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Abstract: Inquiry-based learning (IBL) is essential to Science Education since it improves students’
conceptual comprehension, higher-order thinking abilities, and interpersonal skills. Mobile tech-
nology (mIBL) promotes active learning, facilitates access to learning materials, and enhances IBL
in terms of mobility and rapid feedback. This study assesses the 9th grade students” awareness of
4Cs skills (Collaboration, Communication, Critical thinking and problem solving, and Creativity)
after participating in mobile-technology-supported inquiry-based Teaching Learning Sequence (TLS).
Additionally, the study investigates the qualities/characteristics students cite before and after the TLS
in relation to these skills. The results of a questionnaire administered to students indicate that their
awareness of these skills has increased as a result of the TLS. Specifically, the TLS seems to have a
greater impact on Collaboration and Communication than on Critical thinking and problem solving,
and Creativity. An additional qualitative investigation of students” written answers to explanatory
open-ended questions before and after the entire procedure found intriguing data confirming their
shift in 4Cs awareness.

Keywords: inquiry-based learning; mobile learning; MBL; sensors; mIBL; 21st century skills;
Science Education

1. Introduction

Due to the trend of globalisation, several competencies are seen as essential for enhanc-
ing the technological literacy and competitiveness of individuals. According to reports,
young people demand transferable abilities as opposed to technical skills, which are
regarded as specialised to a certain activity, career, or industry [1,2]. The 21st century
frameworks provide methods to define the abilities that students must acquire to enter
the future workforce; consequently;, it is the responsibility of educators to determine if the
present competencies and learning methods are suited to achieve this [3].

Several organisations, such as the “P21 Framework” and the “Society for Technology
in Education”, have identified different types of skills that students should master in the
21st century [3-5]. Collaboration, Communication, Critical thinking and problem solving,
and Creativity are considered to be of utmost importance. Students should acquire these
skills for three primary reasons: (a) these skills are difficult to teach and assess, thus they
are seldom included in the curriculum; (b) these skills are essential for all students in the
era of globalisation; and (c) these skills are essential for any career [6].

Inquiry-based learning (IBL) increases students’ conceptual comprehension, criti-
cal thinking, problem solving, and teamwork abilities, according to several research
studies [7,8]. Mobile-technology-supported inquiry-based learning (mIBL) is a popu-
lar teaching strategy in secondary Science Education because digital mobile technology
boosts learning in inquiry-based situations [9-11]. However, there is a shortage of evi-
dence regarding mIBL in secondary Science Education due to the studies’ techno-centric
emphasis [12]. Furthermore, there is a gap in the research about the relation between mIBL
and the development of 21st century skills in Science Education.
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Our research assesses secondary school students” awareness of 4Cs skills through
mobile-technology-supported inquiry-based learning. The significance of this paper is
its contribution to fill the need for further evidence-based insights into the relationship
between mIBL and the development of students” high-order thinking skills. The structure of
the paper includes an introduction to 4Cs skills and mobile-technology-supported inquiry-
based learning, the presentation of the methods applied in the research, the results, and
the conclusions.

2. Background

This section provides a brief theoretical framework for 21st century skills and analyses
the learning skills, as stated by the P21 Framework. The inquiry-based learning (IBL)
strategy is then described, along with the definitions of microcomputer-based labs (MBL)
and mobile learning (m-learning), as well as their combination, i.e., mobile-technology-
supported inquiry-based learning (mIBL), of which was the primary instructional technique
utilized during our interventions. Finally, the relationship between mIBL and 4Cs skills
is mentioned.

2.1. The 21st Century Skills

There are several perspectives on the precise substance and meaning of 21st century
skills, which all highlight what students can accomplish with information and how they use
what they learn in actual circumstances [4,5]. Society for Technology in Education (ISTE)
acknowledged that in a world that is becoming more digital, students require abilities in the
following areas: (1) collaboration and communication; (2) critical thinking, problem solving,
and decision making; (3) creativity and innovation; (4) research and information fluency;
(5) digital citizenship; and (6) operations and concepts of technology. The Framework for
21st Century Learning [13] was created by the P21 Framework, a collaborative organisation
that generated a cohesive, common vision for learning [3]. The P21 Framework outlines
three types of competencies: (1) learning skills (collaboration and communication, critical
thinking, problem solving, creativity and innovation); (2) literacy skills (information literacy,
media literacy, and ICT literacy); and (3) life skills (flexibility and adaptability, initiative
and self-direction, social and intercultural skills, productivity and accountability, and
leadership and responsibility) [3]. Our study focuses on learning skills as described by the
P21 framework.

Collaborative learning is a kind of learner-to-learner contact that involves learning,
sharing of authority and acceptance of responsibility, and respect for the skills and con-
tributions of each group member. Along with assertiveness, responsibility, and empathy,
collaboration is often seen as a social skill. Individual efforts must give way to teamwork,
and autonomy must give space to community, if crucial concerns are to be effectively
addressed [5,14,15]. Collaboration skills are necessary for students to engage and compete
in the 21st century because they enable them to communicate with their peers and share
their thoughts and ideas for accomplishing learning objectives and promote the commu-
nity. Based on the above, the students” views on acknowledging group members’ abilities
through teamwork, accomplishing the learning objectives, promoting community, sharing
of authority and developing assertiveness will be examined.

Communication is the ability to express thoughts and ideas effectively using oral,
written, and nonverbal abilities in various formats and circumstances. Communication is
motivated and directed by the desire to attain certain goals and is supported by perceptual,
cognitive, emotional, and behavioural activities [2,16]. Effective communication skills
encompass characteristics such as empathy, understanding, and active listening, respect for
a person’s dignity, integrity, and autonomy as well as the capacity to explore and share ideas
and thoughts in a warm, non-judgmental, and pleasant manner. Therefore, the students’
views on participating in dialogue for expressing thoughts and ideas, encouraging peers’
effort, communicating to attain certain goals, developing empathy or respect for peers’
personality, and developing abilities of active listening will be examined.



Sustainability 2023, 15, 6725

30f21

Critical thinking as a skill refers to the capacity to evaluate the credibility of a claim or
piece of information and reach a judgement regarding what to believe or do. It is also a
cognitive tool that students employ to evaluate their methods and beliefs in a reflective
manner [2,5]. Students who can monitor and analyse their own cognitive processes are
more likely to display high-quality thinking as a result of metacognition (or thinking
about thinking). When students think critically, they evaluate the outputs of their thought
processes, such as the quality of a choice or the efficacy of a problem solution. Several other
essential student learning outcomes, such as metacognition, motivation, collaboration,
and creativity, are related to critical thinking abilities [17,18]. Problem solving refers to
the ability to detect problems, acquire and assess relevant information, propose viable
solutions, and select the most effective technique for addressing the problem [2]. The
OECD defines problem solving in the context of education as follows: ‘The capacity of
students to understand problems situated in novel and cross-curricular settings, to identify
relevant information or constraints, to represent possible alternatives or solution paths, to
develop solution strategies, and to solve problems and communicate the solutions” [19]
(p. 3). Ideally, such problems should be authentic and founded in everyday situations [5].
Based on the above, the students’ views on reflecting/monitoring, evaluating processes of
thought, proposing alternative and viable solutions, and detecting and understanding the
problem will be examined.

Although there is no consensus among scholars about the definition of creativity, the
majority think that it is a path that students enjoy [20,21], and involves the production of
anything regarded as innovative or beneficial in a specific social context. The researchers
concur that the final result of creativity might be a physical object, or an idea generated by
developing, refining, analysing, and assessing external stimuli and data [2,5]. An intriguing
definition of creativity is provided by Walia [22] (p. 242): “Creativity is an act that arises
from a perception of the environment that acknowledges a certain disequilibrium, resulting
in productive activity that challenges patterned thought processes and norms, and gives
rise to something new in the form of a physical object or even a mental or emotional
construct”. Therefore, the students’ views on producing innovation (tangible or intangible),
producing something beneficial in a social context, and gaining pleasure from producing
innovation will be examined.

