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Assessing the Impact of Engagement and Real-
Time Feedback in a Mobile Behavior Change
Intervention for Supporting Critical Thinking in
Engineering Research Projects

Yousef A. Asiri, David E. Millard, and Mark J. Weal

Abstract—Digital behavior change interventions (DBCIs)
provide customized advice, ongoing support, and web- and
mobile-based platforms for learners who want to change their
undesirable behaviors. DBCIs have been successful in the past for
delivering interventions which support sustained changes to health
behaviors, such as disease prevention and health promotion.
During research tasks, university students can require
interventions associated with critical thinking skills and behaviors.
By using a DBCI, educators can assist students with improving
their learning skills in research projects. This study aims to
understand student interactions and engagement with mobile-
based DBCIs with the objective of improving their critical
thinking skills. An experimental group was used to explore the
effects of students' interactions with an engaging mobile-based
DBCI with real-time feedback, and was designed using the
LifeGuide Toolbox platform which supports their critical thinking
skills over a period of two months whilst they conduct a research
project. A comparison between formative expert assessments and
self-reported evaluation was also performed. This experiment
reveals that using a DBCI to encourage critical thinking skills
within a research project context can significantly improve
engagement with intervention components, as well as recommend
areas which require further exploration where specific critical
thinking skills and digital interventions components are the most
promising.

Index Terms—Ciritical thinking, digital intervention, human-
computer interaction design, mobile learning, research projects.

RITICAL thinking is used by university students to

perform an analysis, assessment and evaluation of the
arguments in their research projects [1]-[3]. These research
projects examine specific problems and potential solutions
supported by reliable evidence [4]. Research projects stimulate
students to ask questions and therefore derive more reliable
information so that the problems can be better understood. In a
research project, students practice and learn how to analyze,
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assess, and evaluate arguments, whilst simultaneously
cultivating critical thinking skills, allowing them to handle real
world issues [5], [6]. Generally, assistance and support is
provided to students through research project supervision, and
in-person meetings are the usual way in which research project
supervisors and students communicate [7], [8]. Therefore,
technology can be used to overcome communication barriers,
for example place and time, alleviating some of the
communication difficulties arising between supervisors and
students [9].

During research projects students should be supported and
assisted with their critical thinking skills by customizing
information based on their own critical thinking abilities [10].
When delivering critical thinking and pertinent advice to
students, the technical tools used must have compatibility with
critical thinking [11], [12]. These tools should be designed
carefully to improve the individual and the behavioral learning
experiences in a critical thinking context. Many previous
attempts have been employed to utilize technology to
encourage critical thinking skills in various environments. For
example, one study examined the use of an online learning
environment when using collaboration to teach critical thinking
[14]. Similarly, another experiment assessed the aspects which
influence students’ critical thinking skills when participating in
online activities [15]. However, university students can lack the
necessary critical thinking skills during their research projects
[16]-[18]. There are many gaps in the research literature for
using technology to develop critical thinking skills, which
explains the scarce supportive environment for developing
critical thinking. Firstly, a complete definition of critical
thinking covering every aspect of critical thinking must be
identified, just as a lifetime behavioral skill also requires
enough time to develop [19], [20]. Secondly, there is little
research which has examined both critical thinking and research
projects, although the research which has been done is
relatively associated with the tasks [3], [10]. Finally, well-
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tested, suitable authoring tools should be developed to assist the
supervisors with less technical knowledge to produce mobile-
or web-based interventions to evaluate student behavior and
progress during critical thinking skill development [9], [16].
The tools which are available tend to be fixed and inflexible,
making them difficult to use on a larger scale in different
iterations with randomization, or for useful data collection.
This study postulates that using digital DBCI methods may
offer relevant technical help to students in developing research
skills and critical thinking. DBClIs are methods for providing
customized advice and ongoing support via web- and mobile-
based platforms (Fig. 1) for those who want to change
undesirable behaviors [21]. Haghparast et al. [12] argued that
using current mobile technology may be able to associate
critical thinking skills and behavior. Mobile devices can be used
to intervene and assist students with positively changing their
critical thinking behaviors in their research [22], [23].
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Fig. 1. DBCI components.

This study aimed to use mobile technologies as intervention
tools as a result of their distinct personalization features,
portability, connectedness, and flexibility [24]. Mobile
technology affects many aspects of our lives, from education
and work to social communication and personal interactions
[25], [26]. From this perspective, critical thinking is an
important daily activity with which mobile technology could
assist users, and specifically students, to acquire intervention
support, monitor any decisions taken, alter behavior, and assess
the progress of reasoning patterns by using constant reminders,
observations, and goals, at any location at any given time. Using
DBCI systems in a blended context could affect education in
several ways. Firstly, the system enables students to structure,
shape, and influence their acquiring and learning approach and
may motivate communication. Secondly, DBCIs could help
teachers with selecting and developing online resources and
changing traditional teaching methods. Third, for researchers
and institutions, DBCIs offer large datasets for analysis, which
can be used to conduct deeper investigations of learner behavior
and learning processes.

The main objective of this research was to evaluate the
usability and efficacy of DBCIs on the development of critical
thinking behaviors in engineering students who are undertaking
a research project. The intention is to scrutinize the impacts of

ires IEEE permission. See http://www.ieee.or!

using an application-based DBCI to improve critical thinking
skills in the research projects of students and whether these
improvements are associated with engagement in the mobile
intervention components. To achieve this objective, two
research questions were proposed: 1) What are the intervention
components required to effectively use a digital mobile-based
behavior change intervention (mBCI) to improve students’
critical thinking skills and their engagement with the
intervention? 2) How can students’ critical thinking skills in
their research project be improved by using a digital mBCI with
real-time feedback?

Results from previously conducted preliminary pilot studies
using mBCI to promote critical thinking skills revealed useful
and interesting results. As a result of the outcome of the
literature review, initial survey, interviews with academics, and
the first pilot experimental study, these results demonstrate that
mBCls can potentially be an effective tool [17], [22]. Several
alterations were implemented based on previous research to
improve the evaluation process of adopting an mBCI in
promoting critical thinking skills. Previous pilots did not
include a comprehensive method to examine which factors may
affect the outputs of using a digital mBCI. Consequently, this
study performed an analysis of the intervention’s usability,
interaction with the intervention in real-time feedback, and
engagement with the intervention components. In addition,
expert reviews for evaluating participants’ work were included
to compare self-reported assessments made by students and the
expert reviews after the experiment.

