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Abstract: This article aims to explore, investigate, and determine the prerequisites that learners
(students) should possess for participating in and being adequately benefitted from digital (robotics-
enabled) K–12 STEM education offered through intuitive human–robot interaction. We selected
23 middle school mathematics and science teachers who received training on how to design, develop,
and implement robotics-enabled lessons. The teachers then implemented robotics-enabled lessons in
actual classroom settings, and separately responded to a survey based on their training, classroom
experiences and observations, and self-brainstorming. We derived a set of prerequisite knowledge,
skills, and abilities, including their relative importance for the students by analyzing the survey
responses. The results showed that the students should not only possess prerequisite knowledge
in the subject matter, but also possess behavioral, social, scientific, cognitive, and intellectual skills
and abilities to participate in and receive benefits from robotics-enabled human–robot interactive
digital STEM education. Out of the many prerequisites, the computational thinking ability of students
was identified as one of the most required prerequisites to participate in robotics-enabled digital
STEM education. To validate the derived prerequisites, teachers separately assessed the fulfillment of
prerequisites by 38 participating students, and the results showed user acceptance, effectiveness, and
suitability of the derived prerequisites set. We also identified a set of limitations of the studies and
proposed action plans to enable students to meet the prerequisites. The results presented herein can
help determine required instructional efforts and scaffolds before implementing robotics-enabled
digital STEM lessons, and thus foster incorporating technology-enhanced (robotics-enabled) digital
STEM education into K–12 curricula.

Keywords: digital STEM education; K-12; robotics; human-robot interaction; prerequisites; computational
thinking; curricula

1. Introduction

Students of STEM (Science, Technology, Engineering, and Mathematics) subjects, es-
pecially K–12 STEM students, may face problems in comprehending abstract STEM con-
cepts, such as abstract mathematics (math) and science concepts. To address this problem,
researchers have been advocating for the use of robotics as an experiential–digital pedagog-
ical and learning tool to teach and learn STEM concepts in K–12 levels [1–3]. Currently,
there is increasing utilization of robotics as a pedagogical and kinesthetic learning tool
in this area [1–3]. Prior studies illustrate that robotics frameworks can offer a plethora
of advantages to students; for example, it can transform STEM knowledge content into
visible concrete representations, offer classroom-based tasks to support experiential (or
active) learning, increase student engagement [2,4], provide motivation to learners [5],
and improve the overall learning environment. Furthermore, this approach can provide
opportunities to examine, investigate, refine, and validate various educational research
concepts; for example, cognitive apprenticeships [6], situated cognitions [7], collaborative
learning [8], etc. As a result, this approach is gaining popularity though it has not been
considered greatly for incorporation into STEM curricula in K–12 classes yet [9–18].
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It is realized that a lot of activities should be completed beforehand for robotics-
enabled STEM curriculum [9–11,18]; for example: (i) identify appropriate STEM-related
illustrations and scenarios, considering situated cognitions for illustrating STEM topics
using robotics kits [7,9–11]; (ii) examine and investigate robot behaviors, illustrations, and
scenarios used in the developed STEM lessons to be sure that (a) these developments do
not create any misunderstandings and misconceptions in teachers and students, (b) the
developments are safe enough for students and they do not do any harm to students, and
(c) the developments are cost-effective, easy, and less time-consuming to be developed and
implemented in actual classroom settings; (iii) develop robotics-enabled STEM lessons,
including appropriate teaching and learning materials [9–11]; and (iv) consider anticipated
impacts of robotics-enabled STEM lessons on students’ performance evaluations and
periodic evaluations of performances and contributions of teachers [10,11]. For STEM
teachers, the following requirements may need to be fulfilled: (i) provide appropriate
professional development (PD) trainings to selected STEM teachers for their successful
involvement in teaching robotics-enabled lessons, and (ii) consider instructional supports
for selected STEM teachers; for example, allocations of necessary classrooms, class periods,
and students, and troubleshooting facilities for robotics kits, etc. [9,10]. In addition, the
robotics kits packages should include required hardware and software components to
develop necessary STEM teaching and learning scenarios and environments [9–11].

In addition to the issues pertaining to robotics-enabled K–12 STEM education, students
should possess some level of prerequisite knowledge, skills, and abilities beforehand to
take part in and receive the full benefits from robotics-enabled STEM lessons comfortably
and confidently [18]. Among all K–12 levels, students in middle schools (grades 6–8) are in
transitional stages in terms of their ages and maturity, and thus middle school students
may be treated as the representatives of all K–12 levels and be targeted first [9–11]. As part
of the STEM curricula suggested by the Next Generation Science Standards (NGSS) [19],
the Common Core Math Standards [20] and state Standards, students in middle schools
learn general mathematics and science topics without using robotics. As a result, the
state-of-the-art STEM curricula in middle schools may not include the necessary scope
and opportunities for learners to participate in robotics-enabled STEM lessons [9]. Thus, if
robotics-enabled STEM lessons are implemented in middle schools, it may cause unpre-
dicted impacts on the classroom activities of students, students may not be fully prepared
to learn STEM using robots, and they may feel hesitant to use robots in their STEM learning
activities [9–11]. Therefore, it is highly important that we systematically explore and inves-
tigate prerequisite backgrounds such as knowledge, skills, abilities, attitudes, and aptitudes
that students should possess beforehand to comfortably participate in and sufficiently ben-
efit from robotics-enabled STEM lessons [18]. The status of whether prospective students
meet the prerequisite knowledge, skills, abilities, attitudes, and aptitudes is critical for
teachers to anticipate the physical, mental, and psychological readiness of their students.
Using the information about whether students meet the prerequisites, teachers may make
them ready to overcome potential circumstances and crises that they may experience in
the classrooms while implementing robotics-enabled lessons [18]. Therefore, it seems to
be important to examine and investigate the prerequisite knowledge, skills, and abilities.
However, such investigations are not reported in the literature, except the preliminary work
presented by the author in [18], and thus it still needs attention, review, and expansion.

Computational thinking (CT) is a broad concept discussed by J. Wing and other
researchers [18,21–24]. This concept is especially important for robotics-enabled STEM
education. It is believed that a predefined level of CT abilities of target students is important
for this purpose. In addition, the application of robotics in STEM learning can also be an
effective mechanism of developing, fostering, and assessing CT abilities of students [21,22].
The required levels of CT abilities of students to successfully participate in robotics-enabled
K–12 STEM lessons have not been investigated and are not known yet. Mechanisms for
developing and fostering CT abilities of K–12 students through applications of robotics in
STEM lessons are also not very clear [22]. It is anticipated that an investigation of CT abilities
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of students centering around robotics-enabled STEM lessons can bring transformative
changes in learning, pedagogy, and curricular development in STEM education, especially
in K–12 STEM education [18]. However, such initiatives are yet to be observed.