2.2. Mobile-Technology-Supported Inquiry-Based Learning (mIBL) in Science Education and 21st
Century Skills

Inquiry-based learning (IBL) is a learning approach in which students assume the
role of scientists, as they develop questions, formulate appropriate hypotheses and design
activities and experiments to test them, they analyse, understand, and explain the results of
their experiments, they draw conclusions, and communicate their findings. Therefore, they
undertake investigations to generate new knowledge based on the gathered data [8,12,23].
The inquiry process includes references to communication skills, planning, and evidence
selection, all of which enhance thinking and problem solving [6]. Numerous studies
recommend IBL as a crucial element in Science Pedagogy because it improves students’
conceptual comprehension, critical thinking, problem solving and collaboration skills. IBL
has the potential to engage students in a real scientific discovery process by giving them a
sense of classroom learning achievement and making learning more enjoyable [7,8,24].

Mobile learning refers to the use of mobile devices to aid learning, such as smartphones,
laptops, tablets, and wireless sensors. Numerous concepts are associated with m-learning,
including learning in multiple contexts and through social interactions; ubiquitous learning
(learning anywhere and at any time); context-aware ubiquitous learning, which emphasises
the support of learning across contexts; authentic learning, which focuses on real-world
problems to create an attractive learning environment; customization of access to informa-
tion in order to develop new skills; and student-centred learning [7,11,12,25-27]. Science is
built on the exploration of the physical world, and digital mobile technology is deemed suit-
able for supporting this research because it provides the means to make it more accessible
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and pervasive [9,10]. Many researchers have also reported that adopting effective learn-
ing methods in mobile learning activities might be an empowering strategy for fostering
students’ 21st century skills [2].

Many researchers mention the contribution of Science Education to the development
of 4Cs skills. Authors concur that during science learning, students must build their collabo-
ration abilities since they must be able to work with teammates to solve problems [2,14,28].
Moreover, Communication is also considered a vital component of education as it has a
significant impact on students’ cognitive perception [29,30]. There are no disagreements on
the significance and prevalence of Critical thinking and problem solving in Science Educa-
tion across various educational systems. Problem solving or locating suitable solutions to
challenges is one manner in which Critical thinking and Science are related [31]. The link
between Critical thinking and Science Education includes practices, skills, and processes
such as problem-finding/identification and obtaining information. Several countries have
attempted to include Critical thinking in Science Education, realising that living in a diverse
society requires citizenship ability [31,32].

Therefore, the literature suggests that the 4Cs skills are essential components of Science
Education and can be enhanced by inquiry-based learning (IBL) as well as by using portable
digital devices (m-learning). Mobile-technology-supported inquiry-based learning (mIBL)
intends to use mobile technologies to support the inquiry process and drive students
to create and share their knowledge, and mIBL enhances IBL in terms of mobility and
feedback speed and has a beneficial effect on student-teacher interaction [33,34]. According
to relevant research, inquiry-based learning strengthens students’ reasoning and thinking
skills through inquiry activities, and mobile learning activities might improve critical
thinking by encouraging collaborative learning [35,36].

2.3. Research Questions

The purpose of our study is to assess secondary school students” awareness of 4Cs skills
after participating in mobile-technology-supported inquiry-based learning. Specifically,
the research questions of the study are:

e  To what extent does mIBL affect students” awareness about Collaboration, Communi-
cation, Critical thinking and problem solving, and Creativity skills?

e  What qualities/characteristics do students cite before and after the TLS in relation to
Collaboration, Communication, Critical thinking and problem solving, and
Creativity skills?

3. Materials and Methods
3.1. The Sample and the Context

This study took place during the second semester of the 202122 school year, in a high
school in Kavala, N. Greece. The sample consisted of ten ninth graders (15 years old) who
participated voluntarily in the school’s science club; school clubs operate weekly, after the
end of the school schedule. This club was founded by one of the authors of this paper, who
was also the students’ science teacher. Four females and six males, who earned high grades
in Physics, were engaged in a mobile-technology-supported inquiry-based learning (m-IBL)
Teaching Learning Sequence (TLS). The students had no experience with inquiry-based
learning and had never engaged in mobile learning activities, while being proficient with
the use of their smart phones.

3.2. The Research Tools

A questionnaire, designed by Hwang et al. [2], with a 3-point Likert scale ranging from
“disagree” (value: 1) to “agree” (value: 3), was used in our study to evaluate the students’
awareness of 4Cs skills. A 3-point Likert scale was selected because of the small sample.
The questionnaire includes twenty-three question items, which are grouped into the skills
categories, namely, Collaboration, Communication, Critical thinking, problem solving and
Creativity, with 5, 6, 4, 4, and 4 items, respectively. The questionnaire was independently
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translated into the Greek language by a team of three translators/experts who were familiar
with both the subject concept and the literature on the adaptation of a questionnaire. The
translators were gathered to compare and discuss any discrepancies between the translated
versions. It is significant to highlight that in the context of the validation and adaptation
of the questionnaire to Greek culture, prior to the TLS, the questionnaire was given to
ninth-grade students in order to make sure that the students understand the meaning of
all the items of the questionnaire, ensuring that their replies are accurate and comparable
(before and after the TLS). So, ten ninth-grade students completed the Greek version of the
questionnaire, and a discussion was facilitated between the students and the teacher to
assess their understanding, cultural relevance, and the clarity of the topics. The students
of the science club (sample of the research) received the final version of the questionnaire
before and after the entire procedure, which can be found in Appendix A.

The Hake gain index (Hgain) was also used to quantify the pre- and post-change in
students” awareness of the 4Cs skills because the sample size was relatively small and
the level of the students varied in the different skills, as indicated by the data from the
questionnaire before the TLS application. The change in group performance from a pre- to
post-instruction assessment, by Hake gain index (g), is given in the relation (1).

_ (average grade on the poste-test) — (average grade on the pre—test)
N 100 — (average grade on the pre-test)

N ¢Y)

The ratio in (1), also known as the normalised change (g), expresses the difference
between average test scores as a fraction of the maximum difference conceivable between
these scores. Hake [37] and Meltzer [38] utilised (1) to compare the relative effectiveness of
various science course instructional strategies. Both researchers relied on the assumption
that, when comparing two courses, “the course with the higher value of normalised change
(g) is the more effective course” [39]. Hake [37] defines the levels of Hgain as follows:
(a) “High-g” courses are those with Hgain > 0.7; (b) “Medium-g” courses are those with
0.7 > Hgain > 0.3; and (c) “Low-g” courses are those with Hgain < 0.3.

In addition, students were asked to answer paper-based open-ended questions after
completing the questionnaire, and before and after the entire TLS. The open-ended ques-
tions contributed to a more in-depth investigation of students” awareness of the 4Cs skills
and were based on the themes negotiated in the questionnaire. The open-ended questions
can be found in Appendix B. Content analysis of the students’ written open-ended answers
was conducted by two authors and researchers of this paper. Firstly, the two researchers
classified students’ pre- and post- responses independently. Next, in order to resolve any
differences between the two researchers, they discussed the data throughout the case until
inter-rater reliability (0.9) was achieved.

3.3. Digital Mobile Equipment Used in the Implementation

During the interventions, both conventional laboratory equipment (springs, weights,
bases, clamps, etc.) and mobile technology (Smart Cart and Force Acceleration Sensors by
PASCO and their related SPARKvue software installed on school tablets) were deployed.
The Smart cart is a device with built-in sensors for tracking force, position, velocity, ac-
celeration along three axes, and rotational velocity along three axes. The Wireless Force
Acceleration Sensor is a device that simultaneously measures force, acceleration, and ro-
tating velocity. These devices are paired with the PC suite software PASCO SPARKvue
through Bluetooth for data logging on tablets/smartphones/laptops [40]. The collected
data are visualised in a variety of formats (graphs, tables, numeric indicators, etc). An
important aspect of SPARKvue suite is the capability to share the screen of the sensor-
connected tablet with other students’ tablets over the Internet (shared session). All students
can save the experiment to their tablets and analyse the results after the experiment has
been concluded. In our TLS, the sensor’s dynamometer was utilised; the SPARKvue appli-
cation took advantage of the sensor’s ability to display measurement values on the screen
and to provide these data in tabular and graphical formats.
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Students’ smartphones were also utilised for both student-to-student and student-to-
teacher communication. This was accomplished by forming a Viber group, which provided
students with an extra channel for information, communication, and cooperation via their
smartphones, also outside the classroom environment.

