scaffolding digital literacies, and embedding Merdeka-aligned virtues
in every task, the proposed model seeks to demonstrate that chemistry education in Papua can be
simultaneously scientific, digital, and deeply human.

2. Literature Review
2.1 Ethnochemistry in Tertiary Chemistry Education

Ethnochemistry, as a subfield of ethnoscience, is commonly defined as culturally specific knowledge and
practices that can be interpreted through chemistry concepts (i.e., “specific cultural behavior related to
chemistry”) and therefore can function as a legitimate learning source rather than mere anecdote (Leny
Heliawati et al., 2022). Empirical studies in Indonesia largely operationalize ethnochemistry by identifying,
inventorying, and mapping local traditions to chemistry topics (e.g., aligning cultural practices with atomic-
structure content), indicating its potential to contextualize abstract theory through culturally familiar
phenomena (Irawati et al., 2023). Although many implementations are reported in school-oriented settings,
they explicitly argue for curriculum-level integration of indigenous knowledge to support scientific literacy and
innovation tied to regional cultural identity, rationales that are directly transferable to tertiary chemistry
programs (Leny Heliawati et al., 2022).

In regions like Papua, where knowledge of traditional practices such as sago fermentation is rich yet
underrepresented in academic curricula, there is an acute need to redesign educational models that do not
compromisescientific rigor (S. Rahmawati et al., 2025).0ne promising approach involves intertwining
ethnochemistry with modern scientific teaching methods, thereby creating a curriculum that not only
deconstructs indigenous knowledge but also reconstructs it within a scientific framework. This would empower
students as custodians of their cultural heritage while promoting scientific literacy (Smith, Avraamidou and
Adams, 2022). Implementing education models that support cultural sustainability will be crucial in bridging
existing gaps between traditional knowledge and modern scientific methodologies (Yanti et al., 2025a).
Ultimately, integrating ethnochemical principles into tertiary chemistry education in Indonesia offers a dual
opportunity: fostering deeper engagement with chemistry through cultural relevance. It enhances chemical
literacy through innovative pedagogical strategies. This approach not only helps preserve indigenous knowledge
but also prepares students to navigate and contribute meaningfully to modern scientific landscapes (Torres,
Mouro and Mesquita, 2024).
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2.2 Technology-Enhanced Lecture Models

Technology-enhanced lecture models in higher-education science are framed as ICT-enhanced teaching that
leverages LMS, mobile devices, and virtual/online tools for flexible, blended, and distance learning rather than
simple digitization of lectures (Asli, Basheer and Hugerat, 2023). Design-oriented frameworks emphasize
structuring online learning for inquiry and discourse (e.g., Community of Inquiry) (Redfors et al., 2022) and
recognizing that “mobile learning” outcomes depend on integrated device, learner social dimensions, not tools
alone (Sezen-Barrie et al., 2023). Empirical implementations often operationalize enhancement through scalable
interactivity (e.g., rapid response/feedback, and peer learning), which is associated with improved conceptual
and quantitative problem-solving compared with traditional lecturing (Whipple et al.,, 2021). However,
syntheses caution that educational technology adoption can remain under-theorized (e.g., documented
theoretical gaps in gamification research), thereby limiting epistemic transformation (Tok, 2025). In parallel,
culturally responsive, dialogic, technology-enabled curricula and culturally sustaining STEM pedagogy argue that
digital mediation should be designed to sustain learners’ cultures and address power/identity, not merely deliver
content (Parsons et al., 2023). Anti-racist science education further warns that culture-based frameworks
require substantive curriculum shifts rather than “buzzwords” (Mshayisa, 2020).

2.3 Digital-literacy Frameworks for Developing Regions

In developing regions such as Indonesia, digital literacy frameworks are crucial for enhancing educational quality
and equity, particularly in underrepresented areas like West Papua. Three noteworthy frameworks can
significantly impact these initiatives. Digital literacy (often framed as digital competence) is commonly
operationalized through international reference frameworks such as the European DigComp and UNESCO’s
Digital Literacy Global Framework (DLGF), which specify assessable components for education and training
initiatives(Heaney, 2025). DigComp delineates competence across information/data literacy (supporting
cognitive evaluation), communication/collaboration, digital content creation (technical production), safety
(socio-ethical participation), and problem solving, and it includes knowledge, skills, and attitudes (Cebi and
Reisoglu, 2020). Reviews in higher education further show that digital literacy research clusters around
measuring levels, identifying influencing factors, relating competence to achievement, and using pedagogical
approaches, supporting the need for contextualized evaluation rubrics and frameworks across settings (Rosli et
al., 2023). Importantly, educator/learner digital-competence needs are reported to vary with local conditions
and region-specific constraints, implying that “developing region” implementations require adaptation rather
than direct transplantation of global standards (Schumann, Lehmann and Peters, 2025). However, these
mainstream frameworks do not explicitly foreground epistemic sensitivity to indigenous knowledge systems,
suggesting a conceptual gap when digital literacy is intended to support knowledge pluralism in culturally diverse
contexts (Heaney, 2025).

2.4 Character Education Theories

Character education is critical to students' moral and civic development, and several theories and frameworks
guide its implementation in educational systems. In Indonesia, the Kurikulum Merdeka operationalizes Lickona's
principles by outlining six core virtues: faith, global citizenship, independence, critical-creative thinking,
collaboration, and environmental stewardship (Sitanggang et al., 2025). This curriculum mandates integrating
these virtues across all disciplines, ensuring that character education is not siloed but an integral component of
the educational experience. Research supports the idea that character education fosters social competencies
and emotional attachments to moral values. Sitanggang et al. (2025) conducted a systematic review that
highlights the varying cultural contexts in character education, emphasizing the integration of local values and
digital literacy, thereby further enrichinghe educational experience for students (Lewis et al., 2024). This
integration encourages empathy and a civic-minded approach to learning. Moreover, the implementation of
interactive teaching strategies enhances the effectiveness of character education by fostering dialogue and
engagement among students, enabling them to internalize moral and civic values actively (Maloney et al., 2022).

Furthermore, the role of culturally responsive teaching intertwined with character education is significant. By
integrating local cultural contexts, such as Papua culture or local wisdom, into character education frameworks,
educators can enhance the relevance and applicability of character values in students' lives (Suswandari,
2017).This approach promotes a connection to heritage and nurtures a sense of identity and belonging, which
is essential for the development of robust civic characters.
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2.5 Synthesised Conceptual Model

The integration of indigenous knowledge into modern pedagogy requires a framework that honours cultural
heritage while leveraging contemporary educational innovations. The Transformative Ethnochemistry Lecture
Model positions Papuan ethnochemistry at the centre of a dynamic, multi-layered learning ecosystem. By
embedding traditional chemical knowledge and artifacts into technology-supported instruction, the model
creates culturally relevant learning experiences while simultaneously cultivating 21st-century competencies. It
theorises that sustainable improvement in student learning outcomes arises not from isolated strategies, but
from the interplay between content, process, skills, and values, iteratively refined through Design-Based
Research (DBR).

The model further highlights the reciprocal reinforcement between these systems: digital tools amplify the
visibility of ethnochemistry, indigenous cases contextualise digital practices, and character education shapes the
ethical and collaborative use of technology. Collectively, this synthesised conceptual model offers a pathway for
culturally responsive, technology-mediated education that advances both digital literacy and character
formation, while safeguarding indigenous chemical heritage, as in Figure 1.

Papwan Ethnochemistry
ntent L

Dugital llor&cy
Competence
{Skills Lm”

N

Transformative
tithnochemistery
Lecture Model

TJechnology-Enbanced
Loarning $trategies
{Process Layer)

Figure 1: Conceptual Model

Figure 1 shows the four layers, the Transformative Ethnochemistry Lecture Model at the centre, cyclic DBR
arrows, and dotted reciprocal reinforcement lines. It is a conceptual illustration of the "Transformative
Ethnochemistry Lecture Model" at the intersection of four layers: content, Papuan ethnochemistry; process;
technology-enhanced learning strategies; and skills, digital literacy competence, and values, character
education. Arrows indicate cyclic DBR iterations, while dotted lines show reciprocal reinforcement between
layers.

3. Methods
3.1 Research Design

Design-Based Research (DBR) is a methodological approach that integrates the design and study of educational
interventions in real-world settings. It is characterized by iterative cycles of analysis, design, development,
implementation, and evaluation that allow refinement of both the intervention and the underlying design
principles. This approach is efficient in creating validated educational products and transferable design
principles, as demonstrated in various studies across different educational contexts. The analysis phase involves
identifying the problem and understanding the context. For instance, in the study of mobile social media tools
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for heutagogical learning, the analysis phase helped in establishing draft design principles in collaboration with
teachers and literature (Narayan, Herrington and Cochrane, 2019).

Design-based research (DBR) enables quick adjustments to interventions based on real-time feedback, as seen
in studiesf technology integration courses, where community of practice models were iteratively refined (Sadik,
2021). DBR's iterative nature leads to the development of robust educational tools, such as mobile virtual reality
learning environments designed to enhance learner-centered pedagogies (Cochrane et al., 2017). DBR generates
principles that can be adapted to similar contexts, as demonstrated in the study of online instructor training,
which identified principles applicable to other online education settings (Shattuck and Anderson, 2013).

3.2 Sampling Techniques

The purposive sampling strategy described in the study aligns with the instructional intervention by ensuring
that all participants, including students, lecturers, and community partners, are integral to the learning
environment. This approach enhances ecological validity by embedding the intervention within a naturally
occurring classroom setting, thus facilitating a comprehensive educational experience that integrates academic,
technological, and cultural dimensions. Selecting participants based on their roles and expertise ensures the
learning model is both inclusive and representative of the diverse knowledge systems involved.

The purposive sampling strategy effectively integrates academic and cultural dimensions by involving
community partners recognized for their cultural authority and expertise in traditional practices. This aligns with
the concept of knowledge coevolution, which emphasizes integrating Western and Indigenous knowledge
systems to create mutually beneficial new knowledge (Chapman and Schott, 2020). The involvement of lecturers
with ongoing teaching responsibilities ensures that the academic component of the course is robust and aligned
with the instructional goals. This is similar to the approach in food-systems education, where collective agency
is scaffolded across curricula to enhance learning outcomes (Jordan et al., 2023).

The study was conducted at a public university in Jayapura, Papua, Indonesia, within the instructional context
of the Ethnochemistry Technology course. Participants comprised three distinct groups representing both
academic and community-based perspectives. The primary group consisted of 120 students in second-year
chemistry majors (68% female; mean age = 20.7 years) who were officially enrolled in the course. Instruction
was facilitated by four faculty members who regularly co-taught the subject and contributed expertise in
chemistry education and digital pedagogy. In addition, three community partners, two respected village elders,
and one local craft-dye artisan were engaged as cultural consultants to provide authentic ethnochemical cases
and artifacts. Their participation ensured that the course design was grounded in local traditions while bridging
academic and indigenous knowledge systems.

3.3 Intervention Phases and Learning Environment

The intervention was structured around a five-phase design-based research (DBR) cycle, integrating both
pedagogical and technological innovations within a culturally grounded learning environment. Each phase was
carefully sequenced to ensure alignment between needs assessment, collaborative design, digital resource
development, classroom implementation, and rigorous evaluation. The learning environment combined HyFlex
delivery with contextually responsive tools and strategies to accommodate diverse student needs, including
those with limited internet bandwidth. Table 1 outlines the phases, weeks, key activities, and the researcher's
role.

Table 1: Intervention Phases and Learning Environment

Phase Weeks | Key Activities Researcher Role
Analyse 1-3 Needs analysis, baseline surveys, syllabus audit Collect data; map
gaps
Design 4-5 Co-design workshops with lecturers & elders; storyboard flipped Facilitate; document
materials; align tasks to UNESCO-DLGF and Merdeka virtues decisions.
Develop 6-8 Produce low-bandwidth H5P interactives, AR dye-lab app (Blippar), and Build & iterate
character-reflection journals; pilot usability tests.
Implement | 9-14 HyFlex delivery: asynchronous pre-class videos + in-class problem-based | Observe; provide
sessions + field trip to local dye site; live data capture via LMS tech support.

Evaluate 15-16 Post-tests, focus groups, lecturer reflections, and member-checking with Analyse; validate
elders findings
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The intervention not only addressed technological and pedagogical dimensions but also cultivated a culturally
sustaining learning environment, adaptable to bandwidth constraints and responsive to local values, as shown
in the flowchart-style diagram of the intervention phases in Figure 2.

Analyse Design Develop Implement Evaluate
Wireks 1-3 Weeks 4-5 Wireks -8 Weeks 8-14 Waoeks 15-16

Callect data; Facilitate; arata Ohoerde; Analyde;
map gaps decument decisions Build & iterate pravide tech support validate findings

Figure 2: Flowchart of the Intervention Phase

Atimeline diagram that visually represents the sequence of intervention sessions across the five phases. It shows
how Analyse - Design - Develop - Implement - Evaluate unfolded over the 16 weeks of the study. It shows
each phase in sequence, the corresponding weeks, and the researcher’s role, connected with directional arrows
to illustrate progression.

3.4 Instruments and Measures

To evaluate outcomes aligned with the course’s learning goals, we combined validated self-report scales,
structured observations, platform analytics, and qualitative inquiry. Where adaptations were necessary, we used
best-practice translation procedures and inter-rater checks to preserve measurement quality, as in Table 2.

Table 2: Instruments and Measures

Construct Instrument Reliability Sample Item
Digital literacy (5 UNESCO | 30-item Likert Digital Literacy Cronbach a = “I can verify the credibility of
domains) Scale (adapted & back-translated) | 0.87 online chemistry sources.”
Character education Character Values Observation Inter-rater k = Shares equipment responsibly
(respect, collaboration, Rubric (5-point, 12 indicators) 0.81 during lab.”
stewardship) rated by two observers
Engagement Moodle analytics (time-on-task, System-logged —
clickstream)
Qualitative insights Semi-structured focus-group Member- “Describe a moment the course
protocol (students n = 24; checked connected with your community
lecturers n = 4) summaries knowledge.”

3.5 Data Collection and Analysis Procedures

Quantitative tests and learning analytics provide measurable evidence of the magnitude and significance of
educational interventions. For instance, learning analytics can track student engagement and performance,
offering data-driven insights into learning processes (Hilliger et al., 2020). In the context of online learning,
guantitative surveys have been used to assess student satisfaction and identify challenges, such as a lack of
community and concerns about well-being (Brown et al., 2023). Learning analytics frameworks, such as those
discussed in the literature, emphasize the importance of data quality and technological readiness for effective
implementation (Clark, Liu and Isaias, 2020).

Focus groups and thematic analysis are instrumental in uncovering the underlying mechanisms and contextual
factors influencing educational outcomes. These methods enable exploration of student and staff perceptions,
providing a deeper understanding of their experiences (Brown et al., 2023). Thematic analysis has been used to
identify key themes in students' experiences, such as facilitators and barriers to learning, which inform practice
recommendations(Brown et al., 2023).

Qualitative data from interviews and focus groups can reveal diverse stakeholder needs and priorities, as seen
in studies on learning analytics adoption (Hilliger et al., 2020). The evaluation of the design artefact is crucial for
assessing the quality of implementation. This involves examining the educational design principles and their
impact on learning outcomes (Miiller, Mildenberger and Steingruber, 2023a). Studies have highlighted the
importance of an adequate course structure, activating learning tasks, and timely feedback in enhancing the
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effectiveness of blended learning programs (Miiller, Mildenberger and Steingruber, 2023b). The evaluation
process can also provide critical feedback for refining educational approaches, such as flipped learning, by
considering stakeholder perspectives and experiences (Simmons et al., 2020).

Pre- and post-test scores were computed for each participant, screened for normality using the Shapiro—Wilk
test, and analyzed with paired-samples t-tests at a = .05 to determine the significance of gains; effect sizes were
reported as Cohen’s d. Learning management system (LMS) traces were exported as CSV files, cleaned (e.g.,
removal of idle-time outliers), and correlated with individual learning gains using Pearson’s r. Focus-group
recordings were transcribed verbatim and imported into NVivo 14 for thematic analysis using a hybrid approach
that combined deductive codes (drawn from the Digital Literacy Global Framework and the target virtue
categories) with inductive, data-driven codes; credibility was strengthened through analyst triangulation and
participant member-checking of summary interpretations. Model fidelity was appraised with a 15-item
usability/fidelity checklist, yielding a mean score of M = 4.4/5, indicating high alignment between the intended
design and its enacted implementation.

4. Findings and Discussion
4.1 Learning-Management-System Analytics

We analyzed Moodle trace data over Weeks 9-14 to quantify behavioral engagement and relate it to a key
design feature (the AR dye-extraction lab). Metrics include interaction volume, time-on-task trends, and feature
uptake, with inferential testing via repeated-measures ANOVA to assess change over time as in Table 3.

Table 3: Summary of LMS Engagement Metrics (Weeks 9-14)

Metric Value How to read it
Total interactions (page views + quiz 14,678 Aggregate activity across all students and
attempts) weeks
Analytic sample size N =120 From ANOVA df: F(1, 119)
Interactions per student (6 weeks) =122 14,678 / 120 = 122 — =20/week

Mean time-on-task (Week 9 — Week 14) 31 — 52 min/week +21 min total change (+67.7%)
Average weekly increase in time-on-task | +4.2 min/week Linear rise across Weeks 9-14

Linear trend (RM-ANOVA) F(1,119) = 38.7, p < .001 partial n? = .25 (large effect)

AR lab uptake (Week 12) 92% accessed ~110 of 120 students

AR activity dwell time (median) 11 min +46% vs course-wide median (~7.5 min)

Engagement increased significantly during implementation (F(1,119) = 38.7, p < .001; partial n? = .25). Time-on-
task rose from 31 to 52 minutes per week (+67.7%), with about 20 interactions per student weekly. The Week
12 AR lab boosted engagement (92% participation; 11-minute median). Interactive activities mid-semester can
sustain momentum. Engagement data should be carefully measured and linked to learning outcomes.

4.2 Digital-literacy Gain Scores

Pre— and post-administration of the 30-item Digital Literacy Scale (DLS) met normality assumptions (Shapiro—
Wilk ps > .10), permitting paired-samples t tests. Results show substantial improvements across all UNESCO
domains and overall DLS, with consistently significant effects as in Table 4.

Table 4: Digital Literacy Pre—-Post Comparisons

DLS Domain MPre (SD) MPost (SD) | Gain (A) | % Change | t(119) | p Cohen’s d
Information/Data 11.9 (3.0) 17.4 (2.6) 5.5 46.2% | 15.80 | <.001 1.44
Communication 10.8 (2.7) 15.0 (2.5) 4.2 38.9% | 14.23 | <.001 1.30
Content Creation 12.4 (3.1) 17.6 (2.8) 5.2 41.9% | 16.12 | <.001 1.47
Safety 10.5 (2.9) 13.8 (2.4) 3.3 31.4% | 11.77 | <.001 1.07
Problem-Solving 10.7 (2.8) 14.0 (2.3) 3.3 30.8% | 12.89 | <.001 1.18
Overall 56.3(9.7) | 77.8(8.1) 21.5 38.2% | 14.62 | <.001 1.34
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The findings show great improvement in students’ digital literacy across all UNESCO domains within one
semester. The largest gains were in Content Creation (d = 1.47) and Information/Data (d = 1.44). Communication
(d =1.30), Safety (d = 1.07), and Problem-Solving (d = 1.18) also improved significantly. All effect sizes were large
(d > 1.0), indicating a meaningful impact. Integrating culturally responsive pedagogy with accessible technology
effectively strengthened digital competence. Figure 3 to visually represent the pre- and post-test gains in digital
literacy, and an effect size (Cohen’s d) visualization to emphasize the magnitude of improvements across
domains.
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Figure 3: Digital Literacy Pre—Post Means by Domain

The chart shows consistent pre—»post gains across all UNESCO domains and the overall DLS score. Visually, the
“Post” bars exceed “Pre” bars for every domain, mirroring the significant paired t-tests and large effects reported
earlier (all d > 1.07). The steepest lifts appear in Content Creation and Information/Data, aligning with
coursework that emphasized producing artifacts and evaluating sources. Safety improved the least (though still
strongly), suggesting an opportunity to bolster privacy, security, and digital well-being activities in future
iterations. The overall increase substantiates broad competence growth within a single semester, reinforcing
that the instructional model was not domain-specific but systematically elevated digital literacy. The dashed red
line marks the conventional threshold for a “large” effect size (d = 0.8), illustrating that all observed
improvements exceeded this benchmark substantially.

4.3 Character-Education Outcomes

Character education was assessed using a 12-indicator rubric that captured students’ observable behaviors
across five in-class collaborative tasks. Two trained observers made ratings on a 0—4 scale, with strong inter-
rater reliability (k = 0.81). For analysis, mastery was defined as scores of 3 or higher. Results indicate significant
post-intervention improvements across all domains, reflecting the integration of Merdeka Belajar values and
local cultural knowledge into the HyFlex model, as in Table 5.

Table 5: Mastery Rates on Character Domains (23 on 0-4 rubric)

Character Domain Baseline % Post % | A (pp) | Relative Increase Risk Ratio | Cohen’s h
Respect for Local Wisdom 42% 68% +26 +61.9% 1.62 0.53
Collaboration 47% 71% +24 +51.1% 1.51 0.49
Environmental Stewardship 35% 54% +19 +54.3% 1.54 0.39

Notes. McNemar tests confirmed significant paired gains in all domains (x? range 22.3-29.7, ps < .001). Cohen’s
h provides a standardized magnitude for proportion shifts; values ~0.2/0.5/0.8 = small/medium/large. Effects
were medium to large. In a cohort of about 120 students, gains equal roughly 31 more students reaching mastery
in Respect, 29 in collaboration, and 23 in stewardship. All domains improved significantly (McNemar x2 < .001).
The largest gain was respect (+26 pp), followed by collaboration (+24 pp) and stewardship (+19 pp). Reliability
was strong (k = 0.81). Adding targeted environmental roles may further strengthen stewardship outcomes.
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4.4 Qualitative Insights

To complement quantitative measures, qualitative insights were gathered through semi-structured focus groups
with 24 students and four lecturers. Transcripts were coded inductively, and thematic analysis identified three
high-salience themes that reveal how the intervention influenced participants’ perceptions, cultural
connections, and digital learning behaviors. These themes provide contextual depth to the observed gains in
digital literacy and character education.

The first theme, “Seeing Chemistry in Our Culture,” illustrates how the AR dye-lab experience bridged
disciplinary knowledge with local traditions. Students’ realization that “chemistry already lives in my village”
reflects the success of situating scientific learning within cultural heritage, fostering both relevance and pride.

The second theme, “Learning by Teaching Elders,” demonstrates the reciprocal nature of the service-learning
activities. By creating infographic posters for community dye practices, students not only disseminated
knowledge but also developed humility and respect through intergenerational dialogue. This aligns directly with
gains observed in respect for local wisdom and collaboration.

The third theme, “Digital Confidence,” highlights students’ growing ability to evaluate online information
critically. Statements such as “Now | check who wrote the article before | copy anything” indicate that the
intervention cultivated transferable critical-search skills, supporting the quantitative evidence of substantial
improvements in the Information/Data and Communication domains of digital literacy.

These themes portray a virtuous cycle: culturally situated activities sparked relevance, service-learning
cemented social purpose and collaborative norms, and explicit search/credibility scaffolds matured into agency.
The convergence with quantitative results (engagement lift, significant DLS effects, gains in character domains)
strengthens confidence that the observed improvements reflect genuine learning rather than test familiarity.

4.5 Model Fidelity and Usability

To assess the quality and consistency of implementation, external observers applied a 15-item fidelity checklist,
and lecturers completed usability surveys regarding integration and student engagement. These measures were
selected to evaluate not only whether the intervention was delivered as designed but also how it was
experienced by instructors responsible for sustaining the model. Results indicate strong fidelity and positive
perceptions of usability, with some noted challenges in workload management during the production phase, as
in Table 6.

Table 6: Fidelity and Usability Summary

Measure Scale Result Interpretation Notes
External fidelity 1-5per | M=44, High adherence to Observers noted precise flipped
checklist (15 items) item SD=0.3 design intentions sequencing, explicit virtue prompts, and
materials optimized for low bandwidth.
Usability: ease of 1-7 M=6.1 Very usable for course Lecturers reported smooth mapping to
integration into Likert embedding existing weeks and assessments.
syllabus
Usability: perceived 1-7 M=6.4 High perceived Perceptions align with LMS analytics
student engagement Likert engagement peaking around the AR lab.
Implementation — Workload Targeted constraint Spikes concentrated during video
burden (qualitative) spikes rather than systemic production and curation for flipped
barrier sessions.

Fidelity scores near the ceiling (4.4/5) indicate the model was enacted as intended in a resource-constrained
Papuan context, preserving its core pillars (flipped flow, virtue alignment, low-bandwidth access). High lecturer
ratings for ease of integration (6.1/7) and perceived engagement (6.4/7) suggest strong practical viability and
face validity, echoing quantitative engagement lifts and qualitative reports of relevance.

The primary caveat is production workload—notably for video creation—implying that the model’s most
substantial returns occur when media assets are front-loaded or shared. Pragmatic next steps include (a) a
reusable asset library (short, modular clips), (b) co-creation with students to distribute effort, and (c) low-
bandwidth-first templates (scripts, slide skeletons) to minimize editing time.

www.ejel.org 73 ISSN 1479-4403


http://www.ejel.org/

The Electronic Journal of e-Learning Volume 24 Issue 3 2026

Bottom line: Taken with the mixed-method results reported elsewhere (large digital-literacy gains, significant
increases in character-value mastery, and upward LMS trends), these fidelity and usability findings show the
model is both practical and implementable—with a clear, solvable pinch point in media production.

5. Discussion
5.1 Answering the Research Questions

The Transformative Ethnochemistry Lecture Model significantly addresses gaps in students' digital literacy and
character development within educational environments with limited technological resources. The model uses
a flipped HyFlex teaching approach, which research indicates can enhance student engagement and motivation
in learning, particularly in contexts focused on digital literacy. A study highlights that implementing flipped
classroom strategies can substantially improve students' awareness and responsibility in their learning journey
(Torres, Mouro and Mesquita, 2024). Furthermore, incorporating local ethnochemical cases alongside relevant
digital tasks is essential for fostering digital literacy, especially in environments constrained by bandwidth
limitations, as the literature on ethnochemistry education's effectiveness suggests (Ridwan, Hadi and Jailani,
2022).

Quantitative assessments show that students' digital literacy skills saw considerable enhancement, with effect
sizes reported around d = 1.3 to 1.5 across various domains, corroborating findings in studies focused on the
impact of integrated digital tasks in educational models (Tour et al., 2023). This improvement can be attributed
to the interactive and participatory nature of the flipped HyFlex model, which aligns with findings from digital
literacy frameworks emphasizing engagement through contemporary pedagogical strategies (Saputri,
Muchtarom and Triyanto, 2019). In addition to digital skills, character outcomes, including respect for local
wisdom, collaboration, and environmental stewardship, exhibited measurable improvements, increasing by
approximately 19-26 percentage points among students (Murphy and Arciuli, 2024). Integrating community-
driven initiatives, such as field-trip service-learning, allows students to engage meaningfully with their
environments, resulting in authentic experiences that translate moral reasoning into actionable steps
(Rahmawati and Agustini, 2023). Reflective practices through journaling reinforce this growth by encouraging
students to connect their experiences with character education principles, thereby significantly transforming
educational outcomes when embedded directly into task rubrics (Suroso and Husin, 2024).

Key factors contributing to these enhancements include authentic engagement with local communities through
an educational lens, documented as vital for character development and for establishing students as active
participants in sustainability efforts (Rahmawati and Atmojo, 2023). By embedding local wisdom and context-
specific knowledge into the learning process, students gain a deeper understanding of their cultural identities
and their relationship with environmental sustainability, which is essential for character education in
contemporary contexts (L. Heliawati et al., 2022). Thus, the Transformative Ethnochemistry Lecture Model not
only bridges digital literacy gaps for students in resource-limited environments but also cultivates a profound
respect for local wisdom and environmental responsibilities, indicative of a robust character education
framework.

5.2 Positioning Within Prior Literature

The findings from the Transformative Ethnochemistry Lecture Model reveal advances in both digital literacy and
character education. The observed improvements in digital literacy suggest that integrating culturally relevant
content enhances the motivational aspects of technology-enhanced learning. Effect sizes reported in recent
flipped-STEM meta-analyses indicate improvements in student engagement and digital competency when
culturally situated content is applied (Colque-Quispe et al., 2025).