The contributions of this study are, first, to develop design
principles to implement and test digital mBCls for the
enhancement of critical thinking skills in a research project
context with a formative assessment, and secondly, to study the
engagement with each intervention component with real-time
feedback to improve specific critical thinking standards and
studying and evaluating various elements. As far as we are
aware, no generic framework exists that has used DBCIs to
assess feedback, and measure and support critical thinking
skills in a research project context. By adjusting and facilitating
the LifeGuide Toolbox, this research provides technical and
design-knowledge contributions to the development of learning
technologies.

Il. BACKGROUND

Technology has had a real influence on all areas of our lives.
Critical thinking is an important factor which technology has
improved [27]. For instance, online discussion forums are
designed to facilitate students and educators to collaborate to
enrich their educational critical thinking skills [28]. Learners
are able to discuss numerous topics, share thoughts, brainstorm
ideas, evaluate each other across multiple aspects, and interact
with different views. These forums allow learners with different
goals and from different majors to apply their thinking in a
generic context [3]. Indeed, digital learning interventions than
make use of web- or mobile-based technology could be used for
the promotion of critical thinking skills. Alnuaim et al. [14]
adopted mobile technologies as contextual devices to foster
interaction design skills, stating that there are notable findings
which can be attributed to specific distinct features, for instance
personalization, real-time feedback and interactions, and
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connectedness, which can be incorporated into daily tasks. The
outcomes can be linked to ubiquitous learning—that is, being
able to learn whenever and wherever—and are, consequently,
closely connected to the affordability of mobile technology.
The portability of computing technologies allows the bridging
of differences between informal and formal learning, especially
regarding the support of critical thinking skills. The current use
of web-based platforms in schools and higher education settings
includes online forums to enable collaboration and improve
students' critical thinking skills educators [28]. Educators have
also employed generic online tools for designing specific
learner content, such as Facebook pages, Google documents,
and massive open online course (MOOC) platforms [29]. These
are flexible in their environmental settings and designs,
permitting educators to create groups easily, promote group
discussion, and deliver messages. Likewise, mobile apps have
been used to engage learners and educators in the design of
open learning environments (OLES).

A. Research Supervision in Online Learning Environments

Critical thinking must be achieved by students when a project
involves research-based tasks [30]. Using critical thinking skills
is important at all stages of a research project. Students should
remain aware of the effects of the critical thinking process and
consider these implications over the course of their project.
Norouzi et al. [31] demonstrated that students had a deficit of
critical thinking and how it should be applied in practice,
particularly in a research-based project context. It was also
noted that students exhibited some disengagement during the
research projects [9]. Thus, behavioral and cognitive support
needs addressing, and should be able to maintain engagement
and activity amongst students in their research process.

Using technology can help students to practice their skills,
and well-designed technologies can assist students with
overcoming any obstacles presented by location and time. An
academic advisor is assigned to each student so that they can be
mentored, supported, and guided in their research project. Yet,
students who only improve their critical thinking skills via
classes, lessons or supervisor meetings find this to be unhelpful
and cost-ineffective [8]. Students require continual assistance
during their research projects and often require guidance
towards relevant information. As well as the benefits of
working on research projects, students can face several
challenges. For instance, undergraduate students usually only
have a fundamental knowledge of research-based learning [32].
Students and their supervisors usually only meet in person.
When this cannot be done, interaction usually takes place via
basic tools, such as email, audio recordings [33], or Skype [34].
Some students and supervisors are familiar with other tools
which facilitate them with maintaining contact, such as online
supervising tracking systems [35]. These permit both
supervisors  (with limited technical or programming
knowledge) and students to flexibly and easily collaborate in
regard to place and time. Although the systems are limited in
terms of their settings, the interface design cannot always adjust
to the required content and format. The problems with the tools
currently used can be resolved using the suggested frameworks

and tools in this research, enabling supervisors and students to
communicate effectively and easily.

B. Assessment and Measurement of Critical Thinking in
Research Projects: Paul-Elder Critical Thinking Framework

The assessment of critical thinking skills should not be
regarded as a simple task, and often requires different, regular
and effective assessments; indeed, the majority of standardized
tests which examine critical thinking skills are considered
insufficient [36], including the Cornell Critical Thinking (CCT)
Test, the Watson-Glaser Critical Thinking Appraisal
(WGCTA), and the California Critical Thinking Skills (CCTS)
Test, all of which use pre- and post-tests featuring multiple
choice questions for assessing critical thinking abilities. Ennis
[36] states that this approach may not provide accurate and
useful data and that, although some factors can be measured,
they are unable to tell us about the reasoning for specific
answers. The issue with some of the instruments used to
measure critical thinking is that they do not separately collect
data for the different aspects or contexts of critical thinking.
Each critical thinking element should be individually measured,
after which there should be an examination of the process
context to determine the progress of the development,
particularly in a research project context [37]. Evaluating and
measuring critical thinking skills can be performed using
standard and non-standard tests, in accordance with the criteria
for assessing critical thinking skills [36]. Crucially, the
evaluation and appraisal of critical thinking skills should not
depend on only one assessment tool, but needs to include
several measures of skill, knowledge, behavior, and attitude
[14].

The Paul-Elder Critical Thinking model is effective for
demonstrating the essence of critical thinking [38], [39], and
consists of 3 main parts: (1) elements of thought required for
critical thinking, known as the scientific research stages; (2)
nine intellectual thinking standards (accuracy, breadth, clarity,
depth, fairness, logic, precision, relevance, and significance);
and (3) the intellectual merits which make critical thinking,
both behavioral and habitual [40]. The first component in the
application of this framework is learning to recognize the
thought elements (purpose in reasoning, questioning the issue,
assumptions, interpretations, information, points of view,
concepts, and the implications drawn from reasoning). The
Paul-Elder Critical Thinking Framework [20] was used to
assess and measure critical thinking skills throughout the
different experiments in this research. This was for several
reasons. Firstly, critical thinking is a behavior which can be
subject to observation, and which changes over time [12], [18]
although it may require a long period to occur. Secondly,
critical thinking can be divided into several elements and
standards, which permits each of these standards and elements
to be separately evaluated [19], [41]. Thirdly, this framework is
adopted in the context of research-based engineering projects to
assess critical thinking skills.

The design of the survey-based instrument (Table I) was
performed on the Paul-Elder Critical Thinking Framework.
This was verified by academic supervisors with previous
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experience in supervising research projects and helping
students develop critical thinking skills [17]. The instrument
was improved during the entirety of the study, and the final
version is presented in this paper. The final survey-based
instrument version was utilized in both prior and later
assessments to measure the development and progression of
critical thinking skills across the duration of students' research
engineering projects.

