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Abstract

How to develop students’ computational thinking (CT) is an important topic faced
by academics and front-line teachers. However, the solution of programming prob-
lems requires paying attention to every detail of the problem and building a solution
to the problem step by step, and for beginners, they often get stuck when one of
these aspects goes wrong because of the lack of metacognitive abilities. The inte-
gration of metacognitive scaffolding in project-based programming instruction can
help students identify their strengths, become more aware of their learning status
and identify problems in a timely manner. Therefore, this study designed a metacog-
nitive scaffolding in four aspects: planning, monitoring, reflecting and evaluating,
and assessed the effects of this scaffolding on students’ CT, learning achievement
and metacognitive abilities through a quasi-experimental design. The participants
were 70 students aged 9-11 years in elementary school, where the experimental
group (38 students) used a metacognitive scaffolding-based project-based learn-
ing approach, while the control group (32 students) used a traditional project-based
learning approach. The results indicate that metacognitive scaffolding has a facilita-
tive effect in helping students improve their CT and learning achievement, but does
not significantly improve metacognitive abilities. This study provides insights into
the deeper development of students’ CT development and metacognitive scaffolding
design.
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1 Introduction

In response to the challenges posed by global competition, artificial intelligence,
and the knowledge society in the information age, there is an international educa-
tion reform movement oriented toward 21st-century skills. The spiritual core of
the 21st-century skills framework of system learning and innovation skills involves
critical thinking and problem-solving, communication and collaboration, creativity
and innovation. Many of these skills are highly relevant to computational thinking
(Binkley et al., 2012). The European Union’s Review of Computational Thinking
(CT) in Compulsory Education lists CT as one of the skills to be acquired in a digi-
tal world (Bocconi et al., 2022). As a combination of higher-order cognitive skills,
including problem-solving, creativity and critical thinking, the development of CT
has been recognized by national teaching communities (ISTE, 2016; Kong & Liu,
2020; Korkmaz et al., 2017). The development of CT as a combination of higher-
order cognitive skills, including problem-solving, creativity, and critical thinking,
has received widespread attention from the teaching profession in various countries.
Educational researchers have called for the integration of CT across disciplines to
facilitate students’ more profound understanding of problems and the acquisition of
skills to solve complex problems across disciplines (Apiola & Sutinen, 2021; Chen
et al., 2021; Hsu & Liang, 2021). Educational researchers have emphasized the
importance of CT in teaching and learning.

Programming is an important vehicle for learning and developing CT (Boom
et al., 2022; Laura-Ochoa et al., 2022; Pala & Turker, 2021). Solving a program-
ming problem requires paying attention to every detail of the problem and building a
solution to the problem step by step. In the field of programming education, project-
based learning is seen as one of the learning styles that promote student understand-
ing and help students to use programming concepts to communicate and solve prob-
lems (Bennedsen et al., 2008). However, for beginners, it is difficult to proceed if a
problem arises at a certain step due to their general lack of metacognitive awareness
(Loksa & Ko, 2016; Roll et al., 2012; Vallejos-Yopan & Rodriguez-Gonzalez, 2022).
Metacognitive awareness aims to think and reflect on the problem-solving process,
focusing on how humans spontaneously monitor and regulate their thinking (Met-
calfe & Shimamura, 1994). The level of metacognitive awareness directly affects
the effectiveness of the cognitive process, that is, the effectiveness and efficiency
of learning (Callender et al., 2016; Holton & Clarke, 2006). In addition, students
are challenged to solve complex programming problems by not only decomposing
the problem and dissecting the logical relationships between tasks in a short time,
but also coordinating metacognitive processes and behavioral activities to solve the
problem and develop CT.

The introduction of scaffolding in programming instruction enables students to
identify their strengths with the help of teachers independently, become more aware
of their current learning status and identify problems in time (Yadav et al., 2022;
Zheng et al., 2022). Scaffolding can help students solve these challenges by inde-
pendently identifying their strengths with the teacher ‘s help, becoming more aware
of their current learning status, and identifying problems promptly. Research shows
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that scaffolding can improve learners’ problem-solving skills (Abdullah et al., 2021;
Kim & Lim, 2019; Shin & Song, 2016). In addition, scaffolding can help students
implement and monitor the process and effects of learning, reflect and summarize
at different stages, and improve their learning efficiency (Pieger & Bannert, 2018).
Therefore, this study investigated the effects of metacognitive scaffolding on learn-
ers’ metacognitive abilities, CT, and learning effectiveness, intending to exploit the
advantages of metacognitive scaffolding to improve the quality of programming
instruction and learners’ metacognitive ability and CT.
Based on the above description, the research questions were as follows:

(1) Does metacognitive scaffolding affect students’ CT?
(2) Does metacognitive scaffolding affect students’ metacognition?
(3) Does metacognitive scaffolding affect students’ learning achievement?