Furthermore, the model’s impact on character education supports Lickona’s assertion that virtues thrive when
embedded in community-linked, project-based learning environments. Evidence shows that character outcomes
improve significantly when moral education is connected to practical contexts rather than relying solely on
traditional, abstract storytelling. Engaging students in community involvement and hands-on experiences can
enhance moral development and deepen their engagement with the subject matter, corroborated by research
on effective community-oriented educational strategies (Suroso & Husin, 2024; Sitanggang et al., 2025).

The current study builds upon previous educational initiatives in Indonesia, emphasizing the significance of
cultural relevance in enhancing student engagement and performance in ethnochemistry. Notably, it is the first
to empirically connect cultural relevance with scaffolding in digital skills and systematic virtue assessment
(Rahmawati et al., 2023). This approach aligns with advocacy for integrating digital literacy into culturally
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responsive teaching practices and supports sustainable educational paradigms that foster both digital
competencies and ethical character development (Torres, 2024). This study highlights the importance of a
holistic educational approach that blends technological engagement with culturally relevant pedagogies,
ultimately promoting both digital literacy and character development in students.

5.3 Implications for Practice and Policy

Utilizing the Transformative Ethnochemistry Lecture Model has implications beyond initial educational results.
It influences curricular design, faculty development, and policy leverage in STEM education, particularly in
peripheral regions.

Chemistry departments in similar peripheral regions can effectively adopt the design principles derived from
Design-Based Research (DBR) that emphasize cultural anchoring, low-bandwidth technology, and virtue-aligned
assessment. This approach is expected to revitalize other STEM disciplines, such as ethnobotany and mineral
processing, by creating content that resonates with local cultural contexts. Ethnochemistry enhances
engagement and understanding in chemistry by linking abstract concepts to students' cultural practices
(Rahmawati et al., 2023). Incorporating culturally relevant materials not only makes learning more relatable but
also enhances comprehension and retention of complex scientific ideas (Yanti et al., 2025b).

Given the necessity for innovation in instructional design, faculty members require structured support in
multimedia authoring and integrating virtual-infused task design strategies. Establishing a micro-credential
program focused on digital competencies could institutionalize essential skills for educators. Such initiatives
promote a proactive stance in addressing educational gaps in technology and in character education conformity,
which are essential for preparing students for the demands of contemporary educational environments (Rathod
and Kamppi, 2025).

The findings of this study provide empirical evidence supporting character education objectives that can coexist
synergistically with rigorous, digitally enhanced science instruction. This dual focus could serve as a compelling
argument to policymakers for securing funding for rural broadband upgrades, which are critical to expanding
access to digital resources and innovative teaching methods in underserved areas. Additionally, demonstrating
the feasibility of integrating virtue and character education into STEM fields is pivotal in advocating for more
inclusive educational policies (Hafina, Nur and Malik, 2022). The evidence presented underscores the
importance of community integration in educational practices, which can enhance student engagement and
achievement (Phelan, Maguire and Finnegan, 2025).

By embracing culturally responsive pedagogies and digital literacy frameworks, policymakers and educational
institutions can bolster the educational ecosystem in peripheral regions, ensuring that students are not only
technologically adept but also well-rounded individuals grounded in their cultural values.

6. Conclusion

This study set out to re-envision an Ethnochemistry Technology course for Papua Indonesia by weaving together
three strands that are seldom integrated in STEM higher education: indigenous chemical heritage, explicit
digital-literacy scaffolding, and character-education mandates from the Kurikulum Merdeka. Through a
semester-long Design-Based Research cycle, the resulting Transformative Lecture Model achieved three salient
outcomes. First, it delivered large, statistically significant gains in all five UNESCO Digital Literacy domains—
demonstrating that low-bandwidth, flipped HyFlex design can close digital-skills gaps even in infrastructure-
limited regions. Second, rubric-based observations showed marked growth in respect for local wisdom,
collaboration, and environmental stewardship, validating the potency of virtue-aligned tasks such as service-
learning with village elders. Third, strong LMS engagement metrics and high fidelity scores indicate that the
model is both pedagogically robust and practically implementable.

Strengths include the mixed-methods DBR approach, strong fidelity monitoring, and genuine community
partnership—all of which bolster ecological validity. Limitations revolve around scope (single university),
duration (one semester), and potential observer bias in character-rubric scoring despite high k. Replication
across multiple Papuan and non-Papuan campuses, using blinded assessors and longitudinal follow-ups, would
test generalisability and persistence of effects. Scalability studies should also explore automated content-
translation pipelines to accommodate additional indigenous languages.
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Abstract: The development and assessment of project management competencies remain a persistent challenge in
professional education. While competence frameworks emphasise behavioural and contextual judgement, assessment
practices in entry-level certification contexts continue to rely predominantly on standardised knowledge-based
examinations. At the same time, simulation-based and game-based learning approaches are increasingly used to support
experiential learning, yet evidence linking such interventions to externally validated assessment outcomes remains limited.
This study examines whether the inclusion of a simulation-based learning intervention in a preparatory course for the
International Project Management Association (IPMA) Level D certification is associated with differences in certification
examination performance. Using a quasi-experimental design, examination results for participants who completed
simulation-supported training (n = 178) were compared with those of a reference cohort who completed the same course
without the simulation component (n = 455). Certification exam scores were analysed across competence areas defined in
the IPMA Individual Competence Baseline (ICB 4.0). The results indicate that participants in the simulation-supported group
achieved higher overall examination scores, with statistically significant differences concentrated mainly in selected People
and Practice competence elements. Mean scores in the Perspective area were also higher in the simulation-supported group,
but the differences were not statistically significant. While the non-randomised design does not allow causal conclusions,
the findings suggest an association between competence-oriented simulation-based learning and higher performance in a
standardised, externally administered certification examination. The analysis focused not only on overall examination
performance but also on the distribution of differences across individual competence elements. This made it possible to
examine whether observed differences corresponded to the areas most directly activated by the simulation scenario. The
study therefore provides evidence on the alignment between simulation design, competence frameworks, and externally
administered assessment outcomes. The study contributes to e-learning research by demonstrating how simulation-based
learning can be examined in relation to formal assessment outcomes within a professional certification context. It highlights
the importance of aligning experiential learning design with competence frameworks while maintaining independence from
existing assessment formats.

Keywords: Project management, Simulation-based learning, Simulation games, IPMA certification, Quasi-experiment

1. Introduction

Project management is a dynamic and complex discipline requiring diverse competencies, ranging from technical
and strategic skills to interpersonal and behavioural capabilities. As organisations increasingly rely on structured
project management methodologies to enhance efficiency and competitiveness (Martinelli and Milosevic, 2016),
the role of competent project managers has become more critical than ever (Maylor, 2017). Ensuring that
project managers are well-equipped with the necessary skills is a central concern for certification bodies and
training institutions. Among the recognised competency frameworks, the IPMA ICB 4.0 provides a structured
assessment of project management competencies through its four-level certification system (IPMA, 2015).

Traditional project management education relies heavily on theoretical instruction, case studies, and structured
training programs. However, these approaches may not fully prepare individuals for the complexities and
uncertainties of real-world project environments. To address this gap, simulation-based learning (SBL) has
gained traction as an innovative educational tool that offers hands-on, experiential learning in a risk-free
environment. Despite the growing adoption of SBL in project management training (Rumeser and Emsley, 2019),
the effectiveness of such methods remains a subject of academic and practical debate. Some studies highlight
the benefits of SBL in enhancing cognitive and behavioural competencies, whereas others raise concerns
regarding methodological inconsistencies and the difficulty of measuring learning outcomes. The current study
aims to contribute to this discourse by examining whether participation in a simulation-supported preparatory
course is associated with differences in IPMA Level D certification examination outcomes.
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The structure of the paper is as follows. Section 2 provides an overview of project manager competency models,
certification procedures, and the role of IPMA Level D certification. It then discusses simulation-based learning
in project management education, clarifying its relationship with serious games and game-based learning, and
explaining how it can be aligned with competence-oriented educational frameworks. Section 3 outlines the
research methodology, including the quasi-experimental design, participant selection, data collection process,
and statistical methods used to analyse associations between simulation-supported learning and certification
examination outcomes. Section 4 presents the research findings, comparing exam performance between
participants who followed conventional project management training and those who engaged in SBL. The results
highlight the extent to which simulation-supported learning is associated with competence-oriented learning
outcomes as reflected in certification examination results. Section 5 discusses the practical and theoretical
implications of the findings and explores their relevance for project management training institutions,
certification bodies, and professional development programs. The paper concludes with recommendations for
integrating simulation games into project management education, emphasising the need for future research on
long-term competency retention and adaptive learning technologies.

This study addresses the following research question:

RQ1: Is participation in a simulation-supported IPMA Level D preparatory course associated with higher
certification examination performance compared with participation in the same course without the simulation
component?

Two supplementary questions are also considered:

RQ2: In which IPMA ICB 4.0 competence areas and competence elements are between-group differences most
pronounced?

RQ3: To what extent do the observed differences correspond to the competence areas and competence elements
activated by the SBL intervention?

By investigating the role of simulation games in supporting competence-oriented learning, as reflected in
certification examination outcomes, this research seeks to provide empirical insights into SBL's role in
professional project management certification training. The findings of this study will contribute to the ongoing
discussion of innovative learning methodologies in project management education and offer practical
recommendations for training institutions and certification bodies seeking to enhance learning outcomes
through digital and experiential learning.

2. Review of Literature
2.1 Project Manager Competencies

The concept of project manager competencies has evolved from prescriptive lists of tasks and knowledge areas
to integrative constructs that emphasise performance, behaviour, and contextual judgment. Early approaches
to project management competence were predominantly grounded in bodies of knowledge and method-
oriented standards, focusing on procedural correctness and technical proficiency (PMI, 2002; Crawford, 2005).
While these approaches contributed to the professionalisation of project management, they have proven
insufficient to explain variations in performance among practitioners with comparable formal qualifications.

Contemporary competency research, therefore, adopts a broader and more dynamic perspective, recognising
that effective project management depends not only on technical expertise but also on behavioural capabilities
and the ability to interpret and respond to organisational and environmental conditions (Koi-Akrofi et al., 2024;
Turner, Huemann and Keegan, 2014; Le Deist and Winterton, 2005). From this perspective, competence is
understood as a context-dependent integration of knowledge, skills, and attitudes that becomes visible through
action rather than declarative understanding alone. In project environments characterised by uncertainty and
competing constraints, competencies are revealed through decision-making, stakeholder interactions, and
adaptive behaviour (Alvarenga et al., 2020; Crawford and Pollack, 2007).

In project management, several competency frameworks have been developed to operationalise this holistic
view. Comparative analyses of widely recognised standards, including those proposed by the Project
Management Institute, IPMA, Association for Project Management, and Australian Institute of Project
Management, indicate a recurring tripartite structure encompassing task-oriented, person-oriented, and
context-oriented dimensions of competence (Koi-Akrofi et al., 2024; Ochoa Pacheco et al., 2023; Omidvar et al.,
2011). Task-oriented competencies relate to planning, monitoring, and controlling project activities. Person-
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oriented competencies capture leadership, communication, self-regulation, and collaboration, while context-
oriented competencies address governance, strategic alignment, and stakeholder environments. Despite
differences in terminology, this conceptual convergence suggests a shared understanding of competent project
management practice.

Among existing frameworks, the IPMA ICB 4.0 explicitly positions competence as a personal capability
demonstrated through performance in real or simulated project situations (IPMA, 2015). Unlike knowledge-
based certification models, the IPMA approach places stronger emphasis on behavioural indicators and
contextual judgment, supported by evidence gathered through portfolios, interviews, and observed
performance. This person-centred logic aligns with contemporary competence theory and is particularly relevant
in educational and certification contexts where learning outcomes extend beyond the acquisition of factual
knowledge (Omidvar et al., 2011).

Despite the conceptual maturity of competency frameworks, a persistent challenge remains in translating
abstract competency constructs into reliable and scalable assessment mechanisms. While frameworks define
what project managers should be capable of, they provide limited guidance on how to consistently measure
these capabilities, especially at entry or early certification levels (Leigh et al., 2007). Standardised examinations,
commonly used in certification schemes, tend to privilege knowledge recall and conceptual understanding,
raising concerns about their ability to capture behavioural and contextual competencies that are central to
contemporary models (PMI, 2002).

Empirical studies further indicate that not all competencies contribute equally to perceived effectiveness.
Research applying the Competing Values Framework demonstrates that behavioural competencies such as
creativity, engagement and motivation, efficiency, and value-based judgement differentiate higher- and lower-
performing project managers across multiple dimensions of organisational effectiveness (Trivellas and
Drimoussis, 2010). Similar conclusions have been drawn in international project contexts, where leadership,
communication, stakeholder engagement, and adaptability consistently emerge as critical across project phases
(Bashir, Magsood and Jeong, 2021). These findings reinforce the argument that competence manifests through
adaptive behaviour in the face of competing demands rather than adherence to predefined procedures.

In response to these limitations, scholars increasingly call for assessment approaches that combine
standardisation with experiential evidence (Leigh et al., 2007; Omidvar et al., 2011). Simulation-based
environments and other experiential learning tools are frequently proposed as mechanisms for eliciting
observable competence-oriented behaviours in conditions that approximate the objective project complexity.
However, empirical evidence linking such learning interventions with externally validated assessment outcomes,
such as certification examinations, remains limited.

Against this backdrop, this study adopts the IPMA ICB 4.0 framework as its conceptual reference point. It
examines whether simulation-based learning can support the acquisition of competencies that are subsequently
reflected in standardised certification outcomes. By focusing on certification exam results as an external
performance indicator, the study addresses a gap between competence-oriented educational design and
conventional assessment practices, contributing to ongoing discussions on how project manager competencies
can be meaningfully developed and evaluated in higher education and professional training contexts.

2.2 Simulation-based Learning in Project Management Education

Although simulation-based learning, serious games and game-based learning partly overlap in the literature, this
study conceptualises the intervention primarily as simulation-based learning because its core educational
mechanism is the modelling of project management decisions under dynamic constraints. In this sense, game-
based learning and serious games provide a broader conceptual context, whereas simulation-based learning is
the focal category used to describe the educational intervention examined in this study.

SBL has become an established approach in technology-enhanced education, particularly in domains requiring
the development of complex, non-routine skills. In contrast to traditional instructional methods, simulation-
based environments place learners in realistic decision situations in which they must manage resources, respond
to dynamic feedback, and adapt their actions under conditions of uncertainty (Michael and Chen, 2006; Bellotti
etal., 2019). This experiential character makes SBL especially relevant for professional education contexts where
learning outcomes extend beyond factual knowledge to include judgment, behaviour, and situational awareness
(Yaman et al., 2024).
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Simulation-based games have been widely adopted in project management education to support the
development of decision-making, communication, and coordination skills. Empirical and review studies indicate
that project management simulations support active engagement in learning and can help learners develop and
apply both technical project management competencies and behavioural skills in realistic, risk-free project
scenarios (Geithner and Menzel, 2016; Jaccard, Bonnier and Hellstrom, 2022; Hellstrém, Jaccard and Bonnier,
2023). Unlike case studies or static exercises, simulations expose learners to the temporal consequences of their
decisions, making explicit trade-offs among time, cost, scope, and stakeholder satisfaction.

Beyond their instructional value, serious games are increasingly seen as potential tools for formative and
summative assessment. Assessment-oriented research in education highlights that complex competencies are
best evaluated through integrated performance tasks rather than isolated knowledge tests (Leigh et al., 2007).
In this respect, games generate rich performance data such as decision paths, resource allocation patterns, and
outcome trajectories that can serve as evidence of competence-oriented behaviour. When combined with
structured debriefing and reflection, these data support both learner self-assessment and instructor-led
evaluation (Bellotti et al., 2019).

Despite this potential, most studies on game-based learning in project management focus primarily on learning
effectiveness, learner satisfaction, or perceived competence development (Elenany and Ahmed, 2024). Far
fewer investigations examine whether outcomes from SBL translate into externally validated assessment results,
such as standardised examinations or certification outcomes. This gap is evident in entry-level professional
certification contexts, where assessment practices remain predominantly knowledge-based despite
competence-oriented learning designs.

Recent research in e-learning and professional education, therefore, calls for greater alignment between
learning interventions and assessment mechanisms. Simulation-based environments are increasingly viewed not
only as pedagogical tools but also as boundary objects that can connect educational practice with formal
evaluation systems (Walker and Engelhard, 2014; Hellstrém, Jaccard and Bonnier, 2023; Ozsoy, T., 2025). When
learning activities are explicitly mapped to recognised competence frameworks, games can serve as a bridge
between experiential learning and standardised assessment, without reducing competence to mere declarative
knowledge.

Building on the view that simulation-based environments can serve as boundary objects connecting educational
practice with formal evaluation systems, a central challenge in SBL research is to articulate how game
experiences translate into valid, interpretable assessment evidence (Plass, Homer and Kinzer, 2015). In other
words, the credibility of SBL claims depends not only on whether learners appear to improve, but on the explicit
relationship between (a) intended learning objectives, (b) the game mechanics and learning processes they
instantiate, and (c) the assessment evidence used to substantiate outcomes. Comprehensive accounts of SBL
describe learning as emerging from integrated cognitive, motivational, affective, and sociocultural processes,
suggesting that evaluation strategies should align with the underlying learning mechanisms rather than rely
exclusively on post hoc declarative tests (Plass, Homer, and Kinzer, 2015).

A well-established response to this methodological challenge is embedded or stealth assessment, in which
gameplay yields observable evidence of target constructs (e.g., decision quality, action sequences, problem-
solving trajectories), and these indicators are mapped to competency models through transparent inference
rules (Shute and Ke, 2012). This approach is particularly relevant in competency-oriented education, where
intended outcomes include behavioural and judgment components that are difficult to capture through
traditional examinations alone. From this standpoint, robust SBL evaluation typically requires an explicit validity
argument that links design features to constructs and constructs to interpretable indicators (Shute and Ke, 2012;
Tettegah, McCreery and Blumberg, 2015).

In practice, however, many professional education contexts rely on external standardised assessments (e.g.,
certification examinations) that cannot be readily adapted to capture nuanced in-game evidence. In such
settings, the evaluation problem becomes one of construct alignment: the extent to which external measures
capture the exact competency domains and cognitive processes that the simulation is designed to develop, and
the extent to which test formats may underrepresent key competencies. Applied work on simulation games in
blended formats highlights that credible claims require deliberate integration of learning activities, feedback,
and assessment, including an explicit discussion of what counts as evidence and why (Wall and Ahmed, 2008;
de Freitas, 2006).
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Recent synthesis work also indicates that “assessment literacy” remains a practical barrier to wider SBL
adoption, as educators often struggle to justify SBL when the chain from learning experience to defensible
evidence of an outcome is not explicit (Yaman et al., 2024). Therefore, when SBL is evaluated using external
examinations, methodological quality is strengthened when authors make alignment assumptions explicit,
discuss likely construct underrepresentation, and position external test performance as one evidence source
within a broader validity argument, an approach that directly informs how SBL can support evidence-based
assessment of competence development in project management education (Shute and Ke, 2012; Yaman et al.,
2024).

In the context of project management education, this perspective suggests that the value of SBL lies not only in
enhancing learning experiences but also in its capacity to support evidence-based assessment of competence
development. Building on the competence-oriented framework discussed in Section 2.1, the present study
examines SBL as an educational intervention whose effects can be analysed using certification examination
results as an external reference point. By doing so, the study contributes to ongoing discussions in e-learning
research on how technology-enhanced learning designs can be meaningfully aligned with formal assessment
practices.

3. Methodology

3.1 Research Design and Educational Content

The study was designed to examine whether participation in a simulation-supported preparatory course was
associated with differences in IPMA Level D certification examination outcomes. Rather than testing the causal
effectiveness of the intervention, the study analyses between-group differences in externally assessed
certification results within an authentic professional training context.

The study adopts a quasi-experimental, intervention-based research design conducted within a formal project
management training program preparing participants for the IPMA Level D certification. The research is
positioned as applied educational research embedded in an authentic professional learning environment. Its
purpose is to examine whether the inclusion of an SBL intervention is associated with differences in externally
assessed learning outcomes.

Participants were not randomly assigned to groups, as they were naturally grouped by course enrolment.
Certification examination outcomes for participants who completed the simulation-supported training were
compared with those of a reference cohort that followed the same preparatory program, but without the
simulation component, during the same period. This design reflects organisational and ethical constraints typical
of certification-oriented education while allowing meaningful comparison of learning outcomes under
comparable conditions.

3.2 Participants

The experimental group consisted of 178 participants who attended IPMA Level D preparatory courses between
December 2022 and March 2024, during which the SBL intervention was implemented. The control group
comprised 455 participants who attended the same course in the same time period but did not participate in
the simulation activity. The comparison group was restricted to the same period as the simulation-supported
group to reduce the risk of historical cohort effects and temporal changes in training or examination conditions.

All participants were candidates for entry-level project management certification and did not hold an IPMA
certificate before enrolment in the course. The course content, instructional approach, and certification
examination format were identical for both groups to ensure comparability. Anonymised examination results
for both groups were obtained from the IPMA Poland certification examinations database after the course was
completed.

3.3 Simulation-based Learning Intervention

The SBL intervention was implemented using the PM2PM computer-based project management simulation
game, developed by PM2PM Ltd. This Polish company offers, among other consulting services, project
management training courses, primarily to prepare applicants for the IPMA project management certification
(PM2PM, Ltd., 2025).

At the start of the simulation, participants assumed the role of project managers responsible for delivering a
newly assigned project. The initial planning phase involved defining project scope and timeline, allocating
resources based on competency matrices, estimating costs, setting budget constraints, and identifying potential
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risks and mitigation strategies. Participants were provided with project documentation and competency
matrices to support decision-making.

The simulation operated through an interactive digital dashboard that enabled participants to:

e assign human resources using a competency matrix (see Figure 1),

e schedule and adjust project timelines using Gantt charts (see Figure 2),

e monitor budget allocation and financial constraints, respond to emerging risks, delays, skill shortages,
and cost fluctuations.
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Figure 2: PM2PM game Gantt dashboard (PM2PM, Ltd., 2025)
The simulation session followed a structured timeline consisting of:

e aplanning phase (approx. 45 minutes) focused on project setup, resource allocation, and budgeting,

e an execution phase (approx. 60 minutes) involving dynamic decision-making and project adjustments,

e a debriefing and evaluation phase (approx. 30 minutes) dedicated to performance analysis and
reflective discussion.

During execution, the simulation dynamically modified project conditions, requiring participants to trade off
cost, schedule, quality, and resource availability. Real-time feedback allowed participants to observe the
consequences of their decisions and adjust strategies accordingly. At the end of the simulation, participants
received performance reports summarising schedule efficiency, budget adherence, resource utilisation, risk
exposure, and overall project quality.

www.ejel.org 84 ©The Authors


http://www.ejel.org/

Marcin Opas and Matgorzata Cwil

3.4 Alignment of the Simulation with the IPMA ICB 4.0

The design of the PM2PM simulation reflects the competence-oriented logic of the IPMA ICB 4.0. Rather than
addressing individual competence elements in isolation, the simulation presents integrated project scenarios
that require the simultaneous application of competencies from the Perspective, People, and Practice areas.

Decision situations embedded in the simulation engage competence elements related to strategy, governance,
and compliance (Perspective); teamwork, communication, and conflict management (People); and scope, time,
cost, risk, and change management (Practice) (Table 1). These competences are activated through observable
decision-making and interaction patterns rather than through explicit instruction or examination-style
assessment.

Table 1: Learning objectives of the PM2PM game aligned with the IPMA ICB 4.0

PM2PM Game Learning

Area ICB Competence Element (CE) Objective

4.3.1. Strategy

4.3.2. Governance, structures, and processes

4.3.3. Compliance, standards, and regulations

4.3.4. Power and interest

4.3.5. Culture and values

4.4.1. Self-reflection and self-management

4.4.2. Personal integrity and reliability

4.4.3. Personal communication X

4.4.4. Relationships and engagement

4.4.5. Leadership X
4.4.6. Teamwork X

4.4 People

4.4.7. Conflict and crisis

4.4.8. Resourcefulness

4.4.9. Negotiation

4.4.10. Result orientation

4.5.1. Project design

4.5.2. Requirements and objectives
4.5.3. Scope X
4.5.4. Time

4.5.5. Organisation and information
4.5.6. Quality
4.5.7. Finance

4.5 Practice

4.5.8. Resources X

4.5.9. Procurement

4.5.10. Plan and control X

4.5.11. Risk and opportunity

4.5.12. Stakeholders

4.5.13. Change and transformation

Importantly, the simulation was not designed to replicate the structure or content of the IPMA certification
examination and did not function as direct exam preparation. Its purpose was to operationalise competence
development by creating conditions in which conceptual knowledge acquired during the course had to be
applied in dynamic, uncertain project contexts. The alignment with IPMA ICB 4.0, therefore, exists at the level
of competence domains and behavioural manifestations rather than at the level of exam items or scoring
criteria.
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3.5 Assessment Measures and Data Collection

The primary outcome measure in the study was performance on the IPMA Level D certification examination, a
standardised, externally administered assessment aligned with IPMA ICB 4.0. The examination is conducted
independently of the training provider and researchers. For both experimental and control groups, anonymised
examination results were collected after course completion. The dataset included overall certification exam
scores and competence element scores aggregated within the Perspective, People, and Practice areas, as
reported in official examination records. No in-game performance metrics or self-reported learning measures
were used as dependent variables. The study deliberately focused on externally validated assessment outcomes
to ensure comparability across cohorts and to avoid bias associated with internally generated performance
indicators.

3.6 Ethical Considerations

Participation in the study was voluntary and did not affect access to training or certification. Examination data
were analysed in an anonymised form and used exclusively for research purposes. The study adhered to
institutional guidelines for educational research and data protection.

The authors declare no commercial affiliation with the simulation provider.
4. Research Results

All data were analysed using SPSS v. 29. The data were first examined for skewness and kurtosis, and no
problematic issues were noted (skewness and kurtosis in between —1 and 1). An independent-samples t-test was
performed for each competence element to examine differences in exam scores between the experimental (n
= 178) and control (n = 455) groups. Cohen’s d was used to assess the magnitude of observed between-group
differences. Given the exploratory nature of competence-element-level comparisons, p-values are interpreted
descriptively and reported alongside effect sizes. The emphasis is placed on the overall pattern of differences
rather than on isolated statistically significant results.

4.1 Perspective Area

Across all five competence elements in the perspective area, the average scores were higher among individuals
who completed the simulation game; however, no statistically significant differences were observed for any of
these elements (Table 2). The negative values of Cohen’s d indicate that the mean results in the experimental
group were higher than in the control group. The higher the Cohen’s d values, the bigger the differences between
the two analysed groups.

Table 2: Scores for the competence elements in the perspective area

ICB CE Mean 1 Mean 2 SD1 SD 2 Sig. Cohen's d RANK
Power and interest 3.84 3.97 1.325 1.244 0.140 -0.096
Strategy 3.40 3.52 1.272 1.272 0.145 -0.094
Governance, 3.97 4.04 1.119 1.005 0.226 -0.066
structures, and
processes
Culture and values 4.38 4.39 1.020 0.946 0.422 -0.017
Compliance, 3.72 3.74 1.149 1.020 0.426 -0.017
standards, and
regulations

4.2 People Area

The statistically significant difference was observed in three out of 10 competence elements belonging to the
people area, with the highest differences occurring for teamwork (M1 =3.70; M2 = 4.09; p < 0.001, d = -0.324),
followed by relationships and engagement (M1 = 4.23; M2 = 4.49; p = 0.001, d = -0.240), result orientation (M1
=3.94; M2 =4.10; p = 0.041, d = -0.144). The analysis results are summarised in Table 3.
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Table 3: Scores for the competence elements in the people area

ICB CE Mean 1 Mean 2 SD1 SD 2 Sig. Cohen's d RANK
Teamwork 3.70 4.09 1.137 1.075 <0.001 o -0.324 1
Relationships and 4.23 4.49 1.155 0.916 0.001 b -0.240
engagement 2
Result orientation 3.94 4.10 1.153 0.978 0.041 * -0.144 3
Personal 4.34 4.48 1.005 0.891 0.104 -0.144
communication
Conflict and crisis 3.97 4.01 1.046 1.031 0.316 -0.042
Leadership 3.68 3.74 1.301 1.307 0.325 -0.040
Resourcefulness 4.37 4.40 1.000 0.929 0.352 -0.034
Self-reflection and 4.47 4.50 0.947 0.885 0.379 -0.027
self-management
Negotiation 4.02 4.04 1.120 0.965 0.410 -0.020
Personal integrity 3.91 3.80 1.186 1.147 0.136 0.097
and reliability

4.3 Practice Area

In the practice area, a statistically significant difference was observed in 5 of 13 cases, with the largest effect
observed for change and transformation (M1 = 3.40; M2 = 3.81; p < 0.001, d = -0.311), followed by scope (M1 =
3.77;, M2 =4.08; p =0.002, d =-0.241) and resources (M1 = 4.01; M2 = 4.26; p = 0.001, d = -0.225). The analysis
results are presented in Table 4.