C. Digital Behavior Change Interventions (DBCIs) for
Critical Thinking

DBCls are methods applied when providing the learner with
continual support and tailored guidance, with the objective of
altering unwelcome behaviors through interactions with web-
and mobile- based platforms [42], [43]. A digital intervention is
comprised of three factors, as shown in Fig. 1. Firstly, the
intervention builders supply the necessary tools for users and
intervention experts to digitally interact through web- or
mobile-based platforms. Secondly, the intervention specialists,
who may not have the essential technical or programming
background, can design interventions that positively change the
user’s behavior. Thirdly, the intervention users obtain expert
interventions by utilizing the platforms in mobile or web
applications.

then customizes the feedback is subsequently provided to the
end-users.

Conventional interventions have been used in an educational
setting to assist students with their studies or disabilities [47].
Vainio et al. [48] and Mooney et al. [49] state that several
learning approaches have been employed as intervention
strategies. For example, self-monitoring, self-reporting, and
self-regulation, can indicate that students require behavioral or
educational support. Their methods refer to self-generated
thoughts, actions, emotions and attitudes, behaviors, and beliefs
that are planned and can be used to improve student academic
work. Thus, interventions can also be used for self-reporting
and reflection by students on their perception of a scenario [50].
Interventions can have a major role in how learners approach
challenges, tasks, and goals [49].

I1l. METHODOLOGY

The aim of the experiment was to examine the use of mBClI
on students’ critical thinking skills while conducting a research
project. The study included online questionnaires before and
after the intervention to measure and examine student views of
their critical thinking skills, on the basis of the participant’s
self-reflections both prior to and after wusing the
CriticalThinking  application-based intervention;  the

TABLE |
An Instrument for Measuring Critical Thinking Skills in Research Projects

Intellectual Standers

Elements of Thought

1) Clarity: When writing a report or essay, my thinking is distinctly expressed
in various ways and is supported by numerous examples.

2) Accuracy: My arguments are supported by ensuring that all information is
based on reliable resources, correct and error-free.

3) Precision: In writing, | use precise data and words, and no further detail is
required to explain my meaning.

4) Significance: My research is focused on crucial ideas and critical facts to
ensure that meaningful points are made.

5) Relevance: Everything included in the literature review is of importance,
and each part is important. Thus, my arguments connect to any relevant,
reliable information.

6) Depth: My arguments are comprehensive and tend to explore complexities
in regard to the questions being researched; these are profoundly focused on in
my answers.

7) Breadth: I reflect upon various viewpoints and further perspectives when
thinking or writing in my research work to examine the issue from different
perspectives.

8) Logic: My arguments have reasonability and consistency. The conclusions
derive form the evidence where things make sense at each stage.

9) Fairness: My arguments are objective, balanced and unbiased, achieved by
considering negative and positive outcomes.

1) Purpose: | think decisively when setting my research goals and attempt to
answer the main question of my work and the reasons for its importance.

2) Questions: My research questions are used to guide my thinking to
determine how the research problems can be solved.

3) Information: The information used is relevant and accurate in regard to the
questions being addressed.

4) Inferences: The conclusions and inferences | make follow logically from
the evidence, and only consider the implications of the situation.

5) Concepts: | utilize concepts, hypotheses, ideas, laws, principles, or
theories justifiably in my thinking to make sense of the elements of my
research work.

6) Assumptions: | ensure that my assumptions, subconscious or unconscious,
are justified by the evidence.

7) Point of view: | am aware of the limitations of my perspective in my
research work, and take into consideration other pertinent perspectives.

8) Implications: | retain an awareness of the implications of my claims and
that they follow the logic of other truths or claims, where consequences
follow from actions and implications follow from thoughts.

2372-0050 (c) 2021 IEEE. Personal use is permitted, but re

Due to the increased acceptance of smartphones, DBCIs have
now been produced in the form of mobile apps [44], which can
enhance the level of customization by using contextual data
obtained from phone-embedded sensors. Lathia et al. also
explored this combination of DBCI applications with the
sensing ability of the smartphone [45]. A personal health
application for smartphones by [46] used sensors, including
GPS, an accelerometer, and digital compass to autonomously
examine the personal activities of end users, such as their
general wellbeing, sleep, and physical activity. The application

ublication/redistribution requires IEEE permission. See http://www.ieee.or;

development of which was based on the LifeGuide Toolbox
design principles framework. The survey-based instrument
(Table I) used to measure critical thinking was used both before
and after the intervention. The design of the study was validated
in two previous studies by Asiri et al. [17], [22]. Here, students
were required to use an mBCI, with mobile notifications, for
two months in their 3rd-year research projects with real-time
feedback from the researchers. Quantitative data were collected
from pre- and post-intervention online surveys so that the
perceived progress of students’ critical thinking skills could be
examined, as well as to examine the impact of adopting the
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mBCI. Additionally, qualitative collected mBCI data and the
participants’ research reports were gathered and analyzed.

There are differences between the previous studies [17], [22]
and this study in the methodology. For example, the previous
experiment lacked a control group, which should be included in
any human-computer interaction study, to control for potential
external factors. Therefore, a control group was included in this
study to evaluate whether any observed improvements could be
reasonably attributed to the mobile intervention tools. In the
previous experiment, self-reflections were the only inputs
considered when evaluating the perceived improvements in
critical thinking, which may have resulted in subjective
assessments, as addressed by Alnuaim et al. [62]. In this
experiment, academics and experts were also asked to assess
the critical thinking skills displayed by participants in the
submitted work (research reports and mobile texts).

A. An mBCI Experimental Study

Two stakeholders for the digital mBCI were considered: the
intervention creators and the intervention users. Each
stakeholder must perform specific tasks to achieve the digital
mBCI requirements. Fig. 2 shows that the intervention creator
has the responsibility for four steps (darker rectangles): these
measure the user’s skill level, design the intervention, support
the user, evaluate the user’s work, and provide feedback to the
user. Intervention users are in charge of the following four
steps: reflections on their own skills, interactions with the
intervention components, intervention engagement, and
positive behavioral change.

e,
Measuring critical |
thinking in research
projects

- / -

| Users self-reflect
based on the
| instrument

Users change
behaviour positively

Ty ra
Design and
implement mobile
intervention

Evaluate users and
provide feedback

L

users engage with
the mobile
intervention

Users interact with
| the intervention
>
Support and notify
users with relevant
information

Fig. 2. DBCIs intervention cycle.

A two-group experimental study was conducted for
measuring critical thinking skills before and after an mBCI was
used in a 3rd-year research project context for two months
(Table 11). Before this experiment, each requirement for
conducting this study was determined, such as the design of the
intervention surveys (Table I) to measure critical thinking skills
in the context of mMBCI use. Based on the results of previous
research, the final version of the instrument was improved in
terms of validity and reliability. Additionally, the mBCI was
redesigned based on feedback provided in the interviews by
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academic supervisors. The iSurvey was utilized to design the
pre- and post-intervention surveys. Verification of the usability
and functionality of the mobile application used was performed
over a 3-day pilot study which involved independent
participants. Participant recruitment was performed via
invitation emails which contained a consent form. The data
were collected and analyzed, including formative assessments
by academic supervisors.