3.4. Design and Implementation of the TLS

The study of factors that affect the development of teaching and learning sequences
(TLSs) has looked at various aspects, including students” conceptions, epistemological
assumptions, features of the educational context, etc. [41,42]. In this study, the focus is on
the role of a specific teaching approach, which is aimed at increasing students” awareness
of 4Cs skills. Therefore, a TLS was designed and implemented to determine the extent
to which it contributes to students” awareness of 4Cs skills. Students worked in groups
of three or four using mobile digital devices in an inquiry-based learning context (m-IBL)
and were supported by worksheets; the worksheets were designed by considering their
limited experience with group work, experimentation, inquiry-based learning, and mobile
learning applications.

The three topics of the TLS, Hooke’s Law, Vertical Spring Oscillation, and the Simple
Pendulum, used the same inquiry-based learning framework according to Pedaste et al. [43].
Specifically, each topic was completed in four sessions (the duration of each session was two
didactic hours), within a period of 12 weeks. Figure 1 depicts the phases of inquiry-based
learning included in each topic through sessions.

OSCILLATION-TLS

Hooke's Law Vertical Spring Oscillation Simple Pendulum

*QOrientation

Ist " eConceptualisation

session

ﬁlhr—-o

ond | *Investigation (experiment design)

session

3rd @ *Investigation (experiment implementation, data interpretation)

session

5 0 = wu w

45 | *Conclusion

LT

session

Figure 1. Structure of the phases of inquiry through sessions on each topic.

As seen in Figure 1, the first session corresponds to the Orientation and Conceptu-
alisation phases of the Pedaste scheme, the next two sessions to the Investigation phase,
and the final session to the Conclusion phase. The Discussion phase took place throughout
the whole procedure. In the entire inquiry process, the students were oriented through a
story based on everyday life, developed questions, and formulated hypotheses about the
probable answers, designed and conducted experiments to test their hypotheses, analysed
and evaluated the data, and drew conclusions. In addition, they evaluated the experimental
procedure and communicated and discussed their findings in class. They also completed a
Reflection Report at home during the entirety of the lab session.

The first session on each topic included the Orientation and Conceptualisation phases.
In the Orientation phase, the students faced a fictionalized tale from their everyday lives
to catch their interest and address a learning challenge. A representative extract of a
fictionalized tale in the Orientation phase about the oscillation is as follows: “John has not
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decided whether he likes a mountain bike or a city bike, with the difference between the two being the
spring stiffness of the suspension. John recognised the “stiffness” of a spring since he was taught
Hooke’s Law at school. However, he cannot correlate it with the bicycle’s movement. At the shop,
he was informed that the springs oscillate over road bumps, and he recalled that when he hanged
a weight on a spring, it would move “up and down.” So, he chose to analyse the oscillation of a
vertical spring. On the occasion of the acquisition of the bicycle, Giannis inquired what elements
impact on the oscillation period.”. In the Conceptualisation phase, students were prompted
to generate testable questions and hypotheses on the presented problem and the fictitious
scenario. The second session’s purpose was to examine the fictional scenario. Students
were asked to select lab equipment from the school’s lab and design an experiment to
test their hypotheses. During the third session, in each topic, the students experimentally
verified the phenomenon. They conducted research, made observations, manipulated
variables, and analysed findings. The students were introduced to the control-of-variables
strategy by changing only one variable while keeping the others constant. Finally, the
students used their tablets to record and analyse the data, and each group presented its
results and made comparisons in front of the class. The fourth and last session, in each
topic, comprised a review of the whole procedure followed by the students. Specifically,
each student group received feedback and criticism from their classmates. The procedure
was concluded by formulating the conclusions and comparing the findings to the initial
hypotheses. Although reflection occurred throughout the whole procedure, students
reflected on the entire inquiry-based learning experience during this final phase.

4. Results

The results on the students” awareness of 4CS skills were derived from the analysis of
the students” written answers to the 3-point Likert questionnaire and their written answers
to the open-ended questions, before and after experiencing mobile-technology-supported
inquiry-based activities.

4.1. Evolution of Students’” Awareness of 4Cs Skills

Figure 2 depicts the number of students who agree (value: 3, in the 3-point Likert
scale) with each question of the questionnaire, before and after the TLS (dimensions:
Collaboration—CL, Communication—CO, Critical thinking—CT, Problem solving—PS,

and Creativity—CA. The data of Figure 2 are in Appendix C.
AT
g U dJ J

Students' agreementin each question

Number of Students

10

8

6

4
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Figure 2. The number of students who agree with each question of the questionnaire.
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As demonstrated in the graph, there is an improvement in students” agreement about
almost all the questions of the questionnaire. Figure 2 also depicts that after the intervention,
fewer students agree with one question (CA3) compared to the pre-test. The analysis of
students” open-ended written answers, which are presented below in the paper, revealed
the students” misunderstanding of question CA3, thus we did not include it in the analysis
of the evolution of the students” awareness of 4Cs skills that follow.

Figure 3 displays the evolution of the students” awareness across the questionnaire’s
dimensions of Collaboration (CL), Communication (CO), Critical thinking (CT), Problem
solving (PS), and Creativity (CA). As can be seen, the students” awareness of all skills
improved. The data of Figure 3 are in Appendix C.

The percentage of students that agree/strongly agree (PRE/POST)
100%

90%
80%
70%
60%

50%

40%
PRE POST

—=—(CL 9 CO =<0=-(] —=—DPS emgmm (A

Figure 3. Evolution of the students’ awareness across the questionnaire’s dimensions.

Since the sample was very small (ten students) and the initial level of the students
was not the same in the different skills, a clearer picture of their development can also
be provided by the Hake increment, as seen in Figure 4. The data of Figure 4 are in
Appendix C.

Hake gain (g)

CT
1.00
0.80 0.62
0.60
CA 0 CL
X 0.71
0.50
0.50
PS 0.82 CO

Figure 4. The Hake gain per skill.

As can be seen, the Collaboration and Communication skills present “High-g” (Hgain > 0.7),
which means that there is a high difference between pre- and post- students” answers and
the TLS could be characterized as highly effective. The other skills present Medium-g
(0.7 > Hgain > 0.3), which means that there is a less but considerable difference between
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pre- and post- students” answers and the TLS has also a positive impact on the students’
awareness. Specifically, the Hake gain index of Critical thinking is 0.62, while the lowest
Hake gain index (0.5) is observed in Problem solving and Creativity.

4.2. Students’ Perceptions on 4Cs Skills Evaluated from Written Open-Ended Answers

The analysis of students’” written answers to the open-ended questions contributed
to the in-depth investigation of their awareness of the 4Cs skills. By looking for units of
meaning in the answers of the students, we identified, with content analysis, characteristics
which then were combined into codes and categories and were presented in each skill.

4.2.1. Collaboration

Students were asked to give written answers to three open-ended questions related
to the Collaboration skill, along with the pre- and post-questionnaires, to illuminate their
awareness in depth. The questions were: “What does it mean to you that team members
collaborate effectively? Can you provide me with additional information about that?”,
“Do you feel you can do your assignment effectively in a group? Why?”, and “How impor-
tant do you find collaboration to be? Is it necessary, or can you accomplish your assignment
on your own?”. The students provided numerous and varied responses, which were clas-
sified and sorted into five categories, namely, Acknowledging group members” abilities
through teamwork, Accomplishing the learning objectives, Promoting community, Sharing
of authority, and Developing assertiveness, as depicted in Figure 5 (the data of Figure 5
are in Appendix C). Prior to the TLS, 12 answers were classified as the students’ views for
collaboration; after, the number of answers was increased to 26.