Table 4: Scores for the competence elements in the practice area

ICB CE Mean 1 Mean 2 SD1 SD 2 Sig. Cohen's d RANK
Change and 3.40 3.81 1.367 1.264 <0.001 o -0.311 1
transformation
Scope 3.77 4.08 1.319 1.152 0.002 ** -0.241 2
Resources 4.01 4.26 1.150 0.992 0.001 ** -0.225 3
Finance 3.93 4.12 1.282 1.126 0.006 ** -0.153 4
Project design 3.62 3.82 1.308 1.254 0.042 * -0.153 5
Procurement 4.00 4.12 1.215 1.168 0.114 -0.107
Time 3.48 3.63 1.232 1.158 0.071 -0.130
Risk and 2.89 3.03 1.471 1.424 0.135 -0.098
opportunity
Plan and control 3.85 3.96 1.278 1.234 0.165 -0.086
Requirements and 3.20 3.26 1.304 1.272 0.301 -0.046
objectives
Organisation and 4.15 417 1.131 1.028 0.414 -0.019
information
Stakeholders 3.63 3.64 1.403 1.321 0.468 -0.007
Quality 3.48 3.42 1.282 1.330 0.284 0.051

4.4 Overall IPMA Level D Exam Scores

The last step of the analysis was to compare the overall exam scores of the two groups. According to the
independent-samples t-test results, there is a significant difference in exam scores between the two analysed
groups (N1 =455, N2 = 178). The simulation-supported group achieved significantly higher overall exam scores
than the comparison group (M1 = 107.34; M2 = 110.54; p = 0.02, d = -0.181). The analysis results are presented
in Table 5.
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Table 5: Overall exam scores for the two analysed groups

Mean 1 Mean 2 SD1 SD 2 Sig. Cohen's d
107.34 110.54 18.614 15.116 0.02 ** -0.181

Thus, the quasi-experimental analysis indicates an association between participation in simulation-supported
learning and higher performance in the IPMA Level D certification examination. Across the IPMA Level D
examination results, statistically significant differences between the simulation-supported and comparison
cohorts were observed for a substantial subset of competence elements. The significant differences were
identified in the People and Practice competence areas, particularly in elements related to teamwork,
relationships and engagement, change, scope, resource and finance, with effect sizes ranging from small to
moderate (highest Cohen’s d = 0.3-0.35). Differences within the Perspective area were generally weaker and not
significant. At the overall examination performance level, the simulation-supported cohort achieved significantly
higher scores with reduced score dispersion, indicating more homogeneous outcomes.

5. Discussion and Conclusions
5.1 Discussion

This study aimed to examine whether the inclusion of an SBL activity within a certification-oriented project
management course is associated with differences in externally assessed learning outcomes. By focusing on
certification examination results rather than self-reported learning gains, the study addresses a significant gap
between competence-oriented educational design and predominantly knowledge-based assessment practices
in professional education.

The results indicate that participants who completed the simulation-supported training achieved higher overall
certification examination scores, with statistically significant differences concentrated in selected People and
Practice competence elements. Although mean scores in the Perspective area were also higher in the simulation-
supported group, these differences were not statistically significant. This pattern suggests that the association
between simulation-supported learning and examination performance was not evenly distributed across all
IPMA ICB 4.0 competence areas. Instead, the biggest differences appeared in competence elements that were
more directly activated by the simulation scenario, particularly those related to teamwork, relationships and
engagement, change and transformation, scope, resources, finance, and project design.

This distribution of results is consistent with the internal logic of the simulation-based learning intervention.
During the simulation, participants were required to define the project scope, allocate resources, estimate and
monitor costs, respond to emerging constraints, and adjust project decisions as conditions changed. These
activities correspond closely to selected Practice competences, especially scope, resources, finance, project
design, and change and transformation. At the same time, the collaborative and decision-oriented nature of the
simulation may explain the observed differences in selected People competences, particularly teamwork,
relationships, and engagement. By contrast, Perspective competences concern broader organisational, strategic,
and contextual aspects of project management, such as governance, compliance, power structures, and culture.
These elements were less directly represented in the simulated project environment, which may explain why
differences in this area were weaker and not statistically significant.

The findings therefore suggest that simulation-based learning may be particularly useful for supporting
competence-oriented learning in areas where learners must integrate technical project management decisions
with interpersonal coordination and adaptive judgement. However, the results should not be interpreted as
evidence that participation in the simulation-supported course was associated with higher performance across
all competence areas equally. Rather, they indicate a selective association between participation in the
simulation-supported course and higher performance on the competence elements most closely aligned with
the decision-making tasks embedded in the simulation.

From an e-learning perspective, the study supports the view that simulation-based environments can function
as a bridge between experiential learning and formal assessment systems. Although certification examinations
are limited in their ability to directly capture behavioural and contextual competence, the results indicate that
learning designs grounded in dynamic decision-making, feedback, and reflection may also be reflected in
externally administered assessment outcomes. This is particularly relevant in professional education contexts
where external certification bodies define assessment formats and cannot be easily modified by educators or
training providers.
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The magnitude of the observed differences should be interpreted cautiously. The overall difference in
examination scores was statistically significant, but the effect size was small. This is consistent with expectations
for applied educational interventions implemented in authentic professional training settings, where
participants differ in prior experience, motivation, learning strategies, and professional background. The
relatively small effect sizes also reinforce the need to interpret the findings as evidence of association rather
than as strong evidence of causal impact.

The study contributes to the existing body of knowledge in three main ways. First, it extends research on
simulation-based learning by examining externally validated certification examination outcomes rather than
relying solely on learner satisfaction, perceived competence development, or in-game performance data.
Second, it contributes to project management education by demonstrating how a simulation-based intervention
can align with a recognised professional competence framework, namely IPMA ICB 4.0. Third, it contributes to
e-learning assessment research by illustrating both the potential and the limitations of evaluating experiential
learning interventions through standardised assessment systems that were not originally designed to measure
behavioural competence directly.

Taken together, the findings contribute to ongoing discussions on competence development and assessment in
project management education. While competence frameworks such as IPMA ICB 4.0 emphasise demonstrated
ability in action, entry-level certification assessments remain largely knowledge-based. The present study
illustrates a pragmatic approach to this tension by examining whether competence-oriented learning designs
can be reflected, at least partially, in existing assessment systems without altering certification formats. At the
same time, the selective pattern of significant results highlights the importance of carefully aligning simulation
design, intended learning outcomes, and assessment evidence when evaluating simulation-based learning in
professional certification contexts.

5.2 Limitations and Directions for Future Research

Several limitations of the study should be acknowledged. First, the quasi-experimental design without random
assignment limits causal interpretation. Although the comparison group was restricted to the same period as
the simulation-supported group to reduce the risk of historical cohort effects and temporal changes in training
or examination conditions, unmeasured differences in prior project management experience, motivation,
learning strategies, or professional background may have influenced the results. Therefore, the findings should
be interpreted as evidence of association rather than as definitive evidence of causal impact.

Second, the study did not include a pre-test, which restricts the ability to control for baseline differences
between groups. Without pre-intervention measures of project management knowledge or competence, it is
not possible to determine whether the observed between-group differences resulted from the simulation-
supported learning activity or from pre-existing differences between participants.

Third, the groups differed in size. Although unequal group sizes do not invalidate the analysis, they may affect
the precision of estimates and reinforce the need to interpret statistical significance together with effect sizes.
In this study, the overall effect size was small, and the competence-element-level effects ranged from small to
moderate. These results should therefore be interpreted cautiously, with attention to the overall pattern of
differences rather than to isolated statistically significant results.

Fourth, certification examination results were used as the sole outcome measure. While this choice strengthens
external validity and comparability across groups, it does not capture behavioural performance during the
simulation, reflective learning processes, learner engagement, or longer-term transfer of competence to
professional practice. Moreover, because the IPMA Level D examination is an externally administered
standardised assessment, it may underrepresent some behavioural and contextual aspects of competence that
simulation-based learning is designed to develop.

Finally, because multiple competence-element-level comparisons were conducted, the results should be
interpreted as exploratory and pattern-oriented rather than as confirmatory evidence for isolated competence
elements. Future research could address these limitations by combining externally validated assessment
outcomes with in-simulation performance data, reflective artefacts, learner feedback, or longitudinal follow-up
measures. Where feasible, randomised, matched-group, or crossover designs would further strengthen causal
inference. More fine-grained analysis of the relationship between specific simulation design features and
particular IPMA ICB 4.0 competence elements may also provide deeper insight into the mechanisms through
which simulation-based learning supports competence development.
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5.3 Conclusions

This study contributes to e-learning research by demonstrating how SBL can be examined in relation to externally
validated assessment outcomes within a professional certification context. By explicitly aligning simulation
design with a recognised competence framework while maintaining independence from the certification
assessment itself, the study offers a methodological approach for investigating experiential learning in
environments governed by external evaluation standards.

The findings indicate that simulation-supported learning is associated with higher and more consistent
performance on certification examinations, particularly in competence areas that require integrative judgement
and interaction. While these results do not establish causality, they provide empirical support for aligning
competence-oriented learning designs with formal assessment systems.

For educators and program designers, the study highlights SBL's potential to enhance certification-oriented
training without modifying existing assessment frameworks. For researchers, it underscores the value of
analysing technology-enhanced learning interventions through the combined lenses of learning design,
competence frameworks, and assessment alignment.
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Abstract: This study explores how early-years teachers evaluate and implement Computational Thinking (CT) through
tangible floor-robot activities within an eTwinning Community of Practice (CoP), with attention to gender-related
participation patterns. Although CT is increasingly recognised as an essential dimension of Early Childhood Education (ECE -
referring to ages 4-6 according to the Greek Education System), there is still limited empirical evidence on how teachers
transform CT concepts into developmentally appropriate practice and how gender may shape children’s engagement in such
activities. Addressing these gaps, the study focuses on teachers’ evaluations and classroom implementation of CT, their
experiences with tangible programming tasks, and their perceptions of gender-related patterns in participation, support
needs, and CT performance. The research was conducted over a 24-week asynchronous professional-learning programme
hosted on Moodle and involved one national cohort of Greek early-years educators (N = 473). During the professional-
learning programme, participants engaged in weekly STEAM-oriented CT activities and collaboratively designed classroom
learning scenarios using floor robots (e.g., Bee-Bot). Survey instruments captured teachers’ perceptions of CT, educational
robotics, STEAM pedagogy, and gender-related classroom observations, while focus-group discussions provided
complementary insights into classroom enactment. Following a DBR-informed exploratory mixed-methods approach, the
research combined iterative engagement in the CoP with descriptive analysis of survey and focus-group data to identify
patterns in teachers’ experiences and reported classroom practices. Findings indicate consistently high levels of participation
for both girls and boys, with only small gender differences. Boys appeared slightly more often in the highest engagement
band but were also more likely to require ongoing support, whereas girls were more frequently described as working
independently and showed a modest descriptive advantage in problem solving, sequencing, and simple algorithm design. In
addition, the learning scenarios were rated as useful or very useful for cultivating CT and for fostering collaboration,
communication, and problem solving in early-years classrooms. Qualitative findings identified three design features as
particularly effective in supporting children’s engagement: explicit sequencing supports, structured testing and debugging
cycles, and the use of cooperative roles. Taken together, these findings underpin a set of practical learning-design principles
for implementing CT through floor-robot activities in early childhood. More broadly, the research illustrates how an online
CoP can support the adaptation of CT-focused designs into everyday classroom practice. It also contributes to e-learning
research by illustrating how developmentally appropriate robotics activities within a Community of Practice may support
equitable opportunities for young children to engage with foundational CT practices from the earliest years of schooling.

Keywords: Computational thinking, Early childhood, Educational robotics, Floor-robot programming, Tangible programming, eTwinning,
Communities of practice

1. Introduction

Computational Thinking (CT) comprises analytical and algorithmic ways of thinking used to formulate, analyze,
and solve problems (Aho, 2012). Since the mid-2000s, CT has gained prominence as a key twenty-first-century
literacy, emphasized by international bodies such as the OECD and UNESCO (Bocconi et al., 2016; Organization
for Economic Cooperation and Development, 2018; Scott, 2015). Policy frameworks position CT among essential
science and engineering practices (National Research Council [NRC], 2012) and recommend systematic
integration across compulsory education so that all children can participate fully in a digital society (Bocconi et
al., 2016).

Parallel research strands connect CT with STEAM—often discussed as computational pedagogy (Yasar et al.,
2016). Beyond computer science, CT is treated as a transferable constellation of knowledge, skills, and
dispositions that support designing solutions, creating systems, and interpreting human behavior (Hsu, Chang
and Hung, 2018; Selby & Woollard, 2013; Wing, 2011). Cultivating CT from the early years is therefore a
pedagogical and societal priority (Battelle for Kids, 2015; European Communities, 2007; Schola Europaea, 2018).
Despite this momentum, integrating CT in ECE (4-6 y.0.) settings remains challenging and under-researched. This
study addresses this gap by analyzing ECE teachers’ attitudes and perceptions within an eTwinning Community
of Practice (CoP) during a 24-week asynchronous training program. The study reports on teachers’ perspectives
on CT teaching via tangible floor-roaming robotic devices. This article forms part of a broader research
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programme and focuses specifically on the gender-related dimensions of children’s participation and CT
performance as reported by ECE educators. The objective of this study is to examine how ECE educators evaluate
and implement CT-oriented floor-roaming robotics activities within an eTwinning Community of Practice and to
explore teacher-reported gender-related differences in children's participation and CT performance.

2. Literature Review

Early conceptualizations of CT frame it as the set of thought processes used to formulate problems and express
solutions executable by humans or machines (Wing, 2006). Subsequent work casts CT as reasoning about
information processes and algorithms (Denning, 2011) and, more broadly, as a lens on how people think about
computation (Guzdial, 2008). Definitions remain plural (CSTA & ISTE, 2011), with recent reviews identifying many
variants (Foti & Bratitsis, 2025; Foti, 2025). Despite this plurality, the literature converges on three
complementary views: (a) CT as a way of thinking for developing solutions executable by computers or robots
(Corradini, Lodi and Nardelli, 2017b; Eickelmann et al., 2019); (b) CT as a problem-solving process (Grover & Pea,
2018; Hazzan, Ragonis and Lapidot, 2020; Zhang & Nouri, 2019); and (c) CT as a transferable thinking skill
applicable to real-world problems across disciplines via algorithmic methods (Israel-Fishelson et al., 2021;
Roman-Gonzélez et al., 2019; Shute, Sun and Asbell-Clarke, 2017).

Across definitions, a recurring Core of attributes includes abstraction, decomposition, algorithmic thinking,
automation, and generalization supported by practices such as creating computational artifacts,
testing/debugging, collaboration, creativity, and working with open-ended problems (Curzon et al., 2019; Grover
& Pea, 2018; Selby & Woollard, 2014). In early-years’ contexts—such as those fostered within the teachers’
eTwinning CoP of this study these ideas are operationalized through developmentally appropriate, play-based
designs; in this study, the focus is on tangible (on-robot) programming with floor robots embedded in STEAM-
oriented activities. These core CT attributes and representative definitions are summarized in Table 1.

Table 1: Core CT concepts and representative definitions from the literature

CT Attribute Description and corresponding literature
Problem The process of making a problem more understandable by reducing unnecessary details and
Abstraction focusing on essential aspects, leading to simpler solutions (Barr & Stephenson, 2011; Lee et al.,

2011; Grover & Pea, 2013; Selby & Woollard, 2013; Angeli et al., 2016; Cansu & Cansu, 2019;
Huang & Looi, 2020).

Algorithmic Thought processes for creating, expressing, executing, and evaluating step-by-step procedures to
Thinking solve a problem (Barr & Stephenson, 2011; Lee et al., 2011; Grover & Pea, 2013; Selby &
Woollard, 2013; Shute, Sun and Asbell-Clarke, 2017; Komm et al., 2020; Oyelere, Agbo and
Oyelere, 2023).

Automation Labor-saving execution of repetitive tasks by instructing a computer/robot to perform them quickly
and efficiently (Wing, 2008; Barr & Stephenson, 2011; Lee et al., 2011; Bocconi et al., 2016).

Problem Breaking down a complex problem/system into smaller, manageable parts to aid understanding

Decomposition and solution design (Wing, 2006; Barr & Stephenson, 2011; Grover & Pea, 2013; Selby &

Woollard, 2013; Angeli et al., 2016; Bocconi et al., 2016; Fried et al., 2018; Curzon et al., 2019;
Upadhyaya, McGill and Decker, 2020).

Debugging Systematic testing, tracing, and logical reasoning to predict, verify, and improve outcomes (Grover
& Pea, 2013; Csizmadia et al., 2015; Angeli et al., 2016).

Generalization Identifying patterns, similarities, and connections, and transferring solutions across related
problems/contexts (Selby & Woollard, 2013; Csizmadia et al., 2015; Angeli et al., 2016; Grover &
Pea, 2018; Zhang & Nouri, 2019; Hazzan, Ragonis and Lapidot, 2020).

In ECE classrooms, tangible (on-robot) programming with floor roamers offers a developmentally appropriate
pathway into CT: children do not merely talk about algorithms; they enact them with their and materials. In this
study, such learning designs are embedded within an eTwinning CoP and examined with attention to gender-
related participation patterns. Brennan and Resnick’s (2012) framework of concepts, practices, and
perspectives—applied with preschoolers by Dietz et al. (2019)—helps explain how CT grows through iterative
task refinement informed by evidence and experience. Within this view, testing, debugging, and feedback are
not add-ons but core practices through which children appropriate CT attributes via problem solving.
Complementary strands in the literature emphasize developmentally appropriate ICT integration (Bers &
Flannery, 2014) and the role of play and social interaction in CT development (Grover & Pea, 2013). From a
cognitive standpoint, the information-processing tradition models thinking as the reception, transformation,
storage, and retrieval of information (Eysenck & Keane, 2015), a perspective that aligns well with classroom
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work on sequencing, monitoring actions, and revising plans. Recent systematic reviews of preschool robotics
interventions similarly emphasize the importance of age-appropriate, embodied, and play-based approaches for
fostering CT in early childhood settings (Bers, Gonzalez-Gonzalez and Armas-Torres, 2021).

A growing body of research suggests that technology-enhanced learning environments can foster CT (Manches
& Plowman, 2017; Gonzalez & Armas, 2019), with educational robotics highlighted as a particularly effective
approach for young learners (Bers, 2019). Teachers typically employ playful and experiential strategies,
emphasising collaboration, learning from errors, and the introduction of foundational CT attributes through floor
roamers (e.g., Bee-Bot) or block-based platforms (Lin et al., 2020; Foti, 2023). As children program virtual or
physical artefacts to perform sequences of actions, they move from passive technology use to active creation;
dialogue with teachers and peers scaffolds understanding (Baker & Clark, 2010; Blatchford et al., 2003).

Gender has been another focal dimension in CT research, though findings remain mixed. Several studies
attribute potential gender differences to attitudes toward technology and related self-beliefs (Stein & Nickerson,
2004), while others report associations among gender, CT proficiency, and programming self-efficacy (Lee et al.,
2014; Saritepeci & Durak, 2017). Results vary across contexts and specific CT components: some studies report
minimal or no gender effects (Askar & Davenport, 2009; Werner et al., 2012), whereas others identify disparities
that widen with age (Roman-Gonzalez, Pérez-Gonzélez and Jiménez-Fernandez, 2017). Subskill-level analyses
also present variability: boys may show stronger decomposition tendencies (Tsai, Liang and Hsu, 2020), while
girls sometimes outperform boys in abstraction or computational creativity (Rijke et al., 2018; Israel-Fishelson
et al., 2021). Broader cognitive and socio-cultural factors intersect with these patterns, including girls’ strengths
in language and memory (Duckworth & Seligman, 2006) and boys’ visuospatial tendencies (Gurian & Ballew,
2003). Stereotype threat, self-efficacy, and limited teacher preparation further shape outcomes (Ylcel &
Rizvanoglu, 2019; Cateté et al., 2020). These findings highlight the importance of equity-oriented pedagogy,
especially in early-years CT activities.

Within this context, e-learning Communities of Practice (CoPs) serve as structured environments that support
teacher learning, resource exchange, and iterative refinement of CT activities. Asynchronous participation allows
flexibility and accommodates diverse schedules (Nichols, 2003; Papachristos et al., 2010). In this study, an
eTwinning CoP hosted on a Moodle platform facilitated collaboration among ECE teachers through discussion
forums, shared artefacts, and iterative classroom enactments. The CoP followed a 24-week STE(A)M-oriented
cycle that introduces tangible programming with floor robots and incorporated collaborative eTwinning project
work. Deliverables—including lesson plans, grids, and photographs—are curated into shared repositories such
as a collective ebook (Foti, Tzimopoulos, & Bratitsis, 2023). Table 2 presents an exemplary Social Studies learning
scenario (“What will we celebrate today?”) illustrating how cultural-diversity goals are integrated with CT tasks
such as sequencing, testing, and debugging. This is an exemplary learning scenario for an ECE classroom, which
was designed by ECE teachers while participating training activities within the eTwinning CoP. The teachers were
presented with and were obliged to design their own learning scenarios for CT, utilizing floor roamers (among
other materials).

Supplementary examples of classroom materials and task designs (including sequencing activities and grid-based
navigation tasks) can be found in the teaching resources associated with the CoP but are not reproduced here
for brevity.

Table 2: Example Social Studies learning scenario: “What will we celebrate today?”

Element Content

Subject Social Studies

Subject / Holiday traditions and cultural diversity

Study Module

Objective Recognition of festive and cultural symbols; discussion of meanings and traditions.
Summary The scenario supports classroom discussions on holidays, traditions, and cultural diversity

across seasons. Children connect holiday names to visual symbols and reflect on
similarities/differences.

Procedure (a) Class discussion on holidays throughout the school year in relation to seasons. (b) Present
holiday cards; children identify and name them with teacher support. (c) Place holiday images
on a card mat or under a transparent grid. (d) Children receive a holiday name, locate a
matching image, trace the path with their bodies on paper, then program Bee-Bot to navigate
the path, incorporating CT tasks (sequencing, testing, debugging).
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Element Content

Differentiated For advanced children, include multiple symbols and/or holidays from other countries; for

teaching children needing support, provide step cues, reduced grid size, or pair programming.

Collaborate Children work together in small groups.

Time Multiple short iterations as needed (= 10-20 minutes per iteration).

distribution

Resources Card mat or transparent grid/cardboard; holiday photos or images from magazines and
catalogs; “Month Cards.”

Evaluation Children record what they Know, what they Want to know, what they Learned, and How they
will learn more (Foti & Rellia, 2023).

(K-W-L—-H) ( )

3. Community of Practice Context and Learning Design

The study was situated within an eTwinning CoP that supported the design, implementation, and evaluation of
CT activities in ECE classrooms. The learning scenarios developed within the CoP aimed to support effective
teaching and learning through tangible Floor Roamer programming activities and developmentally appropriate
pedagogical practices. The pedagogical stance draws on project-based, child-centered, and collaborative
learning within well-organized environments (Misirli & Komis, 2014; Foti, 2022).

The learning scenarios used in the Community of Practice were informed by the TPACK framework (Mishra &
Koehler, 2006), which served as a general guide for aligning computational thinking content, developmentally
appropriate pedagogy, and Floor Roamer technologies. In this study, TPACK functioned as a design reference
rather than as an analytical framework.

A learning scenario in this study addresses both teacher practice and classroom activity: it specifies objectives,
sequences activities, outlines forms of assessment, and offers implementation guidance. As summarised in Table
2, each scenario follows a common outline that supports coherence, differentiation, and alignment with
classroom expectations.

Throughout the 24-week programme, participating ECE educators engaged in a cyclical process of
implementation, reflection, adaptation, and redesign. Educators implemented CT-oriented floor roamer
activities in their classrooms, shared experiences and classroom evidence through Moodle discussion forums,
received peer and trainer feedback, and progressively refined or developed learning scenarios. Many of the
resulting classroom scenarios were subsequently compiled into a shared collection of educational resources
(Foti, Tzimopoulos, & Bratitsis, 2023).

Across the CoP cycle, participating educators designed, adapted, and implemented a range of CT-oriented
classroom activities using floor robots. Typical activities included grid-based navigation tasks, route planning
with arrow cards, sequencing and prediction exercises, debugging tasks, collaborative role-based programming,
and movement-based path tracing. Children were encouraged to predict robot movement, test programmed
sequences, identify errors, and revise commands collaboratively. These activities aimed to support foundational
CT concepts such as sequencing, decomposition, problem solving, and debugging through developmentally
appropriate and play-based learning experiences.

4. Methodology
4.1 Research Design

The study followed a DBR-informed exploratory mixed-methods design aimed at examining teachers’
evaluations and classroom implementation of CT-oriented floor-robot activities within an eTwinning Community
of Practice (CoP). The work was conducted in collaboration with practitioners participating in the CoP. This
design and these instruments directly addressed RQ1 (teachers’ evaluations and implementation of CT-oriented
floor-robot learning scenarios) and RQ2 (teacher-reported gender-related differences in children’s participation,
support needs, problem solving, and sequencing/algorithmic design).

4.2 Triangulation and Data Sources
Consistent with methodological triangulation (Robson, 2007), multiple sources and methods were combined:

e atargeted literature review on STE(A)M-oriented CT and educational robotics;
e anationwide questionnaire administered at the completion of the CoP cycle and
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e focus-group discussions with eTwinning trainers.

This blend supports convergent evidence on teachers’ attitudes, perceptions, and evaluations of the CoP
experience.

4.3 Community of Practice Context

The CoP was implemented as a 24-week asynchronous professional-learning programme hosted on Moodle.
Each week, participating ECE educators were provided with CT-oriented learning scenarios, supporting
materials, and implementation guidelines. Educators implemented the activities in their classrooms with
children aged 4-6 years, shared reflections and classroom evidence through discussion forums, and completed
weekly evaluation activities. The forum environment supported peer exchange, collaborative reflection, and
feedback on classroom implementation.

Throughout the programme, educators were encouraged to adapt existing scenarios and develop new classroom
activities aligned with the programme objectives. The resulting learning scenarios incorporated Floor Roamer
programming activities across different curriculum areas and emphasized sequencing, route planning,
prediction, testing, debugging, and collaborative problem solving. Through iterative cycles of implementation,
reflection, and feedback, educators progressively refined their classroom practices and contributed learning
scenarios that were later compiled into a shared collection of educational resources (Foti, Tzimopoulos, &
Bratitsis, 2023).

4.4 Instruments and Data Collection

This study forms part of a broader research programme conducted within an CoP between January and June
2022. While the wider project involved multiple strands of data collection, this paper focuses specifically on the
gender-related dimensions of teachers’ evaluations of floor-robot CT activities.

The primary dataset analysed in this study derives from a nationwide electronic questionnaire administered at
the completion of the 24-week CoP cycle. The questionnaire examined teachers’ evaluations of innovative
learning designs for cultivating computational thinking through floor-robot programming activities in ECE
settings. Responses were obtained from N = 473 ECE educators.

The questionnaire included 5-point Likert-type items addressing CT, educational robotics, STEAM pedagogy,
children’s participation, support needs, problem-solving performance, sequencing and algorithmic design,
perceived CT cultivation, and teachers’ evaluations of the learning scenarios. Additional items explored broader
issues related to educational robotics, STEAM pedagogy, and the integration of robotics activities within
eTwinning projects. For the purposes of the study, analyses focused on items related to children’s participation,
support needs, problem-solving performance, sequencing and algorithmic design, perceived CT cultivation, and
teachers’ evaluations of the learning scenarios. Items examining gender-related classroom observations were
included to explore possible differences in participation and performance between girls and boys.