B. Participants and Procedures

Three types of participants were recruited. Firstly, by using
the snowball sampling technique, 3rd-year undergraduate
students from the University of Southampton’s Electronics and
Computer Science (ECS) department were approached; they
were selected because of the researcher’s familiarity with
research topics in this department [56] which is aimed at
possible participants through participants who are already
enrolled. Secondly, academic supervisors were targeted from

TABLEII
Experimental Phases for Control and Intervention Groups
Intervention | Control
group group
Self-assessment for critical thinking before the N N
experiment by the instrument (Table I).
Interaction with the mobile app for intervention N
components for two months.
Receiving normal feedback from supervisors. ~ ~
Receiving real-time feedback from intervention N
creators thorough the mobile intervention.
Self-assessment for critical thinking after the N N
experiment by the instrument (Table I).
Evaluating critical thinking using the mobile N
app texts by experts.
Evaluating critical thinking using the students' N N
reports by experts.

the University of Southampton’s Computer Science and
Education faculties to assess participants’ work, such as the
project reports. Thirdly, post-doctoral fellows at the ECS acted
as experts to assess students’ work (texts from mobile use).

The recruitment process involved identifying Electronics and
Computer Science undergraduate students who were
participating in third-year research projects. Undergraduate
research projects usually happen over one academic year (9
months). This study focuses on the 1st semester of the research
projects. Students were recruited using a list of emails of 3rd-
year undergraduate students. There are restrictions to using
university email lists and only the research project leader has
access. Emails were targeted and distributed to research project
leaders of 3rd-year ECS undergraduates which included the
study title, the study’s purpose, and the pre- intervention
survey. A participant information sheet was included in the pre-
intervention survey, after which the participants could enter
their email address into a text box. Participants were separated
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randomly into two balanced groups: the first was the
intervention group, and the second was the control.

60 participants filled in the pre-intervention survey before
participating in the mBCI study, they were divided randomly
into control and intervention groups with each consisting of 30
participants. An independent Student’s t-test was applied to
identify  significant differences between each group.
Participants responded using a 5-point Likert scale to the pre-
intervention survey (Table 1) to evaluate their perceived skills
in performing critical thinking skills linked to the following
variables: the intellectual standards; including accuracy,
breadth, clarity, depth, fairness, logic, precision, relevance, and
significance, and the elements of thought; including
assumptions, concepts, implications, inferences, information,
point of view, purpose, and questions. The results from the
independent Student’s t-test, including a comparison of the
mean values for each of the intellectual standards and elements
of thought, revealed no statistically significant differences (p <
.05) between each group for any intellectual standard or
element of thought before the mBCI experiment, demonstrating
that participants for the two groups exhibited equivalent critical
thinking skill levels.

A welcome email was distributed to the intervention group
requesting that they also participate in the mobile intervention
experiment by installing a mobile application from the Apple
AppStore or Google Play Store, depending on their model of
smartphone. The intervention group participated in the pre-
intervention survey and the mBCI experiment, which coincided
with the two-month period of the research project and the post-
intervention survey. Conversely, the control group only
participated in the pre- and post-intervention surveys. Each
group was requested to provide their research report for
assessment when the experiment ended. The surveys were
comprised of two sections, the intellectual standard statements
and elements of thought statements. On the basis of these
statements each participant was asked to reflect upon their
critical thinking skills using the following 5-point Likert scale:
(No=1), (Sometimes=2), (Not sure=3), (Usually=4), and
(Always=5). Participants could add any explanation or
comment at the end of each survey into the provided empty text
boxes.

The study took place over a period of two months, divided
into 10 weeks. Based on the required intervention, mobile
notifications were sent to the participants from the mobile
intervention group, and included hints and reminders for plans
or goals, comments, corrections, supportive information, or
feedback. During the final week of the experiment, the
intervention group participants were requested to respond to
polls to evaluate the usability of the mobile intervention.
Notifications were sent twice a week to participants
(intervention group) in the form of feedback and nudges, which
acted as a reminder to keep participants engaged with the
interventions. Feedback was based on users’ critical thinking
skills and was based their performance in the mobile tasks. The
work was evaluated by the researcher from the mobile
intervention so that pertinent feedback could be determined. For
participants who were not engaged for extended periods, emails
were sent to increase engagement. When the experiment
was completed, invitations were sent to the previously
interviewed academic supervisors to assess the reports

ires IEEE permission. See http://www.ieee.or!

submitted by participants. The academic supervisors were all
sent emails, including the study title and the reason for the
evaluation. After the academic supervisors had agreed to
participate, an online form was sent to them. New experts (post-
doctoral fellows from the ECS) were requested to evaluate the
text inputted by the participants in the mobile app. Additional
Google Forms were sent to the experts to evaluate the mobile
application inputs and texts.

C. Data Collection and Analysis

A mixed-methods approach was used to collect the
qualitative and quantitative data. Data were gathered across the
entire two-month study period. Four types of data were
collected from students, academic supervisors, and experts, as
described below:

1) Responses, in the form of quantitative data, to both pre- and
post-intervention questionnaires.

2) Using the mobile application, participants can
automatically generate log file data, for example the
amount of time spent on each of the pages, the dates on
which the mobile intervention was used, users’ texts, and
responses to the short surveys.

3) The participants’ progress reports. Data for the mobile
intervention group were collected by obtaining responses
from the surveys before and after the intervention, log files
demonstrating mobile usage of the application, and project
progress reports. Data from the control group were
gathered individually by collecting only the responses to
the surveys before and after the intervention and progress
reports.

The evaluation of the work and progress of participants,
performed by academic supervisors and experts, which
included both quantitative data and qualitative data. Experts
used a 5-point Likert scale to rate and assess the work, which
ranged from strongly disagree to strongly agree, the use of the
mBCI enhanced students, critical thinking skills in a research
project context:

1) The data were analyzed to determine the following factors:
Examine any perceived progress and improvement in
participant critical thinking skills in the two groups by
establishing significant differences, if any, (p values < .05)
exist between the two groups before after the experiment.
This includes comparisons of self-assessment ratings and
formative evaluation by academic supervisors in regard to
critical thinking skills.

2) Correlations were identified, for the intervention group,
between the amount of time using the mobile intervention
and the critical thinking improvements.