Hence, being inspired by the state-of-the-art achievements in robotics-enabled STEM
education and being advised of the necessity of removing or reducing the gaps or limitations
regarding further improvements in such education, we decided the objective of the research
presented herein is to further explore, expand, and investigate prerequisite qualifications
of K–12 learners for participating in STEM education enabled by robots [18]. Among
different prospective prerequisites, computational thinking abilities of students required to
participate in robotics-enabled STEM education have been given a special focus. The results
presented herein can help determine required instructional efforts and scaffolds before
implementing robotics-enabled STEM lessons, and thus foster incorporating technology-
enhanced (robotics-enabled) STEM education into K–12 curricula. While STEM includes
science, technology, engineering, and mathematics, due to the middle school focus, we in
this article predominantly considered teaching math and science concepts using robotics
through intuitive human (student, teacher)–robot interaction.

2. Related Work and Theoretical Framework
2.1. Related Work

The CCSSM [20] proposed standards for mathematics education that can specify
different math topics that students should learn within different K–12 grades. Similarly, the
NGSS [19] proposed standards for science education that can specify different science topics
that students should learn within different K–12 grades. The math and science topics taught
in a specific grade may be considered as the prerequisites for the next grade. However, the
additional knowledge and skills that students should gain beforehand if they are directed
to learn math and science topics using robotics are not available in the literature.

The literature shows definitions, notions, concepts, misconceptions, ideas, funda-
mental principles, elements, understandings, misunderstandings, characteristics, scope,
opportunities, significance, importance, application frameworks, challenges, prospects,
possibilities, and evaluations of CT [21,22,25–35]. The general definition is that the cognitive
process used by human beings to find concepts to solve problems is called Computational
Thinking (CT) [31]. Finding these concepts can improve the capacity of reasoning and prob-
lem solving by the way of metacognitive learning processes that are considered essential
for human intelligence [31]. Ribeiro et al. in their article presented the importance and
significance of CT. They also explained various methods of increasing CT abilities in K–12
classes [31]. Pane and Wiedenbeck analyzed the advantages of CT for diverse learners and
discussed how learning environments can support enhancing CT abilities [30].

Barr and Stephenson [25] tried to introduce CT in K–12 levels through the education of
computer science. They proposed effective incorporation of CT into K–12 STEM curricula
through improvements in educational policies and resources for teachers [25]. Braaten and
Perez investigated CT dispositions of teachers by aligning STEM and computer science
education together [26]. Dasgupta et al. analyzed CT practices of kindergarten students
through examining students’ works [27]. Ehsan and Cardella investigated CT charac-
teristics in young students and children through their daily experiences (e.g., game-like
activities), and examined how CT varied for different environmental settings [28]. Sengupta
et al. proposed incorporating CT into K–12 science education through the application of
agent-based computational or digital methods [32]. Werner et al. suggested a model for
assessing CT through game-like programming practices in middle schools [33]. Weese and
Feldhausen suggested a method of assessing CT through applications of microcontroller
devices and computer programs [34]. Yasar et al. proposed a set of tools centering around
CT to promote STEM education in K–12 levels [35]. The NGSS also realized the importance
of CT [18]. However, the efforts discussed above did not consider investigations of CT
associated with robotics-enabled STEM education scenarios in K–12 levels.
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2.2. Theoretical Framework

Relevant theories on prerequisites for STEM subjects for K–12 levels are not directly
specified in the literature. However, through a literature review, it is realized that the math
and science prerequisites for a grade should be able to specify the required foundations
for students that can enable them to comprehend the math and science topics to be taught
in that grade. In addition, the prerequisites should be age-appropriate [36]. Theoretical
and conceptual perspectives about computational thinking are discussed below. In this
article, we specifically focus on Wing [21] and Grover and Pea’s work [22] related to CT.
Furthermore, Grover and Pea [22] pointed out the prospects of robots and related digital
methods for assessing and improving CT of K–12 STEM students, though the detailed
framework was not proposed.

As proposed by Wing [21], CT is a universal concept and ability that anyone can
pursue (i.e., CT is never reserved only for computing people). Computational thinking
may be conceived via system designing (e.g., perceiving the relative importance of dif-
ferent system components or system parameters, estimating the levels of impact on the
system performance due to specific levels of changes in system parameters, etc.), humans’
thought process in problem solving (e.g., amount or levels of efforts required to solve a
desired percentage of a problem), understanding difficulty levels of problems to be solved,
understanding the quality levels of proposed solutions to given problems, performing
systematic assessment and selection, perceiving the rationality of mathematics, estimating
the status of the findings for reaching or exceeding the targeted findings, understanding
human behaviors, especially understanding the levels (e.g., severity, importance, openness,
and ambiguity levels) of human behaviors, etc. [21,22]. Computational thinking is recursive
and parallel thinking, which means that one item may be thought repeatedly and each
time the outcomes may be different, and several items may be thought simultaneously.
Moreover, computational thinking is evaluating for correctness, efficiency, user acceptance,
and perceived aesthetic levels. Computational thinking enables a person to perceive true
representations and digital models of problems, making them tractable. CT may enable
people to solve problems, demonstrating confidence in solutions, and anticipating and
predicting consequences of solutions. In addition to problem solving and decision-making
abilities, CT may reflect the speeds of solving problems and making decisions (i.e., the
speed of a solution or decision-making can reflect the computational thinking ability of
a person). Computational thinking may entail thinking, figuring out an amount, a level,
cognitively, and it may not be simply programming, computing, or digitalizing related
formulas and activities. It may involve cognitive processes of computing/digitalizing and
may not address only the skills and procedures of computing.

Grover and Pea [22] also proposed CT as mathematical thoughts, science thinking,
engineering thinking, system thinking and design thinking. Grover and Pea highlighted
the prospects of robotics kits and manifold digital methods for assessing and fostering the
CT of young students. However, Grover and Pea’s ideas have yet to be implemented and
evaluated in the actual learning environment utilizing digital methods such as robotics.

3. Research Materials, Resources, and Methods
3.1. PD Program for Teachers

We designed and implemented a 3-week long (5 days in a week, 8 h in a day) profes-
sional development (PD) program for middle school STEM teachers. Twenty-four educators
(teachers) from 12 middle schools (1 pair of teachers from each school where 1 science
teacher and 1 mathematics teacher made a pair of teachers) of a school district volunteered
for the PD program. The teachers were selected based on a publicly circulated application
and interviewing process. In this PD program, the selected teachers received opportunities
to learn the development and implementation details of robotics-enabled STEM lessons,
as follows. We formed a team of 5 members (engineering and education researchers) to
facilitate the PD program activities (each member of the team was called a facilitator).
Each of the facilitation team members was also called the instructor of the program. The
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author was termed as the researcher. Another team of engineering and education graduate
students were termed as field researchers.