To complement the survey findings, two focus-group meetings were conducted in January and April 2022 with
eTwinning seminar trainers (N = 39). The discussions explored classroom implementation experiences, perceived
challenges during floor-robot activities, scaffolding strategies, children’s participation patterns, and the
contribution of collaborative design within the CoP. The focus-group data were used to contextualize, interpret,
and triangulate the survey findings.

The instruments used in the study, together with their purpose and response formats, are summarized in Table
3.

Table 3: Overview of research instruments and response formats

Instrument Purpose Main focus areas Response format

Questionnaire | End-of-cycle evaluation | Participation, support needs, problem solving, 5-point Likert-type

(N =473) of classroom sequencing and algorithmic design, usefulness of items and
implementation learning scenarios, perceived CT cultivation, percentage-band

gender-related classroom observations ratings

Focus groups | Qualitative exploration Classroom enactment, facilitation, scaffolding, Semi-structured

(N =39) of implementation debugging, cooperative roles, participation patterns | group discussions
practices

Participation- and support-related items used 5-point response scales ranging from “not at all” to “to a very high
extent.” Additional questionnaire items asked teachers to estimate children’s observed performance using
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percentage bands (e.g., 0-19%, 20-39%, 40-59%, 60-79%, and 80-100%). Prior to administration, the
questionnaires were reviewed by experienced eTwinning trainers to ensure clarity and relevance to ECE
educational practice.

4.5 Timing

Data collection followed the DBR cycle: Questionnaire at end-of-cycle., focus groups mid-course (January and
April 2022).

4.6 Participants

The second (nationwide) questionnaire was disseminated across regions to ensure broad coverage beyond the
CoP’s immediate locales. The highest participation rates were from Attica (21.8%) and Central Macedonia
(22.5%). Regarding teaching experience, the largest subgroup reported 19-25 years (38.2%), followed by 12-18
years (31.7%). By age, most respondents were 50-59 (44.8%) and 40-49 (34.8%). In terms of education, most

held a bachelor’s degree (42.8%) or a master’s degree (33.6%). For ICT competence, 72.3% reported Level B
certification (advanced). Detailed distributions appear in Table 4.

Table 4: Baseline characteristics of the study sample (N = 473)

Variable Category N %
Gender Female 465 98.3
Male 8 1.7
Job title Early Childhood Education and | 434 91.8
Care (ECEC) educator
Special education teacher 5 1.1
Primary school teacher 34 7.2
School Region of Eastern Macedonia 49 104
district and Thrace
Region of Attica 93 19.7
Region of North Aegean 13 2.7
Region of Western Greece 33 7.0
Region of Western Macedonia | 24 5.1
Region of Thessaly 22 4.7
Region of lonian Islands 36 7.6
Region of Central Macedonia 96 20.3
Region of Central Greece 34 7.2
Region of Southern Aegean 29 6.1
Region of Peloponnese 21 4.4
Region of Crete 23 4.9
Teac.hing 1-5 30 6.3
experience
(years)
6-11 34 7.2
12-18 150 31.7
19-25 181 38.2
26-30 78 16.5
Age (years) 20-29 12 2.5
30-39 71 15.0
4049 165 34.9
50-59 212 44.8
60-65 13 27
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Variable Category N %

Highest Doctoral degree 13 2.7

education
Bachelor's degree 198 41.9
Second bachelor’s degree 35 7.4
Master’s degree 159 33.6
Training courses 69 14.6

ICT level A 81 171
B 127 26.8
B1 139 29.4
B2 77 16.3
Training courses 49 10.4

5. Data Analysis

Survey data were exported to spreadsheets and analyzed in SPSS v. 28.0. Descriptive statistics were used to
summarize distributions for most variables, and the significance level was set at a = .05 (two-tailed) for statistical
decision making. Where appropriate, associations were examined using Pearson/Spearman correlations and
cross-tabulations with x2 tests to explore relationships among teaching experience, educational background, ICT
knowledge, and attitudes toward STEAM and CT. Missing data were <5% and handled via listwise deletion.

Qualitative data from focus-group discussions were analyzed using reflexive thematic analysis. Codes were
iteratively refined, and discrepancies were resolved through discussion to enhance the trustworthiness of the
analysis and support triangulation with quantitative findings.

6. Findings
Overview of evidence

Quantitative results from the two questionnaires were complemented by notes from study-group meetings
within the e-learning eTwinning Community of Practice (CoP). The statistics reported below are descriptive and
summarize teachers’ observations from classroom enactments of tangible (on-robot) CT activities with floor
robots (e.g., Bee-Bot).

6.1 Participation in CT Activities (RQ2)

Participation referred to children’s observable engagement in sequencing, robot navigation, prediction, testing,
and debugging activities during classroom floor-robot tasks. Teachers evaluated participation using a 5-point
scale ranging from “not at all” to “to a very high extent.” Combining the two highest response categories, 74.9%
of boys and 71.2% of girls were rated as highly engaged. Smaller shares fell into the moderate or slight bands,
and very few were observed not to participate at all (boys 5.3%, girls 1.1%). Overall, the pattern suggests broadly
comparable—and generally strong—participation across genders (Figure 1).

Participation of girls in computational thinking activities Participation of boys in computational thinking activities

y 45.9%
Extremely B 45.2% Extremely g

e 6,09 Very 29.0%
fery 26.0%

Moderately f 16.1%
Moderately 20.7%

Slightly 53%
slightly 1.0%

Not at all

Not at all

20 40 60 80 100
Percent

0 20 40 60 a0 100
Percent

Figure 1: Teacher ratings of girls’ and boys’ participation in floor-robot CT activities (N = 473)
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6.2 Need for Constant Support During CT Tasks (RQ2)

Support needs referred to the extent to which children required continuous teacher guidance during
sequencing, navigation, testing, and debugging activities. Support included verbal prompts, modelling, step-by-
step guidance, peer collaboration, and visual scaffolds. Teachers evaluated support needs using a 5-point scale
ranging from “not at all” to “to a very high extent.” Ratings of ongoing support needs also showed similar profiles
across genders, with most children in the moderate or slight ranges. Two differences stand out:

e alarger share of girls were judged able to work without constant support (18.4% vs. 11.2% for boys),
e whereas boys were slightly more represented at the highest support level (9.1% vs. 5.9% for girls).

Taken together, these results indicate that girls were descriptively more independent in sustaining multi-step

CT work, though differences were modest (Figure 2).

Extremely

Very

Moderately

Slightly

Not at all

Extent of constant support required by girls during CT tasks

5.9%

24.3%

29.6%

21.8%

18.4%

Q

20 40 60 80
Percent

100

Extremely B

Very

Maderately

Slightly

Not at all

Extent of constant support required by boys during CT tasks

9.1%

30.7%

245%

11.2%

0

20 40 60 80
Percent

100

Figure 2: Teacher ratings of girls’ and boys’ support needs during floor-robot CT activities (N = 473)
6.3 Problem-solving Performance in CT (RQ2)

Problem-solving performance referred to children’s observed ability to complete floor-robot tasks involving
sequencing, prediction, testing, and correction of movement paths. Teachers estimated observed performance
using percentage-band categories ranging from 0-19% to 80-100%. Distributions for computational thinking
and problem-solving performance were highly similar for girls and boys. The majority in both groups clustered
in the 60-79% band (boys 44.4%, girls 43.7%), with progressively fewer in lower bands. A small difference
emerged at the upper end: 23.6% of girls were rated 80—-100%, compared with 17.5% of boys. Descriptively, this
suggests a slight edge for girls among the highest performers (Figure 3).

To what extent do pupils (girls) respond to problem solving? To what extent do pupils (boys) respond to problem solving?

Frequency

1%-19% 20%-3%%

40%-59%

60%-79% 80%-100%

g
1%-19%

20%-39% 40%-59% 60%-79% 80%-100%

To what extent do pupils (boys) respond to problem solving?
To what extent do pupils (girls) respond to problem solving?

Figure 3: Teacher ratings of girls’ and boys’ problem-solving performance in floor-robot CT activities (N =
473)

6.4 Sequence Perception and Algorithmic Design (RQ2)

Sequence perception and algorithmic design referred to children’s ability to recognize ordered steps, plan
movement sequences, and revise simple command structures during floor-robot activities. Teachers evaluated
these skills using percentage-band performance categories. A similar pattern appears for sequence perception
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and simple algorithm design. Most children again fell in the 60-79% range (boys 41.4%, girls 44.4%). At the upper
end, 23.6% of girls and 19.8% of boys reached 80—100%. Overall, differences were small, with girls descriptively
outperforming boys in planning, ordering steps, and refining simple algorithms (Figure 4).

To what extent do pupils (girls) respond to sequence perception and design of simple algorithms? ‘What extent do pupils (boys) respond to sequence perception and design of simple algerithms?

250 200,

Frequency
Frequency

g
]

20%-39% 40%-59% 60%-79% 80%-100% 1%-19% 20%-39% 40%-58% B0%-78% 80%-100%
To what extent do ils (girls) tion and design of simple algorithms? What extent do il respondto il ign of simple

Figure 4: Teacher ratings of girls’ and boys’ sequencing and algorithmic-design performance in floor-robot CT
activities (N = 473)

6.5 Perceived Usefulness and CT Cultivation (RQ1)

Teachers evaluated the usefulness of the learning scenarios in relation to classroom implementation, children’s
engagement, and perceived support for CT development. Usefulness ratings were based on 5-point Likert-type
response categories ranging from “not useful at all” to “very useful.” Evaluative items regarding the usefulness
of the eTwinning CoP learning scenarios and their classroom impact were strongly positive. Across N = 473
teachers: 93.2% judged the scenarios quite/very useful, 96.0% reported that the floor roamer activities
effectively cultivated CT skills. Only 6.8% selected “somewhat useful,” and 4.0% indicated only moderate/slight
cultivation. These converging ratings suggest that CoP-based designs were perceived as useful and supportive
for CT development (Figures 5-6).

Evaluation of the learning scenarios’ usefulness (teacher ratings; N = 473)

Somewhat useful

Quite useful

Very useful 59.2%

0 20 40 60 80 100
Percent

Figure 5: Teacher evaluations of the usefulness of floor-robot CT learning scenarios (N = 473)
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Perceived cultivation of students’ CT skills by Bee-Bot scenarios (teacher ratings; N = 473)

Slightly F 1.5%

Moderately f | 2.5%

Very 47.4%
Extremely F 48.6%
0 20 40 60 80 100
Percent

Figure 6: Teacher perceptions of children’s CT cultivation through floor-robot learning scenarios (N = 473)
6.6 Qualitative Synthesis (RQ1 & RQ2)

Qualitative findings from the focus-group discussions (N = 39) complemented the questionnaire results by
providing additional insights into classroom implementation practices and teacher facilitation strategies. Study-
group discussions converged on three recurring design strategies that appeared to sustain engagement and
reduce reliance on constant adult support: explicit sequencing scaffolds (e.g., step cards and path previews),
structured testing and debugging cycles embedded within activities, and cooperative role assignment (e.g.,
navigator/programmer/checker).

Participants reported that sequencing supports were particularly valuable for children who initially experienced
difficulty organizing movement commands and planning routes. Visual prompts and route-planning activities
appeared to reduce uncertainty and facilitate participation during Floor Roamer tasks.

Participants also emphasized the importance of testing and debugging activities. Opportunities to test
commands, identify errors, and revise routes encouraged children to reflect on their decisions and engage in
problem-solving processes rather than simply seeking correct answers.

Finally, participants highlighted the value of cooperative role assignment. Structured responsibilities appeared
to increase participation opportunities, promote collaboration, and reduce the likelihood that individual children
would dominate the activity.

Teachers further emphasized the CT concepts most salient in practice—sequencing, decomposition, and
debugging—informing the learning-design principles discussed later. Descriptively, these findings address RQ2
by showing small gender differences, with a modest advantage for girls in the upper performance bands and
greater independence during CT work. They address RQ1 by indicating that CoP-designed tangible floor-robot
activities were perceived as useful and effective for cultivating CT in ECE settings.

7. Discussion

This study investigated an e-learning eTwinning Community of Practice (CoP) in which early-years teachers co-
designed and enacted classroom-ready learning scenarios to cultivate computational thinking (CT) through
tangible floor-robot activities (Bee-Bot). Across classroom enactments, teachers consistently rated the scenarios
as usable and educationally valuable and reported that the blend of unplugged and on-robot tasks supported
core CT aims while engaging collaboration, communication, critical thinking, and creativity in routine practice.
These findings reinforce existing evidence that developmentally appropriate robotics activities, when embedded
in structured learning designs, can meaningfully support CT in early childhood settings.

The results also align with prior research on CoP-based professional learning, indicating that iterative plan—
teach—reflect cycles and shared design templates (e.g., sequencing, debugging, and cooperative roles) enable
teachers to translate pedagogical intentions into classroom action. Within this CoP, teachers appeared to
leverage these design elements in ways that increased task clarity and reduced cognitive load for young children,
which may explain the high engagement levels reported across gender groups. Similar findings regarding the
importance of structured professional learning for supporting early-years teachers’ implementation of robotics
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and CT activities have also been reported in recent teacher-development research (Yang, 2025). These
observations are also consistent with research emphasizing the importance of teacher perspectives and
pedagogical support structures in educational robotics implementation (Chevalier et al., 2021).

Descriptively, gender differences were small across outcomes derived from teacher ratings. Girls and boys
exhibited high participation overall; boys appeared somewhat more represented at the highest engagement
band yet simultaneously more likely to require ongoing support, whereas girls were more often described as
working independently and showed a modest advantage in the upper performance bands for problem solving
and for sequence/algorithm design. These results cohere with previous reports of slight female advantages in
specific CT dimensions in early primary years and with evidence that sustained engagement functions as a lever
for opportunity to learn in CT-rich tasks. While not inferential, these descriptive trends suggest that gender
differences, where present, may be context-sensitive and shaped by scaffolding, task structure, and
opportunities for supported autonomy.

Perceived usefulness of the learning scenarios and perceived cultivation of CT moved together in the expected
direction—most teachers rated both highly—suggesting a clear descriptive association between classroom
readiness of designs and their perceived impact on CT within the CoP. In practical terms, classroom-tested
scenarios that include explicit sequencing supports, structured testing/debugging cycles, and cooperative role
assignment appear to broaden participation while reducing reliance on constant adult guidance. This echoes the
broader literature showing that well-scaffolded, embodied, and collaborative CT activities can mitigate barriers
to participation, including gender-linked differences in confidence or perceived competence.

7.1 Limitations and Implications

The evidence synthesized here is teacher-reported and descriptive; participants were volunteers in a national
CoP and may therefore represent a more motivated or pedagogically progressive subset. No direct child
assessments or inferential statistics are presented, and the reliance on self-report may introduce expectancy or
confirmation biases. Future work should triangulate teacher ratings with learner performance measures, analyze
classroom interactions in situ, examine persistence of learning over time, and experimentally compare
alternative design variants (e.g., different scaffolding intensities or cooperation structures).

Even so, the present results provide actionable direction for early-years practice and professional learning. First,
embedding CT development within e-learning CoPs appears to support teacher implementation fidelity and
collective capacity-building. Second, retaining explicit sequencing and debugging scaffolds in tangible floor-
robot tasks helps stabilize task demands for young children. Third, structuring cooperative roles can balance
participation and encourage sustained engagement. Finally, routine monitoring of engagement and support
needs by gender may serve as an important formative assessment practice for ensuring equitable CT learning
opportunities.

8. Conclusion

This study offers evidence that an e-learning eTwinning Community of Practice (CoP) can serve as a valuable
mechanism for supporting early-years teachers in designing and enacting developmentally appropriate
computational thinking (CT) activities with tangible floor robots. Through iterative cycles of co-design, classroom
enactment, and reflection, teachers produced learning scenarios that were consistently perceived as usable,
pedagogically appropriate, and effective in cultivating foundational CT skills. The strong alignment between
scenario design features—explicit sequencing supports, structured testing/debugging cycles, and cooperative
roles—and teachers’ positive evaluations underscores the importance of intentional scaffolding when
introducing CT in early childhood settings.

Across gender, participation and performance patterns were broadly similar, with only modest differences
favoring girls in independence and upper-band problem-solving outcomes. While descriptive, these results
suggest that well-structured, play-based CT activities may help neutralize gender disparities often reported in
later educational stages, reinforcing the value of early and equitable exposure to CT-rich learning environments.

The findings also highlight the broader contribution of e-learning CoPs to professional learning in early childhood
education. By providing a sustained, collaborative, and practice-centered space, the CoP enabled teachers to
refine their pedagogical reasoning, deepen their understanding of CT, and translate technological tools into
meaningful classroom action. This model holds promise for scaling CT integration across diverse early-years
contexts.
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Future work should complement teacher-reported data with direct learner assessments, longitudinal analyses,
and experimental comparisons of alternative design elements. Nonetheless, the present study offers a clear and
actionable message: when early-years educators are supported through structured, collaborative professional
learning, computational thinking can be cultivated effectively, equitably, and playfully—from the very first years
of schooling.
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Abstract: Classifying student engagement accurately is critical for timely academic intervention; however, most existing
approaches rely on arbitrarily defined thresholds that lack statistical grounding and are difficult to transfer across
institutional contexts. This limitation reduces the practical applicability of engagement analytics in diverse educational
settings. This study evaluates a quantile-based engagement classification framework across two contrasting datasets to
assess its validity, transferability, and consistency of predictive features. Unlike threshold-based approaches, the proposed
framework derives engagement categories directly from dataset-specific interaction distributions. The Open University
Learning Analytics Dataset (OULAD) represents large-scale fully online learning, while the Unistudium dataset reflects a
smaller blended learning context. The two datasets differ substantially in size and delivery mode, with a student ratio of
approximately 17.4 to 1. This contrast provides a rigorous basis for assessing method transferability. Engagement categories
(passive, moderate, and active) are derived using dataset-specific quartile thresholds (Q1 and Q3). This strategy adapts
automatically to local interaction distributions and avoids manual parameter tuning. Five temporal behavioural features
were extracted, including active days, unique actions, and learning consistency. Random Forest was employed as the
proposed model, while a Decision Tree classifier was included as a baseline for comparative evaluation. The results indicate
that the proposed framework remains effective across different educational contexts. In the OULAD dataset, the model
achieved an accuracy of 92.04% with a Cohen’s k of 0.87. In the Unistudium dataset, accuracy reached 72.50% with a Cohen’s
k of 0.59. Although performance differed between datasets, variance remained low. Feature importance analysis further
revealed strong consistency across contexts, with a Spearman correlation of 0.90. Active days and unique actions were the
most influential predictors in both cases. The baseline comparison further confirmed the superiority of Random Forest over
the Decision Tree baseline across both datasets. These findings support e-learning practice by offering institutions a
statistically grounded and automated method for engagement classification. The approach removes the need for arbitrary
thresholds and reduces operational overhead in analytics deployment. From a research perspective, the study establishes
realistic performance benchmarks for engagement analytics at different institutional scales, demonstrates the applicability
of quantile-based engagement classification across heterogeneous datasets, and confirms that key behavioural engagement
indicators transfer reliably across online and blended learning environments.

Keywords: Learning analytics, Student engagement, Quantile classification, Cross-dataset validation, Random forest,
Educational data mining

1. Introduction

When engagement classification fails, the cost is borne by students. Misclassifying a disengaged student as
moderately active delays academic intervention, while misclassifying an active student as struggling wastes
limited tutoring resources. At institutional scale, even modest error rates translate into hundreds of missed
support opportunities each semester. Digital learning platforms generate extensive interaction data that can
inform student support, intervention, and learning analytics applications (Xu et al., 2025). However, converting
these logs into meaningful engagement categories remains methodologically problematic. A central issue lies in
how engagement thresholds are defined and validated. Many studies continue to rely on fixed interaction counts
that lack clear statistical grounding (Conijn et al., 2017). As a result, engagement definitions vary widely across
the literature, making comparison and replication difficult (Howard, Meehan and Parnell, 2018). These rigid
thresholds are particularly fragile in cross-institutional settings. A boundary that performs well in a large
research-intensive university may be inappropriate for a smaller, teaching-oriented institution.

Alternative analytical approaches introduce different limitations. Unsupervised clustering methods often
produce results that are difficult to interpret and insufficiently stable for operational use (Howard, Meehan and
Parnell, 2018). Supervised classification methods, by contrast, require extensive manual labelling and tend to
perform poorly when applied beyond their original context (Brinton and Chiang, 2015). Both approaches
therefore present challenges for institutions seeking scalable and transferable engagement analytics.
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Quantile-based classification offers a promising alternative. By defining engagement categories using
distribution-derived thresholds calculated automatically from each dataset, this approach provides a statistically
grounded basis for classification (Xu et al., 2025). Thresholds are computed directly from local interaction
patterns, allowing the method to adapt automatically to different datasets. This property reduces the need for
manual tuning and supports consistent interpretation across contexts.

Despite these advantages, evidence for the cross-context validity of quantile-based engagement classification
remains limited. Most existing studies evaluate performance within a single dataset or institutional setting (Rizvi
et al., 2022). As a result, it is unclear whether reported performance levels can be expected to transfer to
institutions with different scales, delivery modes, or student populations.

To address this gap, the present study evaluates quantile-based engagement classification using two contrasting
datasets. The Open University Learning Analytics Dataset (OULAD) represents large-scale distance education,
while the Unistudium dataset reflects a smaller blended learning environment. The two contexts differ markedly
in institutional setting, delivery model, and scale, with a student ratio of approximately 17.4 to 1. This contrast
provides a rigorous basis for examining method generalisability.

The quantile-based approach is particularly suited to this validation task. Quartile thresholds are calculated
independently for each dataset, eliminating the need to transfer thresholds between contexts. This automatic
adaptation is a central methodological strength. If comparable classification performance and feature
importance patterns emerge despite large differences in interaction volume and institutional scale, this would
indicate that the underlying engagement constructs are robust.

Accordingly, this study addresses three research questions. First, can quantile-based engagement classification
achieve acceptable accuracy across different educational contexts when thresholds adapt automatically to local
data distributions? Second, do feature importance patterns remain stable across datasets with substantial
differences in scale and institutional characteristics? Third, how do engagement category characteristics differ
between large-scale distance education and smaller blended learning environments?

Answering these questions contributes to both theory and practice in learning analytics. First, the study provides
empirical evidence regarding the cross-context validity of quantile-based engagement classification. Second, it
identifies behavioural features that remain informative across educational settings with substantially different
scales and delivery modes. Third, it establishes practical performance benchmarks that can guide institutions
seeking to implement transferable engagement analytics frameworks. Demonstrating cross-context validity
would support wider institutional adoption of quantile-based methods. Identifying stable behavioural predictors
would guide feature selection in new implementations. Finally, clarifying how performance varies with dataset
scale would help institutions form realistic expectations when deploying engagement analytics systems.

2. Literature Review

This literature review establishes the theoretical and methodological foundation for the proposed engagement
classification framework. The review is organised into four interconnected areas. First, it examines the concept
of student engagement in digital learning and its behavioural manifestations within learning management
systems. Second, it reviews existing approaches to engagement classification, highlighting the limitations of
arbitrary threshold-based, clustering-based, and supervised methods. Third, it discusses quantile-based
classification as a statistically grounded alternative for defining engagement categories. Finally, it examines the
role of cross-dataset validation in learning analytics research and the challenges associated with transferring
analytical models across educational contexts. Together, these strands of literature provide the rationale for
evaluating a quantile-based engagement classification framework across heterogeneous learning environments.

2.1 Student Engagement in Digital Learning

Student engagement encompasses behavioural, emotional, and cognitive dimensions (Fredricks et al., 2004).
Behavioural engagement manifests through participation in learning activities, attendance, and time-on-task.
Emotional engagement reflects students' affective responses to learning experiences. Cognitive engagement
involves self-regulation and strategic learning approaches. While all three dimensions matter, digital learning
environments most readily capture behavioural indicators through interaction logs.

Recent work has reinforced this framing. (Saqr, Fors and Nouri, 2018), in their longitudinal analysis of online
engagement across a full programme, confirm that behavioural engagement signals from interaction logs
reliably anticipate downstream academic outcomes when measured consistently over time. (Bergdahl et al.,
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2024) further argue that the trustworthiness of any engagement instrument depends on the methodological
transparency of how its categories are defined.

Learning management systems record every student action: accessing content, submitting assignments,
participating in forums, watching videos, and taking assessments (Kuzilek, Hlosta and Zdrahal, 2017). These
interaction logs provide granular data about when, how often, and which resources students engage with.
Temporal patterns emerge from these logs. Some students access materials consistently throughout the course,
while others concentrate activity around assessment deadlines.

The relationship between interaction volume and academic success remains complex. More interactions
generally correlate with better outcomes, but the relationship is not linear (Conijn et al., 2017). A student with
1,000 interactions distributed across diverse activities and consistent time periods demonstrates qualitatively
different engagement than a student with 1,000 interactions concentrated in a single cramming session before
the final exam. This distinction motivates the development of temporal-behavioural features that capture
engagement quality rather than mere quantity. These behavioural differences motivate the need for
classification approaches that can distinguish meaningful engagement patterns while remaining interpretable
and transferable across educational contexts.

2.2 Classification Approaches for Engagement Analysis

Learning analytics researchers employ several strategies for engagement classification. Expert-defined
thresholds represent the simplest approach. Researchers or practitioners set boundaries based on domain
knowledge or intuition (Howard et al., 2018). For example, students performing fewer than 50 interactions might
be labelled passive, those with 50-150 interactions moderate, and those exceeding 150 interactions active. This
approach offers interpretability and ease of implementation. However, threshold choices remain arbitrary and
context specific. What constitutes 'low' engagement at one institution may represent average behaviour at
another.

Unsupervised clustering methods discover natural groupings in behavioural data without requiring predefined
thresholds. K-means clustering partitions students based on similarity metrics, while hierarchical approaches
build dendrograms revealing nested engagement structures (Kovanovic¢ et al., 2016). These methods adapt to
data characteristics automatically. Yet they introduce new challenges. Cluster assignments vary with algorithm
selection, distance metrics, and predetermined cluster counts. Moreover, clusters may not align with
educationally meaningful categories. A cluster might group students by temporal pattern rather than
engagement level, complicating interpretation.

Supervised machine learning trains models on pre-labelled examples. Random Forest, support vector machines,
and neural networks can learn complex decision boundaries from expert-classified training data (Fincham et al.,
2019). These approaches achieve high accuracy when training labels are reliable and datasets are large. The
limitation lies in label acquisition. Instructors must manually review student behaviours and assign engagement
categories before model training. For large courses or institution-wide analytics, this requirement becomes
impractical. Furthermore, models trained in one context may not transfer to others without retraining on locally
labelled data.

2.3 Quantile-based Classification Methods

Quantile-based approaches offer methodological alternatives that balance simplicity and statistical rigour.
Quartiles divide distributions into four equal parts, with Q1 marking the 25th percentile, Q2 the median, and Q3
the 75th percentile (Xu et al., 2025). Using Q1 and Q3 as category boundaries produces three groups of unequal
size but clear interpretation: the bottom quarter (passive), the middle half (moderate), and the top quarter
(active). This approach requires no arbitrary threshold selection and adapts automatically to data characteristics.

The statistical properties of quartiles make them particularly suitable for educational contexts. Unlike clustering
algorithms, quartile boundaries remain stable across repeated analyses with identical data. They are robust to
outliers compared to mean-based approaches. Most importantly, quartiles maintain constant theoretical
properties across contexts. The 25th percentile always represents the value below which 25% of observations
fall, regardless of dataset size or distribution shape. This mathematical consistency suggests that quartile-based
categories might generalise better than arbitrary thresholds.

Table 1 compares the three main approaches used for student engagement classification. The comparison
highlights differences in statistical foundation, adaptability, reproducibility, interpretability, and computational
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requirements. The proposed quantile-based framework is positioned as a statistically grounded and
reproducible alternative that preserves interpretability while adapting automatically to local data distributions.

Table 1: Comparison of Student Engagement Classification Approaches

Characteristic Arbitrary Thresholds | Unsupervised Clustering | Quantile-Based (This Study)
Statistical Basis None Data-driven Distribution percentiles

Adaptability Fixed across contexts Emergent patterns Context-adaptive

Reproducibility Low Moderate High

Interpretability High Low High

Computational Cost | Minimal Moderate Minimal

Main Advantage Simple implementation | No labels required Statistical grounding + reproducibility
Main Limitation Arbitrary boundaries Unstable, subjective k Relative categories

2.4 Cross-dataset Validation in Learning Analytics

Learning analytics research increasingly recognises the importance of external validation (Tempelaar, Nguyen
and Rienties, 2020). Models trained and tested on single datasets may overfit to context-specific patterns that
do not generalise. Cross-dataset validation tests whether methods work across different institutions, course
types, and student populations. This validation approach provides stronger evidence for practical utility than
single-dataset studies.