3) Specifying which intervention components led to
improvements in which intellectual standards or elements
of thought by determining the correlations between
performance on the elements or standards and the time
spent using specific intervention components designated to
improve certain standards or elements.

4) Measuring if engagement levels may be credited to
notifications by calculating the time spent before and after
the notifications are received each week.

5) Analyzing mBCI usability on the basis of user assessment
reported via the SUS test survey [58]. The SUS survey test
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is a reliable survey, with Cronbach’s alpha = .91, to
evaluate the usability of a product or system. The SUS test
was used for measuring the mobile intervention’s usability
designed to promote critical thinking in a research project
context. The SUS test employs 10 statements on a 5-point
scale which range from strongly agree (5) to strongly
disagree (1).

IV. DESIGNING INTERVENTION COMPONENTS:
LIFEGUIDE TOOLBOX IMPLEMENTATION AND
MOBILE CONTENT

The LifeGuide project launched in 2009 and was created by
psychology and computer science researchers at the University
of Birmingham, University of Cambridge, and University of
Southampton. The UBhave project designed and developed the
LifeGuide Toolbox as a mobile extension of the LifeGuide
platform. The objective was to develop a software tool to assist
researchers with limited programming experience to design
DBCls and create interactive web- or mobile-based content for
supporting learners [51], [52]. Researchers used the software
primarily in the fields of health and behavioral sciences, which
has been successfully used to support changes to health
behaviors, such as supporting healthy physical habits, losing
weight, smoking cessation, and hand hygiene [13], [53]. The
LifeGuide Toolbox was adjusted and facilitated to increase its
interactivity and engagement, especially for intervention
components which provide feedback or notifications to users
and which can get user enquiries, together with an administrator
panel for monitoring the interactions between the mobile
intervention and users (Fig. 3).

The design and implementation of the DBCI was comprised
of two primary components. Firstly, a web-based authoring tool
was used to design a mobile intervention with the objective of
altering behaviors, for example supporting the critical thinking
skills of students in a research project context, with support
from an existing LifeGuide Toolbox software tool which was
used to conduct the initial DBCI experiments. Secondly, a
mobile,  application-based intervention, titled  the
CriticalThinking mobile application (Fig. 4), was designed
using the abovementioned tools, included a web-based
administrator panel allowing the intervention designer to
interact with users by visualizing, tracking, and monitoring
work progress. The web-based admin panel was designed to
assist the intervention creators with monitoring and
downloading user data and managing communications via
notifications, delivering supportive content in a real-time
feedback, solving questions, and sending and receiving short
surveys to assess work and progress of the users. The content
of the critical thinking activities in the mobile intervention was
adopted from a recent book by Cottrell [57] as shown in Table
1.

The intervention components are composed of the essential
digital elements enabling users to use the content of the mobile
intervention. Interviews with academic supervisors and a
literature review were used to identify the components [17],
[22]. The specified components were chosen as they were
considered to have greater effectiveness in promoting critical

ires IEEE permission. See http://www.ieee.or!

thinking as a behavior in a research project context. The
intervention components included:
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Fig. 3. The integration of LifeGuide toolbox with the mBCI app.

q Task 1

Critical Thinking Tasks in Research
Projects

™ Inquiries / Suggestions
New Inquiry / Suggestion

Fig. 4. Mobile CriticalThinking application-based intervention.

1) Project information: The page features questions including
What is the nature of the research project, RQs, why,
hypotheses, how, and what to expec.t

2) Activities and training: The app instructs users to think
about general topics in critical thinking. For example: “The
author’s position.”

3) Practice tasks: the app provides simple passages so that
users can practice some concepts of critical thinking. For
example, “PRACTICE 1: Capturing the author’s position:
Read through the following passages and identify the
author’s position.”

4) Short questionnaires: participants are asked to answer short
quizzes during the research. For example, “Have you read
about the difference between the conference paper and
journal paper as sources of information?”

5) Setting goals and plans: Goals are set to improve certain
intellectual standards. For instance, improving significance
and clarity in writing or organize plans to improve specific
critical thinking skills. For example, identifying this
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TABLE 111
Activities and Tasks in the Mobile Intervention

Activities and Tasks (1) for ‘what’s their
point? Identifying arguments’

Activities and Tasks (2) ‘for how well do they say
it? Clarity, consistency and structure’

Activities and Tasks (3) ‘where’s the proof? Finding
and evaluating sources of evidence’

Mapped with Depth, Breadth, And Logic

Mapped with Clarity, Precision, And Accuracy

Mapped with Significance, Relevance, And Fairness

Read the introductions and conclusions of
three articles relevant to your subject:

1. What are the titles of these three papers and
where are they published?

2. To what extent does the introduction offer
the position of the author: does the author
persuade you to accept a logical answer?

3. To what extent does the conclusion clarify
the position of the author?
4. Can you capture the arguments provided by

Locate a paper which criticizes another paper in
your field:

1. How accurate and clear are the arguments in the
paper?

2. Are the ideas interrelated? How?

3. To what extent are the data in the paper reliable?
4. Do you agree with the paper’s criticisms?

5. Would you change any of the criticisms so that
the paper’s arguments are more precise?

6. How would you write about each paper in your

Employ the following questions in your research
projects:

1. Why do you think your topic is
significant/important?

2. If you could conduct your project in a different
context, would you do it differently? How?

3. What data are used in your research? Is it reliable?
4. Which conferences/journals did you cite in your
research? What are their impact factors? What do the
impact factors tell you about them?

2372-0050 (c) 2021 IEEE. Personal use is permitted, but re

the authors? literature review?
5. Have the arguments considered every
perspective? How?

6. Which paper presents simple or deep

arguments? Why?

5. Do you assume that your results will not be
significant? Why?
6. What evidence is used in your research project?

month’s book or supervisory meetings.

6) Notifications for engagement: notifications are delivered to
students via the app to assist them with relevant
information in critical thinking skills.

7) Enquiries and answers and providing feedback and
instructions: Participants can ask questions or give
feedback on any problems faced in their critical thinking
skills. The intervention researcher answers the questions.

Activities and feedback require that users read the

intervention content, whereas the other components requested
that users make a selection from a range of options (short
guestionnaires) or via a text-based response (tasks, enquiries,
goals and plans, and project information). The components
were used in the mobile intervention to assess user responses.
The intervention components were connected to intellectual
standards and elements of thought (Table Il) to gain a better
understanding of the components which contributed to
enhancing particular critical thinking skills. The effectiveness
of the mobile intervention was evaluated by measuring the time
taken by users on each component and performing an
assessment of the responses to those components.