2 Theoretical background
2.1 Scaffolding

Scaffolding was originally introduced in the context of helping children acquire
knowledge or solve problems in informal learning environments (Wood et al., 2006).
Later, educators expanded the scope of their research to regular education, and the
development and application of computer technology led to further expansion of
scaffolding to new technology-based learning environments. In a technology-based
instructional environment, learners can receive support from a variety of resources,
including instructors, experts, peers, and technology-based tools. Over time, Lepper
et al. noted that the concept of scaffolding had different meanings in different studies
(Lepper et al., 1997). Inspired by Vygotsky, Stone (1993) proposed that learning is a
process in which both teachers and students actively communicate to build consen-
sus, and that instructional scaffolding is a tool that aids teacher-student interaction.
Seidel and Shavelson (2007) argued that cognitive scaffolding consists of specific
processes, strategies, and techniques that support learners. Gibbons (2002) defined
instructional scaffolding as temporary, meaningful, and responsive support that
helps learners develop new skills or concepts, suggesting that the core of scaffold-
ing is emotional engagement, progressive assistance, and transfer of responsibility.
Janneke et al.’s (2010) analytical review of nearly a decade of research on teacher-
student interaction found that instructional scaffolding should provide assistance in
diagnosing students’ cognitive states, gradually withdrawing scaffolding based on
students’ cognitive levels, and achieving a transfer of responsibility so that students
can become independent problem solvers. The development of the teaching scaffold-
ing definition metaphor demonstrates its significance and practical value for teach-
ing and educational research.

Classifying instructional scaffolds from different perspectives and identifying the
mechanisms of scaffolding is also one of the main directions of scaffolding research.
Reigeluth (2013) classified instructional scaffolds into two categories: cognitive
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and affective, where cognitive scaffolding helps students grow in the subject matter.
Saye and Brush (2002) designed hard and soft scaffolds to increase student engage-
ment in history lessons and to help students reframe their narrative stories. The hard
scaffolding not only provided students with the opportunity to learn more about his-
tory, but also to rethink their stories. It not only provided static support for students
to help them make sense of their historical stories, but also assisted teachers in deal-
ing with discipline issues. In practice, soft scaffolding requires teachers to ask ques-
tions about student learning and to adjust their teaching strategies based on student
responses. Azevedo et al. (2008) used interaction as a classification criterion and
considered scaffolding to include fixed scaffolding and adaptive scaffolding, while
Hill and Hannafin (2001) classified scaffolding according to its uses as conceptual,
metacognitive, process, and strategic scaffolding.

In addition to facilitating learners’ cognitive development, scaffolded learning can
also facilitate the development of metacognitive skills. Metacognition is about what
a person knows, how they know it, and how they regulate their learning process.
The stronger the metacognitive skills, the better the student’s performance. How-
ever, many learners do not have sufficient metacognitive knowledge and lack meta-
cognitive skills to learn effectively. Therefore, it is necessary to help them develop
metacognitive skills. For example, Quintana et al. (2004) designed questions such
as "Checking our understanding”" and "How do we do learning activities?", while
Kaptelinin and Cole (2002) pointed out that teachers provide scaffolding to help stu-
dents check their learning and develop the ability to monitor and regulate their own
thinking in ways that students cannot do alone.

In recent years, educational research has focused on developing learners’ higher-
order thinking skills. However, due to the poor match between the difficulty of the
task and students’ limited abilities, they do not spontaneously engage in higher-order
thinking. Scaffolding has been shown to be effective in facilitating the development
of higher-order thinking skills (Sharma & Hannafin, 2007). In computer science,
scaffolding can assist students in characterizing problems, debugging programs, and
stimulating their thinking skills (Lye & Koh, 2014). Educators advocate the use of
scaffolding to develop students’ CT (Grover et al., 2015; Hsu et al., 2018). In addi-
tion, many studies have examined the effectiveness of scaffolding in promoting the
development of CT (Angeli & Valanides, 2020; Basu et al., 2017; Sharma et al.,
2019). However, few studies have clarified the effects of metacognitive scaffold-
ing on CT. Therefore, this study considers the design principles of metacognitive
scaffolding and the characteristics of programming instruction to design metacogni-
tive scaffolding suitable for programming instruction based on students’ cognitive
characteristics.