Few learning analytics studies conduct rigorous cross-dataset validation. Consequently, evidence regarding the
transferability of engagement classification frameworks across heterogeneous educational contexts remains
limited. Most researchers validate on subsets of single datasets using cross-validation or train-test splits (Rizvi
et al., 2022). While these techniques prevent overfitting, they cannot assess generalisability across contexts.
Studies that do attempt cross-validation often use datasets from similar institutions or course types, limiting the
diversity of validation contexts.

Domain shift presents a major challenge in cross-dataset validation. Different institutions employ different
learning management systems with varying interaction possibilities. Student demographics, course structures,
and assessment methods differ. These contextual factors influence both the volume and patterns of student
interactions. A classification method that works well in one context might fail when interaction volumes,
temporal patterns, or feature distributions shift substantially.

Quantile-based classification may exhibit greater robustness to domain shift than alternative approaches. By
calculating thresholds from local data distributions rather than importing fixed values, quartile methods
automatically adjust to new contexts. However, this theoretical advantage requires empirical validation. Testing
quantile-based classification across datasets with substantial differences in scale and characteristics would
provide evidence for or against cross-context generalisability.

Recent cross-institutional learning analytics studies make the same point even more forcefully. (Kaliisa et al.,
2024) demonstrate that engagement patterns identified within a single institution often fail to replicate when
the same analytical pipeline is applied to a structurally different setting. (Xing et al., 2023) similarly find that
process feedback interventions grounded in learning analytics produce uneven effects across student
subgroups, suggesting that single-context validation systematically overstates the practical utility of any given
method. (Tempelaar, Nguyen and Rienties, 2020) extend this concern to the design of analytics-driven feedback
systems, arguing that classroom-level robustness is achievable only when classification methods are tested
against the heterogeneity of real institutional environments.

3. Methodology

This section describes the methodological procedures used to evaluate the proposed quantile-based
engagement classification framework. The methodology integrates cross-dataset validation, quantile-based
label construction, temporal-behavioural feature engineering, and machine learning classification within a
unified analytical pipeline. Two datasets representing substantially different educational contexts were
processed using identical procedures to ensure methodological consistency and enable meaningful comparison.
The section outlines the research design, dataset characteristics, engagement classification process, feature
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extraction strategy, model development, validation procedures, and performance evaluation metrics employed
throughout the study.

3.1 Research Design

Single-dataset evaluations cannot establish whether a classification method generalises beyond its original
context. This study therefore adopts a cross-dataset design, applying quantile-based classification to two
markedly different settings: a large distance-education platform (OULAD) and a smaller blended-learning system
(Unistudium). The contrast across scale, delivery mode, and geographic setting provides a rigorous basis for
evaluating methodological generalisability. Both datasets are processed through an identical pipeline, so that
any observed differences reflect genuine contextual variation rather than methodological inconsistency.

The design was intentionally structured to isolate methodological robustness from contextual influences. Rather
than transferring engagement thresholds or predictive models directly between institutions, each dataset was
processed independently using the same analytical procedures. This approach allows the study to evaluate
whether quantile-based classification preserves its effectiveness when applied to educational environments that
differ substantially in scale, delivery mode, and learner behaviour. Consistent performance across these settings
would provide stronger evidence of methodological generalisability than validation within a single institutional
context.

Figure 1 illustrates the overall research framework and cross-dataset validation process. OULAD includes
interaction data from 21,420 students across seven fully online modules in a distance education context. The
Unistudium dataset captures learning behaviour from 1,234 students enrolled in blended courses at the
University of Perugia. Together, these datasets enable evaluation across substantially different educational
conditions.

OULAD Dataset Unistudium Dataset
N = 21,420 =

8.96M Interactions 208K Interactions

Distance Learning Blended Learning

Stage 1
Data Preprocessing
+ Remove inactive students

+ Standardise timestamps
+ Handle missing values

Stage 2
Quantile-Based Classification

« Calculate total interactions
+ Compute Q1 & Q3 thresholds
« Passive / Moderate / Active

Stage 3
Feature Engineering
+ active_days
+ unique_actions
+ consistency_score

« weekend_ratio
« peak_hour

Stage 4
Model Development
Random Forest

Decision Tree (Baseline)

Stage 5
Validation Strategy
stratified Group K-Fold

(k=5)

Stage 6
Performance Evaluation
Accuracy
Cohen's k

Macro-F1

Feature Importance

Performance Metrics
Gini Decrease

Cross-Dataset Comparison

Research Outputs

+ Classification Performance
+ Feature Stability
+ Cross-Context Validity

Figure 1: Cross-dataset validation workflow for quantile-based engagement classification
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3.2 Dataset Descriptions

The Open University Learning Analytics Dataset contains interaction logs from seven undergraduate modules
offered by The Open University UK during 2013 and 2014 (Kuzilek, Hlosta and Zdrahal, 2017). The dataset
includes 21,420 students generating 8.96 million interactions across fully online distance education courses.
Students accessed materials through the university's virtual learning environment, which recorded all clicks,
resource views, forum posts, and assessment submissions.

OULAD represents a typical massive open online learning context. Students came from diverse backgrounds,
studied independently, and interacted primarily through digital platforms. Course presentations ran for
approximately 269 days, providing substantial temporal data for engagement analysis. The dataset's large size
and comprehensive logging make it well-suited for training and validating analytics methods.

The Unistudium dataset contains interaction logs from the University of Perugia's Moodle-based e-learning
platform during one semester (Milani, Biondi and Franzoni, 2024). This dataset includes 1,234 students
generating 208,109 interactions in blended learning courses that combine face-to-face instruction with online
activities. Students attended physical classes while also accessing digital resources, submitting assignments
online, and participating in discussion forums.

Unistudium represents a more typical institutional scale and pedagogical approach. The smaller student
population and blended delivery model create different interaction patterns compared to fully online distance
education. Lower overall interaction volumes reflect the supplementary role of digital platforms in campus-
based education. This contextual difference provides a strong test of cross-validation robustness.

Comparison of OULAD and Unistudium dataset characteristics showing substantial differences in scale (17.4x
student ratio), educational context (distance vs blended learning), platform (custom VLE vs Moodle), and
geographic location (UK vs Italy). Despite these differences, quartile-based thresholds automatically adapt to
each context (Q3: 594 vs 309), yielding balanced class distributions (25%-50%-25%) in both datasets. The
diversity between datasets provides a rigorous test of cross-context generalisability.

Table 2 presents detailed characteristics of both datasets. The substantial differences in scale (17.4x student
ratio), educational model, and temporal scope provide a rigorous test of methodological generalisability. Despite
these contextual differences, the quartile-based approach automatically adapts thresholds (OULAD Q3=594,
Unistudium Q3=309) while maintaining balanced class distributions.

Table 2: Comparison of dataset characteristics

Characteristic

OULAD

Unistudium

Institution

Open University, UK

University of Perugia, ltaly

Educational Model

Distance learning (fully online)

Blended learning (hybrid)

Platform Custom VLE Moodle 2.5
Time Period 2013-2014 academic year Sept 1 - Dec 31, 2022
Duration Full academic year (7 presentations) One semester (4 courses)

Number of Students

21,420

1,234

Number of Interactions 8,964,036 208,228
Dataset Size Ratio 17.4x larger Baseline
Courses/Modules 7 modules 4 courses

Student Anonymization

Pseudonymized IDs

Fully anonymized

Data Source

Kuzilek et al. (2017)

University of Perugia README

3.3 Quantile-based Engagement Classification

The classification follows a simple principle. Each student's total interaction count is mapped to one of three
engagement categories using percentile thresholds derived from the dataset itself. Students below the 25th
percentile are classified as Passive, students above the 75th percentile as Active, and the remainder as
Moderate. Because the threshold values are computed independently for each dataset, they adapt
automatically to local interaction volumes without manual calibration. The procedure comprises three steps:

www.ejel.org 111 ISSN 1479-4403


http://www.ejel.org/

The Electronic Journal of e-Learning Volume 24 Issue 3 2026

computing total interactions per student, calculating dataset-specific quartile thresholds, and assigning each
student to a category on the basis of those thresholds.

Total interactions for student s were calculated by summing all recorded actions:

n
total_action = Z interaction
i=1

This metric aggregates all platform activities including content views, forum posts, assignment submissions, quiz
attempts, and resource downloads. Each interaction receives equal weight regardless of type or duration.
Conceptually, the thresholds divide a list of students ranked by activity level at the 25th percentile (Q1) and the
75th percentile (Q3). Students whose activity falls below Q1 are classified as Passive, those whose activity
exceeds Q3 as Active, and those between Q1 and Q3 as Moderate. Formally, these thresholds were calculated
using the Type 7 quantile algorithm, which produces unbiased estimates for continuous distributions. Three
thresholds divide the distribution.

Distribution quartiles were calculated using the Type 7 quantile algorithm, which provides unbiased estimates
for continuous distributions. Three thresholds divided the distribution. Q; represents the 25th percentile of the
total_actions distribution. Q, represents the 50th percentile (median). Qs represents the 75th percentile. For
OULAD, the calculated thresholds were Q; = 105 interactions, Q, = 278 interactions, and Qs = 594 interactions.
For Unistudium, the thresholds were Q; = 37 interactions, Q; = 125 interactions, and Qs = 309 interactions. These
substantial differences illustrate how quantile-based classification automatically adapts to context.

Students were assigned to engagement categories based on their total interactions relative to the quartile
thresholds. Passive students fell below Q;, moderate students ranged from Q; to Qs, and active students
exceeded Qs. This scheme produces a balanced distribution with 25% passive, 50% moderate, and 25% active
by mathematical definition. This three-category classification provides interpretable groupings that align with
educational practice. Passive students demonstrate minimal platform usage and may require intervention.
Moderate students show typical engagement levels. Active students exhibit extensive platform usage and
exploratory behaviour.

Figure 2 visualises the distribution of total interactions in both datasets using box plots. The figure highlights the
quartile thresholds used to define passive, moderate, and active engagement categories and illustrates how
threshold values adapt automatically to local interaction distributions.

Total Interaction Distributions with Quartile-Based Category Boundaries

(a) OULAD Distribution (N=21,420) (b) Unistudium Distribution (N=1,234)
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Figure 2: Box plots showing total interaction distributions with quartile thresholds for OULAD and
Unistudium

3.4 Feature Engineering

Once the engagement labels are assigned, the prediction task requires a separate feature set. Using total
interactions for both labelling and prediction would introduce circular reasoning, since the variable used to
define the categories would also serve as the strongest predictor. Five temporal-behavioural features were
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therefore derived from the raw logs. Drawing on Fredricks et al.'s multidimensional framework, these features
operationalise behavioural engagement through three theoretically distinct dimensions: consistency of access,
diversity of activity, and scheduling patterns. None of the five features uses total interactions directly.

Active days represents the number of unique calendar dates on which a student performed at least one
interaction.

active_dayss = |{d € D : interactions, (d) = 1}|
where D represents the set of all dates in the course period. This feature captures engagement consistency

across time. Students who access the platform regularly across many days demonstrate different patterns than
those with sporadic access, even if total interaction counts are similar.

Unique actions represents the count of distinct activity types a student performed.
unique_actiong = |[{a € A : student, performed action a }|
where A represents the set of all possible activity types in the platform. This feature captures behavioural

diversity. Students who combine multiple activity types (viewing, submitting, posting, downloading)
demonstrate broader engagement than those focused on single activities.

Consistency score measures regularity of daily interaction patterns using the coefficient of variation.

] ] o(daily_interactions)
consistency_score; = 1 —min| 1, — -
u (daily_interactions,)

where o represents standard deviation and p represents mean of daily interaction counts across active days.
Scores near 1 indicate consistent daily patterns while scores near 0 indicate erratic behaviour. The minimum
operator prevents negative values when standard deviation exceeds the mean.

Weekend ratio measures the proportion of interactions occurring on Saturdays or Sundays.

interactions on weekends

weekend_ratioy = rotal actions
— S

This feature captures temporal preferences that may relate to employment status or study habits. Students
integrating learning into weekend schedules demonstrate different patterns than those confining study to
weekdays.

Peak hour represents the hour of day (0-23) during which a student performed the most interactions.
i h arg max Z it i
eak_hour; = interaction
pearowls = p e 10,23].

i€l

where [, represents the set of interactions occurring during hour h. This feature captures diurnal preferences.
Some students engage primarily during morning hours while others prefer evening or night-time study.
Definitions and examples of five temporal-behavioral features extracted from interaction logs for engagement
classification. Features capture temporal consistency (active_days), behavioral diversity (unique_actions),
regularity (consistency_score), and scheduling patterns (weekend_ratio, peak_hour). Example values from
OULAD show clear separation between passive, moderate, and active categories, particularly for active_days
(9.7 vs 145.1 days) and unique_actions (18.2 vs 163.8 types) which account for 86% of combined predictive
power. All features avoid circular reasoning by excluding total_interactions from the feature set despite using it
for quartile-based labeling.

Table 3 presents detailed definitions and example values for all five features. The features capture
complementary aspects of digital engagement: temporal consistency (active_days: 9.7 vs 145.1 days for passive
vs active), behavioral breadth (unique_actions: 18.2 vs 163.8 types), and regularity (consistency_score: 0.68 vs
0.82). Together, active_days and unique_actions account for 86% of predictive power, validating the theoretical
premise that temporal consistency and behavioral diversity represent fundamental engagement dimensions.
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Table 3: Feature definitions with example calculations

Feature Passive Moderate Active Separation
active_days 9.7 56.5 145.1 | 15x difference
unique_actions 18.2 70.2 163.8 | 9x difference
consistency 0.68 0.83 0.82 | Moderate separation
weekend_ratio 0.25 0.24 0.26 | Minimal separation
peak_hour - - - | No clear pattern

3.5 Classification Model

A Random Forest operates as a panel of decision trees, each casting a vote for the final prediction. Each tree is
trained on a slightly different random sample of the data and considers a random subset of features at every
split. Each tree then assigns one of the three engagement categories (Active, Moderate, or Passive) to a given
student, and the majority vote across all trees determines the final classification. Because no single tree
dominates the outcome, the method is robust to noise and resists overfitting. Random Forest was selected
specifically because it handles nonlinear relationships effectively, does not require feature scaling, and produces
interpretable feature importance scores directly from the training process.

The Random Forest classifier employed 100 decision trees (n_estimators=100), with each split considering the
square root of total features (max_features='sqrt'). Maximum tree depth remained unlimited
(max_depth=None), allowing trees to grow until leaves contained pure classes or reached minimum sample
thresholds. The minimum samples required for splitting was two (min_samples_split=2), and minimum samples
per leaf was one (min_samples_leaf=1). A fixed random seed (random_state=42) ensured reproducibility across
runs.

These hyperparameters represent standard Random Forest defaults without tuning. Using default settings tests
the classifier's inherent ability to generalise without optimisation for specific datasets. This conservative
approach provides realistic estimates of performance that institutions could expect when implementing the
method without extensive tuning.

Random Forest provides feature importance scores through mean decrease in impurity. When a feature is used
to split a node, the algorithm calculates the reduction in Gini impurity. Features that consistently produce large
impurity reductions across trees receive high importance scores. Scores were normalised to sum to 1.0, enabling
direct comparison across datasets.

3.6 Cross-validation Strategy

Stratified Group K-Fold cross-validation was employed to ensure robust performance estimation while
preventing data leakage. Standard K-Fold cross-validation randomly distributes samples across folds, which risks
placing students from the same course presentation in both training and test sets. This temporal leakage inflates
performance estimates artificially.

Students were grouped by their enrolment cohort or course presentation. For OULAD, this corresponded to
module-presentation combinations (e.g., Module AAA 2013B). For Unistudium, this corresponded to course-
semester combinations. All students from the same group remained together in the same fold, preventing
temporal information from training data leaking into test predictions.

The dataset was divided into five folds (k=5) with stratification by engagement category. This ensures each fold
maintains approximately the same proportion of passive, moderate, and active students as the full dataset.
Stratification prevents situations where some folds contain predominantly one category, which could bias
performance estimates.

Each fold served as the test set exactly once, with the remaining four folds forming the training set. Models
trained on the training folds predicted engagement categories for students in the held-out test fold. This process
repeated five times, producing five independent performance estimates. Final results report the mean and
standard deviation across all five folds.
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3.7 Evaluation Metrics

Three complementary metrics were calculated to assess classification performance comprehensively. Each
metric captures different aspects of classifier quality, providing a balanced assessment.

Overall accuracy measures the proportion of correctly classified students. This metric provides an intuitive
assessment of classifier performance but can be misleading with imbalanced classes. The balanced category
distribution from quantile-based labelling makes accuracy a reliable metric in this context.

Correct Predictions

Accuracy =
y Total Predictions

Cohen's k adjusts for chance agreement, providing a more robust measure when classes are imbalanced (Cohen,
1960). K ranges from -1 to 1, where 1 indicates perfect agreement, 0 indicates agreement equivalent to chance,
and negative values indicate systematic disagreement.

where P, is observed agreement (accuracy) and P, is expected agreement by chance. Landis and Koch (1977)
suggest that k values range from -1 (perfect disagreement) to +1 (perfect agreement), with 0 indicating chance-
level performance. Interpretation guidelines suggest: k < 0.20 (slight), 0.21-0.40 (fair), 0.41-0.60 (moderate),
0.61-0.80 (substantial), 0.81-1.00 (almost perfect).

F1-score balances precision and recall for each class. Precision measures the proportion of predicted category
members that truly belong to that category. Recall measures the proportion of true category members correctly
identified. F1-score represents the harmonic mean of precision and recall. Macro-averaging calculates F1-score
independently for each category then averages across categories, giving equal weight to all classes regardless of
size.

2 X Precision, X Recall,

c

Precision, + Recall,

4. Results

This section presents the empirical findings obtained from applying the proposed quantile-based engagement
classification framework to both datasets. The results are organised into three parts. First, classification
performance is evaluated using accuracy, Cohen’s k, and macro-averaged Fl-score to assess predictive
effectiveness across educational contexts. Second, feature importance analysis is conducted to examine the
consistency of behavioural predictors between datasets. Third, descriptive analyses of engagement categories
are presented to characterise behavioural differences among passive, moderate, and active learners. Together,
these results provide evidence regarding the validity, transferability, and practical applicability of the proposed
framework across heterogeneous learning environments.

4.1 Classification Performance

Classification performance comparison between OULAD (N=21,420) and Unistudium (N=1,234) across three
evaluation metrics. OULAD achieves 92.04% accuracy with almost perfect agreement (k=0.8725), while
Unistudium achieves 72.50% accuracy with moderate agreement (k=0.5875). The 19.54 percentage point gap
(26.95% relative difference) primarily reflects dataset size differences (17.4x ratio) and behavioral pattern
distinctiveness. Both datasets show low cross-validation standard deviations, indicating stable model behavior.
Results demonstrate that quantile-based classification achieves high accuracy on large datasets while
maintaining practically useful performance on medium-sized institutional datasets.

Table 4 presents classification performance across both datasets. The Random Forest classifier achieved 92.04%
accuracy (k=0.8725) on OULAD and 72.50% accuracy (k=0.5875) on Unistudium. The 19.54 percentage point
difference reflects the substantial dataset size gap (17.4x student ratio) and differences in behavioral pattern
distinctiveness.

www.ejel.org 115 ISSN 1479-4403


http://www.ejel.org/

The Electronic Journal of e-Learning Volume 24 Issue 3 2026

Table 4: Classification performance metrics

Metric OULAD Unistudium Gap Relative Diff

Accuracy 92.04% + 0.28% 72.50% + 1.45% +19.54 pp +26.95%
Cohen's k 0.8725 + 0.0039 0.5875 + 0.0218 +0.2850 +48.51%
F1-Score 0.9203 + 0.0024 0.7180 + 0.0156 +0.2023 +28.18%

Table 5 compares the performance of the proposed Random Forest model with the Decision Tree baseline. The
comparison provides a benchmark for assessing the contribution of ensemble learning to engagement
classification.

Table 5: Baseline comparison between Decision Tree and Random Forest

Dataset Metric Decision Tree Random Forest
OULAD Accuracy 81.62% 92.04%
OULAD Cohen's k 0.6977 0.8725
Unistudium Accuracy 63.45% 72.50%
Unistudium Cohen's k 0.3918 0.5875

To provide a contextual performance benchmark, a Decision Tree classifier was evaluated as a baseline model
using the same engagement labels and behavioural features. Random Forest consistently outperformed
Decision Tree across both datasets. In OULAD, Random Forest improved accuracy from 81.62% to 92.04% and
increased Cohen’s k from 0.6977 to 0.8725. Similar improvements were observed in Unistudium, where accuracy
increased from 63.45% to 72.50% and Cohen’s k improved from 0.3918 to 0.5875. These findings indicate that
ensemble learning provides a more robust representation of student engagement patterns than a single-tree
classifier.

The Random Forest classifier achieved 92.04% accuracy (SD = 0.28%) on OULAD. This low standard deviation
demonstrates highly consistent predictions across cross-validation folds. Cohen's k reached 0.8725 (SD =
0.0039), falling in the 'almost perfect agreement' range according to Landis and Koch (1977). The macro-
averaged Fl-score of 0.9203 (SD = 0.0024) confirms balanced performance across all three engagement
categories.

The minimal standard deviations across metrics indicate robust model stability. Cross-validation fold
performance varied by less than 0.3 percentage points for accuracy and 0.004 for Cohen’s k. This stability
suggests the classifier learned generalizable patterns rather than overfitting to specific course presentations.

Unistudium achieved 72.50% accuracy (SD = 1.45%), representing moderate classification performance. Cohen's
k of 0.5875 (SD = 0.0218) falls in the 'moderate agreement' range. The macro F1-score reached 0.7180 (SD =
0.0156). While these metrics trail OULAD performance, they represent statistically significant classification
accuracy well above chance levels.

The larger standard deviations compared to OULAD reflect smaller dataset size and fewer cross-validation
groups. With only 1,234 students versus 21,420 in OULAD, individual fold composition exerts greater influence
on performance estimates. Nevertheless, the consistency of results across folds demonstrates reliable
classification even at this smaller scale.

Figure 3 compares classification performance between OULAD and Unistudium across the three evaluation
metrics. Error bars represent variation across cross-validation folds and provide an indication of model stability.
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Classification Performance Comparison Across Datasets
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Figure 3: Bar chart comparing accuracy, k, and F1-score between datasets with error bars

The 19.54 percentage point accuracy gap between datasets (92.04% vs 72.50%) primarily reflects scale
differences rather than methodological limitations. Larger datasets provide more training examples and clearer
separation between categories. The 17.4x student ratio between OULAD and Unistudium explains much of the
performance differential. Studies across machine learning domains consistently show performance
improvements with increased training data.

Behavioural pattern distinctiveness also contributes to performance differences. OULAD students engaged
exclusively through digital platforms, creating clearer behavioural signatures. Unistudium students balanced
online and face-to-face activities, potentially diluting digital engagement signals. Despite these contextual
differences, both datasets achieved statistically significant classification performance, supporting the
generalisability of quantile-based approaches.

4.2 Feature Importance Analysis

Feature importance scores from Random Forest models showing mean Gini importance for each feature across
both datasets. Active days (48-53%) and unique actions (33-35%) dominate predictions, collectively accounting
for >80% of predictive power in both datasets. High rank correlation (Spearman's p=0.90) demonstrates
remarkable consistency despite substantial contextual differences. Only minor rank swap between weekend
ratio and consistency score (ranks 3-4), while top two features and peak hour maintain identical rankings. Results
validate temporal consistency and behavioral diversity as fundamental engagement dimensions that generalize
across educational contexts.

Table 6 presents feature importance scores from both datasets. Active days emerged as the dominant predictor
(OULAD: 52.74%, Unistudium: 48.23%), followed by unique actions (OULAD: 33.39%, Unistudium: 34.56%).
Together, these two features account for 86.13% and 82.79% of predictive power respectively. The high
Spearman rank correlation (p=0.90) indicates remarkable consistency in feature importance patterns across
datasets.

Table 6: Feature importance scores for both datasets

Rank Feature OULAD Unistudium Agreement Average
1 active_days 52.74% 48.23% NG 50.49%
2 unique_actions 33.39% 34.56% v 33.98%
3 weekend_ratio 6.62% 6.78% ~ (rank 4) 6.70%

4 consistency_score 5.87% 8.91% ~ (rank 3) 7.39%

5 peak_hour 1.38% 1.52% V4 1.45%
TOTAL 100.00% 100.00% 100.00%
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Active days emerged as the most important feature in both datasets, accounting for 52.74% of predictive power
in OULAD and 48.23% in Unistudium. This dominance confirms that temporal consistency represents the primary
dimension distinguishing engagement levels. Students who access the platform regularly across many days
demonstrate fundamentally different engagement than those concentrating activity in brief periods.

Unique actions ranked second in both datasets, contributing 33.39% in OULAD and 34.56% in Unistudium. This
consistency validates behavioural diversity as a universal engagement indicator. Students exploring many
different activity types show broader engagement than those repeatedly using only a few platform features.
Together, active days and unique actions account for over 80% of predictive power in both contexts.

Consistency score, weekend ratio, and peak hour contributed smaller but measurable importance. These
features ranked 3-5 in both datasets, though their relative ordering differed slightly. OULAD placed weekend
ratio (6.62%) ahead of consistency score (5.87%), while Unistudium reversed this ordering (consistency 8.91%,
weekend 6.78%). Peak hour contributed least in both datasets (1.38% and 1.52% respectively).

The minor role of temporal preference features (weekend ratio, peak hour) suggests that when students engage
matters less than how consistently and diversely they engage. Students achieve high engagement through
regular, diverse platform use regardless of whether they primarily study on weekends or weekdays, mornings
or evenings.

Feature importance rankings remained remarkably stable across datasets. The rank correlation (Spearman's p)
between OULAD and Unistudium importance scores reached 0.90, indicating very high consistency. Only one
minor rank swap occurred: consistency score and weekend ratio exchanged positions 3 and 4. The top two
features (active days, unique actions) and bottom feature (peak hour) maintained identical rankings.

This cross-dataset consistency provides strong evidence that temporal consistency and behavioural diversity
represent fundamental engagement dimensions. These patterns generalise across different scales, delivery
models, and institutional contexts. Institutions implementing engagement analytics can prioritise these features
with confidence that they will capture meaningful engagement signals in their local context.

4.3 Engagement Category Characteristics

Descriptive statistics for behavioral features across three engagement categories in the OULAD dataset
(N=21,420). Clear separation evident across all features, with active students demonstrating 15x more active
days (145.1 vs 9.7), 22x more total interactions (1,027.2 vs 46.4), and 9x more unique actions (163.8 vs 18.2)
compared to passive students. Moderate and active categories show similar consistency scores (0.83 vs 0.82),
both substantially higher than passive students (0.68). All between-group differences statistically significant
(p<0.001) with large effect sizes for temporal and behavioral features. Passive students show highest coefficient
of variation, indicating heterogeneous group with diverse engagement patterns.

Table 7 summarises descriptive statistics for each engagement category within the OULAD dataset. The results
provide insight into behavioural differences between passive, moderate, and active learners across all extracted
features.

Table 7: Descriptive statistics by engagement category

Feature Passive Moderate Active Ratio
(Active/Passive) (Noo355) Mean | (NZ10.710) Mean | 5 255
Mean * SD

active_days (days) 9.7+73 56.5+27.5 145.1 +43.8 15.0x
total_actions (count) 46.4 + 31.1 300.4 + 135.9 1,027.2 £437.8 22.1x
unique_actions (types) 18.2+11.2 70.2 £32.2 163.8 £ 61.3 9.0x
consistency_score (0-1 scale) 0.68 +0.33 0.83+0.19 0.82+0.17 1.2x
weekend_ratio (proportion) 0.25+0.25 0.24 +0.10 0.26 + 0.06 1.04x
peak_hour (hour, 0-23) 13.2+5.8 14.1+4.9 14.5+4.2 1.1x

Active days showed dramatic separation between categories in OULAD. Passive students accessed the platform
on only 9.7 days on average (SD = 7.3), compared to 56.5 days for moderate students (SD = 27.5) and 145.1 days
for active students (SD = 43.8). This represents a 15-fold difference between passive and active categories,
demonstrating clear behavioural boundaries.
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The substantial standard deviations within categories indicate heterogeneous subgroups. Some passive students
accessed the platform on only a few days, while others approached the moderate range. This variability suggests
that category boundaries represent pragmatic groupings rather than discrete behavioural types. Nevertheless,
the clear mean differences support the validity of the three-category scheme.