We developed a schedule to execute the robotics-enabled PD program activities. We
deigned the PD program in such a way that it combined instructions and activities on
relevant education theories and concepts, robotics hardware and software details, and de-
velopments of robotics-enabled STEM lessons, especially mathematics and science lessons
for middle school grade six students. The instructors facilitated all the instructional and ac-
tivity sessions during the PD program. During the sessions, each instructor also conducted
brainstorming, co-generation, and questioning and answering with the teachers, and ar-
ranged competitions and challenges for the teachers relevant to robotics-enabled lesson
design and implementation. We developed an online feedback collection and reflection
system to collect feedback from teachers/educators during the PD program.

3.2. Robotic Kits

The methods for developing and operating a vehicle-type LEGO base robot, as shown
in Figure 1, were instructed in the program [37]. The developed robotics kits consisted of:
(i) a controller, LCD screen (display), and power supply, while a graphical-user interface
(GUI) was used to program and command the robot; (ii) two electric-type servomotors for
creating actions and motions for the robot vehicle using suitable computer programming
and control methods; (iii) different types of robot sensors (e.g., ultrasonic type position and
distance/proximity sensors, and pressure, force, touch, color, temperature, and gyroscope
sensors); and (iv) cables of different types, wheels, gears, and various building components
and accessories to build the vehicle-type robot. We were motivated to use LEGO robotics
kits due to its relatively ease in programming, operating, troubleshooting, assembling, con-
figuring, reconfiguring, and supplying power. In addition, we were motivated by its easy
storage possibility, cost-effectiveness, as well as its suitability and flexibility for being used
in developing STEM lessons, keeping connections with real-world scenarios [2,3,9–11,37].
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Figure 1. The LEGO Mindstorms EV3 robotics kits (a vehicle-type base robot) developed and used to
teach STEM (mathematics and science) lessons to middle school students.

3.3. Developing Robotics-Enabled Digital STEM Lessons

The facilitators developed 5 science and 5 math digital lessons enabled with LEGO
robotics activities. The science lessons they developed addressed various topics suitable for
middle school standards, especially grade six standards. For example, the science lessons
included various topics, such as mass, velocity, force, speed, torque, environment, friction,
energy, moment, displacement, acceleration, gravity, design and design optimization, cell
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division or mitosis, biological adaptations, osmosis, diffusions, etc. [9–11]. The mathematics
lessons the facilitators developed addressed various topics of grade six standards. For
example, functions, number line, data analysis and interpretation, ratios, proportions,
least common multiples, statistics, expressions, equations, etc. [9–11]. Various relevant
educational research theories and standards were considered while developing the digital
lessons [5–7,19,20,29,38–44]. The following subsection illustrates a robotics-enabled digital
math lesson and a robotics-enabled digital science lesson that were developed for grade six
students. The teachers selected for the PD program were taught how to design and develop
robotics-enabled math and science lessons during the PD program. It was expected that the
teachers trained in the PD program would teach robotics-enabled digital lessons in actual
classroom settings at their schools and help collect relevant data for research and analyses.

Robotics-Enabled Digital Math and Science Lesson Illustrations

The developed robotics-enabled math and science lessons are described below. For
the math lesson, the facilitators and the teachers used LEGO robots to create illustrations to
teach the number line to middle school students of grade six, as exhibited in Figure 2. A
number line was drawn on the classroom floor. The entire number line was divided into
positive and negative digits. The space between two adjacent digits had a value of |1|. A
LEGO robot vehicle was programmed to move along the number line. The touch buttons
were used to give addition and subtraction commands to the robot. The robot illustrated
the addition or the subtraction results through its movement along the number line. For
example, if it was commanded to subtract 2 from 4 (i.e., 4 − 2), then the robot started to
move from ‘0’, then moved forward up to ‘+4’, and then moved backward for 2 spaces, and
stopped at ‘+2’. Thus, the robot wanted to illustrate that 4 − 2 = 2.
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Figure 2. The robot moves along a number line according to the addition or subtraction commands
to illustrate addition or subtraction. The robot screen acts as a GUI, and the GUI and the buttons act
as the digital control unit of the robot for STEM lessons.

For the science lesson, the facilitators and the teachers put the LEGO robot vehicles at
different locations on a sliding surface so that the robots could come down from higher
positions to lower positions along the sliding surface as illustrated in Figure 3a. Similarly,
they programmed a robot to move a wooden block on the floor as illustrated in Figure 3b.

These illustrations could teach middle school students, especially students of grade six,
the fundamentals of friction, mass, force, torque, momentum, acceleration, displacement,
velocity, speed, etc. For both math and science lessons, students needed to observe robot
activities related to their lessons in teams, interact with robots, conduct experiments and
activities following activity sheets, prepare reports, etc., during robotics-enabled digital
lessons in actual classroom settings.
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3.4. Research Design

Based on the literature review and the theoretical framework mentioned above, we
determined research questions (R.Q.) as follows:

R.Q.1: (i) What may be the prerequisites (e.g., knowledge, skills, attitudes, etc.) that
middle school students (grade six) should achieve beforehand for their successful and
effective participation in robotics-enabled digital math and science lessons, and (ii) how
can we create themes of different categories of prerequisites?

R.Q.2: (i) What may be the way(s) to compare the developed prerequisite themes?
and (ii) can the CT abilities of students be used to form/develop a separate theme of
prerequisites, and what may be the level of importance of CT abilities compared to other
themes for students to successfully participate in robotics-enabled digital math and science
lessons?

R.Q.3: How can we validate or verify the effectiveness of the set of derived prerequisites?
We addressed the above research questions in the following ways:
Research Study 1: In study 1, the selected teachers and field researchers (researchers

who had to perform field research at selected middle schools and conduct required data
analysis) answered a set of questionnaires. They participated in a collaborative brainstorm-
ing session, and then answered the questionnaires included in the survey separately. Then,
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the researcher analyzed the responses critically and determined a set of prerequisites for
the selected middle school students. R.Q.1 and R.Q.2 were also investigated in this study.

Research Study 2: In study 2, the researcher engaged himself/herself to train selected
middle school teachers and the field researchers to make them capable of observing and
rating the prerequisite levels of their students for their participation in robotics-enabled
mathematics and science lessons. Based on those ratings and observations, and on brain-
storming with the teachers, field researchers, and students, the rest of the research questions
(i.e., R.Q.3) in this study were addressed.