2.2 Metacognition

Metacognition was proposed by Flavel, who defined metacognition as knowledge
about knowledge, that is, knowledge that includes not only the process by which
an individual learns knowledge, but also the cognitive conditioning that accompa-
nies it (Flavell, 1979). Thus, metacognition has two layers: one for metacognitive
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knowledge about knowledge creation and the other for metacognitive awareness
when dealing with problems to monitor, evaluate, modify, and solve complex prob-
lems. Cognition is the mediator between the learner, the world of experience, and
the cognitive object. Metacognition is problem-solving related, purposeful thinking,
and mediates between learning content and cognition (Schoenfeld, 2016).

Research has shown that metacognition is closely linked to and that learners with
higher levels of metacognition have better problem-solving skills (Berardi-Coletta
et al., 1995; Kapa, 2001). Moreover, CT reflects the developmental process of learn-
ers’ problem-solving thinking. Four metacognitive processes are included in the
problem-solving process, namely identifying and defining the problem, forming a
mental representation of the problem, planning the problem-solving process, and
evaluating the operational process (Davidson et al., 1994). When learners are first
exposed to a domain of knowledge, metacognitive skills are useful for students to
determine the current state of learning, use self-questioning, and monitor cogni-
tive processes to compensate for their deficiencies (Grover & Pea, 2013; Hsu et al.,
2019). In addition, metacognitive knowledge helps to understand and abstract pro-
gramming languages, and supports debugging programs and detecting syntax errors,
modifying programming languages, and thus improving computing practices (Lye
& Koh, 2014). Research has shown that students who perform better in program-
ming have higher levels of metacognition, and these learners are better at identifying
key features of problems, analyzing the logical relationships between problems, and
developing systematic solutions (Prather et al., 2019).

However, in the field of computer science, CT development studies rarely focus
on students’ metacognitive processes. When solving complex problems, learners are
required to not only complete the problem decomposition in a short period of time,
but also design algorithms and debug programming errors, which is demanding for
learners. Therefore, teachers need to provide students with appropriate scaffolding
to facilitate the coordination of metacognitive processes around knowledge in order
to achieve a high degree of problem structuring. Metacognitive scaffoldings provide
new ideas to address these issues by assisting students in four areas: self-planning,
self-monitoring, self-reflection, and self-evaluation, to promote a deeper understand-
ing of their own knowledge acquisition process and the problems encountered in
solving tasks, and to promote spontaneous reflection and analysis of deficiencies. In
this study, we designed metacognitive scaffoldings from the above four aspects to
verify their effects on students’ CT and metacognitive abilities.

2.3 Computational thinking

CT can be traced back to the programming language for children developed by
Papert (1980). A few years after the concept of CT first emerged, Wing (2006)
revisited the thinking processes involved in CT, refining CT into the mathemati-
cal logic and operational decision-making processes involved in forming the num-
bers used in solutions The U.S. National Research Council (2011) published a
report on the state of K-12 CT, and proposed several core concepts of CT, arguing
that CT is not procedural thinking or simple programming, but rather a heuristic
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reasoning process. The U.S. National Science Foundation has also outlined the
principles of CT and integrated CT into the U.S. college prerequisite curricu-
lum. Researchers agree that CT is a multidimensional concept that involves algo-
rithms, creativity, collaboration, and critical thinking (Aho, 2012; Mannila et al.,
2014; Yadav et al., 2016).

Educators and researchers are trying to find an effective set of instructional inter-
ventions to train students in CT (Lyon & Magana, 2020). Some researchers have
chosen to narrow the scope of research on CT by limiting it to tools and strategies
for teaching programming. Buitrago Flérez et al. (2017) used successful instruc-
tional strategies such as peer-to-peer learning and concept mapping in their class-
rooms, and found that these approaches increased programming course pass rates
by nearly one-third. Young and Lewis (2022) confirmed that peer-led team learn-
ing, pair programming, and peer teaching are effective approaches and showed that
media resources can meet students’ needs and increase their interest in learning. In
addition, researchers have experimentally shown that adaptive curricula that inte-
grate multiple strategies facilitate the development of CT. Scaffolding and reflective
activities can foster computational practices and perspectives (Zhao et al., 2008).