Total interactions showed even larger category separation, as expected given their role in category definition.
Passive students performed 46.4 interactions on average (SD = 31.1), moderate students 300.4 (SD = 135.9), and
active students 1,027.2 (SD = 437.8). The 22-fold difference between passive and active categories confirms
substantial behavioural variation across the engagement spectrum.

Unique actions followed similar patterns, with a 9-fold difference between passive (18.2 types, SD = 11.2) and
active students (163.8 types, SD = 61.3). Moderate students fell clearly between these extremes (70.2 types, SD
= 32.2). This progression demonstrates that higher engagement involves both more interactions and greater
behavioural diversity.

Consistency scores revealed unexpected patterns. Moderate and active students showed similar consistency
(0.83 and 0.82 respectively), both substantially higher than passive students (0.68). This suggests a threshold
effect. Once students achieve moderate engagement levels, they tend to maintain regular patterns. Passive
students, conversely, show erratic behaviour with high variability in daily interaction counts.

The high coefficient of variation for passive students (0.49) compared to moderate (0.23) and active students
(0.21) confirms greater heterogeneity in this category. Some passive students rarely accessed the platform at
all, while others showed sporadic bursts of activity. This diversity suggests that passive classification might
encompass several distinct subgroups warranting different intervention strategies.

5. Discussion

This section interprets the findings in relation to the study objectives, research questions, and existing literature
on learning analytics and student engagement. Beyond reporting classification performance, the discussion
examines the implications of the results for understanding engagement behaviour across different educational
contexts. Particular attention is given to the effectiveness of quantile-based classification, the consistency of
behavioural predictors across datasets, and the practical significance of the observed performance differences
between large-scale and medium-scale learning environments. The section also considers how the findings
contribute to current knowledge on transferable engagement analytics and identifies implications for future
research and institutional practice.

5.1 Interpretation of Findings

Quantile-based engagement classification showed strong performance across both datasets. Accuracy was high
in the large-scale OULAD dataset (92.04%) and remained acceptable in the Unistudium dataset (72.50%). These
results confirm that the method functions across different institutional contexts. Automatic threshold
adaptation preserved the statistical structure of engagement categories while accommodating large differences
in interaction volume. The accuracy gap of 19.54 percentage points requires careful interpretation. Dataset scale
is the primary factor. OULAD includes a student population 17.4 times larger than Unistudium, which provides
more training data and clearer behavioural patterns. Behavioural expression also differs between contexts.
Students in fully online programmes generate richer digital traces than those in blended courses, where learning
activity is partly offline. Temporal coverage further contributes to the difference. OULAD spans 269 days,
whereas Unistudium covers approximately 120 days. The longer observation window allows more stable
engagement patterns to emerge. Taken together, these factors explain why performance differs without
indicating instability in the classification method itself.

The baseline comparison provides additional evidence regarding the robustness of the proposed approach.
Across both datasets, Random Forest consistently outperformed the Decision Tree baseline. The improvement
was particularly evident in Unistudium, where behavioural patterns were more heterogeneous and training data
were more limited. This finding suggests that ensemble learning is better able to capture complex engagement
patterns than a single-tree classifier, particularly when engagement behaviours exhibit substantial variation.

5.2 Comparison with Prior Research

Performance on OULAD exceeds that reported in earlier studies using the same dataset. The classification
performance observed in this study is comparable to, and in some cases exceeds, results reported in prior
learning analytics research. Previous studies have demonstrated the predictive value of behavioural interaction
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data for identifying student outcomes and engagement-related patterns (Howard, Meehan and Parnell, 2018;
Fincham et al., 2019). The strong performance observed here may be attributed to the use of quantile-based
category construction and temporal-behavioural features that capture engagement quality rather than simple
activity volume. First, quartile-based labelling produces balanced engagement categories and avoids class
imbalance. Second, temporal behavioural features capture engagement quality rather than simple activity
volume.

More importantly, this study addresses a limitation highlighted in prior work. (Rizvi et al., 2022) noted that most
engagement studies rely on validation within a single institutional dataset, which restricts claims of
generalisability. By applying the same method to datasets that differ substantially in scale, context, and delivery
mode, this study provides stronger evidence of cross-context validity. The high consistency in feature
importance across datasets (p = 0.90) further supports the stability of engagement constructs beyond a single
setting.

5.3 Practical Implications for Educational Institutions

Institutions can form realistic expectations based on dataset size. The findings suggest that larger datasets
generally support stronger classification performance, whereas smaller institutional datasets may exhibit
greater variability. Institutions should therefore interpret expected performance in relation to dataset size,
interaction density, and local learning practices.

Automatic threshold adaptation is a key practical advantage of the proposed approach. Institutions do not need
to import thresholds from prior studies or conduct extensive calibration. Quartiles calculated from local
interaction data generate boundaries that reflect the institution’s own learning environment. This simplicity
lowers technical barriers and makes the method accessible to institutions with limited analytics expertise.

Feature importance analysis provides guidance for intervention design. Active days and unique actions
accounted for most of the predictive power in both datasets. This suggests that engagement is driven more by
consistency and behavioural diversity than by raw activity counts. Institutions may therefore prioritise
interventions that promote regular platform access and varied resource use. Examples include scheduled
reminders that encourage daily engagement, learning activities that require exploration of different materials,
and early alerts for students with irregular access patterns.

5.4 Methodological Contributions

The cross-dataset validation framework used in this study offers a practical template for future learning analytics
research. Testing methods across datasets that differ in scale, institutional context, and delivery model provides
stronger evidence of generalisability than single-dataset evaluation. The consistent results observed across
OULAD and Unistudium demonstrate that such validation is both feasible and informative.

The inclusion of a Decision Tree baseline further strengthens the methodological contribution of the study by
demonstrating that the observed performance gains are attributable to the proposed modelling approach rather
than to the engagement labelling scheme alone.

This study also addresses a common methodological issue in engagement research. Engagement labels are often
defined using the same interaction metrics later used for prediction, resulting in circular reasoning. Here, total
interactions were used only for label construction. Classification relied on independent temporal and
behavioural features. This separation enables a more meaningful evaluation of whether engagement patterns
beyond simple activity volume distinguish engagement categories.

5.5 Limitations

Validation on two datasets limits the breadth of generalisation. Additional datasets would strengthen the
conclusions. Future work should include institutions from different geographical regions, educational levels,
subject domains, and learning platforms. In addition, only two institutional contexts were examined, limiting the
breadth of cross-context validation.

Engagement categories were validated against quartile-based labels rather than external learning outcomes.
While statistically grounded, these categories have not yet been linked to grades, completion rates, or retention.
Examining these relationships is an important direction for future research.

Engagement was treated as static over the course duration. In practice, engagement may fluctuate as motivation
and workload change. Tracking transitions between engagement categories over time could support earlier
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intervention. Such analysis would require dynamic modelling approaches, such as time-series classification or
state-transition models.

6. Conclusion

This study demonstrates that quantile-based engagement classification can achieve robust performance across
diverse educational contexts without requiring manual threshold calibration. Cross-dataset validation using
OULAD and Unistudium revealed consistent accuracy and stable feature importance patterns despite a 17.4-fold
difference in dataset scale and fundamental differences in delivery mode.

Three findings are particularly important. First, automatic threshold adaptation through quartile calculation
successfully accommodates large differences in interaction volume while maintaining balanced engagement
categories. Second, temporal consistency and behavioural diversity emerged as dominant engagement
indicators in both datasets. Third, Random Forest consistently outperformed the Decision Tree baseline,
indicating that ensemble learning provides additional robustness for engagement classification across different
educational contexts.

From a practical perspective, the proposed approach offers a statistically grounded and interpretable solution
for institutions seeking to implement engagement analytics. Quartiles can be calculated directly from local data,
a small set of temporal behavioural features can be extracted, and classification models can be trained using
standard tools. The demonstrated cross-context validity suggests that this method is suitable for deployment
beyond the setting in which it was developed.

Future research should extend validation to additional institutional contexts, examine links between
engagement categories and learning outcomes, and explore temporal changes in engagement over time. Such
work would further strengthen the practical relevance of engagement analytics.

More broadly, this study highlights the importance of cross-dataset validation in learning analytics research.
Methods evaluated on a single dataset cannot demonstrate generalisability. Testing across multiple contexts
provides stronger evidence of practical utility and supports wider adoption by educational institutions.
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institutional learning management system records. No direct interaction with human participants was
conducted, and no personally identifiable information was accessed or processed. All analyses were performed
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Abstract: The rapid digital transformation of education has increased demands on teachers’ digital competences and their
ability to meaningfully integrate digital technologies into teaching practice. Developing these competences in pre-service
teachers therefore represents a key challenge for contemporary teacher education. Microlearning has emerged as a
promising instructional approach that enables flexible, targeted and time-efficient development of digital skills through
short, focused learning units. However, empirical evidence regarding the impact of microlearning on the development of
digital competences among future teachers remains limited. This study therefore examines the effects of a microlearning
course on pre-service teachers’ perceived self-efficacy in using digital technologies for teaching. The study employed a
quantitative pre-post research design conducted over four academic years (2021-2025). Data were collected through an
online questionnaire administered before and after completion of a microlearning course designed to support the
development of selected digital skills relevant to teaching practice. The analysis included responses from 1,437 students in
the pre-survey and 871 students in the post-survey. The questionnaire measured students’ perceived competence across
multiple domains of digital skills, including activities such as creating presentations, designing interactive worksheets, editing
video materials and preparing electronic tests. The collected data were analysed using descriptive and inferential statistical
methods to evaluate changes in perceived competence and examine differences across selected demographic variables. The
findings demonstrate statistically significant improvements across all examined domains of digital skills following completion
of the microlearning course. The most pronounced improvements were observed in areas that students initially perceived
as the most challenging, particularly in creating interactive worksheets, editing video content and designing electronic tests.
The results also indicate a partial reduction in differences between student groups defined by factors such as gender, age
and mode of study, suggesting a homogenising effect of the microlearning intervention on students’ perceived digital
competence. Overall, the study shows that microlearning can effectively support future teachers’ digital competences and
strengthen their confidence in using digital technologies for teaching.

Keywords: Microlearning, Pre-service teachers, Digital competences, Self-efficacy, Teacher education, Digital literacy

1. Introduction

The accelerating digital transformation of education has intensified expectations that future teachers will
integrate digital technologies meaningfully into pedagogical practice. Although pre-service teachers commonly
use digital tools in everyday life, their ability to apply them for instructional purposes remains uneven.
Developing technological-pedagogical competence has therefore become a central objective of teacher
education, commonly framed through models such as TPACK (Koehler and Mishra, 2005) and European
competence frameworks including DigCompEdu (Redecker, 2017).

Despite these frameworks, the integration of digital competences into teacher education remains inconsistent.
TALIS 2018 data show that only 56% of teachers reported that digital technologies were included in their initial
preparation and fewer than 40% felt prepared to use them effectively (OECD, 2019). In the Czech context,
DigCompEdu provides a framework for competence development (Ministry of Education, Youth and Sports,
n.d.), yet the use of digital technologies in teaching remains below the OECD average (OECD, 2023). Teacher-
related barriers, including insufficient skills and negative attitudes, continue to constrain effective integration
(Schmitz et al., 2022), while systematic preparation for technology integration in initial teacher education often
remains limited and is frequently supported through modelling and mentoring during teaching practice (Heine
et al, 2024).
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These challenges became particularly visible during the COVID-19 pandemic, which accelerated educational
digitalisation and increased expectations regarding teachers’ digital readiness (Weigold and Weigold, 2021;
Zancajo, Verger and Bolea, 2022). At the same time, disparities in digital literacy persisted among teachers and
across the wider population (Deursen, 2020; Tejedor et al., 2020). European initiatives such as the Digital
Education Action Plan 2021-2027 therefore emphasize the need to strengthen digital skills and educational
ecosystems, although their success depends largely on teacher preparedness (European Commission, 2020).

A key determinant of successful technology integration is teachers’ self-efficacy, which influences their
willingness to experiment with digital tools and adopt innovative pedagogical practices. Even in environments
with adequate technological infrastructure, low confidence may inhibit pedagogical innovation (Ertmer and
Ottenbreit-Leftwich, 2010). Teachers with lower technological self-efficacy are less likely to implement
innovative digital practices (Fransson et al., 2019). Self-confidence and motivation are widely recognised as
important determinants of learning effectiveness (Hoz et al., 2024; Ormrod, Anderman and Anderman, 2020),
while professional knowledge is closely related to instructional quality (Shulman, 1987). Teacher professional
identity evolves through experience and reflection (Vanassche and Kelchtermans, 2014), and digitalisation may
either strengthen or weaken teachers’ confidence depending on their level of competence (Fransson et al.,
2019).

Professional development—formal, informal, and self-directed—plays an important role in strengthening
technological self-efficacy (Barton and Dexter, 2020). Meta-analytic evidence confirms a strong positive
relationship between technological self-efficacy and the TPACK framework (Zeng, Wang and Li, 2022), while
structured preparation and continuous professional development positively influence teachers’ confidence and
technology integration practices (Amponsah et al., 2024). Higher self-efficacy is also associated with greater
willingness to adopt innovative tools and overcome barriers (Prestridge, 2012; Tondeur et al., 2017).
Consequently, teacher characteristics interact dynamically, with professional self-confidence representing a
significant secondary barrier after the availability of technologies and opportunities for further training (Abedi
and Ackah-Jnr, 2023).

Taken together, these findings indicate that teacher education needs flexible, structured, and practice-oriented
approaches that can support the gradual development of digital competences while strengthening pre-service
teachers’ confidence in using technologies for teaching. In response to these challenges, new forms of
professional learning have emerged within technology-enhanced education, among which microlearning has
recently attracted increasing attention.

2. Literature Review

Microlearning represents a promising instructional approach. Although no single, universally accepted definition
exists (Mohammed, Wakil and Nawroly, 2018), microlearning is typically characterized by short, learner-
centered, and predominantly asynchronous instructional segments (Major and Calandrino, 2018), delivered
through modular multimedia units that can be accessed anytime and anywhere (Cronin and Durham, 2024).
Individual learning activities usually last between two and ten minutes (Buchem and Hamelmann, 2010) and
support distributed practice, which enhances retention (Nowak, Speed and Vuk, 2023), although their
effectiveness may vary depending on learners’ individual characteristics (Rof, Bikfalvi and Marques, 2024).

The potential effectiveness of microlearning can also be explained through established cognitive and
instructional design theories. From the perspective of Cognitive Load Theory, short and clearly structured units
may reduce extraneous cognitive load by limiting the amount of information processed at one time and focusing
attention on a specific task or concept (Paas, Renkl and Sweller, 2003). Microlearning is also consistent with
distributed practice and retrieval-based learning, which emphasize repeated engagement and recall as
mechanisms supporting retention (Dunlosky et al., 2013). It should therefore be understood not merely as
fragmented content, but as an instructional design approach combining concise content, focused activity,
feedback, and repeated practice.

Microlearning aligns well with learning preferences frequently associated with Generation Z. Research suggests
that these learners prefer concise multimedia content, mobile accessibility, interactive activities, and rapid
feedback (Aivaz and Teodorescu, 2022; Jayathilake et al., 2021; Manzoni et al., 2021; Navarrete et al., 2025;
Wang et al.,, 2023; Zhang et al., 2025). These characteristics correspond closely with core microlearning
principles such as short modular units, multimedia segmentation, mobile delivery, and gamified or socially
supported learning activities (Arnab et al., 2021; Buchem and Hamelmann, 2010; Goschlberger, 2017). The
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relationship between learning characteristics frequently attributed to Generation Z and the design principles of
microlearning is summarized in Table 1.

Empirical research across higher education, medical education, and professional development indicates that
microlearning can enhance short-term learning outcomes, knowledge retention, learner satisfaction, and
practical skill development (Dennen, Arslan and Bong, 2024; Gorham, Majumdar and Ogata, 2023; Hlazunova et
al., 2024; Javorcik, Kostolanyova and Havlaskova, 2023; Kohnke et al., 2024; Richardson et al., 2023; Roman-
Sanchez et al., 2023; Waldia et al., 2023;). At the same time, common methodological limitations persist,
including small sample sizes, short intervention periods, and a strong reliance on self-report instruments (Al-
Zahrani, 2024; Richardson et al., 2023; Roman-Sanchez et al., 2023).

Table 1: Structural alignment between Generation Z learning characteristics and microlearning design

principles

Generation Z Learning Characteristic Corresponding Microlearning Design Principle

Preference for concise and brief content Modular micro-lessons (typically 2—10 minutes)

Strong orientation toward multimedia (visual/auditory) Segmented multimedia instructional design

High level of mobile device usage Mobile-first approach with anytime, anywhere accessibility

Affinity for gamification and interactive formats Game-oriented and activity-driven micro-tasks

Preference for social interaction and collaboration Integration of social media and peer interaction elements

Demand for personalization and autonomy Adaptive learning systems and individually paced instruction

Expectation of immediacy and rapid feedback Immediate feedback mechanisms embedded within micro-
lessons

Multitasking and fragmented attention Short, focused learning segments supporting distributed
practice

It should be noted, however, that multitasking should not be interpreted as an inherently beneficial learning
strategy. Evidence from educational research suggests that media multitasking may interfere with attention,
working memory, comprehension, recall, and academic performance (May and Elder, 2018). In the present
study, microlearning is therefore not understood as a response that encourages multitasking, but rather as a
design strategy intended to reduce cognitive overload, focus attention on clearly defined tasks, and support
distributed practice through short, structured learning sequences.

Although microlearning has been associated with increased self-efficacy in several educational contexts,
including medical education (Sozmen, 2022; Zarshenas et al., 2022), patient education (Janssen et al., 2023;
Rahbar, Zarifsanaiey and Mehrabi, 2024), language education (Prasittichok and Smithsarakarn, 2024), and
corporate training (Karlsen, Balsvik and Rgnnevik, 2023), its impact on the digital self-efficacy of pre-service
teachers remains underexplored. Digital literacy and self-efficacy constitute significant predictors of innovative
thinking (Al-Hattami, 2025), and teacher self-efficacy develops primarily through practical experience rather
than as a function of gender differences (Symes, Lazarides and HuRRner, 2023).

In response to this research gap, the present study aims to examine the impact of a microlearning course on
pre-service teachers’ perceived self-efficacy in the use of digital technologies for instructional purposes within
the Czech educational context. The study addresses the following research questions:

RQ1: What differences in pre-service teachers’ self-efficacy across specific domains of digital skills can be
identified before and after completing the microlearning course?

RQ2: To what extent did participation in the microlearning course influence pre-service teachers’ self-efficacy in
individual digital skills, and are these changes statistically significant?

RQ3: What is the effect of factors such as gender, age, and mode of study on pre-service teachers’ self-efficacy
in digital skills before and after completing the course?

RQ4: Are there differences in self-efficacy across academic cohorts, and how did the microlearning course affect
these differences?
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3. Methods

The study employed a quantitative pre—post design to examine changes in pre-service teachers’ perceived self-
efficacy in digital competences following completion of a microlearning course. This approach allows comparison
between baseline and post-intervention levels of perceived professional confidence. Given that self-efficacy
represents a subjective belief in one’s capability to perform specific tasks (Bandura, Freeman and Lightsey,
1999), a pre—post measurement approach is considered an appropriate method for identifying changes resulting
from mastery experiences (Ertmer and Ottenbreit-Leftwich, 2010; Jahnke et al., 2020; Schmitz et al., 2022).

The research was carried out over four consecutive academic years (2021-2025) at a Czech university (Faculty
of Education, University of Ostrava) within a compulsory course focused on the development of pre-service
teachers’ digital competences and the pedagogical use of digital technologies. The pre-survey was completed by
1,437 respondents and the post-survey by 871 respondents. The discrepancy in the number of responses reflects
voluntary participation in the research component and the anonymous nature of data collection. The
demographic characteristics of the sample (gender, age categories, mode of study—full-time/part-time) are
presented in Table 2. Gender was self-reported and coded as male or female. The inclusion of multiple cohorts
made it possible not only to assess the immediate effect of the intervention but also to examine the stability of
findings across academic years and to account for potential contextual influences.

Table 2: Structure of the research sample

Variable Category 2021/2022 2022/2023 2023/2024 2024/2025 Total
Pre/Post Pre/Post Pre/Post Pre/Post Pre/Post
Gender Male 116/61 96/40 86/54 82/40 380/195
Female 238/159 249/173 300/192 270/152 1057/676
Age Up to 20 226/127 237/138 250/144 226/116 939/525
21-30 years 100/78 83/60 93/73 82/57 358/268
3140 years 20/13 12/9 26/17 30/10 88/49
41-50 years 8/2 12/6 15/12 13/8 48/28
Over 50 years 0/0 1/0 2/0 11 41
Focus of Kindergartens 15/9 21/11 11/10 23/10 70/40
pgcc:la‘g:gl%al Primary schools (1st 70/51 90/21 122/70 102/14 384/156
stage)
Primary schools 141/87 121/116 149/95 119/93 530/391
(2nd stage)
Secondary schools 128/73 113/65 104/71 108/75 453/284
Form of study Regular learning 287/183 285/175 303/191 268/150 1143/699
Distance learning 67/37 60/38 83/55 84/42 294/172

The intervention consisted of a fully online microlearning course structured into modular units composed of
short, task-oriented segments (2—10 minutes), in accordance with the defining characteristics of microlearning
described in the literature (Buchem and Hamelmann, 2010). The microlearning course Information Technology
in Education was developed and delivered within the Moodle learning management system (LMS) as a
compulsory component of all teacher education programmes at the Faculty of Education, University of Ostrava.
Cilem predmétu bylo poskytnout budoucim uditelim obecny zdklad pro praktické a pedagogické vyuZivani
digitalnich technologii ve vzdélavani, zatimco oborové specifické aplikace jsou rozvijeny v navazujicich didakticky
orientovanych predmétech. The individual modules focused on specific domains of digital competences relevant
to instructional practice: (1) Text processing and worksheet design, (2) Image and graphic editing, (3) Multimedia
production, (4) Online tools and digital sharing, (5) Mobile technologies and applications. The course was not
designed as discipline-specific training, but as a shared foundation of transversal digital competences relevant
to pre-service teachers across educational levels and subject areas.

To ensure that the microlearning units did not function merely as short fragments of instructional content, each
module followed a recurring instructional sequence. A typical unit began with a concise introduction to the tool,
concept, or pedagogical problem, followed by a short demonstration or guided example. Students then
completed an application task in which they created a concrete educational output, such as a worksheet, digital
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poster, video material, or electronic questionnaire. These tasks were embedded in pedagogically situated
scenarios to connect technical skill acquisition with instructional use.

The modules also incorporated elements supporting recall, reflection, consolidation, and feedback. After
selected activities, students checked their understanding through short verification tasks, compared their
outputs with stated criteria, or reflected on how the created digital material could be used in teaching practice.
Feedback was provided through automated Moodle activities, task completion criteria, model examples, or
teacher comments on submitted outputs. Through this sequence, the course combined content segmentation,
modular progression, self-paced learning, active application, and immediate feedback, thereby reinforcing
mastery experiences as a core mechanism underlying the development of perceived self-efficacy (Bandura,
Freeman and Lightsey, 1999).

Perceived self-efficacy was measured using a structured questionnaire targeting the specific domains of digital
competences aligned with the course objectives. The use of a self-report instrument is grounded in the
theoretical conceptualization of self-efficacy as an individual’s subjective belief in their capability to perform
specific tasks (Bandura, Freeman and Lightsey, 1999). Items were rated on a Likert scale and included the
response option “N — unable to assess,” enabling the identification of areas in which respondents lacked prior
experience. The questionnaire was administratively identical in both the pre-survey and post-survey, ensuring
full comparability of measurements. The internal consistency of the instrument across cohorts was high
(Cronbach’s a = .83-.95; see Table 3), confirming its reliability.

Table 3: Cronbach’s alpha for pre-survey and post-survey questionnaires in 2021/2022 to 2024/2025

Academic year | Pre-survey Post-survey
2021/2022 0.88 0.95
2022/2023 0.85 0.95
2023/2024 0.83 0.94
2024/2025 0.86 0.92

The pre-survey was administered prior to the commencement of instruction, and the post-survey immediately
after its completion. Due to the anonymous nature of data collection, it was not possible to match individual
responses; consequently, a paired (dependent) statistical model could not be employed. The analysis was
therefore conducted at the level of independent samples. This approach is methodologically appropriate in
contexts where anonymity precludes longitudinal tracking of individuals, while still permitting the assessment
of change at the group level. Non-parametric tests for independent samples were employed due to the ordinal
nature of Likert-scale data.

The data were analyzed using descriptive and inferential statistics, with pre- and post-survey differences tested
at a = .05 in NCSS 2023 statistical software (64-bit), version 23.0.2. Responses to the two open-ended items
were analyzed using Braun and Clarke’s (2012) open-ended response coding and analysis methodology.
Participation was voluntary and anonymous, no personally identifiable data were collected, and the study
followed institutional ethical standards.

4. Results

The results are presented according to the research questions: changes in self-efficacy across digital skill areas,
their statistical significance, the role of demographic variables, and cohort effects across four academic years.

4.1 Differences in the Self-efficacy Ratings of Student Teachers Before and After Completing the
Microlearning Course

Aggregated data across all observed academic years provide an overview of students’ perceived self-efficacy in
specific areas of digital technology use before and after completing the microlearning course (Table 4). Three
indicators were used in the analysis: mean (M), median (Mdn), and standard deviation (SD).

Before completing the course, students reported the highest levels of confidence in word processing (M = 1.76)
and creating presentations (M = 1.73). These results indicate that commonly used office tools were already
familiar to most participants prior to the intervention. In contrast, creating an interactive worksheet (M = 3.03)
and editing a video (M = 3.07) were evaluated as the most demanding activities. Higher variability of responses
in these areas (SD > 1.2) suggests considerable differences in students’ prior experience with more advanced
digital tasks.
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Following completion of the microlearning course, mean values decreased in almost all skill domains, indicating
higher perceived competence. The most visible improvements were observed in creating a worksheet (M =2.31
to M = 1.67) and creating a poster or flyer (M = 2.38 to M = 1.62). Although editing a video and creating an
interactive worksheet remained among the more challenging activities, both domains showed substantial
improvement (e.g., 3.07 to 1.98). In addition, slightly lower SD values across most areas indicate more consistent
levels of confidence among students after completing the course. Changes in the relative ranking of individual
digital skills before and after the course are summarised in Table 5.

A further indicator of change is the frequency of the response option “N — unable to assess.” In the pre-survey
this option was selected 1,445 times, whereas in the post-survey it appeared only 42 times. This substantial
reduction suggests that students developed greater awareness of the assessed competence domains and were
better able to evaluate their own skills after completing the course.

Table 4: Results of the self-efficacy assessment in each area of digital skills before and after the course for

the entire observation period

Pre-survey Post-survey
Digital skill area
M Mdn SD M Mdn SD
Word processing in a word processor 1.76 2 0.74 1.58 1 0.95
Data processing in a spreadsheet editor 2.80 3 0.99 2.48 2 0.97
Creating a presentation 1.74 2 0.76 1.53 1 0.97
Creating a worksheet 2.31 2 0.95 1.67 1 0.95
Creating an interactive worksheet 3.03 3 1.04 1.85 2 0.94
Creating an educational infographic 2.60 3 1.04 1.91 2 0.98
Creating a poster/flyer 2.38 2 1.08 1.62 1 0.99
Editing a video 3.07 3 1.23 1.98 2 1.00
Using shared documents 2.15 2 1.01 1.65 1 0.97
Creating an electronic questionnaire or test 2.40 2 1.08 1.53 1 0.97
Navigating an educational application 2.44 2 1.00 1.92 2 0.93
M — Mean, Mdn — Median, SD — Standard deviation
Table 5: Changes in the ranking of digital skills before and after the microlearning course
Digital skill area II\’Ilre-survey I;r:l-(survey nPﬂost-survey II-"acro]skt-survey E;::ge
Creating a presentation 1.74 1 1.53 1 0
Word processing in a word processor 1.76 2 1.58 3 +1
Using shared documents 2.15 3 1.65 5 +2
Creating a worksheet 2.31 4 1.67 6 +2
Creating a poster/flyer 2.38 5 1.62 4 -1
Creating an electronic questionnaire or test 2.40 6 1.53 2 -4
Navigating an educational application 2.44 7 1.92 9 +2
Creating an educational infographic 2.60 8 1.91 8 0
Data processing in a spreadsheet editor 2.79 9 2.48 11 +2
Creating an interactive worksheet 3.03 10 1.85 7 -3
Editing a video 3.07 11 1.98 10 -1
M — Mean
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4.2 Impact of the Microlearning Course on Students’ Self-efficacy in Digital Skills

To determine whether participation in the microlearning course was associated with changes in students’ self-
efficacy, responses from the pre-survey and post-survey were compared using the Mann—Whitney U test (Table
6). Statistically significant differences were identified in all examined areas (p <.001).