A. LifeGuide Toolbox Software with A Web-based Authoring
Tool

The LifeGuide Toolbox software package was essentially
produced to give designers a tool to create Internet-based
interventions to assist the end-user with their undesirable
behavior. The LifeGuide Toolbox has various features which
allows users to make plans, set goals, and perform particular
activities, in addition to answering polls or questionnaires, with
no limitation on time and place. These digital tasks help
researchers to study user effectiveness in their interactions with
the intervention and performing an evaluation of user
engagement with the tool [54]. Yet, the LifeGuide Toolbox
framework cannot assist intervention builders with
communicating with the intervention users. This was alleviated
in this study by making the LifeGuide Toolbox more interactive
and also by introducing particular intervention components to

ublication/redistribution requires IEEE permission. See http://www.ieee.or;

provide feedback or notifications to users and allowing

developers to receive user enquiries, together with a web-based

administrator dashboard to observe the interaction between the
mobile interventions and the user, as shown (with red color) in

Fig. 3.

Additionally, the tool’s notification system can
accommodate different experiments. The specific design of the
tools helps the supervisors, and the students generate multi-
cross applications to effectively communicate and collaborate.
The stages required to create a mobile intervention are that:
Authors use the authoring tool to design the interventions.

1) A central server hosts the intervention.

2) Participants use a mobile platform to select and download
the application (intervention).

3) The intervention design is interpreted by the mobile app
and the specified content is then provided.

The following data are embedded in the LifeGuide Toolbox
digital intervention. Firstly, intervention data: survey answers,
planner entries, and diary entries. Secondly, usage data: this
logs detail when the user receives a notification or accesses an
activity. Thirdly, sensor data: data from various sensors,
including regularly recording information from accelerometers
and GPS.

The LifeGuide Toolbox features had good suitability as they
provided the required tools by which to develop cross-platform
applications for critical thinking. The LifeGuide Toolbox
includes several beneficial features for this experiment, such as
designing educational activities, short surveys, planners, goal
setting, and text boxes for notes or diaries. Osmond et al. [55]
state that there are many factors which make the LifeGuide
Toolbox distinct from other tools, such as a HTML editor and
App Inventor, which can be used for designing Internet-based
interventions. The LifeGuide Toolbox includes:

1) The design of the LifeGuide Toolbox allows the creation
of interactive web pages and complex interventions that
can change their content as a reaction to different
conditions.

2) The LifeGuide Toolbox creates pages for recording
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participant-generated data, without browsing log files from
the server.

3) The LifeGuide Toolbox offers the capability to stratify and
randomize users or to use previous participants’ data,
which creators and authors can use to deliver new content.

4) The LifeGuide Toolbox utilizes a framework for
conducting trials and permits multiple visits, required for
numerous other interventions.

5) The logic editor is an essential factor of the authoring tool
and distinguishes the LifeGuide Toolbox from basic
HTML editing software, enabling interventions to develop
further than simple static web pages. Authors can use the
logic editor to express logic in a natural way that does not
necessitate specialist training.

6) There are suggestions for a graphic user pages for the logic,
with interfaces in the intervention characterized as arrows
and nodes linking pages, which depicts that they can move
from one page to another.

V. RESULTS

A. Interaction and Engagement with the Mobile Intervention

The 30 students who responded to the pre-intervention
survey were placed in the intervention group and took part in
the mBCI. The results in Fig. 5 show the duration taken on the
mBClI and show that the duration in the mBCI varied depending
on the components involved in the interaction, including
activities, tasks, short quizzes, project information, plans and
goals, answers, enquiries, and feedback, on a weekly basis.
Participants took more time to read content than enter text into
the mobile application. The results reveal that most of the time
taken in the mBCI was spent engaging with the different critical
thinking activities which aimed to boost user comprehension
and knowledge of critical thinking concepts in a research

2nd and 4th day of every week. In general, the initial
notification reminded participants to participate in the
intervention components, while the second contained answers
to questions or feedback in regard to participants’ performance
on the critical thinking tasks and enquiries. The total time spent
by all participants in the mBCI was around 855 minutes over
the two-month period. During each week, there was a variation
in the total time expended over the ten weeks of the experiment.
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Fig. 5. Total time spent weekly in the mobile intervention components.

The results (Table 1V) revealed that each week participants
spent their time differently in the mBCI. In the first week,
participants took 56 minutes with the mBCl, indicating initially
lower engagement levels with the intervention. In the second
week, participants increased their engagement with the mBCl
by 22 minutes, showing an increase in participation with the
components. The mBCl increased the intervention engagement

TABLE IV
Weekly Interaction and Engagement with the Mobile Intervention Components
Project | 1st 2nd 3rd Taskl | Task2 | Task3 | Short Goals | Inquiries | Feedback | Time
info activity activity activity quizzes | and in
plans mins
1% week (02-06 Oct) 3 17 10 9 2 1 0 3 4 0 7 56
2" week (09-13 Oct) 9 14 12 10 8 3 5 0 0 5 12 78
3" week (16-20 Oct) 0 18 15 11 10 21 8 7 3 7 9 109
4" week (23-27 Oct) 11 14 9 16 6 16 18 4 0 11 17 122
5t week (30 Oct-3 Nov) 19 11 5 19 14 11 7 6 5 5 10 112
6™ week (06-10 Nov) 7 19 12 15 18 12 14 12 0 0 6 115
7" week (13-17 Nov) 13 24 10 7 13 11 1 8 3 5 8 103
8™ week (20-24 Nov) 4 6 13 15 9 14 9 2 0 1 11 84
9™ week (27 Nov - 1 Dec) 0 8 10 13 0 8 7 0 0 6 7 59
10" week (04-08 Dec) 0 5 0 0 2 0 0 3 4 9 5 28
Total in mins 66 136 96 115 82 97 69 45 19 49 92 866

project context. Practicing critical thinking components was
second on the list of tasks organized by time spent in the mBCI.
More time was spent on the tasks and activities than on other
components, as there were three tasks and three activities (Fig.
5).