Collaboration
, 10
3
> 8
=
5 6
“»
c 4
=
g
: I ] | B
@
v 0
5 Acknowledging Accomplishing ~ Promoting Sharing of Developing
"‘é group members’ learning community authority assertiveness
E abilities through  objectives

teamwork

H PRE EPOST

Figure 5. Categorizing students’ written awareness of Collaboration.

Before the TLS, six out of ten students referred to “Acknowledging group members’
abilities through teamwork” as part of Collaboration skills, while after the TLS, all the
students mentioned this characteristic. Students’ representative comments are as follows:
S7 “In my opinion, for successful cooperation, a group should be comprised of members with various
personalities and skills. Teamwork has proven to be one of the most efficient strategies of mutual
support” and S9 “Successful cooperation between the members of a group means the intersection of
opinions with the aim of expressing all opinions for a perfect work!”. Four out of ten students
mentioned the “Accomplishing learning objectives” as a benefit of the Collaboration before
the TLS, while seven out of ten students referred to it at the end of the TLS. Representative
students” answers which highlight the effectiveness of collaboration are: S1 “Collaboration
for me is very important because it is the best way to do a task. I can do it alone, but I believe
that if I cooperate with other people, the work can be done more quickly, pleasantly, and efficiently”
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and S3 “I realized that collective effort and cooperation among the members of a team leads to
faster completion of the goal and reduces the chances of error”. It is worth mentioning the few
students (two before the TLS and three after the TLS) who referred to the “Promoting
community” gained through the collaboration instead of individualism, as they recognized
an upper-level epistemological goal related to Collaboration skill. Indicatively, the student’s
S5 answer is: “I believe it is crucial to think collaboratively. I believe that my classmates help me,
but I can also contribute to the collaborative effort, which benefits us all.”.

The students also mentioned the “Sharing of authority” and “Developing assertive-
ness” related to Collaboration skills, after the TLS, which were not present in the pre-
questionnaire. S2 stated that “I believe that we should divide the tasks according to everyone’s
capabilities, so no one is held back, on the contrary, the sharing helps its members”; this answer
is indicative. Moreover, before the TLS, some negative comments regarding collaboration
were recorded, while after the TLS, the students’ comments on the same topic were only
positive. Indicatively, before the TLS, student S7 had defended his disagreement with the
collaboration, as follows: “I believe I am unable to complete my group assignments efficiently due
to the possibility of disagreements among individuals with various points of view.” Additionally,
indicative negative students’ answers before the TLS include S8 stating that “Collaboration
is not effective as there are disagreements between the members of the group” or S10 stating that
“By working individually you come out to learning objectives faster than working in a team”.

4.2.2. Communication

To highlight students” awareness of Communication skills, three open-ended questions
were given to them, along with the pre- and post-questionnaires. The questions are as
follows: “How do you try to make the other person feel important?”, “Can you give
an example on how you think about the other person’s feelings when you are talking?”
and “What does the term communicate with others mean to you?”. Students provided
numerous and varied responses, which were classified and sorted into five categories,
namely, Participating in dialogue for expressing thoughts and ideas, Encouraging peers’
effort, Communicating to attain certain goals, Developing empathy or respect for peers’
personality, and Developing abilities of active listening, as depicted in Figure 6 (the data of
Figure 6 are in Appendix C). Prior to the TLS, 16 answers were classified as students’ views
for communication, while after, the number of answers was increased to 24.

Communication
10
9
[}
b
g 8
2
s 7
12}
=
3
g 5
@
- 4
)
s 3
e}
£ 2
Z
1
0
Participating in Encouraging Communicatingto Developing Developing
dialogue for peers’ effort attain certain empathy or  abilities of active
expressing goals respectfor peers’ listening
thoughts and personality

ideas

H PRE B POST

Figure 6. Categorizing students’ written awareness of Communication.
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As shown in Figure 6, students’ awareness of communication skills has changed.
Specifically, five out of ten students prior to the TLS, and seven out of ten students following
the TLS, recognized “Participating in dialogue for expressing thoughts and ideas” as a
characteristic of Communication skills. Representative students” answers are as follows:
52 “For me, communicating with others means discussing and exchanging ideas so that we can learn
from each other” or S6 “Communicating entails being able to speak openly, exchange perspectives,
and not feel very uncomfortable around other members”. The fact that the students were asked in
each session, throughout the TLS, to present their experimental results to the class, may have
contributed to the development of the students” awareness of this specific characteristic.

The evolution of students” awareness of “Encouraging peers’ effort” and “Developing
empathy or respect for peers’ personality” between their pre- and post- answers is seen
also in Figure 6. The teamwork during the experimentation in the sessions of the TLS and
the continuous communication, even outside the classroom, through the Viber platform
on students” mobiles, may have contributed to students” attempts to encourage and praise
their peers, respect their viewpoints, and engage with them equally. Specifically, prior to
the TLS, student S9 remarked: “The other will feel important when he successfully completes his
share of the work”, without identifying how he would make his classmate feel important.
The same student, following the TLS, commented: “The other will feel significant when the
rest of us recognise his work’s effort.” Moreover, prior to the TLS, four students were able to
give examples of thinking about peers’ feelings by stating indicatively: S1 “I answered I am
not able to think about how the other person feels. So, I cannot give an example”. After the TLS,
various students’ answers indicating their empathy and respect for peers’ personalities are
as follows: S5 “Before expressing my perspective on a topic, I consider whether my words would
offend or anger the listener” or S8 “Perhaps he will be offended if I say anything that makes him feel
awful. For instance, if I tell him that his proposal is bad, he may not provide further suggestions
and feel ineffective”, while three students referred to the “Developing abilities of active
listening”, i.e., recognizing an epistemological goal gained and related it to Communication
skills. Indicatively, 54 student wrote: “When I communicate, I exchange information, ideas,
knowledge, share concerns, listen carefully and take everyone’s different opinions into account” .
It is worthwhile mentioning that no students mentioned the “Developing abilities of active
listening” prior to the TLS, as shown in Figure 6, with the absence of pre-bar in this category.

Finally, less progress in recognizing goal achievement through communication skills
is observed by students. Only two students prior to the TLS and three students after the
TLS referred to this feature, answering indicatively: S10 “When I speak with others, I am able
to get along with them and accomplish my objectives”. Goal achievement is more closely related
to other skills, such as Collaboration and Creativity, as shown in the following results.

4.2.3. Critical Thinking and Problem Solving

The open-ended questions given to students (51-510) before and after the TLS, in order
to investigate in-depth their awareness of Critical thinking and problem-solving skills, are:
“If you make pauses, do you do so naturally or purposefully, i.e., do you find it essential to
do s0?”, “What does it mean to you alternative solutions?”, and “What makes you a strong
problem solver?”. Students” answers were classified and sorted by three characteristics of
Critical thinking and problem-solving skills, namely, reflecting/monitoring, evaluating
processes of thought, proposing alternative and viable solutions, and detecting and under-
standing the problem (Figure 7, the data of Figure 7 are in Appendix C). Prior to the TLS,
12 answers were classified as students’ views for Critical thinking and problem solving,
while after, the number of answers was increased to 26.
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Figure 7. Categorizing students” written awareness of Critical thinking and problem solving.

As seen in Figure 7, prior to the TLS, three out of ten students indicated that they
paused to reflect during the experiment, referring to the characteristic of “reflecting and
evaluating thought processes” as part of Critical thinking skills. Following the TLS, nine
out of ten students stated that they either intentionally or unintentionally paused to analyse
and reflect on the procedure. Representative answers of students who stated that they make
pauses, are: S1 “Occasionally, I take a stop to evaluate if what I'm doing is correct or incorrect.
This occurs naturally” and S6 “I pause spontaneously to think if I'm going the right way”.