From the perspective of the development of CT, CT emphasizes the gradual auto-
mation of complex tasks by abstracting and decomposing tasks. However, in the
actual execution of a task, students often have difficulty choosing an appropriate way
to describe the problem, are unable to abstract the problem, and do not know how to
break down a large, complex problem into small, simple steps, so that they become
intimidated and unable to successfully solve the problem, which can have a nega-
tive impact on their academic performance as they engage in the problem-solving
process (Perry et al., 2019). In some ways, metacognitive regulation is a prerequi-
site for successful problem-solving. To some extent, metacognitive regulation skills
reflect how learners monitor and adjust their cognitive activities. However, research
has found that elementary school students have low levels of metacognitive skills,
so providing learners with the necessary metacognitive support can help them cor-
rect their errors and thus gain skills and knowledge. Developing their metacognitive
skills and CT is therefore a priority.

3 Method

To evaluate the effectiveness of metacognitive scaffolding, a quasi-experiment was
conducted with recruited elementary school students in Wenzhou city, Zhejiang
province, China. The quasi-experimental approach was used in this study because
it was not possible to randomly select students from the overall population and
because it was necessary to control for extraneous variables such as learning con-
tent, length of learning, teacher level, and student level (Cohen et al., 2017). The
selected curriculum goal was to improve students’ CT, learning achievement, and
metacognitive skills in the process of learning programming knowledge through
the use of metacognitive scaffolding, and to help them plan and monitor their own
learning and enhance their learning efficiency.
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3.1 Participants

In this study, students aged 9-11 who were recruited for elementary school in Wen-
zhou city, Zhejiang province, China, were recruited as the study subjects. A total of
70 valid samples were obtained after eliminating the invalid sample data of students
who did not participate in the pre-test or post-test. There was a total of 38 students
in the experimental group and 32 in the control group. Table 1 shows the student
information of the two groups.

3.2 Experimental procedure

Project-based learning is a learner-centered approach to learning in which learn-
ers actively engage in activities such as research, goal setting, decision making, and
reflection to solve problems (Chiu, 2020). Students work long hours to investigate
and answer authentic, engaging, and complex questions or challenges from which
they gain knowledge and skills (Blumenfeld et al., 1991). Project-based learning
itself is a collaborative form of learning that provides an interactive and coopera-
tive environment in which all participants need to actively reflect and consciously
engage in order to work together to accomplish project outcomes (Bell, 2010).
Therefore, this study redeveloped the content based on the "Sorting Algorithm,"
"Finding Algorithm," and "Control Structure of Algorithm" topics in the elementary
IT curriculum and designed The "Sunset Princess" series of lessons were designed,
and the topics and contents of the lessons are shown in Table 2. This course uses
project-based learning as the learning method for elementary school students, takes
"the prince rescues the princess" as the main story line, and "how can the prince
overcome the many hurdles and finally rescue the princess" as the driving problem,
and guides students to understand and master the algorithm knowledge and optimize
the problem-solving solution by group cooperation. Students are guided to work
in groups to understand the algorithm knowledge and optimize the solution to the
problem, pay attention to the convenience and innovation of the process, and finally
complete the solution to the problem as the project result.

The experimental procedure is shown in Fig. 1. The difference between the
experimental and control groups was that the experimental group incorporated
the corresponding metacognitive scaffolding in the project-based teaching
process, while the control group did not use metacognitive scaffolding in the

Table 1 Student information

Gender  Group Age Total
Experimental ~Control 9 10 11
N Per. N Per. N Per. N Per. N Per. N Per.

Male 24 343% 24 343% 10 143% 21 300% 8 11.4% 39  55.7%
Female 14 20.0% 8 11.4% 17 10.0% 14 200% 10 143% 31 443%
Total 38 543% 32 457% 17 243% 35 500% 18 257% 70 100%
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Table2 Programming content and cases

Programming themes

Programming content

Cases

Introduction to Programming
Sorting Algorithm

Search Algorithm

Control Structure

What Is the Algorithm
Selection Sort

Bubble Sort

Linear Search
Dichotomous Search

Flowcharting

“Trip to the castle”
“Magic Stone”

“Misty Forest”

“Fantasy Labyrinth”

Organizing and Reviewing Mind Mapping “Big Bang of Ideas”
Students’ basic information
: collection -‘
L 2
Pre-test: achievement, CT tendency,
metacognition 60 minutes
Control group Experimental group
(N=32) (N=38)
Project-based Project-based Learning with
Learning Metacognitive Scaffolding
: ; 20hours/
5 weeks
Pro-test: achievement, CT tendency,
metacognition 60 minutes
- | R AR e ke
Data collection and analysis .‘