4. Research Study 1
4.1. Procedures

The developed STEM lessons (mainly math and science lessons) were tested in schools
using robotics in some pilot studies. Each teacher randomly selected a section from his/her
students to implement the robotics-enabled lessons. The students completed the activity
sheets to record their observations of activities with the robots. The field researchers
travelled to the schools to observe how the robotics-enabled lessons were implemented in
the classrooms. Thus, we ensured the teachers and field researchers gained experiences
in developing science and mathematics lessons and ensured the students performed and
interacted with the robots during the lessons. The above involvements of field researchers,
teachers, and students with robotics-enabled lessons were used to identify the prerequisites
of robotics-enabled digital STEM learning.

We conducted a survey (see Appendix A) to collect the responses to a few research
questions (R.Q.1, R.Q.2). R.Q.1 was used to explore the prerequisites (e.g., knowledge,
qualifications, skills, abilities, attitudes, aptitudes) that the field researchers and teachers be-
lieved that the students should possess to effectively participate in robotics-enabled STEM
lessons. The survey responders (field researchers and teachers) brainstormed in a brain-
storming session and separately responded to the survey, self-reflecting their experiences
of planning, developing, and implementing robotics-enabled lessons, and of observing
classroom activities. The second question (R.Q.2) was used to collect the ratings, reflecting
the levels of necessity or importance of the prerequisites proposed by the responders. The
responders followed the standard brainstorming procedures and a 5-point Likert-type
rating scale [10,45]. Appendix A shows further details of the rating method and of the scale.
The researcher explained the survey procedures to each responder separately before they
responded to the survey. The responders were given an ample amount of time to think
about each survey question critically and to respond to the questions carefully based on
their well-thought opinions, ideas, and inputs.

4.2. Research Results

We developed a wholistic (raw) list of all the prerequisites opined (proposed) by the
responders, taking the responses to R.Q.1 of Appendix A into account. We determined
the frequency counts for all similar prerequisites. We then developed a summary of the
results as shown in Table 1 in its first three columns. Table 1 presents a full list of all the
prerequisites proposed by field researchers and teachers, including the frequency of each
prerequisite [9–11,18]. Here, the frequency meant the number of counts in total that the
responders proposed each prerequisite. Based on the R.Q.2 answers (see Appendix A), we
calculated the mean scores in MATLAB, reflecting the necessity or importance level of each
prerequisite perceived by the responders as presented in Table 1.



Digital 2024, 4 469

Table 1. The wholistic (raw) list of the prerequisites with frequencies and importance.

Serial Number

Necessary/Important Prerequisites (e.g., Knowledge,
Qualifications, Skills, Attitudes, Abilities, Aptitudes) that
Students Should Possess Perceived/Anticipated by Field

Researchers and Participating Teachers

Frequencies Mean Importance
(between 1 and 5)

01 Abilities for designing (assembling) robotics (LEGO) kits based
on provided instructions for assembly 02 3.0

02 Knowledge of various LEGO robotics parts and sensors 02 4.0

03 Capability of using/operating robot (LEGO) kits (e.g., turning
ON/OFF the kits, using buttons to start/stop a program) 01 5.0

04
Troubleshooting skills for (LEGO) robotics kits (e.g.,
troubleshoot robotics kits while robotics-enabled lessons are
demonstrated at classrooms)

03 4.32

05 Ability to program the robot (block-based or blockly programs) 01 3.0

06
Learning vocabulary of related engineering words (e.g., wheels,
gears, shafts, vehicles, carts, power, switches, buttons,
wires, motors)

02 4.0

07 Knowledge of HMI (human–machine interface) in robots 01 5.0

08 Comprehending lesson activity sheets (printed on papers) and
performing mentioned lesson activities 01 5.0

09 Abilities/skills of using relevant supporting technologies (e.g.,
calculators, measuring tapes, rulers, protractors, ramps, timers) 05 4.24

10 Understanding an engineering drawing 01 5.0

11
Ability to understand working principles and procedures of
robotics kits and other relevant instruments/devices used in
robotics-enabled lessons)

01 5.0

12 Fundamental literacy with computers (e.g., usage of
a computer) 04 4.78

13 Abilities of drawing and understanding graphs 01 5.0

14 Awareness of workplace safety rules and regulations for
ensuring safe learning environment 01 5.0

15 Abilities to follow visual and/or verbal instructions of
lesson activities 02 5.0

16 Ability to compute (computing ability) 03 4.0

17 Ability to manage/maintain time 01 5.0

18 Ability to communicate with classmates and teachers
(communication ability) 02 4.51

19 Ability to satisfy prerequisites of relevant subject matter (e.g.,
content knowledge in math and science topics) 06 4.32

20 Ability to work (learn) in teams 04 4.74

21 Abilities and attitudes towards performing practical lessons 01 5.0

22 Abilities towards maintaining classroom disciplines (e.g.,
reducing noises) 02 4.50

23 Adjustment for diversities 01 5.0

24 Concentrating classroom activities 01 5.0

25 Ambition for learning through applications of robotics kits 01 5.0

26 Proactive attitudes towards robotics-enabled lessons and
new/advanced learning technologies 07 4.56

27 Resilience to different activities related to lessons 01 5.0
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Table 1. Cont.

Serial Number

Necessary/Important Prerequisites (e.g., Knowledge,
Qualifications, Skills, Attitudes, Abilities, Aptitudes) that
Students Should Possess Perceived/Anticipated by Field

Researchers and Participating Teachers

Frequencies Mean Importance
(between 1 and 5)

28 Ability to maintain a suitable environment in the classroom 03 4.0

29 Problem solving ability 05 4.42

30 Ability to reason lesson results 02 5.0

31 Decision-making or concluding abilities 02 5.0

32 Imaginating or predicting abilities 01 4.0

33
Ability to relate STEM related lesson scenarios and activities
performed using robots to real-world understanding of math
and science topics

01 5.0

34 Understanding system concepts in the design and performance
of robotics kits 02 4.0

35 Ability to understand basic formulas and
computational model(s) 01 5.0

36 Capability of analyzing findings or results obtained in hands-on
lesson activities 01 5.0

37 Ability to understand behaviors of teachers and team members 01 4.0

38 Ability to understand the quality/rationality of the
results obtained 01 5.0

39 Abilities to understand alternative lesson activities and
prospective results 01 5.0

40 Ability to develop confidence in proposed/obtained results 01 5.0

41
Ability to anticipate prospective impacts/consequences of
results of lesson activities on daily/social life
(social/broader impacts)

01 5.0

42
Ability to develop self-motivation towards protecting robotics
kits from being damaged while using them for
robotics-enabled lessons

01 4.0

43 Ability/mentality to learn from own mistakes and/or
uncertainties observed during robotics-enabled lessons 01 5.0

44 Memories of past robotics-enabled lesson activities 01 5.0

45 Problem solving or decision-making speeds while learning
STEM during robotics-enabled lessons 01 5.0

46 Capability of developing hypotheses 02 4.50

47 Skills and strategies of sharing organized ideas/concepts with
team members, researchers, teachers, etc. 02 4.50

Then, we formed two teams—one consisting of two and another consisting of three
field researchers. The teams determined the different categories and themes of the derived
prerequisites [46]. We then determined the final categories and themes of the prerequisites
as shown in Table 2 [9–11,18], crosschecking the results (categories and themes) proposed
by each team. While developing the themes of prerequisites, we relied upon the basic
concepts, different aspects, and fundamental theories of computational thinking [21,22].
For example, sharing a concept or an idea with others in an organized manner fell under the
theme of computational thinking (CT) [21,22], but providing a piece of general information
to others fell under the theme of basic managerial skills (R.Q.1).
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Table 2. Determining categories and themes of the proposed prerequisites.