In DBCls, engagement is a main factor as it determines the
level of participatory intervention [59], [60]. The results reveal
that mBCI engagement varies depending on the response of
participants to notifications. Participants exhibited various
responses to the notifications, which were distributed on the

ires IEEE permission. See http://www.ieee.or!

level by using natifications as nudges to maintain engagement
with participants. This result was determined by evaluating the
time taken in week 3, which was 109 minutes, and in week 4,
which was 122 minutes. In week 5, mBCI engagement declined
to 112 minutes. Participants were regularly sent notifications in
the form of nudges and feedback. The impact of notifications
again increased engagement levels in week 6 to 115 minutes.
However, in week 7, engagement levels with the mBCI
decreased by 12 minutes. Likewise, in week 8, only 84 minutes
was spent, showing additional decreases in mBCI engagement.
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TABLE V
Participants Satisfaction on Mobile Intervention Components
Usefulness/satisfaction Strongly Disagree Disagree Neutral Agree Strongly Agree Mean Values St.D
Project info 27% (n = 8) 30% (n=9) 27% (n = 8) 13% (n=4) 3% (n=1) 2.3 1.129
Activities and trainings 10% (n = 3) 13% (n=4) 20% (n = 6) 30% (n=9) 27% (n = 8) 35 1.306
Tasks for critical thinking 27% (n = 8) 20% (n = 6) 30% (n=9) 20% (n = 6) 3% (n=1) 25 1.195
Short quizzes progress 13% (n = 4) 30% (n=9) 36% (n=11) | 13% (n=4) 7% (n=2) 2.7 1.087
Goals and plans 33% (n =10) 27% (n=8) 30% (n=9) 10% (n =3) 0% (n=0) 2.1 1.019
Notifications for engagement 10% (n = 3) 33% (n=10) | 27% (n=38) 20% (n = 6) 10% (n = 3) 2.8 1.166
Feedback and instructions 17% (n=5) 3% (n=1) 30% (n=9) 33% (n=10) | 17% (n=5) 3.3 1.29
In week 9, only one hour was spent, and approximately half an
hour was spent in the last week in the mBCI, which indicates a . T T S S S SRS S
continual decline in engagement, beginning in week 7.
The time spent in each of the components differed on each R SR S SN S B S G B S S
day. In the first month, participants had greater engagement
with the activities; in the second month the participants engaged P N (Nt A A (At A AN (N (R IR -
more with feedback and enquiries. Each week, the participants oot ¢ ¢ ¢ T 1t o
were notified about particular interventional components. It —
was discovered that no connection existed between the NeckT— @O GOt
components in the notifications and the duration of using those
components, indicating that the content of the notifications did R

not affect how participants engaged with the components. Fig.
6 and 7 show the total time expended weekly by participants.
The first month showed regular engagement with the mBCI.
The second month showed a reduced level of engagement, with
increased fluctuation. On any given day, on average, 10
participants engaged with the mBCI. The most time spent with
the mBCI by participants was 32 minutes. On some days,
complete disengagement was found, indicating that no time was
spent with the mBCI by any of the participants, including day
three in week five, day five in the eighth week, day five in the
ninth week, and one day in the last week. When participants
received a notification, the relative level of engagement
increased, revealing the positive and encouraging influence of
the notification on engagement level with the mBCI.
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B. Usability of the Intervention Components

The intervention group participants responded to surveys
which evaluated the intervention components, including the
project information, activities, tasks, short quizzes, goals and
plans, notifications, enquiries, and feedback, after using the
mBCl for 2 months.

The survey results reveal that participants had positive
experiences using these components to improve their critical
thinking skills in a research project context. Participant
reflections on using these components showed that they were
simple to use and that they thought they were useful in the
support of critical thinking skills in a research project context.
The results showed different reflections from the participants
with the intervention components in regard to their mobile
learning experiences. Table V shows that 57% of participants
found activities to be helpful for learning about critical thinking
(the sum of Strongly Agree and Agree categories), while only
10% found goals and planning to be helpful and useful
components. 36% of participants had a neutral view with
regards to the usefulness of polls (short quizzes). Negative
views of participants were found (the total of the Disagree and
Strongly Disagree categories) on goals and plans (60%), project
information (57%) and tasks (47%), and notifications (43%).

Participants made a small number of suggestions when the
survey ended. For example, participant P14 suggested that it
would be a good idea to support the mobile intervention by
using a website. Participant P25 suggested that tutorial videos
could be useful for learning more about critical thinking.

C. Formative Assessments by Academics and Self-reflections
Research reports were shared by 13 participants, 5 from the
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control group and 8 from the intervention group (Fig. 8). The
following two approaches were used to assess the reports.
Firstly, 3 academic professors were sent the documents,
together with the Google Forms assessment sheet. In general,
participants in both groups received low assessment ratings
from academic professors for critical thinking standards 9. For
example, the total score for the self-assessment of participant
(P2) across all standards was overrated compared to the total
score for participant (P2) given by the academic professors.
Similar patterns were found for participant (P102) in the control
group. Based on the provided reports, no difference was found
between the two groups, two participants (P5 and P23) from the
intervention group and one participant (P109) from the control
group more closely assessed themselves to the assessments
made by academic professors.

Comments by academics referred to the lack of critical
thinking skills in the literature reviews:

35
30

11

In their research reports, the intervention and the control
groups revealed a similar level of critical thinking skills. No
major differences were discovered in terms of the assessed
intellectual standards. Some of the observations were made
after reviewing the submitted reports from the two groups.
Firstly, the intervention group research reports contained
specific words that were provided in the mobile intervention.
Additionally, the reports had a greater likelihood of following
clear steps that explained what the research problem was and
how it could be studied. For instance, response from participant
(P09) revealed that the written sentences focused on clarity
when the project’s purpose was explained. The expert
assessments showed in the experiment that the participants
lacked critical thinking skills, which may be because the
participants did not provide sufficient research project data or

did not apply the critical thinking skills they learned during the
experiment.
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Fig. 8. Formative assessments by academics and self-reflections for both groups.
“A good literature review should review the study methods,
in order to justify their use. This was not done in this report. VI. DISCUSSION

There was no reference to a literature review. ” (Academic 1
on [P4])

“The research did not describe or define similar studies,
which would have revealed gaps in the knowledge, which this
work attempts [to fill].” (Academic 3 on [P117])

Other examples revealed a lack of precision and accuracy in
some of the reports:
“It was not described how the defined hypothesis would be
tested and validated.” (Academic 2 on [P10])
“The report lacks a strong theoretical background
evaluation supporting or opposing the position of the
researcher; additional work is required in this area. The re-
port did not indicate the evaluation methods from which the
qualitative and quantitative data are to be obtained from
system testing.” (Academic 1 on [P14])
A lack of clarity was also found:
“The study lacks focus. [It] is difficult to understand the
student’s research direction. What would be the outcome of this
direction?” (Academic 3 on [P108]).

The evaluation of using a DBCI to promote critical thinking
skills in a research project context has led to several
conclusions. Firstly, the overall results showed that students
still required support for their critical thinking skills when
working on a research project, as found in other studies [14],
[19]. It is difficult to assess critical thinking skills by the
measurement of improvements over time [61]. Some research
has relied only on participants’ subjective assessments; others
have used more objective, expert assessments to review works
based on rubrics or specific criteria. Here, both assessment
methods and measurement of critical thinking skills were
included. The results of self-reflection by participants on their
improvements did not align with assessment results from
academic professors and experts. The objective assessments
made by the academic professors and experts of the students’
research projects found that fewer improvements were made in
critical thinking skills compared to the students’ subjective self-
reflective assessments. Alnuaim et al. [62] also addressed this
discrepancy, revealing that students occasionally over or
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underestimate their acquisition abilities of critical thinking
skills.