The students were also asked to explain what the concept of “alternative solutions”
meant to them. Figure 7 depicts that prior to the TLS, five out of ten students referred to
different possible solutions to a problem, while after the TLS, eight out of ten students
recognized the proposing of alternative and viable solutions as a feature of Critical thinking
and problem-solving skills. Indicative students’ answers are: S5 “For me, alternative solutions
entail considering all possible answers to an issue while simultaneously validating my results”,
or S7 “It signifies an alternative approach or seeing the issue from a different perspective”. It is
worth noticing the parameter of a solution’s efficacy besides the various approaches to
solve a problem, as mentioned by some students after the TLS.

Four students before the TLS and nine students after the TLS included the “detecting
and understanding the problem” in Critical thinking and problem-solving skills. Indicative
students’” answers to the question “What makes you a strong problem solver?” after the
TLS are: S2 “I am able to tackle problems because I thoroughly study, comprehend, and then
effectively solve them” or S9 “My ability to utilise prior knowledge acquired from addressing earlier
challenges enables me to solve the problems I meet”. Moreover, after the TLS, several students
answered that the reason why they make pauses is to understand the problem they deal
with. Representative students” answers are as follows: 54 “I intentionally pause to determine
whether I comprehend the actual issue”, or S5 “If I do pause, I do it intentionally to comprehend the
subject I am researching”. It is worth also noting the fact that students emphasized a variety
of emotional or psychological traits, including “calmness”, “tenacity”, “effort”, and “patience
and perseverance”. Before the TLS, indicative students” answers are: S2 “What makes me good
at solving problems is persistence, patience and good will” or S9 “I can solve problems because I put
effort into it”. The continuous inquiry processes with analysis and evaluation of the data,
in which the students were involved, may have strengthened the students” awareness of
this skill.

7
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4.2.4. Creativity

The open-ended questions posed to students to explore in depth their awareness on
creativity skills are: “Why do you like to try something new? What does this offer you?”,
“Do you like to do something by yourself? Why?”, and “Why do you like to propose
new ideas?”. Students’ responses were classified and sorted into three categories, namely,
producing innovation (tangible or intangible), producing something beneficial in a social
context, and gaining pleasure form producing innovation, as visualized in Figure 8 (the data
of Figure 8 are in Appendix C). Prior to the TLS, 19 answers were classified as students’
views for Creativity, while after, the number of answers was increased to 24.

Creativity

Producing innovation (tangible Producing something Gaining pleasure from

or intangible) beneficial in a social context producing innovation

B PRE M POST

Figure 8. Categorizing students’ written awareness of Creativity.

As seen in Figure 8, there is progress between pre- and post- answers related to
“Producing innovation” and “Producing something beneficial in a social context”. Moreover,
Figure 8 shows that after the TLS, all the students referred to the “production of something
that is beneficial in a social context”. Representative students’ answers are as follows:
S1 “I enjoy giving ideas because, when I do so, I usually assist others” or S4 “Contributing ideas
makes me feel valuable and essential to my team”. This finding is not surprising, as students
were asked to work in groups throughout the TLS, and the sense of contributing to the
group was very strong.

The high level of students” answers to the “Gaining pleasure from producing inno-
vation” was a feature related to Creativity skills, both before and after the TLS. Students’
written answers, such as S3 stating that “I enjoy sharing my perspective with others and giving
them fresh ideas.” or S6 “When some of my ideas become valuable and I contribute to the solution of
an issue, I experience a sense of satisfaction”, are representative. It is noteworthy to mention
that six out of seven students who gave their consent both prior to and following the TLS
were unchanged.

Finally, as we have already mentioned in Section 4.1, after the TLS, fewer students
agreed with the question “CA3: I like to do things by myself” compared to the pre-test.
The students” written answers to the open-ended questions conducted after the TLS were
analysed to determine the cause of this negative attitude shift. Students were asked, “Why
(or why not) do you enjoy doing things by yourself?”. Some students reported, both before
and after the TLS, that they love working alone because it makes it easier for them to
concentrate on the topic, because doing anything alone helps them develop their abilities,
or because it enables them to work independently. Representative answers are as follows:
S1 “I enjoy doing things by myself because this teaches me to solve difficulties independently,
with tenacity and patience.” Or S9 “In this way, I learn myself better”. However, after the
TLS, it appears that the positive aspects of teamwork that the students experienced had a
detrimental impact on their attitude toward “doing something by myself”. Representative
students” answers are: S5 “I no longer prefer working alone because after experiencing the
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advantages of teamwork, I've realised that solitary effort is not as fruitful”, S7 “I despise working
alone because I feel it provides fewer rewards than cooperation and collaboration”, or “When
completing a group task with others, 1 feel more confident than when working alone”.

5. Discussion

As essential components of inquiry-based learning, Collaboration, Communication,
Critical thinking and problem solving, and Creativity skills were fostered throughout all
phases of each topic in the TLS. Specifically, Collaboration skills were enhanced among the
students as they were members of groups and were working together in all the inquiry
phases. The whole procedure prompted students to develop Communication skills, as
students were asked to present the experimental design, the analysis of the data, and
the conclusions to their classmates and take part in discussions during each phase of the
inquiry process. In addition, Critical thinking and problem solving and Creativity skills
were predominantly cultivated during the formulation of the hypotheses while students
designed the experiment to test their ideas and analysed the experimental data to come
to conclusions.

The mIBL utilised in the TLS facilitated the inquiry process and contributed to the
students” awareness of the 4Cs skills. In particular, transmitting the measurements recorded
by the wireless sensors via Bluetooth to the students’ tablets fostered both collaboration
among the students and their critical thinking, as they had to communicate with each
other to critically evaluate and interpret the data. In addition, the graphs and screenshots
captured throughout the sessions stimulated fruitful debates, either through in-person
interactions or through the Viber platform, to be used creatively in the dissemination of the
research and its conclusions to the school as well as the scientific community. The analysis
of the measurements (graphical or mathematical) allowed for the students to discuss and
choose the most appropriate method for them, and in this way, to develop their creativity.
Additionally, students’ participation in their teacher’s Viber group and the employment of
their cell phones and the Viber platform for a different purpose than they were accustomed
to, promoted cooperation and communication between them. From the results, it appears
that the TLS contributed to improving the students” awareness of 21st century skills.

Regarding the first research question of the present study—to what extent mIBL affects
students” awareness of the skills of Collaboration, Communication, Critical thinking and
problem solving, and Creativity?—the Hake gain index showed that all the skills are High-g
or Medium-g, which means that the TLS was effective. Specifically, the students” awareness
of Collaboration skills underwent considerable change during the TLS. This conclusion is
confirmed by the high Hake gain index (0.71). The students’ awareness of Communication
skills changed the most throughout the TLS—a conclusion supported by the high Hake gain
index (0.82). Consequently, the TLS may be described as highly effective for these two skills.
Regarding Critical thinking, after the TLS, there was an increase in students’ agreement
for all the questions of the questionnaire, except question 12, where student agreement
was already too high to improve. Specifically, the Hake gain index of Critical thinking
was 0.62. The lowest Hake gain index was observed in Problem solving and Creativity
skills (0.5), although students referred to a variety of characteristics concerning these skills
in their answers to the open-ended questions. Regarding the second research question
of our study— what qualities/characteristics do students cite before and after the TLS
in relation to Collaboration, Communication, Critical thinking and problem solving, and
Creativity skills?—the results showed a variety of characteristics that students referred to
in the open-ended questions. Specifically, more students acknowledged after the TLS than
before it, the recognition of group members’ abilities through cooperation, the achievement
of learning objectives, the promotion of community, the exchange of authority, and the
development of assertiveness as characteristics of Collaboration. The students” awareness
of their Collaboration and Communication skills increased the greatest overall. The devel-
opment in students” awareness of Communication skills was also demonstrated by their
responses to open-ended questions. After the TLS, more students than before mentioned
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the participation in dialogue for expressing thoughts and ideas, the encouragement of peers
effort, communication to attain certain goals, the development of empathy and respect
for peers’ personalities, and the development of active listening skills. The fact that all
the TLS methods and practices (mobile learning, inquiry learning, and small group work)
consistently encourage contact among learners may have had a significant impact on the
range of Communication and Collaboration skill awareness.