Serial
Number Prerequisite Categories Serial Numbers

in Table 1
Response

Requencies
Mean

Importance Level
Prerequisite

Themes

01 Skills of robot design 1 02 3.0 Design

02
Fundamental/practical
knowledge and skills of (LEGO)
robotics platform

2–7 10 4.21 Engineering

03 Understanding of the usage of
laboratory manuals 8, 10, 11, 13, 15 06 5.0 Laboratory/Lab (or

technical/tech)

04 Abilities and skills of using lab
instruments and devices 9, 12, 16 11 4.34 Lab/tech

05 Knowledge of safe learning
environment 13 01 5.0 Lab/tech

06 Operational skillset
like executives 17, 18 03 4.77 Managerial

07 Disciplinary/content knowledge
and skills 19 06 4.32 Subject matter (or

content knowledge)

08 Habits and attitudes of learning 21, 22, 25, 26, 28 14 4.60 Behavioral (Behab)
and social (socio)

09 Abilities of working in teams 20, 23 05 4.87 Behab/socio

10 Aptitudes of learning 24, 27 02 5.0 Behab/socio

11 Aptitudes to think/reason 29, 30, 31, 33, 36,
38, 39, 46 15 4.88 Computational

thinking (CT)

12 Creative and imaginating skills 32 01 4.0 CT

13 Ability to think as a system 34, 35 03 4.52 CT

14 Skills of sharing thoughts/ideas 47 02 4.52 CT

15
Ability of understanding
behaviors of teachers and
team members

37 01 4.0 CT

16 Confidence level in the
results obtained 40 01 5.0 CT

17 Anticipating impacts and
consequences of obtained results 41 01 5.0 CT

18 Motivation towards handling
robots avoiding damages 42 01 4.0 CT

19 Ability to learn from errors,
limitations or uncertainties 43 01 5.0 CT

20 Memories 44 01 5.0 CT

21 Speeds of solving problems 45 01 5.0 CT

The table shows the number of students and the proposed/derived prerequisites.
The relative importance/necessities of the prerequisite themes were computed using

Equation (1), where nl is necessity level, f is frequency of each prerequisite, and Vprereq
is the ‘computed total prerequisite value’ for each theme. Results are shown in Figure 4
(response to R.Q.2).

Vprereq = ∑( f × nl) (1)
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4.3. Analyses of the Research Results

The thematic analysis results (how different prerequisites can be grouped into different
themes, considering their importance perceived by the survey responders) are demon-
strated in Figure 4. As follows, we discuss each prerequisite theme of Figure 4 briefly:

(i) Computational thinking (CT) was found to be the prerequisite with the highest im-
portance, as the figure shows, because the students might not be able to receive
complete learning benefits from their robotics-enabled lessons without having neces-
sary CT abilities.

(ii) Behavioral and social skills were found to be an important prerequisite qualification
for the students, as the figure shows, because robotics is considered an innovative
digital pedagogical and learning tool, and the inclusion of such an innovative tool
may not be able to provide expected benefits to the students (learners) if the students
cannot achieve necessary levels of behavioral and social skills and social relationships,
especially when the students work in teams for learning from robotics-enabled lessons.

(iii) Managerial skills of students are required because students need to work on projects
as part of the robotics-enabled lessons. The managerial skills may include project
management, change management, resource management, etc.

(iv) Engineering prerequisite set includes engineering-related terminologies that students
should know before they can use robots as learning tools. These engineering terms
may include gear, motor, sensor, wheel, control, wire, communication, shaft, power,
monitor, troubleshooting, etc., which seem to be necessary for students when using
robots as an aid to learn STEM, as the figure shows.

(v) Lab/tech skill sets and qualifications are necessary to perform tasks for their robotics-
enabled STEM lessons. Such skills may include operations of common laboratory
equipment, instruments, and facilities [47].

(vi) Design skills, particularly skills of assembling and re-assembling robotic systems, are
important for students aiming to participate in robotics-enabled lessons [47]. These
skills may include applications of structural components, gripping devices, sensing
instruments, etc. Therefore, students should have the skills to be able to design and
build these items following the instructions of their teachers.
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(vii) Subject matter or content knowledge is the knowledge that students should possess
to learn from STEM lessons to be implemented using robotics [47]. However, students
should possess other allied skills and qualifications as discussed above for enhancing
overall learning outcomes and effectiveness and upgrading students’ overall attitudes
and aptitudes.

Students should satisfy prerequisites with the required importance/necessity levels
as presented Table 1. It is expected that they may get chances to achieve some of the
prerequisites inherently, indirectly, and naturally in various ways; for example, through
their traditional middle school lessons based on their existing curricula, daily life and social
activities, informal learning events, etc. [18]. The teachers implementing robotics-enabled
STEM lessons may split the student population into different sections (e.g., a student group
that highly fulfill the prerequisites, and a student group that does not highly satisfy the
prerequisites) and determine the scaffolding requirements for different sections.

5. Research Study 2
5.1. Procedures

The field researchers visited the schools of the trained teachers to observe the imple-
mentation of the robotics-enabled teaching and learning in an actual class environment.
Each prerequisite identified in Table 1 was assessed using appropriate assessment methods
and metrics [48]. The ideal assessment methods and metrics might not be available in the
literature for some of the prerequisites. In those cases, new instruments might need to be
developed and validated to assess such prerequisites [49]. However, in this article, as a
preliminary effort, we attempted to assess each prerequisite subjectively using a Likert
scale after conducting formal observations of robotics-enabled lesson activities in actual
classroom settings [11]. The field researchers collaborated with each teacher and assessed a
selected number of students (38 randomly selected students) for each prerequisite using a
Likert-type rating scheme between 1 and 5 (1 was used to indicate the least qualified and
5 was used to indicate the most qualified for a prerequisite) [45]. The above-mentioned
38 students were selected randomly from grade six students who attended robotics-enabled
lessons. More specifically, 3 students were assessed randomly from each of the 10 schools
(3 × 10 = 30 students) and 4 students were assessed randomly from each of the 2 schools
(4 × 2 = 8 students), which totalled 38 students. A sample consisting of 38 students seemed
to be small, but we believe that the 38 students could be enough to get an idea about the
effectiveness of the proposed prerequisites set. However, assessments of more students
might enhance the reliability of the study and of the decisions made on the study results,
as follows.