Fig. 1 Experimental procedure

project-based teaching process. The pre-test questionnaire was distributed and
collected with the assistance of the teaching assistant. Before the students filled
out the questionnaires, the teachers clearly informed the students that the survey
would not reveal their information and would not involve their scores, but would
only be used for research purposes. The curriculum was based on a "university-
primary school" partnership, developed by university curriculum researchers
and modified through classroom observations and teacher feedback, resulting
in a total of 20 lessons, lasting 5 weeks, each of 50 min. In addition, the two
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groups of students were unaware of each other’s different learning styles, and the
teachers did not inform the students that the experiment was taking place, but
rather followed the normal teaching schedule.

The implementation of the project-based curriculum consisted of four phases:
project focus, project exploration, project implementation, and evaluation and
testing. The teachers incorporated metacognitive scaffolding into the experimen-
tal group’s project-based computational thinking development instruction, as
shown in Table 3.

Project focus phase: The teacher used PowerPoint to introduce students to
the Misty Forest project situation. The project content is: There are 50 trees in
the forest, and one of them has a love fruit on it. The prince can only find the
tree and eat the love fruit, and the poison will be lifted to move on to the next
level. The teacher asked driving question 1 and provided students with a meta-
cognitive planning scaffolding (shown in Fig. 2) to guide elementary students
in decomposing the complex project problem. Students were guided to use their
prior knowledge of finding algorithms and real-life experiences to analyze the
problem-solving methods and steps to complete.

Project exploration phase: The teacher asked driving questions 2 in response
to student responses during the project focus phase and distributed metacogni-
tive monitoring scaffolding (as shown in Fig. 3), which students used to moni-
tor their own learning status and confirm task and role division to avoid confu-
sion and divergence of roles during task solving. Students worked in groups to
explore the process of locating the target trees and compared the relationship
between different methods of locating and efficiency using actual drawings to
finalize the solution for the Misty Forest project and complete the metacognitive
monitoring sheet.

Project implementation phase: After the group solution is determined, the
teacher asked driving question 3 and distributed a metacognitive reflection scaf-
folding (shown in Fig. 4), which is used to help students check whether they
have accomplished the desired goal and whether there is an optimal path to solve
the problem. Students divided the work within the group and finally drew the
process diagram of dichotomous finding. After completing the project results,
group members exchanged and discussed to summarize the process, time com-
plexity, limitations and advantages of dichotomous finding, and the difference
with linear finding, etc., and complete the metacognitive monitoring scaffolding
and metacognitive reflection scaffolding.

Evaluation and testing phase: After the group representatives presented and
reported the project results and students explained the dichotomous finding pro-
cess diagram in detail and summarized the project implementation phase, the
teacher gave feedback on the results report and issues metacognitive evaluation
sheets (as shown in Fig. 5). Students deepened their understanding and mastery
of programming knowledge through real-time testing in two aspects, and used
the metacognitive evaluation scaffolding to assess their knowledge mastery and
reconstructed their knowledge to promote a virtuous cycle of learning.
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Use Metacognition to Succeed in This Task!

1. Are you interested in what you learned this time?

2. What learning objectives do you want to accomplish
today?

3. What do you think are your strengths in completing
this learning content?

4. How well do you hope you have mastered what you
have learned this time?

5. What do you think about the difficulty of the
content you learned this time?

(ern ] /

Fig.2 Planning Scaffolding

Use Metacognition to Succeed in This Task!

Fig. 3 Monitoring Scaffolding

Use Metacognition to Succeed in This Task!

1. What is the focus of the content of this
study?

2. Are you focused on this study? If not, how
much long time wasted by wandering?

3. Give an example of how can you relate what
you have learned this time to your life>

\ - /

Fig.4 Reflection Scaffolding
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| A. Concentrated attention
C. 6ood thinking

B. Good expression
D. Dare to try and make mistakes

A. Excellent B.Good C. Average D. Fair E. Poor
A. Very Easy B.Easy C.Normal D.Hard E.Very Hard

Use Metacognition to Succeed in This Task!

1. Observe what known conditions do you find?

2. Think obout which area the beaver should start
looking fromif it wants to find the shoes?

3 Why didyouchoosetis e

4. What will happen if you choose the area that is
opposite fo your choice?

A Excellent B.60od C. Average . Fair  E. Poor

5. To what extent do you think the answers you
‘wrote are correct?

A.0 minute
C.11-20 minutes
E.31-40 minutes

B.1-10 minutes
D.21-30 minutes
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Use Metacognition to Succeed in This Task!