The analysis of students” open-ended answers regarding Critical thinking and problem-
solving skills confirmed the variety of characteristics students mention after the TLS. Specif-
ically, nine out of ten students reported pausing throughout their work to reflect after the
TLS, compared to just three before it; eight students reported proposing viable solutions
after the TLS, compared to five before it; and nine students reported the detection and
understanding of the problem after the TLS, compared to just four before it. It is also
notable that after the TLS, students’ written answers to open-ended questions contained
elements related to cognitive processes, such as thinking, deciding, reasoning, and under-
standing the problem, which are essential for problem solving [44,45]. This is a noteworthy
development in students’ awareness since, as stated in the introduction, metacognition
is a precursor or fundamental component of critical thinking. When engaging in critical
thinking, students must evaluate their thought processes by determining if progress is
being made toward an appropriate objective, assuring correctness, and determining how to
allocate time and mental effort [17]. The improvement is even more significant when we
consider that, while addressing a problem, students gain 21st century skills such as Col-
laboration, Communication, Critical thinking and problem solving, and Creativity, among
others [46,47]. The findings of this study are in accordance with the conceptual frameworks
that are proposed by several studies to describe the cognitive processes of problem solving,
such as understanding the problem, constructing adequate representations of the problem,
developing hypotheses, conducting experiments, and evaluating the solution [19,48], which
are fundamental components of inquiry-based learning, which was implemented during
the TLS.

As mentioned in the results section of this study, the students appeared to have already
possessed a high level of creativity prior to the TLS, as indicated by their high percentage
of agreement with the statement “I like to propose new ideas, no matter whether they are
useful or not”. This is further confirmed by their equally high rate of agreement with the
question “I like to observe something I haven’t seen before and understand it in detail”,
as creativity is about sensitivity in perceiving an issue [22], a process that begins with
observation. Therefore, there was little room for development in these areas. However, an
improvement in students” awareness of these skills was observed during the analysis of
their answers to the open-ended questions. Specifically, seven out of ten students reported
the production of innovation (tangible or intangible) after the TLS, compared to five before
it, and all the students referred to the production of something beneficial in a social context
after the TLS, compared to seven before it. At this point, it is also crucial to note that the
misinterpretation of a questionnaire’s item concerning creativity demonstrates the need to
ensure that items in a questionnaire that analyse various dimensions of a topic do not lead
to misunderstandings or conflicts between these dimensions.

6. Conclusions

Although there are many evidence-based insights into the relationship between IBL or
m-learning and high-order thinking skills, there is a gap in the research about the impact of
mIBL on the development of 21st century skills of students in Science Education. This study
assesses the students’ awareness of 4Cs skills after participating in mIBL. Additionally,
the study investigates the qualities/characteristics students cite before and after the TLS
in relation to these skills. The methodology, the design, and the implementation of a
five-month mobile-technology-supported inquiry-based TLS are presented, together with
the findings and conclusions drawn from qualitative research on the ninth-grade students’
awareness of 4Cs skills. It appears that the mIBL TLS had a positive influence on all
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skills. The results indicate that Collaboration and Communication skills had a greater
impact than Critical Thinking and Problem solving, and Creativity. However, Hake gain
was either high or medium across the board. The students” answers to the open-ended
questions demonstrated an improvement in their skill awareness. After the TLS, students’
responses were focused and targeted to each skill, as some students began to integrate
scientific/research-based aspects in their responses, while prior to the TLS, students referred
mainly to their general feelings (e.g., persistence, patience, composure).

Although the concepts of Collaboration, Communication, and Problem solving are al-
most clearly defined, it appears that the concept of Critical Thinking has several dimensions,
and the concept of Creativity is quite vague. As a result, researchers use a wide variety
of questionnaires for their research. Furthermore, a variety of cultural, socioeconomic,
linguistic, and other variables influence the outcomes of studies carried out in different
nations on the same issue; consequently;, it is difficult to compare the results of different
studies. Nonetheless, each study contributes to the students” understanding and cultivation
of these skills and adds a tiny yet considerable amount to the study of higher-order thinking
skills. The findings of our study represent a micro-level situation and can contribute to
the diversification of research on the subject we are investigating. The limitation of the
small sample leads us to plan a future implementation with a larger sample to confirm
our conclusions. We also consider that more in-depth studies are necessary to provide
insight into how students carry out the 4Cs skills and how to refine the TLS; this research is
suggested to be carried out on a larger sample so that development will be substantially
based on research evidence (the issue of iteration) [48].
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Appendix A. 4C1P Questionnaire
Appendix A.1. Interaction with Learners
Appendix A.1.1. Dimension 1: Collaboration (CL)

CL1 I believe our team can cooperate successfully when I conduct collaborative
learning;

CL2 I try to provide useful and sufficient information when I conduct collaborative
learning;

CL3 I have good communication with my team members when I conduct collaborative
learning;

CL4 I can finish my work efficiently when I conduct collaborative learning;

CL5 Work is split based on our abilities when I conduct collaborative learning.



Sustainability 2023, 15, 6725

17 of 21

Appendix A.1.2. Dimension 2: Communication (CO)

CO1 I try to make the other person feel good;

CO2 I try to make the other person feel important;

CO3 I try to be warm when communicating with others;

CO4 While I'm talking I think about how the other person feels;
CO5 I am verbally and nonverbally supportive of other people;
CO6 I disclose at the same level that others disclose to me.

Appendix A.2. Tendency of Higher-Order Thinking
Appendix A.2.1. Dimension 1: Critical Thinking (CT)

CT1 I ask myself periodically if I am meeting my goals;

CT2 1 consider several alternatives to a problem before I answer;

CT3 I find myself pausing regularly to check my comprehension;

CT4 I ask myself questions about how well I am doing once I finish a task.

Appendix A.2.2. Dimension 2: Problem Solving (PS)

PS1 When facing problems, I believe I have the ability to solve them;
PS2 I believe I can put effort into solving problems;

PS3 I can solve problems that I have met before;

PS4 I am willing to face problems and make an effort to solve them.

Appendix A.2.3. Dimension 3: Creativity (CA)

CA1 Ilike to observe something I haven’t seen before and understand it in detail;
CA2 1 like to try something new;

CA3 1 like to do something by myself;

CA4 1 like to propose new ideas, no matter they are useful or not.

Appendix B. Open-Ended Questions

Skills

Open-Ended Questions

Collaboration

What does it mean to you that team members collaborate effectively? Can you provide
me with additional information about that?

Do you feel you can do your assignment effectively in a group? Why?

How important do you find collaboration to be? Is it necessary, or can you accomplish
your assignment on your own

Communication

How do you try to make the other person feel important?

Can you give me an example of how you think about the other person’s feelings when
you are talking?

What does the term communicate with others mean to you?

Critical thinking and problem solving

If you make pauses, do you do so naturally or purposefully, i.e., do you find it essential
to do so?

What does it mean to you alternative solutions?

What makes you a strong problem solver?

Creativity

Why do you like to try something new? What does this offer you?

Do you like to do something by yourself? Why?

Why do you like to propose new ideas?
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Appendix C. Tables with the Data of the Figures

Table A1l. Data for Figure 2.