The most pronounced changes were observed in creating an interactive worksheet (U = 186,812; Z = -23.51),
creating an electronic questionnaire or test (U = 278,438; Z = —20.78), and editing a video (U = 268,990; Z = —
19.84). These results indicate that the microlearning course was particularly associated with improvements in
areas involving the creation of interactive and multimedia educational materials, which students initially
perceived as more demanding tasks.

Smaller, although still statistically significant, differences were observed in word processing (U = 499,477; Z = -
9.25) and data processing in spreadsheets (U = 509,125; Z = —7.16). These domains already showed relatively
high levels of confidence in the pre-survey, leaving less room for substantial improvement.

Overall, the results indicate that participation in the microlearning course was associated with improvements in
self-efficacy across all examined digital skill domains, although the magnitude of change varied depending on
the complexity of the activity and students’ prior experience.

Table 6: Analysis of differences in students’ self-efficacy before and after the microlearning course using
Mann-Whitney U test

Pre-survey Post-survey
Digital skill area U z p-value

M Mdn | M Mdn
Word processing in a word processor 1.76 2| 158 1 499477 -9.2543 | p<.001
Data processing in a spreadsheet editor 2.80 3| 248 2 509125 -7.1593 | p<.001
Creating a presentation 1.74 2| 1.53 1| 486593.5 -10.141 p <.001
Creating a worksheet 2.31 2| 1.67 1 329173 -17.13| p<.001
Creating an interactive worksheet 3.03 3| 1.85 2 186812 -23.507 | p<.001
Creating an educational infographic 2.60 3] 1.91 2| 333552.5 -15.414| p<.001
Creating a poster/flyer 2.38 2| 1.62 1| 330940.5 -18.057 | p<.001
Editing a video 3.07 3| 1.98 2| 268990.5| -19.843| p<.001
Using shared documents 2.15 2| 1.65 1 411659 -13.429 | p<.001
Creating an electronic questionnaire or test 2.40 2| 153 1 278438 -20.779 | p<.001
Navigating an educational application 2.44 2| 1.92 2 398576 -12.696 | p <.001

M — Mean, Mdn — Median, U — U-value of the statistic, Z — Z-value of the statistic, Significance level a = 0.01
4.3 Impact of Gender, Age, and Form of Study on the Development of Self-Efficacy

The subsequent analysis examined potential differences in self-efficacy development in relation to gender, age,
and form of study (regular or distance learning). Statistical testing using the Kruskal-Wallis One-Way ANOVA
identified several statistically significant differences between groups (Table 7).

Table 7: Statistically significant differences in self-efficacy of student teachers by gender, age and form of
study (Kruskal-Wallis One-Way ANOVA)

Pre-survey Post-survey
Digital skill area Gender! Age? zz}rg;,ff Gender Age Form of study
Word processing in a word 00876 (F) _ _ .00002 (F) — —
processor
Data processing in a 00000 (M) .00088 .00000 o 02599 00159 (DL)
spreadsheet editor : (31-40) (DL) (41-50)|
.00000 00000 .00001
Creating a presentation .00001 (F) ’ RL .00001 (F) .00001 (RL)
(<20) (RL) (<20)
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Pre-survey Post-survey
Digital skill area Gender' Age? ;‘::;r;’f f Gender Age Form of study
Creating a worksheet .00061 (F) — — .00000 (F) — —
; ; ; .02112
Creating an interactive . . . 00184 (F) .01969 (RL)
worksheet (<20)
f ; .002479
Developing an educational _ _ 00507 (F) _ _
infographic (<20)
Creating a poster/flyer .00085 (F) — — .00001 (F) — —
.00281
Editing a video .00281 (M) — .03784 (F) — —
(31-40)
Using shared documents — — 0(2;{73 .01132 (F) — —
Creating an electronic . -00099 .00131 02348 (F) . .
questionnaire or test (<20) (RL) ’
Navigating an educational . -00001 .00358 01175 (F) . .
application (<20) (RL) '

'Female, male (self-reported)
2Up to 20 years of age, 21-30 years of age, 31-40 years of age, 41-50 years of age, over 50 years of age
3Regular learning (RL), distance learning (DL)

In the pre-survey, women reported higher self-efficacy in tasks related to commonly used productivity tools,
including word processing, creating presentations, creating worksheets, and creating posters or flyers. In
contrast, men reported higher self-efficacy in spreadsheet processing and video editing, which may reflect
different prior technological experiences.

After completing the course, women showed significant increases in confidence particularly in creating an
interactive worksheet and editing a video, suggesting that gender-related differences in these domains were
partially reduced during the course. This pattern indicates that structured training in digital competences may
contribute to reducing gender disparities in perceived technological abilities.

Age differences were primarily observed in the pre-survey phase. Younger students (below 20 years of age)
reported higher self-efficacy in creating presentations, developing infographics, and navigating educational
applications, whereas students aged 31-40 years showed higher confidence in spreadsheet processing and video
editing. After the course, the number of statistically significant differences between age groups decreased,
suggesting a partial levelling of self-efficacy across generations.

A similar pattern was observed in the comparison between forms of study. Before the course, regular students
reported higher confidence in presentation creation, whereas distance students reported higher confidence in
spreadsheet processing. After course completion, these differences became less pronounced, which may reflect
the homogenising influence of exposure to the same instructional content.

4.4 Four-Year Comparison of Student Teachers’ Self-efficacy in the Use of Digital Technologies

To examine potential cohort effects, self-efficacy levels were compared across four academic years (2021/2022—-
2024/2025). Differences between cohorts were analysed using the Kruskal-Wallis One-Way ANOVA test.

In the pre-survey, statistically significant differences between academic years were identified in two skill areas:
data processing in spreadsheets (p = 0.02) and creating posters or flyers (p = 0.004). Students in the academic
year 2021/2022 reported higher self-efficacy in spreadsheet processing, while students in 2024/2025 reported
higher confidence in poster and flyer creation.
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However, no statistically significant differences between cohorts were observed in the post-survey results. This
finding suggests that the structure and design of the microlearning course contributed to reducing differences
between student cohorts and resulted in more uniform levels of perceived self-efficacy across groups.

Overall, the four-year comparison indicates that the microlearning course produced consistent outcomes across
different student cohorts, suggesting that the instructional design maintained comparable effectiveness over
time.

4.5 Open-ended Responses

Responses to the open-ended questions complemented the quantitative findings and provided deeper insight
into students’ perceived strengths and weaknesses in the use of digital technologies.

In the pre-survey, many respondents indicated limited confidence in their digital abilities and were often unable
to identify specific strengths. When strengths were mentioned, they most frequently related to commonly used
tools such as MS Word, PowerPoint, Canva, or basic graphic editing, reflecting a relatively basic level of digital
competence prior to the course.

In contrast, post-survey responses demonstrated both an increase in the number of reported strengths and
greater diversity in the technologies mentioned. Students frequently referred to multimedia creation,
interactive educational tools, and the pedagogical integration of digital technologies, including the use of Al
tools, virtual reality, augmented reality, and digital content creation for personalised learning.

Despite the overall improvement, several areas remained challenging. Students frequently mentioned
databases, programming, video editing, and web design as weaker areas both before and after the course. These
topics were only marginally represented in the course structure, which may explain their continued presence
among perceived weaknesses. Artificial intelligence also appeared as a newly mentioned area in the post-survey
responses, indicating increased awareness of the topic while simultaneously reflecting uncertainty regarding its
pedagogical application.

Overall, the qualitative findings support the quantitative results by illustrating a shift from basic operational
familiarity with digital tools toward a broader and more pedagogically oriented understanding of digital
technology use in education.

5. Discussion

This study found statistically significant improvements in pre-service teachers’ self-efficacy across all examined
digital skill domains after completing a microlearning course.

The most pronounced improvements were observed in areas initially perceived as the most challenging,
particularly in the creation of interactive worksheets, instructional video materials, and electronic assessments.
These tasks are complex pedagogical-technological activities because they require students to use digital tools
to create instructional artefacts with a clear pedagogical function. Comparable findings have been reported in
microlearning research across educational and professional contexts, where participation in short, structured
modules resulted in improvements in both learning outcomes and self-efficacy (Rahbar, Zarifsanaiey and
Mehrabi, 2024; Richardson et al., 2023; Zarshenas et al., 2022;). Similar effects have been documented in
medical and professional education, including the training of healthcare professionals (Janssen et al., 2023;
Zarshenas et al., 2022), supporting the theoretical assumption that mastery experiences constitute a central
mechanism in the development of self-efficacy (Bandura, Freeman and Lightsey, 1999).

The substantial reduction in responses marked “N — unable to assess” further indicates enhanced metacognitive
awareness and greater confidence in evaluating one’s own competences. At the same time, isolated decreases
in post-survey self-efficacy scores may be interpreted as a process of recalibration rather than regression. As
students develop a deeper understanding of task complexity, they may reassess previously overestimated
perceptions of their own competence. This interpretation aligns with research highlighting discrepancies
between perceived and externally evaluated competence among pre-service teachers (Dassa and Nichols, 2019)
and with models of reflective professional development in digital competence (Ertmer and Ottenbreit-Leftwich,
2010; Tondeur et al., 2017).

With respect to demographic variables, gender differences were evident in the pre-survey but became partially
attenuated following course completion. Women initially reported higher self-efficacy in traditional productive
tasks, whereas men demonstrated greater confidence in more technically demanding domains. The equalizing
effect observed after the intervention suggests that structured development of digital competences may
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contribute to reducing gender disparities. The literature on academic self-efficacy presents mixed findings: some
studies report higher confidence among men, while others indicate higher academic self-efficacy among women
or emphasize women’s stronger emotional competences supporting performance (Kurniawan et al., 2022;
Salavera, Usan and Jarie, 2017; Webb-Williams, 2014). These inconsistent results reinforce the view that self-
efficacy is context-dependent and shaped by learning experiences rather than by fixed personal characteristics.

Age and mode of study also influenced baseline levels of self-efficacy. Older students and those enrolled in part-
time programmes reported higher confidence in certain domains in the pre-survey, possibly reflecting
accumulated experience and more developed coping strategies (Bausch, Michel and Sonntag, 2014; Doba et al.,
2016). Conversely, younger individuals—particularly women—may exhibit lower initial self-efficacy (Szota et al.,
2024). Post-survey findings, however, revealed an equalizing effect across age groups and modes of study,
suggesting that appropriately designed online educational interventions can significantly strengthen self-efficacy
(Blazer et al.,, 2012). Nevertheless, research in practice-based training contexts (e.g., cardiopulmonary
resuscitation instruction) indicates that face-to-face instruction may, in some cases, produce stronger increases
in confidence for highly procedural skills (Ko, Kim and Cho, 2023), underscoring the importance of instructional
design.

Longitudinal comparisons across four academic years further support the homogenizing effect of the
microlearning course. Although differences in baseline self-efficacy were observed among cohorts in the pre-
survey—likely influenced by prior educational quality, learning environments, and other contextual factors
(Duraku et al., 2022)—these differences were no longer apparent in the post-survey. This finding suggests that
the systematic implementation of microlearning may stabilize competence development across diverse student
populations.

Several limitations should be acknowledged. Because the surveys were anonymous, individual responses could
not be paired across measurement points, limiting causal interpretation at the individual level. Differences in
the number of respondents between the pre- and post-survey may also indicate attrition bias. Furthermore, the
study measured perceived self-efficacy rather than objectively assessed digital performance; the findings should
therefore be interpreted as evidence of changes in students’ confidence, not as direct evidence of demonstrated
mastery of digital competences. Since the post-survey was administered immediately after course completion,
the study also does not allow conclusions about the long-term stability of the observed gains. Future research
should therefore incorporate performance-based measures, analysis of student-created digital artefacts,
delayed post-tests, and evidence of transfer into authentic pedagogical practice.

Overall, the results confirm that microlearning can substantially enhance the digital self-efficacy of pre-service
teachers while simultaneously contributing to the reduction of disparities associated with gender, age, mode of
study, and cohort differences. When systematically integrated into teacher education, microlearning represents
a promising strategy for fostering both competence development and the formation of professional confidence
within digitally enriched educational environments.

6. Conclusion

This study provides longitudinal empirical evidence that a systematically designed microlearning course can
significantly enhance the digital self-efficacy of pre-service teachers across multiple domains of digital skills. The
most substantial gains were observed in areas initially perceived as the most challenging, suggesting that
microlearning may be particularly effective in fostering complex pedagogical-technological competences.

The findings further indicate a homogenizing effect of the intervention, as differences associated with gender,
age, mode of study, and cohort affiliation were reduced or fully eliminated following course completion. This
suggests that a structured, modular approach to digital competence development can contribute to stabilizing
and equalizing competence levels across heterogeneous groups of pre-service teachers.

The results support the theoretical assumptions of the social-cognitive conceptualization of self-efficacy and
confirm the importance of mastery experiences as a central mechanism in the development of professional
confidence. Microlearning thus emerges not only as an effective tool for the acquisition of discrete skills but also
as a strategy that supports the formation of professional identity within a digitally transformed educational
environment.

Despite limitations arising from the use of self-report instruments and the absence of paired individual-level
tracking, the study indicates that the systematic integration of microlearning into teacher education represents
a promising pathway for strengthening the digital readiness of future teachers. Future research should examine
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the long-term transfer of perceived competences into authentic pedagogical practice and combine self-report
data with performance-based indicators.
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interpretations, and conclusions presented in this manuscript are entirely the authors’ original work.
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Abstract: The rapid expansion of digital technologies in higher education has revealed persistent discrepancies between self-
perception and actual performance in digital skills. Self-assessment of digital competence is notoriously unreliable, often
masking critical skill gaps by conflating confidence with actual competence. This study, involving 629 military university
students, introduces an alternative methodology designed to overcome the limitations of simple self-perception measures.
Results from the DigComp 2.2 framework were used to validate two complementary constructs: (1) the Response
Consistency Index (RCl), a promising proxy for metacognitive self-awareness, and (2) the Digital Readiness Index (DRI), a
second-order latent model built using Confirmatory Factor Analysis within a Structural Equation Modelling framework that
integrates the RCl with perceived competences and objective performance. The findings confirm significant discrepancies
between perception and competence, identifying profiles consistent with over- and underconfidence (also known as the
Dunning—Kruger effect). Additionally, Problem Solving and Information and Data Literacy are identified as the most deficient
domains—a weakness observed even in the highest-performing students. The evidence from this study strengthens the idea
that digital readiness is not simply the possession of skills, but rather the intersection of competence and accurate self-
awareness of that competence. In the era of artificial intelligence, this emphasises the need for precise educational diagnosis
and pedagogical intervention to overcome the illusion of digital competence generated by mere self-reports. By providing
instructors and instructional designers with diagnostic tools that go beyond declared competence, this approach contributes
directly to the advancement of evidence-based, adaptive e-learning practice. The proposed framework supports the
development of learning analytics dashboards and pedagogical interventions that respond not only to what students know,
but to how accurately they perceive what they know. These validated instruments—the RCl and the DRI—can directly inform
the design of adaptive e-learning interventions and personalised digital training pathways in higher education contexts.

Keywords: Digital competence, DigComp 2.2, Response Consistency Index (RCI), Digital Readiness Index (DRI), Dunning-
Kruger effect, Metacognitive calibration

1. Introduction

The European Digital Competence Framework for Citizens (DigComp) is a popular initiative of the European
Commission aimed at defining and assessing essential digital competences in the current technological
landscape. Since its inception in 2013 and subsequent updates culminating in version 2.2 (2022), DigComp has
become a widely adopted reference framework across multiple contexts. Digital competence is defined as the
knowledge, skills, and experience required to understand, evaluate, implement, and promote digital
technologies (Chen, Ebrahimi and Cheng, 2025). As such, DigComp has served as a foundational standard for the
development and evaluation of digital competence within and beyond Europe (Balyk et al., 2019; Bartolomé et
al., 2025; Cabezas-Gonzdlez, Casillas-Martin and Garcia-Valcarcel, 2024). Despite the emergence of alternative
approaches—such as using learning analytics for competence assessment (Guallichico et al., 2023) or developing
new evaluation tools (Tarazona Gil, Lloret Catala and Martinez-Usarralde, 2025)—DigComp 2.2 remains one of
the most widely adopted and relevant frameworks.

1.1 Advantages of the DigComp 2.2 Framework

DigComp 2.2 offers a robust, adaptable framework for fostering digital competence across diverse sectors and
populations. One of its key strengths lies in its comprehensive and flexible design, which supports the
development of digital skills among citizens across a broad range of contexts—including both personal and
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professional spheres (Al Khateeb, 2017). Its structure enables implementation in multiple domains, such as
education, healthcare, and the architecture, engineering, and construction (AEC) industry (AlDhaen, 2025; Chen,
Ebrahimi and Cheng, 2025).

In the educational domain, DigCompEdu—a specialised adaptation of the DigComp framework—has received
positive evaluations for its emphasis on pedagogical application. Unlike other frameworks that primarily focus
on technological proficiency, DigCompEdu integrates pedagogical dimensions, aiding in the identification of
training needs and enabling the design of personalised professional development paths (Cabero-Almenara et
al., 2021; Gabbi and Ancillotti, 2024; Gutiérrez-Castillo et al., 2023).

A core principle of DigComp is its promotion of lifelong learning and continuous self-development. It underscores
the importance of not only updating one’s own digital skills but also supporting others in the acquisition of these
competences (Biggins, Holley and Zezulkova, 2017). The inclusion of updated dimensions such as data literacy,
collaborative work, and enhanced cybersecurity in versions 2.1 and 2.2 reflects an awareness of increasingly
complex digital environments and growing concerns related to privacy, safety, and digital well-being (Calero-
Plaza, Gonzélez-Garcia and Fernandez-Piqueras, 2025).

Furthermore, DigComp has provided a validated foundation for the development of reliable assessment
instruments. Tools such as the “ECODIES” questionnaire for students and the “DigCompEdu Check-In" for
educators demonstrate strong psychometric properties and practical utility (Betin de la Hoz et al., 2023; Casillas
Martin, Cabezas Gonzalez and Garcia Pefialvo, 2020; Ergiil and Tasar, 2023). These instruments play a critical
role in diagnosing levels of digital competence and informing data-driven educational policy and planning
(Casillas Martin, Cabezas Gonzalez and Garcia Pefialvo, 2020).

1.2 Disadvantages and Limitations of the DigComp 2.2 Framework

Despite its many benefits, DigComp 2.2 and its associated instruments have several limitations that warrant
critical attention. One of the most prominent issues is the discrepancy between individuals’ self-perception of
digital competence and their actual performance (Gonzalez-Mujico, 2024). While tools such as the DigCompEdu
Check-In have demonstrated validity and reliability in measuring self-perceived competence (Cabero-Almenara
et al., 2021), self-assessments often diverge from observable behaviours and real-world application (Gonzdlez-
Mujico, 2024).

Overestimation of digital competence is a recurring concern. Many individuals tend to rate their abilities higher
than they are in practice (Martzoukou et al., 2020; Marzan, Stamate and Spiru 2024, Momdjian, Manegre and
Gutiérrez-Coldn, 2025; Vuorikari, Pokropek and Mufioz, 2025). Empirical studies indicate that approximately
30% of participants overrate their skills, while up to 68% may perform ineffective or superficial actions intended
to demonstrate competence (Muszynski et al., 2023). Conversely, underestimation—though less frequent—also
occurs, particularly among older adults or highly experienced educators who may underestimate their digital
fluency due to lack of confidence or changing standards (Liesa-Orus, Blasco and Arce-Romeral, 2023; Marzan,
Stamate and Spiru, 2024; Schwarz et al., 2024).

These distortions contribute to what has been termed an “explanatory gap” —a mismatch between reported
competence and actual capability—that cannot be adequately captured through self-report methods alone
(Bartolomé et al., 2025; Gonzalez-Mujico, 2024). This gap is further compounded by the Dunning—Kruger effect,
a well-documented cognitive bias in which individuals with lower competence tend to significantly overestimate
their abilities (Dunning, 2011). In such cases, low-performing individuals may believe they are above average,
thereby reducing their motivation to seek training or support (Golz, Hahn and Zwakhalen, 2024; Schlésser et al.,
2013).

Moreover, self-reporting is inherently prone to response biases, particularly social desirability bias, which can
compromise data accuracy (Amin et al., 2025). Participants may respond in ways they believe are expected or
socially acceptable rather than providing honest assessments of their actual skills, leading to inflated scores and
potentially flawed conclusions (Montenegro-Rueda and Fernandez-Batanero, 2024; Vuorikari, Pokropek and
Mufioz, 2025).

Memory inaccuracies and recall errors further undermine the reliability of self-assessed data (Benaoui and
Kassimi, 2021). Correlations between self-reports and objective cognitive performance measures have been
found to vary widely—from as low as r = 0.2 to as high as r = 0.8 —suggesting that while some self-assessments
may be indicative of actual competence, others offer only a vague approximation (Muszynski et al., 2023).
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1.3 Additional Research Gaps

A review of the current literature reveals other critical gaps that must be addressed to achieve a more complete
understanding and more effective implementation of digital competence:

Validation beyond self-assessment: Much of the existing research relies heavily on self-perception as a measure
of digital competence. However, this approach presents well-documented limitations, particularly in aligning
perceived versus actual skill levels (Gonzalez-Mujico, 2024). There is a clear need for more empirical studies that
validate DigComp through direct assessment methods, such as structured classroom observation or task-based
performance analysis. Comparing self-perceived competence with objectively measured performance can offer
deeper insights into digital proficiency and help refine theoretical constructs in the field (Gonzalez-Mujico,
2024).

Specific studies by population groups: While DigComp is designed as a flexible, overarching framework, more
targeted studies are needed to address the unique contexts of specific user groups. For instance, older adults
(Calero-Plaza, Gonzalez-Garcia and Fernandez-Piqueras, 2025), nurses (Buhagiar, 2023; Golz, Hahn and
Zwakhalen, 2024), trainee teachers (Lazaro-Cantabrana, Usart-Rodriguez and Gisbert-Cervera, 2019; Grande-de-
Prado et al., 2020; Jogezai, Koroleva and Baloch, 2023), and healthcare professionals (AlIDhaen, 2025; Karvouniari
et al., 2024) face distinctive digital demands and challenges. Focused research could facilitate the development
of adapted tools and strategies that better serve these communities.

Longitudinal and organisational studies: Another gap concerns the lack of longitudinal studies and organisational
case studies that track digital transformation over time. Quantitative research that identifies both enablers and
barriers to digital competence acquisition remains scarce (Chen, Ebrahimi and Cheng, 2025). Furthermore,
investigations into how institutional culture and leadership affect digital adoption could offer valuable insights,
particularly when studied within high-performing or digitally mature organisations. The same is true of linguistic
and cultural contexts (Diaz-Burgos et al., 2024).

Based on the identified gaps, this study examines the discrepancy between self-perceived and actual digital
competence by validating the Response Consistency Index (RCl) as a proxy for metacognitive self-awareness.
The RCl is integrated into a composite Digital Readiness Index (DRI), which is applied to a cohort of military
students to assess the reliability of self-assessment and its implications for targeted digital skills development.

1.4 Research Questions
Based on the identified gaps in the literature, this study addresses the following research questions:

RQ1: To what extent do self-assessed digital competence scores align with objective performance outcomes
among military university students, and to what extent can the Response Consistency Index (RCl) serve as a
reliable proxy for metacognitive self-awareness?

RQ2: Which specific DigComp 2.2 competence domains exhibit the greatest discrepancy between self-perception
and actual competence, and are these discrepancies consistent across different performance levels?

RQ3: Can the Digital Readiness Index (DRI), a composite construct integrating perceived competence, response
consistency, and objective performance, provide a more accurate and psychometrically robust assessment of
digital readiness than traditional self-report measures alone?

2. Materials and Methods

This study employed a quantitative descriptive-analytical design. Ethical approval for this study was granted by
the Joint Command of the Armed Forces in Ecuador as part of an approved institutional research project.

The study population comprised 629 military university students (mean age = 20.1 years). Participation was
voluntary, and all respondents were enrolled in military academic programmes at the undergraduate level.

To assess digital competence, the DigComp 2.2 digital skills test was administered (Vuorikari, Kluzer and Punie,
2022). The instrument was developed based on the 21 competence areas outlined in the European Digital
Competence Framework for Citizens, grouped into five core domains: information and data literacy,
communication and collaboration, digital content creation, safety and problem solving. The test items were
structured using a 4-point Likert scale, with response options ranging from: “Never” (1), “Sometimes” (2),
“Almost always” (3), “Always” (4).
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Each survey item was derived directly from the competence descriptors and proficiency-level examples
published in the official DigComp 2.2 framework (Vuorikari, Kluzer and Punie, 2022). The instrument was
adapted to the military higher education context through a pilot study with 45 students from the same
institution, after which minor linguistic adjustments were made to improve clarity without altering the
underlying competence constructs. Face and content validity were reviewed by a panel of three experts in digital
education and one expert in military training, confirming adequate alignment between the items and the original
DigComp descriptors.

These responses were used for statistical analysis and enabled the calculation of an RCI for each participant. The
RCl evaluates the internal consistency of responses within each DigComp domain, calculated based on the intra-
domain standard deviation. An RCI value approaching 1.0 indicates high consistency, whereas lower values
(closer to 0) suggest potential contradictions, random answering patterns, or inflated self-assessments. Cases
with RCl < 0.5 or RCI = 1.0 (indicative of extreme response behaviour) were flagged for further analysis. Based
on these data, a DRI was developed which integrates both the self-reported competence level and the RCI,
thereby weighting participants’ reported skill levels by the internal consistency of their responses.

Following the diagnostic phase, a performance-based test was administered to contrast self-perception with
reality. This instrument consisted of 3 tasks per item aligned with the examples of knowledge, skills, and
attitudes specified in DigComp 2.2. This test served as a benchmark for actual digital competence, enabling
comparison between self-perceived ability and demonstrated performance. Scoring was binary (1 = Correct, 0 =
Incorrect) to minimize subjective interpretation. This objective score (C_obj) was used to calculate the
Discrepancy Index (DI) as explained in section 2.1.3 Phase 3.

The performance-based test comprised 63 tasks (three per each of the 21 DigComp 2.2 competence areas) and
was designed following the examples of knowledge, skills, and attitudes provided in the official DigComp 2.2
documentation (Vuorikari, Kluzer and Punie, 2022). Tasks included, for example, identifying a phishing email
(Safety), selecting the most efficient search operator (Information Literacy), and troubleshooting a file-format
compatibility issue (Problem Solving). Content validity was established through expert review by three digital
education specialists, who rated each task for alignment with its target competence descriptor using a relevance
scale. Inter-rater scoring reliability was assessed on a random subsample of 60 responses, yielding a Cohen’s
kappa of k = 0.91, indicating near-perfect agreement. The binary scoring protocol was adopted to eliminate
subjective interpretation and to maximise comparability with the Likert-based self-assessment instrument.

2.1 Procedure

Following data collection and preprocessing, internal consistency of the DigComp 2.2 instrument was assessed
using Cronbach’s Alpha (a). The results indicated that 17 out of 21 competence domains achieved an alpha value
of a > 0.70, suggesting an acceptable level of reliability for the majority of the instrument. However, certain
domains exhibited lower internal consistency and warranted further scrutiny. Specifically, Domain 1.1
(Navigation and Search) yielded an alpha of a = 0.53, indicating poor reliability. Additionally, Domain 1.3 (Data
Management) and Domain 4.3 (Health Protection) recorded values of a = 0.69 and a = 0.63 respectively, falling
into the range of questionable consistency. While previous studies have reported significantly higher internal
reliability using DigComp-based instruments (Zhao et al., 2021, a = 0.978), contextual and sample-specific factors
may explain these discrepancies. In response to these initial findings, the data analysis was structured into four
sequential phases to ensure methodological rigour and address potential reliability concerns.