Secondly, the time spent with a DBCI to calculate
engagement levels with the DCBI was suggested by Yilmaz and
Keser [3]. Here, the duration taken in the mBCI was relatively
less than the time spent in the relevant studies. The
experiment’s length may have led to lower engagement with the
mBClI. Critical thinking was a behavioral factor and took longer
to learn. For all participants, the overall critical thinking scores
in the post-intervention surveys modestly correlated (r=0.65)
with the total time spent in the mBCI as shown in Fig. 9.
However, the calculated times spent in specific activities and
tasks within the mBCI did not significantly correlate with
improvements in the specific intellectual standards and
elements of thought onto which those activities and tasks were
designed to map. There was mutual interaction of critical
thinking standards and elements, it was therefore impractical to
support them separately through individual components; this
explains the insignificant correlation observed between the time
spent in intervention components and improvements to the
intellectual standards and elements of thought supported by
those components.
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Fig. 9. Correlation between the overall critical thinking scores in the post-
intervention surveys with the total time spent in the mBCI.

Thirdly, in this study there was a relative increase in mBCl
engagement which was revealed by providing feedback through
mobile notifications designed to maintain participant
engagement; this was particularly associated with their research
projects. The weekly comments and feedback provided to the
students by the researcher also seemed to lead to improvements
in critical thinking skills. Other studies have reported similar
results which address the importance of feedback to enhance
critical thinking skills [63], [64]. It was strongly suggested by
academic professors that feedback be used as an intervention
component in the interviews. The results indicated that mobile
notifications improved participant mBCI engagement. In the
first weeks, engagement levels with the mBCI were low as a
result of unfamiliarity with the mBCI. Another potential reason
for low engagement is that participants were only just beginning
their research projects and that they may have preferred to wait
until they had a clearer idea of their topic. After the initial three

ires IEEE permission. See http://www.ieee.or!

weeks had elapsed, participants started to respond to the
notifications by increasing their use with the mBCI.
Engagement levels remained stable, with a few fluctuations,
until the final 3 weeks, which showed that there was an element
of disengagement with the mBCl, possibly because these weeks
were busy for students who were taking final exams and
submitting research reports. The disengagement with web- or
mobile-based DCBIs designed to improve critical thinking
skills was addressed in several studies, for example Heflin et al.
[65]. Finally, the usability test results and participants’
reflection of the intervention components of the mBCI were
encouraging and positive. The tasks, activities, and feedback as
intervention components were useful to support critical
thinking skills in a research project context, as reported by other
studies [64]. Yet, the setting of goals and plans were not
considered helpful for enhancing critical thinking skills.

VII. CONCLUSION

The main aim of this study was to determine the impact of
using an mBCI with real-time feedback to support the critical
thinking skills of 3rd year students in a research project. The
study examined the perceived abilities of students in using
critical thinking skills, both prior to and after the intervention
compared to reviews by experts. The mBCI included
intervention components which were designed to support the
critical thinking behavior of students, for example, working on
research tasks and activities, organizing the work using goals
and plans, answering short questionnaires, and receiving
notifications containing feedback and answers to use enquiries.
Students received notifications which contained targeted advice
and tailored information. Combining the LifeGuide Toolbox
software and the Paul-Elder Critical Thinking Framework has
improved some of the perceived critical thinking skills students
in a research project context; however, the independent expert
review did not support the self-reported improvements. It can
be also concluded that mobile notifications increased mBClI
engagement and interaction. Digital mBCls can be used by
students to obtain supportive assistance for their critical
thinking skills as required, irrespective of place and time, which
could be a cost-effective way to facilitate communication
between supervisors and students. Using the existing LifeGuide
Toolbox framework to create mBCls to assist critical thinking
skills could be successful as it consists of an authoring tool
enabling intervention builders who do not have a background
in programming to simply create digital interventions.
Consequently, the tool could be used by many scientists and
researchers to provide them with the required data of students
critical thinking behaviors during a research project.

This study contributes to the body knowledge by: a)
developing design principles to implement and test engaging
digital mBCls to enhance critical thinking skills in a research
project context; and b) the impact of engaging with intervention
components to improve specific critical thinking standards and
studying and evaluating various elements. To the best of our
knowledge, there is no generic framework which has used
DBCls to assess feedback, measuring and supporting critical
thinking skills in a research project context. Thus, supervisors
and educators must be provided with an authoring tool which
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can be used to design and deploy digital interventions for
students in research projects with real-time feedback
interaction, provision, and personalization. This tool would
assist those who create interventions, for example, supervisors,
with developing digital interventions for users in various
contexts. When they require assistance, students can get
responsive assistance to develop their critical thinking skills
and competency with digital interventions via smartphones,
regardless of time or place. In a supervisory research capacity,
this may be a cost-effective process for both students and
supervisors.

This research can form the base for instructors, eLearning
designers, educators and policy makers in education to change
university students’ undesirable behaviors, not only in research
projects and critical thinking but also in other learning areas. In
fact, many of the skills required for learning, such as teamwork,
time management, and attending lectures, may be able to be
improved and promoted through the provision of tested
methods and robust tools in the form of mBCls. Using the
DBCI can assist with identifying critical thinking weaknesses
requiring support at an early stage, which can be of benefit to
supervisors. The currently proposed system allows supervisors
the flexibility to design reusable complex interventions, deliver
tailored information to users on a large scale, and to monitor
and measure critical thinking progress in research projects.
Similarly, students can also benefit from the system where they
can learn new skills, ask questions, and reflect on their progress
throughout their research projects.

Several suggestions are recommended for future research in
using digital behavior change interventions to support and
improve critical thinking skills. The two suggested areas for
further research are (1) developing and implementing mBCl
tools and (2) the study design factors based on the studies
conducted in this research. For mBCI development, addition of
an auto-notification system for nudges and utilizing machine
learning techniques is recommended, and users could be
provided with the chance to specify their notification
preferences based on time and location. Using machine learning
(ML) techniques helps to find the best time and locations to
notify with prober content. For the study design, different
disciplines are suggested which could be included to extend the
study’s implications. Moreover, students at different levels,
such as master’s students, can be recruited for experimental
research. Including more types of students may necessitate that
experiments focus on specific standards, elements or
components, instead of supporting all of them. Further studies
might include particular stages of the research project (e.g., the
methodology or data analysis stages) to draw a more accurate
conclusion.
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