Number of Students

PRE POST
CL1 3 7
CL2 8 9
Collaboration CL3 7 10
CL4 5 9
CL5 4 8
CcO1 7 10
CcO2 6 9
C .. CcO3 8 10
ommunication CO4 5 8
CO5 7 10
CO6 5 9
CT1 4 5
. e 1. CT2 7 9
Critical thinking CT3 » -
CT4 6 9
CPS1 5 7
. CPS2 7 10
Problem solving CPS3 . 3
CPS4 9 9
CA1 8 8
. . CA2 10 10
Creativity CA3 6 3
CA4 8 10
Table A2. Data for Figure 3.
Percentage of Students
PRE POST
CT 48% 75%
CL 54% 86%
4Cs Skills CO 63% 93%
PS 70% 85%
CA 87% 93%
Table A3. Data for Figure 4.
Hake Gain (g)
CT 0.62
CL 0.70
4Cs Skills CO 0.82
PS 0.50

CA 0.50
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Table A4. Data for Figure 5.

Number of Students

PRE POST
Acknowledging group members’ abilities through teamwork 6 10
Accomplishing learning objectives 4 7
ollaboration Promoting community 2 3
Sharing of authority 0 4
Developing assertiveness 0 2

Table A5. Data for Figure 6.

Number of Students

PRE POST
Participating in dialogue for expressing thoughts and ideas 5 7
Encouraging peers’ effort 4 6
Communication Communicating to attain certain goals 2 3
Developing empathy and respect for peers’ personality 4 5
Developing abilities of active listening 0 3

Table A6. Data for Figure 7.

Number of Students

PRE POST
Reflecting /monitoring, evaluating processes of thought 3 9
Critical thinking and Proposing alternative and viable solutions 5 8
problem solving Detecting the problem 1 3
Understanding the problem 3 6

Table A7. Data for Figure 8.

Number of Students

PRE POST
Producing innovation (tangible or intangible) 5 7
Creativity Producing something beneficial in a social context 7 10
Gaining pleasure from producing innovation 7 7

References

1.  Foundation for Young Australians The New Basics: Big Data Reveals the Skills Young People Need for the New Work Order.
Available online: https://www.fya.org.au/app/uploads/2021/09/The-New-Basics_2016.pdf (accessed on 5 March 2023).

2. Hwang, G.-J.; Lai, C.-L.; Liang, J.-C.; Chu, H.-C,; Tsai, C.-C. A Long-Term Experiment to Investigate the Relationships between
High School Students’ Perceptions of Mobile Learning and Peer Interaction and Higher-Order Thinking Tendencies. Educ. Technol.
Res. Dev. 2018, 66, 75-93. [CrossRef]

3.  Gonzalez-Pérez, L.I.; Ramirez-Montoya, M.S. Components of Education 4.0 in 21st Century Skills Frameworks: Systematic
Review. Sustainability 2022, 14, 1493. [CrossRef]

4. Larson, L.C.; Miller, T.N. 21st Century Skills: Prepare Students for the Future. Kappa Delta Pi Rec. 2011, 47, 121-123. [CrossRef]

5. Lamb, S.; Quentin, M.; Esther, D. Key Skills for the 21st Century: An Evidence-Based Review. NSW Dep. Educ. 2017, 27, 370-388.

6. Afandi, A,; Sajidan, S.; Akhyar, M.; Suryani, N. Development Frameworks of the Indonesian Partnership 21st -Century Skills
Standards for Prospective Science Teachers: A Delphi Study. . Pendidik. IPA Indones. 2019, 8, 89-100. [CrossRef]

7. Hwang, G.J,; Li, K.C,; Lai, C.L. Trends and Strategies for Conducting Effective STEM Research and Applications: A Mobile and
Ubiquitous Learning Perspective. Int. |. Mob. Learn. Organ. 2020, 14, 161. [CrossRef]

8.  Tijani, B.; Madu, N.; Falade, T.; Dele-Ajayi, O. Teacher Training during COVID-19: A Case Study of the Virtual STEM Project in

Africa. In Proceedings of the 2021 IEEE Global Engineering Education Conference (EDUCON), Online, 21 April 2021; pp. 226-234.


https://www.fya.org.au/app/uploads/2021/09/The-New-Basics_2016.pdf
https://doi.org/10.1007/s11423-017-9540-3
https://doi.org/10.3390/su14031493
https://doi.org/10.1080/00228958.2011.10516575
https://doi.org/10.15294/jpii.v8i1.11647
https://doi.org/10.1504/IJMLO.2020.106166

Sustainability 2023, 15, 6725 20 of 21

10.

11.

12.

13.

14.

15.
16.

17.

18.
19.

20.

21.

22.
23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Crompton, H.; Burke, D.; Gregory, K.H. The Use of Mobile Learning in PK-12 Education: A Systematic Review. Comput. Educ.
2017, 110, 51-63. [CrossRef]

Suarez, A.; Specht, M.; Prinsen, F.; Kalz, M.; Ternier, S. A Review of the Types of Mobile Activities in Mobile Inquiry-Based
Learning. Comput. Educ. 2018, 118, 38-55. [CrossRef]

Thongsri, P.; Prasongsap, B.; Panjaburee, P.; Srisawasdi, N. Mobile Technology Facilitated Physics Learning Course: A Systematic
Review from 2010 to 2019. In Proceedings of the ICCE 2020—28th International Conference on Computers in Education,
Proceedings, Virtual, 23-27 November 2020; Volume 2, pp. 438—443.

Liu, C.; Zowghi, D.; Kearney, M.; Bano, M. Inquiry-based Mobile Learning in Secondary School Science Education: A Systematic
Review. J. Comput. Assist. Learn. 2021, 37, 1-23. [CrossRef]

Partnership for 21st Century Skills. Framework for 21st Century Learning. Available online: https://bit.ly /3FS9]BC (accessed on
5 March 2023).

Dwi Anggriani, M.; Eko Atmojo, S. The Impact of Problem-Based Learning Model Assisted by Mentimeter Media in Science
Learning on Students’ Critical Thinking and Collaboration Skills. Int. J. Elem. Educ. 2022, 6, 350-359.

Laal, M.; Ghodsi, S.M. Benefits of Collaborative Learning. Procedia-Soc. Behav. Sci. 2012, 31, 486—490. [CrossRef]

Reith-Hall, E.; Montgomery, P. The Teaching and Learning of Communication Skills in Social Work Education. Res. Soc. Work
Pract. 2022, 32, 793-813. [CrossRef]

Halpern, D.F. Teaching Critical Thinking for Transfer across Domains: Disposition, Skills, Structure Training, and Metacognitive
Monitoring. Am. Psychol. 1998, 53, 449-455. [CrossRef]

Lai, E.R. Critical Thinking: A Literature Review. Pearson’s Res. Reports 2011, 6, 40-41.

Organisation for Economic Co-Operation and Development (OECD). PISA 2003 Technical Report: (Complete Edition); Organisation
for Economic Co-Operation and Development (OECD): Paris, France, 2005; p. 432.

Hargrove, R.A. Assessing the Long-Term Impact of a Metacognitive Approach to Creative Skill Development. Int. J. Technol. Des.
Educ. 2013, 23, 489-517. [CrossRef]

Tang, T.; Vezzani, V.; Eriksson, V. Developing Critical Thinking, Collective Creativity Skills and Problem Solving through Playful
Design Jams. Think. Ski. Creat. 2020, 37, 100696. [CrossRef]

Walia, C. A Dynamic Definition of Creativity. Creat. Res. J. 2019, 31, 237-247. [CrossRef]

Yuliati, L.; Parno; Hapsari, A.A.; Nurhidayah, F.; Halim, L. Building Scientific Literacy and Physics Problem Solving Skills
through Inquiry-Based Learning for STEM Education. ]. Phys. Conf. Ser. 2018, 1108, 012026. [CrossRef]

Dedk, C.; Kumar, B.; Szabo, I.; Nagy, G.; Szentesi, S. Evolution of New Approaches in Pedagogy and STEM with Inquiry-Based
Learning and Post-Pandemic Scenarios. Educ. Sci. 2021, 11, 319. [CrossRef]

Crompton, H. A Historical Overview of M-Learning. In Handbook of Mobile Learning; Berge, Z.L., Muilenburg, L.M., Eds.;
Routledge: Abingdon, UK, 2013.