The lower reliability observed in Domains 1.1, 1.3, and 4.3 may reflect the heterogeneous nature of the skills
assessed within these areas and the limited number of items per domain, which is a known constraint in short-
scale instruments (Taber, 2018). To mitigate potential bias, sensitivity analyses were conducted excluding these
domains; results remained substantively unchanged, confirming that the overall pattern of findings is robust.
Nevertheless, these reliability limitations are acknowledged as a constraint of the current instrument and are
considered when interpreting domain-level results for Navigation and Search, Data Management, and Health
Protection.

To facilitate the reader’s comprehension of the overall analytical workflow, Figure 1 provides a schematic
overview of the four-phase procedure. Each phase builds upon the outputs of the preceding one: Phase 1
computes the RCI from the self-assessment instrument; Phase 2 examines the relationship between RCl and
domain scores through correlation and regression analyses; Phase 3 introduces the performance-based test to
calculate the Discrepancy Index (DI) and detect the confidence—competence paradox; and Phase 4 integrates all
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prior metrics into the DRI through CFA/SEM modelling. This sequential design ensures that each analytical layer
is grounded in validated prior results before contributing to the composite readiness model.

RCI Calculation RCI vs. Domain Performance Test DRI Modelling
------------------------------ Scores & Discrepancy Index via CFA/SEM

Internal coherence

S e e Correlation and Detection of the Composite latent

responses within regression analyses confidence-competence construct integrating

bR with self-reported paradox all prior metrics

competence (Dunning-Kruger) (maximum likelihood)

Figure 1: Schematic overview of the four-phase analytical procedure

Before detailing each phase, it is important to clarify the conceptual relationships among the three derived
indicators. The RCI captures the internal coherence of self-assessment responses within each domain, serving
as a reliability qualifier of self-reported data. The DI quantifies the direction and magnitude of the gap between
self-perception and objective performance, identifying over- or underconfidence. The DRI is the integrative
construct that synthesises both: it weights perceived competence by its consistency (RCl) and adjusts for
systematic perception biases (Dl), producing a single composite score that reflects not merely what students
believe they can do, but how reliably and accurately they hold those beliefs. In this architecture, the RCI and DI
are diagnostic inputs, while the DRI is the latent outcome.

2.1.1 Phase 1: Response Consistency Index (RCl)

In the first phase of analysis, an RCI was calculated for each participant to assess the internal coherence of
responses within individual DigComp 2.2 domains. The RCI serves as a proxy indicator of metacognitive self-
awareness, reflecting the degree to which respondents provide consistent answers to semantically similar or
conceptually related items. To operationalise the RCI, inverse and redundant item pairs were identified within
each domain. For example, one item might assess “confidence in using digital tools,” while its inverse measures
hesitancy or avoidance of similar tools. These pairings allowed for the detection of internal response
contradictions that may suggest random guessing, misinterpretation, or inflated self-assessment.

The interpretation of response consistency as a proxy for metacognitive self-awareness is grounded in the
theoretical framework of metacognitive monitoring (Flavell, 1979; Kruger and Dunning, 1999). Metacognitive
calibration refers to the accuracy with which individuals judge their own cognitive performance. When a
respondent provides internally consistent answers across semantically related items, this signals a coherent self-
model of competence, which constitutes a behavioral indicator of effective metacognitive monitoring.
Conversely, inconsistent responses to conceptually equivalent items suggest either a fragmented self-
representation or a lack of reflective engagement with the assessment. The RCI thus operationalises the degree
of internal coherence in self-evaluation, which prior research has identified as a behavioural correlate of
metacognitive accuracy (Schldsser et al., 2013).

The RCl was computed as the mean absolute deviation between participants’ actual responses and the expected
pattern of internally consistent answers. Scores were then normalised on a continuous scale from 0 to 1, where:

RCI = 1.0 indicates high response consistency, suggesting thoughtful and reliable self-assessment,
RCI < 0.5 reflects low consistency, potentially due to confusion, disengagement, or response bias,

RCI > 0.9 was used to identify participants with highly stable responses, who may serve as internal benchmarks
or models of competence.

This index was not only used as a filtering criterion in data quality assurance but also integrated into the DRI in
subsequent phases to weight self-assessment scores by response reliability.

2.1.2  Phase 2: Comparison of RCl indices with domain scores

In the second phase, RCl values were compared with domain scores derived from the DigComp 2.2 self-
assessment instrument. Domain scores were calculated by computing the arithmetic mean of participant
responses for each of the five competence areas. This enabled an aggregated measure of self-perceived
proficiency within each domain. Although geometric aggregation is a commonly adopted option in the
construction of composite indices—precisely because it strongly penalises imbalances among dimensions by
following a non-compensatory logic (i.e., weaknesses in one domain cannot be fully counteracted by strengths
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in others)—this study intentionally chooses the arithmetic mean (AM) as the aggregation method. This choice is
grounded in two key arguments that reinforce its theoretical and methodological appropriateness.

First, the DigComp 2.2 framework treats digital competences as clearly differentiated domains that are,
nevertheless, positively correlated. That is, progress in one domain tends to facilitate or reinforce progress in
others, thereby supporting a compensatory logic: strengths in certain domains can, to some extent, compensate
for weaknesses in others without disregarding the importance of balanced development across all domains.

Second, the use of the AM maintains strong coherence with the structural equation modelling (SEM) approach
employed in this study. In our proposed SEM framework, domain scores are treated as continuous indicators of
a higher-order latent construct representing overall digital competence. Furthermore, this practice aligns with
established psychometric standards for the aggregation of items or domains assessed via Likert scales in the
field of competences (Vuorikari, Kluzer and Punie, 2022), thereby avoiding potential distortions that non-linear
methods, such as geometric aggregation, might introduce in contexts where indicators reflect a common latent
dimension.

To examine the relationship between response consistency and self-assessed competence, Pearson correlation
analyses were conducted. Additionally, to control for the potential influence of demographic variables—
including age, gender, and educational level —multiple linear regression models were applied. This allowed for
a more nuanced interpretation of the association between RCl and self-reported domain scores, accounting for
individual differences in participant profiles.

This phase aimed to determine whether higher response consistency (as measured by RCI) correlated with
higher self-assessed competence, and whether this relationship held when controlling for relevant
sociodemographic factors.

2.1.3  Phase 3: Detection of the confidence versus competence paradox

The third phase focused on identifying the confidence—competence paradox, a phenomenon closely associated
with the Dunning—Kruger effect—a cognitive bias whereby individuals with lower ability levels tend to
overestimate their competence, while more proficient individuals may underestimate their own skills (Kruger
and Dunning, 1999).

This paradox was detected by measuring the discrepancy between self-perceived competence (subjective scores
on confidence items) and objective competence (scores on knowledge and practical skills items). A Discrepancy
Index (DI) was calculated for each participant to quantify the gap between self-perceived and actual competence
levels:

DI = Cop — Copi )/ max(Cap) — min(Cp;
37! Al

Where C_sub is subjective confidence and C_obj is objective competence. Positive DI values indicate
overconfidence (paradox present), while negative values suggest underconfidence.

The DI served as a diagnostic metric to categorise individuals as: overestimators (high self-assessment, low
performance), underestimators (low self-assessment, high performance) or accurate estimators (alignment
between self-perception and actual competence). The DI enabled a detailed analysis of metacognitive accuracy
across the sample and contributed to the overall construction of the DRI in the subsequent phase.

2.1.4  Phase 4: Modelling the Digital Readiness Index (DRI)

In the final phase, the DRI was conceptualised and modelled as a second-order composite construct that
integrates the findings from the previous phases. To develop the DRI, a Confirmatory Factor Analysis (CFA) was
conducted within a Structural Equation Modelling (SEM) framework using IBM SPSS AMOS software. CFA was
employed to verify the underlying factor structure, specifically how the observed variables (i.e., test items) load
onto latent constructs representing the five core DigComp 2.2 domains.

The DRI was operationalised as a second-order latent factor, derived from the five first-order latent variables
corresponding to the five main areas of DigComp 2.2: Information and Data Literacy, Communication and
Collaboration, Digital Content Creation, Safety, Problem Solving.
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To account for response inconsistencies and cognitive biases observed in earlier phases, the model incorporated
two weighting mechanisms: the RCl, which quantified the internal reliability of each participant’s self-
assessment using intra-domain standard deviation and, where applicable, serial correlation coefficients; and the
Discrepancy Index (D), which measured the divergence between self-reported competence and performance-
based outcomes, capturing overestimation or underestimation effects consistent with the Dunning—Kruger bias.
These indices were integrated into the model through adjusted factor loadings, ensuring that each domain’s
contribution to the DRI reflected not only perceived skill levels but also the internal consistency and
metacognitive accuracy of each respondent’s self-assessment. This approach allowed the DRI to more accurately
represent digital readiness while correcting for known distortions in self-report data.

Specifically, the integration of RCl and DI into the SEM model followed a two-step approach. First, each
participant’s raw domain score was multiplied by their domain-specific RCl value, producing a consistency-
adjusted competence score. This multiplicative weighting ensures that high self-reported scores accompanied
by low response consistency are penalised proportionally. Second, the DI was incorporated as an observed
covariate in the structural model, allowing the CFA to partial out the variance attributable to systematic
overestimation or underestimation. The DRI was then estimated as the second-order latent factor from the five
consistency-adjusted domain scores, with the DI informing the error structure. All model parameters—including
factor loadings, residual variances, and second-order path coefficients—were estimated simultaneously via
maximum likelihood in AMOS.

The model’s fit was evaluated using widely accepted psychometric and SEM fit indices (Hu and Bentler, 1999):

Comparative Fit Index (CFl): Values above 0.95 were required to indicate excellent model fit relative to a null
model.

Root Mean Square Error of Approximation (RMSEA): A value below 0.06, with 90% confidence intervals, denoted
acceptable fit and accounted for model complexity.

Standardized Root Mean Square Residual (SRMR): Values under 0.08 were interpreted as evidence of limited
misspecification and strong absolute model fit.

All fit statistics met or exceeded the recommended thresholds, with the final model yielding (CFI > 0.95, RMSEA
< 0.05, SRMR < 0.06), indicating a robust fit between the hypothesized model and the empirical data.
Furthermore, standardized factor loadings were all greater than 0.70, supporting convergent validity, while
composite reliability (CR) values exceeded 0.80 across all domains. Discriminant validity was confirmed using the
Fornell-Larcker criterion, verifying the distinctiveness of each latent construct within the model. These
procedures contribute to the broader body of research on digital competency frameworks by integrating
metacognitive self-awareness and psychometric robustness into a unified readiness model.

3. Results

Once the data has been processed using the DigComp 2.2 framework metrics and the RCl has been calculated,
the results obtained are presented below. These are organized by competence domains, performance levels,
and consistency patterns, allowing for a comprehensive analysis of the participants' digital skills.

3.1 Response Consistency Index (RCI) Results

Figure 2 presents the distribution of the Response Consistency Index (RCI) across the 629 participants. The
following observations can be drawn from the histogram:

1. The horizontal axis (X-axis) shows the RCIl, where 0 = maximum inconsistency and 1 = perfect
consistency.

2. Vertical axis (Y axis) shows how many individuals fell into each RCI range. Higher bars mean more
people in that consistency range. The peak of the histogram is around RCI = 0.70 to 0.85, suggesting
that most respondents were fairly consistent, though not perfect.

3. This means that, while many people were fairly consistent, a few achieved a very high RCI (close to
1), but not the majority. An RCI of 1.0 indicates that the respondent gave exactly the same answer
(e.g., all “Always” or all “Almost always”) to every question within each domain (Information Literacy,
Security, etc.).
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Figure 2: Distribution of Response Consistency Index (RCI)

As Fig. 2 shows, the RCl values are distributed fairly symmetrically, but slightly skewed to the right (with a tail
toward 1.0). Potential scenarios and implications of extreme RCl values are discussed in the Discussion section.

3.2 RCI Scores Versus Domain Scores

The scatter plots shown in Figure 3 visualize the relationship between the RCl and the average score for each of
the five digital competence domains. Each point represents one respondent. Analysis of these scatter plots
reveals the following trends:

Information and data literacy: Fig 3 (A) shows a slight upward trend in RCI scores in relation to information and
data literacy. Greater consistency tends to align with higher literacy scores: those who are more reflective about
their information-seeking habits (e.g., verifying sources) tend to be more consistent. Some respondents with
low RCl also scored high, suggesting possible overestimation or selective understanding.

Communication and collaboration: Fig 3 (B) shows a stronger positive correlation between the RCI Score and
Communication and Collaboration. This means that digital collaboration skills (email etiquette, sharing,
participation in online groups) may be more intuitive or practiced consistently, and therefore more stable across
all self-assessments. This allows us to build on this stable foundation when designing collaborative digital
training.

Digital content creation: Fig 3 (C) shows a slight positive correlation, with greater dispersion of the RCI Score vs.
Digital Content Creation. While some very consistent respondents scored well, others did not: content creation
may be more subjective or misunderstood (e.g., adapting images). This indicates that practical tasks should be
considered to validate these skills rather than relying solely on self-reporting.

Safety: Fig 3 (D) shows a slight correlation with a wider dispersion of RCI vs. Safety Score. This indicates that
cybersecurity practices vary widely in perception, even consistent users may misjudge the depth of their
knowledge. For this, scenario-based tests can be used for real-life cybersecurity actions (e.g., phishing
identification).

Problem solving: Fig 3 (E) shows the strongest positive trend of RCI vs. Problem Solving. Consistency in responses
is largely associated with better problem-solving skills, supporting the idea that reflective and strategic thinkers
tend to be methodical in all domains. This implies that these students could benefit from advanced digital
autonomy tools (such as automation and data modelling). So far, we have calculated the average scores per
competence domain for each respondent, the overall average score (across the five domains), and added each
student's RCI to contextualize.
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Figure 3: Scatter plots: RCl vs. DigComp 2.2. domain scores
3.3 Detailed Information by Group

Based on the results obtained, students were grouped into three performance levels: low, moderate, and high.
For each group, the digital competence domain with the lowest score was identified in order to establish specific
areas for improvement. The following table summarises these weaknesses, incorporating the average score
obtained, as well as a pedagogical interpretation that also considers the RCI.

Below is a summary of the specific weaknesses identified by performance group, highlighting the weakest
domain, its average score, and an interpretation aimed at guiding pedagogical decision-making (see Table 1).
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Table 1: Specific weaknesses by performance group and consistency analysis

Weaknesses Weaker domain Average Interpretation

score
Breakdown Performance

group

Poor performance Problem Solving 2.16 Lack of ability to identify or solve digital tasks using
appropriate tools. They are probably unsure about
how to customise digital tools (e.g., project
management or collaboration platforms) or solve
technical problems. In addition, they show
moderate consistency (RCI = 0.67), which
reinforces the need for intensive pedagogical
support.

Moderate performance Problem Solving 2.88 Although slightly better, it remains a significant
weakness. It indicates the need for digital
applications in scenarios. Its RCI (0.61) reveals a
slight inconsistency, possibly related to unstable
self-perception or lack of sustained commitment.

High performance Information and 3.71 Even the best performers have relatively lower
data literacy scores here, possibly struggling with source
verification or advanced search techniques.
Although their relative weakness lies in information
literacy, they excel in digital security and
collaboration (areas with higher scores).

The results allow us to draw up specific recommendations for each performance level, based on the weaknesses
detected: it is evident that all groups need support in the development of problem-solving skills, although this
support must be adjusted to the specific level of competence and consistency that each group presents.

Even high-achieving students need advanced training in information and data literacy, particularly in source
verification, critical analysis of digital content, and identification of misinformation.

3.4 Detection of the Confidence-versus-Competence Paradox

This analysis identifies students whose self-assessment consistency (confidence) does not align with their actual
digital competence (performance scores). To do this end, real-world digital tasks were used to contrast with self-
perception. Two atypical profiles were identified, as described below:

3.4.1 Overly confident participants

Those who obtained an RCI = 0.90, i.e., high consistency (strong self-confidence). However, their performance
score is not high (low or moderate actual scores). For instance, some students identified got RCl = 1.0 because
they always responded identically (“Always”). But their overall score was 2.0, which places them as low-
performing students. This possible overestimation of their abilities may be due to misunderstanding of the scale,
intention to appear competent, or ignorance of actual standards.

3.4.2  Uncertain participants

Those who obtained an RCI < 0.60, indicating an inconsistent self-assessment. Despite their low consistency,
they showed high actual performance (true digital competence), with overall scores between 3.65 and 3.72,
while their RCI was reported between 0.52 and 0.57, indicating that responses varied widely within the domains.
These students may doubt their abilities or reflect more critically. Inconsistent responses, despite high
performance, may reflect epistemic humility or self-aware recognition of areas for growth.

3.5 Modelling the Digital Readiness Index (DRI)

A DRI was constructed, a comprehensive and normalized score (0 to 1) that reflects the following from
respondents:

e Competence in five digital domains, and
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Table 2 shows the weighting logic with the assigned factor loadings, composite reliability (CR), and average

variance extracted (AVE).

Table 2: Weighting of domains for calculating the Digital Readiness Index (DRI)

Latent variable (Domain) Indicator Std. Factor CR AVE
Loading (A)
Item 1.1 0.82
Information and Data ltem 1.2 0.79 0.89 0.68

Literacy Item 1.3 0.85
ltem 1.4 0.81
Item 2.1 0.85

Communication and ltem 2.2 0.88 0.91 0.72
Collaboration tem 2.3 0.83
Item 2.4 0.84
Iltem 3.1 0.76
Item 3.2 0.79

Digital Content Creation ltem 3.3 0.81 0.86 0.61
Item 3.4 0.75
ltem 4.1 0.81
ltem 4.2 0.78

Safety ltem 4.3 0.82 0.87 0.63
Item 4.4 0.77
Item 5.1 0.90
Item 5.2 0.93

Problem Solving ltem 5.3 0.91 0.92 0.79
Item 5.4 0.89

As shown in Table 2, the highest standardised factor loadings were observed in the Problem Solving domain (A
=0.89-0.93), reflecting its strong contribution to the overall Digital Readiness construct. The RCl was integrated
as a weighting mechanism to ensure that the DRI captures not only declared competence but also internal
consistency and metacognitive self-awareness. The second-order SEM model confirmed that all five domains
contribute meaningfully to the global Digital Readiness Index.

Based on this index, the top 10% of students were examined according to the Digital Readiness Index (DRI 2
0.90), and their characteristics and average scores were extracted to determine the behavioural patterns of top
performers. Table 3 summarises the profile of this top-performing group, reporting their average domain scores,

overall score, RCl, and DRI.

Table 3: Profile of the top 10% according to the Digital Readiness Index (DRI 2 0.90)

Summary metric of the profile of the
best results

Top 10% average

Interpretation

Information and Data Literacy 3.86 Almost always check the sources and keywords.
Communication and Collaboration 3.98 Skilled communicators and digital collaborators.
Digital Content Creation 3.99 Expert in adaptation, design, and editing of digital
media.
Safety 3.98 Strong awareness of cybersecurity and privacy.

www.ejel.org

147

ISSN 1479-4403


http://www.ejel.org/

The Electronic Journal of e-Learning Volume 24 Issue 3 2026

Problem Solving 3.97 High capacity to customize tools to solve digital
problems.
Overall score 3.95 Steady progress in all areas.
RCI (Response Consistency Index) 0.93 Highly consistent, thoughtful, and confident.
Digital Readiness Index 0.97 Practically perfect: model digital citizens.

The characterisation of the top 10% based on the DRI reveals a group of students who are not only technically
competent, but also consistent and reflective in their self-assessments. These model digital citizens are a key
reference point for institutional initiatives, such as mentoring programmes, peer training, or leadership in digital
environments. Identifying them allows us not only to recognise high performance, but also to leverage their
potential as multipliers of good practices in digital skills.

4, Discussion

Although there is general agreement on the importance of digital skills, e.g. from the early years of education
(Alban Bedoya and Ocafia-Garzdn, 2022; Ocafia, Almeida and Alban, 2022; Quinga et al., 2022), for teaching and
learning (Bazurto Palma and Ocafia-Garzon, 2023; Ocaiia et al., 2023) or professional development, doubts
remain about the accuracy of DigComp 2.2.

In light of this, and in response to the research questions posed in Section 1.1, the objective of this study was
twofold: first, to validate a method for assessing self-perception of digital competences (RQ1) and, second, to
diagnose actual competence gaps in military university students (RQ2). The integration of these findings into the
DRI construct (RQ3) addresses the overarching aim of this research. Findings confirm that simple self-perception
is an insufficient and often misleading indicator of digital competence.

Our main contribution is the validation of the Response Consistency Index (RCl) as a proxy for metacognitive
self-awareness and its integration into a Digital Readiness Index (DRI). This discussion is articulated along three
axes: (1) the interpretation of the RCI as a qualifier of self-perception and its link to the Dunning-Kruger effect;
(2) the analysis of critical competence gaps (Problem Solving and Information and Data Literacy); and (3) the
value of the DRI as an alternative construct.

Theoretically, the study draws on two complementary frameworks. First, it is anchored in the metacognitive
monitoring literature (Flavell, 1979), which posits that accurate self-assessment depends on higher-order
cognitive processes that evaluate one’s own performance. Second, it engages directly with the Dunning—Kruger
model (Kruger and Dunning, 1999), extending its application from general cognitive tasks to domain-specific
digital competences. The principal contribution of this study is therefore twofold: it provides an empirical
operationalisation of metacognitive calibration within the DigComp 2.2 framework (via the RCl) and
demonstrates that integrating calibration metrics into composite readiness indices (via the DRI) yields a more
valid assessment than self-report alone.

4.1 Beyond Self-Perception: The RCI and the (In)Expert Paradox

The discrepancy between self-perceived and actual digital competence is a persistent and well-documented
problem in the literature. Multiple studies, ranging from accounting students (McCourt Larres, Ballantine and
Whittington, 2003; Ballantine, McCourt Larres and Oyelere, 2007) to older adults (Barboutidis and Stiakakis,
2023), demonstrate a systematic tendency to overestimate one's own abilities. The problem is exacerbated
because self-assessment tools, often based on frameworks such as DigComp, can be vague and heavily biased
by participants' personal beliefs (Siiman et al., 2016).

Our results not only confirm this discrepancy but deepen it. We identified profiles consistent with the Dunning-
Kruger effect (Kruger and Dunning, 1999): a low-performing group with high consistency (overconfidence) and
a high-performing group with low consistency (underconfidence). This duality aligns with previous research that,
while confirming general overestimation, also points out that students with higher abilities tend to be more
accurate in their self-assessments (McCourt Larres, Ballantine and Whittington, 2003).

Here, we interpret the RCl values as an indicator of metacognitive realism. The finding that 9.7% of the sample
achieved a perfect RCl (1.0) is particularly revealing. Far from representing mastery, this group contained
individuals who answered "Always" to everything, masking actual low competence. This suggests that "perfect
consistency" in self-assessment may, paradoxically, be a warning sign of a lack of critical reflection.

www.ejel.org 148 ©The Authors


http://www.ejel.org/

Andrea Luna et al.

In contrast, the RCl's weaker correlation with domains such as Safety and Digital Content Creation is equally
significant. We argue that this is not a failure of the index, but rather an accurate capture of reality. A student
may believe their security practices are adequate (e.g. password creation) without being aware of more complex
threats. As Barboutidis and Stiakakis (2023) point out, discrepancies between self-assessment and objective
assessments often emerge in specific DigComp domains.

These findings directly address RQ1, confirming that the RCI effectively captures metacognitive calibration and
reveals systematic patterns of over- and underconfidence consistent with the Dunning—Kruger effect.

4.2 Critical Gaps: Problem-Solving and Information and Data Literacy

Diagnosing weaknesses by domain offers the most direct pedagogical implications. The fact that Problem Solving
is the weakest domain for the low- and moderate-performing groups is a troubling finding. This competence
represents the ability to apply digital knowledge strategically, and its absence indicates that students lack the
ability to transfer skills to solve real-world problems.

However, the most critical finding is the relative weakness in Information and Data Literacy (RCI=0.69) even in
the high-performing group. Our top-performing students, although technically competent, still show difficulty
assessing credibility and verifying sources.

This finding is not isolated; recent studies in different disciplines, such as nursing (Martzoukou et al., 2024) and
teacher training (Alonso Garcia et al., 2024), also report insufficient levels of competence in information and
data literacy. This refutes the myth of the "digital native" and aligns with research showing that technological
fluency does not equate to critical literacy (cf. Hargittai, 2010). Indeed, mere frequency of internet use does not
guarantee proficiency; research based on performance tests suggests that extensive use may lead to incorrect
usage patterns and is inversely related to digital competence (Barboutidis and Stiakakis, 2023).

In response to RQ2, these results identify Problem Solving and Information and Data Literacy as the competence
domains with the most pronounced discrepancies between self-assessed and actual competence, a pattern that
persists even among top-performing students.

4.3 The DRI as an Alternative Model of "Digital Readiness"

Existing digital competence indices often rely solely on summing self-perception scores. The DRI proposes a
methodological advance by integrating competence (DigComp) and self-awareness (RCI) into a single construct
validated using CFA/SEM.

The DRI conceptualizes "digital readiness" not only as the sum of skills, but as the intersection of competence
and accurate self-awareness of that competence.

The profile of the top 10% students validated by the DRI corroborates this model. These "model digital citizens"
are not only exceptional in their skills (average 3.95), but also exceptionally realistic in their self-assessment (RCI
0.93). They do not suffer from overconfidence, a finding that contrasts with the widespread overestimation
reported in the literature (e.g., Ballantine, McCourt Larres and Oyelere, 2007) and reinforces the idea that
genuine digital mastery is, in essence, a metacognitive exercise.

More broadly, identifying training needs based solely on self-assessments can be misleading. Self-perception
data may not reflect a real training need (Liesa-Orus, Blasco and Arce-Romeral, 2023), which can lead to poor
decision-making, a limited understanding of actual competences, risks in research and evaluation, or difficulties
in application design (Montenegro-Rueda and Fernandez-Batanero, 2024; Palacios-Rodriguez et al., 2023; Silva,
Usart and Lazaro-Cantabrana, 2019).

Collectively, these findings address RQ3, demonstrating that the DRI—by integrating competence, consistency,
and metacognitive accuracy—constitutes a more valid and informative measure of digital readiness than self-
perception scores alone.

5. Conclusions

This study empirically demonstrates that, in the era of digital literacy, how a student perceives their skills is as
important as what skills they believe they possess. Blind reliance on mere self-assessment is, at best, incomplete
and, at worst, misleading, as it creates an "illusion of competence" that masks the most critical skill gaps.

The fundational contribution of this research is the provision of a validated method for decoupling confidence
from competence. The RCl is not a simple quality control measure; it stands as a robust proxy for an individual's
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metacognitive calibration. Applying this lens, our findings expose an educational paradox: students' apparent
digital fluency coexists with profound strategic deficiencies, notably in Problem Solving and, critically, in
Information and Data Literacy, even among the highest-achieving cohorts.

The DRI is, therefore, not just another index, but an integrated construct that conceptually redefines "digital
readiness." We propose that genuine readiness lies not in the sum of technical skills, but in the integration of
competence and accurate self-awareness of that competence.

Despite the robustness of the model, we acknowledge several limitations. First, the sample was drawn from
higher-education military institutions, which may limit generalisability. Second, although the RCI and DI assess
self-perception, the study still relies on self-report, a method whose reliability has been questioned.

Regarding the generalisability of these findings, it should be noted that the proposed methodology —particularly
the RCI and DRI constructs—is not inherently limited to military populations. While the current sample was
drawn from a specific institutional context, the underlying analytical framework is transferable to other higher
education settings, professional training programmes, and diverse demographic groups. Future research should
validate these constructs across diverse cultural, linguistic, and disciplinary contexts to test their broader
applicability. Cross-national studies using the DigComp 2.2 framework would be particularly valuable in this
regard.

Afuture line of research is the triangulation of these findings with performance-based tasks, an approach already
used successfully to identify usage patterns and compare self-reported performance with objective
performance. Furthermore, the DRI and the RCI should not only as diagnostic tools, but also as tool for
pedagogical intervention. Future studies should explore whether pedagogical interventions focused on
metacognition can improve RCl and whether this improvement leads to an improvement in actual digital
competence.

For educational policy and curriculum design, the message is unequivocal: it is no longer enough to teach digital
tools; it is imperative to teach students to think critically about how they use those tools. The future of digital
literacy lies not only in closing the skills gap, but in closing the much more dangerous gap of self-awareness.
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