The assessment was carried out by the teachers and the field researchers based on
their observations of each student performing robotics-enabled lesson activities, responses
to short questionnaires, and the completion of activity sheets by students. Note that
the assessment was carried out for each student for his/her first lesson taught using
robotics. The first lesson was chosen to avoid the learning effects for the prerequisites
that the students might learn through repeated applications of robotics in a series of
lessons taught using robotics. This strategy could reflect the true status of the students
regarding their abilities to fulfil the prerequisites for participating in robotics-enabled
lessons. A brief training was arranged for the teachers that included explanations on
the meanings of each criterion in Table 1 and discussions on reference documents and
materials such as past examination results and student attendance records, etc., which might
help the teachers decide the assessment scores. After receiving the training, individual
teachers in collaboration with the visiting field researcher(s) performed assessments of each
participating student for the fulfilment of the prerequisites.

We then conducted surveys with the participating teachers as a validation or ver-
ification study to (i) assess the manageability, user-friendliness, and significance of the
proposed prerequisite sets based on a 5-point rating scale, (ii) identify the limitations of the
proposed prerequisite sets, and (iii) determine action plans for enabling students to meet
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the prerequisites. We used the three evaluation criteria (manageability, user-friendliness,
and significance) based on our field experiences because those criteria were helpful to
prove the prerequisites suitable for applications in a real environment.

5.2. Analyzing the Findings/Results

The importance levels presented in Table 1 were considered as the required levels of
skills and qualifications (i.e., the minimum levels of requirements) for different prerequisites.
We then analyzed the results of assessments of the selected 38 students, examining whether
they were able to satisfy the requirements (prerequisites). The summary of the results
is presented in Table 3 [9–11,18]. The table shows the number of students meeting the
prerequisites (the number n, mean x, std σ) and the number of students who could not
meet the prerequisites (the number nc, mean xc, std σc). Such results occurred because
the students were not provided with any formal training on learning robotics-enabled
lessons before they participated in the lessons. Despite that, they were able to fulfill many
prerequisite qualifications due to their general aptitudes and maturity that they might
have gained informally in their daily life activities such as household activities, use of the
internet, studying science fictions, playing games, use of media, visiting museums, etc., and
previous education, previous practice sessions with robotic assemblies, etc. The students
might be able to learn laboratory and technical skills based on their traditional laboratory
practices without applications of robotics under their traditional STEM curricula.

Table 3. The findings for assessing students on fulfilling prerequisites.

Serial
Number Necessary Prerequisites Themes of

Prerequisites
Prerequisite Met

n(
¯
x ,σ)

Prerequisite Did
Not Meet
nc(

¯
xc, σc)

1 Abilities of designing robots Designing 38 (4.46, 0.70) 0

2 Knowledge of the functions of each part of
the robot Engineering 25 (4.57, 0.51) 13 (2.53, 0.74)

3
Capability of operating (LEGO robotics) kits
(e.g., turn kits ON/OFF, use buttons to start
a program)

Engineering 36 (5, 0) 2 (4, 0)

4 Abilities of troubleshooting of robots Engineering 11 (4, 0) 27 (2.26, 0.58)

5 Programming (block-based) robots Engineering 8 (3.86, 0.62) 30 (1.21, 0.42)

6
Basic-level vocabulary of engineering words
(e.g., shaft, vehicle, cart, wheel, switch, gear,
power, buttons, wires, motors)

Engineering 12 (4.17, 0.32) 26 (2.91, 0.27)

7 Understanding interfaces between humans
and machines Engineering 0 38 (2.68, 0.92)

8 Capability of understanding and completing
activity sheets Lab/tech 36 (4.99, 0) 2 (3.01, n/a)

9
Ability/skills of using relevant allied
technologies (e.g., measurement tape,
calculator, protractor, timer, ramp)

Lab/tech 38 (4.36, 0.48) 0

10 Skills of understanding an engineering
drawing Lab/tech 38 (4.98, 0.0) 0

11 Ability/skills of comprehending working
principles and procedures of robotics (LEGO) Lab/tech 28 (5.03, 0.0) 10 (3.70, 0.49)

12 Skills of using computers Lab/tech 38 (4.28, 0.47) 0

13 Capability of drawing/understanding
basic-type graphs Lab/tech 32 (5.24, 0) 6 (4.09, 0)
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Table 3. Cont.

Serial
Number Necessary Prerequisites Themes of

Prerequisites
Prerequisite Met

n(
¯
x ,σ)

Prerequisite Did
Not Meet
nc(

¯
xc, σc)

14 Awareness of safety regulations for
maintaining a safe learning environment Lab/tech 33 (5.67, 0) 5 (3.31, 0.51)

15 Capability of following
visual/verbal instructions Lab/tech 34 (5.0, 0.0) 4 (3.66, 0.54)

16 Ability of basic computing Lab/tech 32 (4.30, 0.43) 6 (2.52, 0.56)

17 Ability to manage/maintain time/schedule Managerial 33 (5.03, 0) 5 (3.92, 0.32)

18 Ability to communicate effectively Managerial 33 (4.16, 0.38) 5 (3.10, 0.12)

19

Ability to satisfy prerequisites of relevant
subject matter (content knowledge) (i.e., the
prerequisites of relevant math and
science knowledge)

Subject matter (con-
tent knowledge) 32 (4.05, 0.24) 6 (2.80, 0.39)

20 Ability to work in a team Behav/socio 38 (4.29, 0.44) 0

21
Ability (physical, mental) and
attitude/aptitude to perform hands-on
lesson activities

Behav/socio 33 (5.12, 0) 5 (3.88, 0.34)