Mutambara, D.; Bayaga, A. Determinants of Mobile Learning Acceptance for STEM Education in Rural Areas. Comput. Educ.
2021, 160, 104010. [CrossRef]

Tantu, O. Evaluating Mobile Apps for STEM Education with In-Service Teachers. Master’s Thesis, Middle East Technical
University, Ankara, Turkey, 2017.

Leonard, PE.; Leonard, L.J. The Collaborative Prescription: Remedy or Reverie? Int. ]. Leadersh. Educ. 2001, 4, 383-399. [CrossRef]
AlKhamaiseh, O.S. Communication Skills and Its Role in Decreasing Tension in Online Learning during COVID 19 Pandemic:
Case Study of Public Schools. Cypriot J. Educ. Sci. 2022, 17, 357-371. [CrossRef]

Kyaw, B.M.; Posadzki, P.; Paddock, S.; Car, J.; Campbell, J.; Tudor Car, L. Effectiveness of Digital Education on Communication
Skills Among Medical Students: Systematic Review and Meta-Analysis by the Digital Health Education Collaboration. J. Med.
Internet Res. 2019, 21, €12967. [CrossRef]

Santos, L.F. The Role of Critical Thinking in Science Education. J. Educ. Pract. 2017, 8, 159-173.

Forawi, S.A. Standard-Based Science Education and Critical Thinking. Think. Ski. Creat. 2016, 20, 52-62. [CrossRef]

Looi, C.-K. Interactive Learning Environments for Promoting Inquiry Learning. . Educ. Technol. Syst. 1998, 27, 3-22. [CrossRef]
Scanlon, E.; Anastopoulou, S.; Kerawalla, L.; Mulholland, P. How Technology Resources Can Be Used to Represent Personal
Inquiry and Support Students” Understanding of It across Contexts. J. Comput. Assist. Learn. 2011, 27, 516-529. [CrossRef]

Lee, H.; Parsons, D.; Kwon, G.; Kim, J.; Petrova, K.; Jeong, E.; Ryu, H. Cooperation Begins: Encouraging Critical Thinking Skills
through Cooperative Reciprocity Using a Mobile Learning Game. Comput. Educ. 2016, 97, 97-115. [CrossRef]

Teig, N.; Scherer, R.; Nilsen, T. More Isn’t Always Better: The Curvilinear Relationship between Inquiry-Based Teaching and
Student Achievement in Science. Learn. Instr. 2018, 56, 20-29. [CrossRef]

Hake, R.R. Interactive-Engagement versus Traditional Methods: A Six-Thousand-Student Survey of Mechanics Test Data for
Introductory Physics Courses. Am. |. Phys. 1998, 66, 64-74. [CrossRef]

Meltzer, D.E. The Relationship between Mathematics Preparation and Conceptual Learning Gains in Physics: A Possible “Hidden
Variable” in Diagnostic Pretest Scores. Am. J. Phys. 2002, 70, 1259-1268. [CrossRef]

SPARKvue (4.7.1.8) [Mobile App]. PASCO. Available online: https://www.pasco.com/products/software/sparkvue (accessed
on 5 March 2023).

Méheut, M; Psillos, D. Teaching-Learning Sequences: Aims and Tools for Science Education Research. Int. J. Sci. Educ. 2004, 26,
515-535. [CrossRef]


https://doi.org/10.1016/j.compedu.2017.03.013
https://doi.org/10.1016/j.compedu.2017.11.004
https://doi.org/10.1111/jcal.12505
https://bit.ly/3FS9JBC
https://doi.org/10.1016/j.sbspro.2011.12.091
https://doi.org/10.1177/10497315221088285
https://doi.org/10.1037/0003-066X.53.4.449
https://doi.org/10.1007/s10798-011-9200-6
https://doi.org/10.1016/j.tsc.2020.100696
https://doi.org/10.1080/10400419.2019.1641787
https://doi.org/10.1088/1742-6596/1108/1/012026
https://doi.org/10.3390/educsci11070319
https://doi.org/10.1016/j.compedu.2020.104010
https://doi.org/10.1080/13603120110078016
https://doi.org/10.18844/cjes.v17i2.6812
https://doi.org/10.2196/12967
https://doi.org/10.1016/j.tsc.2016.02.005
https://doi.org/10.2190/L4Q4-8QMM-QPJ3-B5LJ
https://doi.org/10.1111/j.1365-2729.2011.00414.x
https://doi.org/10.1016/j.compedu.2016.03.006
https://doi.org/10.1016/j.learninstruc.2018.02.006
https://doi.org/10.1119/1.18809
https://doi.org/10.1119/1.1514215
https://www.pasco.com/products/software/sparkvue
https://doi.org/10.1080/09500690310001614762

Sustainability 2023, 15, 6725 21 of 21

41.

42.

43.

44.
45.

46.

47.

48.

Psillos, D.; Kariotoglou, P. Theoretical Issues Related to Designing and Developing Teaching-Learning Sequences. In Iterative
Design of Teaching-Learning Sequences; Springer: Dordrecht, The Netherlands, 2016; pp. 11-34.

Pedaste, M.; Mdeots, M.; Siiman, L.A.; de Jong, T.; van Riesen, S.A.N.; Kamp, E.T.; Manoli, C.C.; Zacharia, Z.C.; Tsourlidaki, E.
Phases of Inquiry-Based Learning: Definitions and the Inquiry Cycle. Educ. Res. Rev. 2015, 14, 47-61. [CrossRef]

Mefoh, P.C.; Nwoke, M.B.; Chukwuorji, ].C.; Chijioke, A.O. Effect of Cognitive Style and Gender on Adolescents’ Problem Solving
Ability. Think. Ski. Creat. 2017, 25, 47-52. [CrossRef]

Rahman, M. 21st Century Skill “Problem Solving”: Defining the Concept. Asian ]. Interdiscip. Res. 2019, 2, 64-74. [CrossRef]
Biggs, J.; Tang, C. Teaching for Quality Learning at University, 4th ed.; Open University Press: Berkshire, UK, 2011; ISBN 13:
978-0-33-524275-7.

Chadwick, C. Teaching Kids to Think Critically: Effective Problem Solving and Better Decisions; Rowman & Littlefield Publishers:
Lanham, MD, USA, 2014; ISBN 9781475810660.

Scherer, R.; Beckmann, ].E. The Acquisition of Problem Solving Competence: Evidence from 41 Countries That Math and Science
Education Matters. Large-Scale Assess. Educ. 2014, 2, 10. [CrossRef]

Psillos, D.; Molohidis, A.; Kallery, M.; Hatzikraniotis, E. The Iterative Evolution of a Teaching-Learning Sequence on the
Thermal Conductivity of Materials. In Iterative Design of Teaching-Learning Sequences; Springer: Dordrecht, The Netherlands, 2016;
pp. 287-329.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.edurev.2015.02.003
https://doi.org/10.1016/j.tsc.2017.03.002
https://doi.org/10.34256/ajir1917
https://doi.org/10.1186/s40536-014-0010-7

	Introduction 
	Background 
	The 21st Century Skills 
	Mobile-Technology-Supported Inquiry-Based Learning (mIBL) in Science Education and 21st Century Skills 
	Research Questions 

	Materials and Methods 
	The Sample and the Context 
	The Research Tools 
	Digital Mobile Equipment Used in the Implementation 
	Design and Implementation of the TLS 

	Results 
	Evolution of Students’ Awareness of 4Cs Skills 
	Students’ Perceptions on 4Cs Skills Evaluated from Written Open-Ended Answers 
	Collaboration 
	Communication 
	Critical Thinking and Problem Solving 
	Creativity 


	Discussion 
	Conclusions 
	Appendix A
	Interaction with Learners 
	Dimension 1: Collaboration (CL) 
	Dimension 2: Communication (CO) 

	Tendency of Higher-Order Thinking 
	Dimension 1: Critical Thinking (CT) 
	Dimension 2: Problem Solving (PS) 
	Dimension 3: Creativity (CA) 


	Appendix B
	Appendix C
	References