22 Ability to maintain disciplines in classrooms
and to reduce noises Behav/socio 32 (4.34, 0.48) 6 (3, 0)

23 Adapting with diversities Behav/socio 37 (5, 0) 1 (4, n/a)

24 Ability to focus on the concerned lesson Behav/socio 31 (5, 0) 7 (4, 0)

25 Ambition to learn through robotics Behav/socio 29 (5, 0) 9 (3.44, 0.73)

26 Attitudes towards a robotic or a
new technology Behav/socio 36(4.39, 0.49) 2 (3, 0)

27 Ability to be resilient to lesson activities Behav/socio 27 (5, 0) 11 (3.39, 1.38)

28 Appropriate classroom environment Behav/socio 35 (4.53, 0.51) 3 (3, 0)

29 Problem solving abilities CT 25 (4.37, 0.49) 13 (2.75, 0.71)

30 Reasoning the activities performed with
robotics kits CT 9 (5, 0) 29 (3.38, 0.56)

31 Decision-making abilities CT 0 (n/a, n/a) 38 (3.66, 0.56)

32 Imaginating or predicting abilities CT 14 (4.38, 0.51) 24 (2.4, 0.58)

33 Capability of physical interpretation of
obtained results CT 11 (5, 0) 27 (3.37, 0.76)

34 Abilities of system-like thinking CT 27 (4.11, 0.31) 11 (2.8, 0.42)

35 Understanding basic formulas and
computational models CT 31 (5, 0) 7 (3.33, 1.03)

36 Abilities of analyzing results CT 8 (5, 0) 30 (3.85, 0.46)

37 Understanding teacher and team
member’s behaviors CT 37 (4.24, 0.43) 1 (3, n/a)

38 Checking if findings are rational CT 5 (5, 0) 33 (3.64, 0.55)

39 Abilities of proposing design or
function alternatives CT 6 (5, 0) 32 (2.41, 1.05)

40 Having confidence in the proposed results CT 7 (5, 0) 31 (3.26, 0.68)

41 Perceiving impacts of study findings on
the society CT 2 (5, 0) 36 (3.28, 0.7)
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Table 3. Cont.

Serial
Number Necessary Prerequisites Themes of

Prerequisites
Prerequisite Met

n(
¯
x ,σ)

Prerequisite Did
Not Meet
nc(

¯
xc, σc)

42
Developing motivation towards protecting
robotics kits from being damaged and having
the mentality of protecting robotics kits

CT 37 (4.22, 0.42) 1 (3, n/a)

43 Abilities of dealing with uncertainties
and/or errors CT 11 (5, 0) 27 (3.87, 0.34)

44 Memory of recent lesson activities CT 30 (5, 0) 8 (2.63, 0.74)

45 Speeds in solving problems CT 10 (5, 0) 28 (3.71, 0.53)

46 Ability to develop a hypothesis CT 13 (4.31, 0.48) 25 (2.88, 0.33)

47 Abilities of sharing ideas in
organized manners CT 14 (4.29, 0.47) 24 (2.88, 0.34)

The results showed that the students demonstrated low qualifications and skills in the
engineering prerequisites. It might have happened because they were not formally taught
the engineering terms as part of their traditional lessons. The students demonstrated poor
aptitudes in computational thinking as well. As the literature shows, the computational
thinking abilities of students might be enhanced if the students could conduct regular
problem-solving practices with appropriate artifacts and their computational thinking
abilities could be assessed continuously using appropriate assessment methods [21,27,33].
Therefore, the poor status of computational thinking abilities of the students and their
inability to fulfill the required level of computational thinking for robotics-enabled STEM
lessons might have happened as they did not participate in any formal computational
thinking ability enhancement events in their traditional curricula [21,22].

Figure 5 shows how the participating teachers perceived the manageability and user-
friendliness of the proposed approach (the developed prerequisite set), as well as the
significance of the assessment results for the students. The mean rating scores in the scale
between 1 and 5 indicated the effectiveness of the proposed approach. Table 4 summarizes
the limitations of the proposed approach identified by the participating teachers, where
the frequency means the number of teachers identifying each of the mentioned limitations.
For example, “Applicable to only middle school grades” was a limitation of the presented
study, and 20 teachers out of 24 pointed out this limitation in the survey. The higher
frequency indicated higher importance or severity of the limitation. Table 5 shows the
action plans proposed by the teachers to enable students to meet the proposed prerequisites.
The overall results and findings showed tremendous prospects of the proposed approach
and its acceptance by the participating teachers.

Table 4. Limitations of the approach.

Identified Limitations Frequency

Applicable to only middle school grades. 20

Applicable to only LEGO Mindstorms robots [37]. 18

Limited to the few lessons mentioned in this article [9–11]. 16

Small number of survey participants. 11

Prerequisites not specific to each middle school grade. 10

Participating students might have prior knowledge of LEGO Mindstorms
robots that might influence the results. 4

Assessment methods were only subjective [33,34]. 8

Assessment methods and results needed to be generalized. 6
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Figure 5. Assessment results toward verifying the effectiveness of the proposed approach (prerequi-
site sets).

Table 5. Proposed actions plan to remove or reduce the limitations.

Proposed Actions Frequency

Arrange training for participating students on digital robotics kits [37,47]. 19

Add supplementary courses/lessons to enhance CT. 10

Apply innovative teaching/learning theories [4–8,20,21,38–44,50]. 13

Provide scaffolding and apprenticeship [6] to students. 7

Maintain equity, and address diversities. 4

Revise curricula to add robotics-enabled digital lessons. 6

Enhance interest and trust of students in robotics and other digital
educational technologies. 5

Reduce/remove misconceptions about robotics and digital
educational technologies. 3

6. Discussion

This article presents an innovative approach to K–12 STEM education via human–
robot interaction as a means of digital technology-enhanced experiential learning [1]. We, in
this article, focused on determining a set of prerequisites that participating students should
meet before they learn STEM via a robotics-enabled digital learning approach [18]. Such a
set of prerequisites is required to make the robotics-enabled learning approach effective
because the selection of appropriate participants is a key factor to prove this approach
effective and the proposed set of prerequisites can help determine the appropriate segments
of participating students for robotics-enabled digital STEM lessons [18].

The studies followed a systematic approach for determining, analyzing, and validating
the prerequisites [9]. The systematic approach consisted of brainstorming sessions, survey
questionnaires, frequency analysis, and thematic analysis. We followed the standard
procedures of the research instruments such as survey, brainstorming, application of the
Likert scale in surveys and thematic analysis. These research instruments are well-validated
and standard. Therefore, the results obtained in our studies should be reliable, replicable,
transparent, and transferable [45,46,49].

The systematic approach, with its roots in systems engineering, was deployed to open
a new paradigm of educational research through human–robot interaction, which could add
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objectivity to analyzing outcomes of STEM education offered through robotics-based digital
platforms [9]. As part of the systems approach, we used survey questions in Appendix A
to collect information regarding prerequisites, and then analyzed the survey findings using
the Likert scale, thematic analysis, etc. The questionnaires were set up considering the
requirements of the study. We did not find a similar study in the literature that could help
us use or adapt a set of survey questionnaires for our purpose. Therefore, we determined
the questionnaires that were necessary to collect the information used in the research. The
approach was subsequently evaluated in Table 3 and Figure 5, and the limitations of the
study, as well as the actions plan to reduce the limitations, were identified in Tables 4 and 5,
respectively. The evaluation results proved the effectiveness and prospects of the approach
presented herein.

We adopted three research questions. We believe that R.Q.1 and R.Q.2 have been
successfully answered through the results of Study 1, and R.Q.3 has been successfully
answered through the results of Study 2. The Study 1 results impacted the Study 2 results,
and the Study 2 results validated the Study 1 results. In Study 2, we briefly assessed whether
the prerequisites set proposed in Study 1 was effective or not for a real-world setting. The
Study 2 results justified that the proposed prerequisites set was practical and implementable
and thus those were effective for the mentioned purpose. Study 2 also justified other aspects
of the Study 1 results. For example, in Study 2, we conducted surveys with the participating
teachers as a validation or verification study to (i) assess the manageability, user-friendliness,
and significance of the proposed prerequisite sets of Study 1 based on a 5-point Likert-type
rating scale, (ii) identify the limitations of the proposed prerequisite sets of Study 1, and (iii)
determine action plans for enabling students meeting the prerequisites proposed in Study 1.
Therefore, the Study 2 results were meaningful, those results contributed to support the
results of Study 1 as well, and thus validated the effectiveness of the results obtained
in Study 1.

Table 1 shows that the students needed to fulfil a huge list of prerequisites to be able
to participate in and get adequate benefits from robotics-enabled STEM lessons. Figure 4
shows that all the prerequisites were not equally important. Table 3 shows that the students
under the current curriculum were not able to fulfill all the prerequisites. The survey results
in Table 1 and the assessment results in Table 3 were determined based on a limited number
of students in the mentioned study environments. It seems that the results of Table 1 were
open-ended. Therefore, the results of Tables 1 and 3 might not be the general findings
for robotics-enabled K–12 STEM education. However, the results created a baseline for
determining and benchmarking the prerequisites required for participating in robotics-
enabled STEM education and provided strong guidelines to the state-of-the-art efforts
toward implementing robotics-enabled STEM education in actual classroom settings [9–11].
We note that despite having an exhaustive list of prerequisites, Figure 5 proved the manage-
ability, user-friendliness, and significance of the proposed approach. Table 3 and Figure 5
jointly validated the proposed approach. It is thus expected that the proposed approach
(set of prerequisites) may be useful for digitalizing STEM learning in general with some
adjustments in the presented approach as required to specific situations [18].

The research enhances the scope of human–robot interaction via its applications to
digitalized STEM education. We here used a vehicle-type robot for STEM education via
a human–robot interaction. However, the psychological impacts on students might be
different if humanoid-type anthropomorphic robots were used for this purpose [12–14].
It is assumed that configurations and embodiment of robots may need to be adjusted for
different levels of STEM education enabled by robotics for students of different grades and
subjects [14].

The presented approach is a digital learning approach because the robot was used
to digitalize the implementation of STEM lessons. However, digitalizing STEM lessons
does not necessarily mean an approach toward computational thinking. This article clearly
differentiates between digital or computational learning and computational thinking. Com-
putational learning may be an approach that expresses learning through computational or
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digital or quantifiable objective methods [1]. However, computational thinking creates a
perception of objective measures of a phenomenon in students’ minds [21,22]. Nonetheless,
computational learning may foster computational thinking, and vice versa.

7. Conclusions and Extension of the Research

Professional development was implemented for STEM (mainly mathematics and
science) teachers working in middle schools to train them on how to develop and con-
duct mathematics and science lessons within actual classroom settings using cost-effective
LEGO robotics kits. The teachers then got opportunities to implement a few representative
robotics-enabled digital mathematics and science lessons in actual school environments.
Following a well-designed survey questionnaires approach, we identified a set of prereq-
uisites that specified the qualifications that the grade six students should achieve before
they might be able to participate in any robotics-enabled math and science lessons. We
also specified the importance level of each prerequisite qualification we identified based
on a Likert scale type rating method. The thematic analysis results showed that the CT
ability of students emerged as one of the most important themes of prerequisites implying
that robotics-enabled digital STEM lessons needed high level of CT abilities of students.
The analysis revealed that the robotics-enabled digital STEM lessons had the potential to
enhance CT abilities of students as well. We then conducted assessments on selected grade
six students to illustrate how the proposed sets of prerequisites would be used as a set
of standards to decide the participating students in robotics-enabled digital lessons. The
assessment results showed that the selected students were able to fulfill a portion of the
prerequisites. We then proposed action plans helpful for making students able to fulfill
the mentioned prerequisites. We then evaluated the overall approach for its manageability,
user-friendliness, and significance, and obtained satisfactory results. The overall results
might help K–12 teachers, educational policy makers, and educational administrative
authorities decide on robotics as a novel experiential pedagogical digital tool for teaching
STEM topics and to develop K–12 STEM curriculum centering around a robotics-enabled
digital STEM education.

In the near future, we will further improve the survey methods presented herein
by collecting more input from a higher number of respondents, such as middle school
teachers and field researchers. We plan to develop a short and handy list of prerequisites.
Games-like programs [33] and self-efficacy-based assessments in solving problems [34] may
be used to determine if selected students are able to meet required prerequisites. We will
investigate whether middle school students can gain the mentioned prerequisites through
their daily life activities. We will propose an innovative method to assess the CT abilities of
students and examine if the robotics-enabled digital STEM lessons can enhance CT abilities.
We will present prerequisites for mathematics, technology, engineering, and science topics
for different grades of students (e.g., six, seven, eight grades) separately.
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Appendix A. The Survey

Teacher’s Code: Teaching Subjects: Math, Science, Engineering, Technology (Circle only one)
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Instructions: You are trained on how to design, develop, and teach science/math/engineering/
technology lessons using robotics, and you have some preliminary experiences of imple-
menting robotics-enabled science/math/engineering/technology lessons with students in
small pilot studies. Based on this, respond to the following questionnaires:

Question#1: What may be the prerequisites (knowledge, qualifications, skills, attitudes, abil-
ities, aptitudes), in your opinion, that a student should possess for successfully participating
in your robotics-enabled/focused lesson(s)?

Question#2: Write anticipated levels of importance of different prerequisites. As a respon-
der, you are asked to use a 5-point Likert-type scale between 1 and 5, 1 indicating the least
necessary/important and 5 indicating the most necessary/important prerequisite. You are
also asked to indicate/write the anticipated level of necessity/importance between 1 and
5 for each mentioned/identified prerequisite.

Record (note down) the above responses using the table shown below. You may add as
many rows to the table as you feel necessary.

Necessary/important prerequisites
(e.g., knowledge, qualifications, skills, attitudes,
abilities, aptitudes) (Response to Question#1)

Perceived/anticipated level of
necessity/importance (between 1 and 5)

(Response to Question#2)
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