Plan, Monitor, Reflective & Evaluate Your Learning!

1. What do you think of what you have learned this
time? (Check the box below)

|

@@ © 0 ®

2. What do you think of your study status this time?

[ A. Excellent B.Good C. Average D. Fair E.Poor

classmates in the process of completing the task

3. How do you think the interaction with your
has affected you?

[ A. Excellent B.Good C.Average D.Fair E.Poor

|
|
|

4. If you were to do the task again, what changes
would you make?

][
|
|

|

_/

e

Fig.5 Evaluation Scaffolding

3.3 Measurement instruments

S

=~/

This study used the Metacognitive Ability Inventory (Jr. MAI) for elementary
school students, revised by Sperling et al. (2002) based on the Metacognitive
Ability Inventory (MAI) proposed by Sweller (1988). The scale includes ques-
tions on two dimensions, metacognitive knowledge and metacognitive regulation,
with six questions on each dimension, giving a total of 12 questions. The specific
classification of the questions in the scale is shown in Table 4. A 3-point scale
was used for scoring (1 =never, 2=sometimes, 3 =always). The questions were
all positively scored and were scored out of 36. Thus, the higher the score, the

Table 4 Measurement instruments

Variables

Number
of items

Sources

Cronbach’s a Inter-rater

reliability
(Pearson’s r)

Metacognition Metacognition knowl- 6

edge
Metacognition regula- 6
tion
CT tendency CT 6
tendency

Collaboration tendency 5

Communication 7
tendency

Problem-solving 6
tendency

Creative 6

thinking

tendency

(Sperling et al., 2002) 0.84 0.77

0.71
(Hwang et al., 2020)

0.81 0.83

0.81
0.73

(Lai & Hwang, 2014)

0.80

0.82
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stronger the student’s metacognitive ability. The internal consistency coefficient
of the empirical scale Cronbach’s a was 0.77, indicating good reliability.

As the dependent variable of this study, the scale of CT is the CT tendency com-
piled by Hwang et al (2020) and the higher-order thinking tendency scale compiled
by Lai and Hwang (2014), which includes four dimensions: communication ten-
dency, creative thinking tendency, cooperation tendency and problem-solving abil-
ity tendency. The scales were designed for elementary and middle school students.
Huang believes that higher-order thinking skills are difficult to measure, but the
awareness or tendency of higher-order thinking can be measured by the scale. The
scale uses a 5-point Likert scale (1 =strongly disagree, 2=comparatively disagree,
3 =uncertain, 4 =comparatively agree, 5 = strongly agree). The internal consistency
coefficients of the scales’ Cronbach’s o were analyzed to be over 0.7, thus proving
that the scales have good reliability.

Two sets of questions (Paper A and Paper B) were selected from the Bebras Chal-
lenge to address the cognitive characteristics and programming levels of elementary
school students. Then, according to the experts’ and teachers’ suggestions, the ques-
tions were modified and deleted to form a preliminary 9-item pre- and post-test of
computational thinking, of which Paper A was used for the pre-test and Paper B for
the post-test.

3.4 Data collection and analysis

The study was conducted over a 5-week period, and students were given an approxi-
mately 60-min pretest of programming knowledge and completed the CT and meta-
cognitive skills scales prior to the start of the course. Students were then randomly
assigned to the experimental and control groups to complete 5 weeks of CT devel-
opment. At the end of the experiment in week 5, the instructor administered the CT
post-test to the students in the experimental and control groups and measured the
students’ CT and metacognitive abilities again. The quantitative data collected in
this study included CT pre- and post-test performance scores, CT tendencies, and
metacognitive abilities, and were statistically analyzed with the help of the Jam-
ovi 3.2 software developed by the psychology team at the University of Tasmania,
which has similar functions to SPSS.

4 Results
4.1 Descriptive statistics

Descriptive statistics are presented in Table 5. Existing studies have shown that prior
knowledge experience has an effect on learning effectiveness (Jonassen et al., 2008),
Therefore, in order to exclude the effect of prior knowledge experience on CT, meta-
cognitive ability, and learning effectiveness, the level of prior experience of the sub-
jects was used as a covariate in this study to ensure homogeneity of the experimental
sample.
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Table 5 Descriptive statistics

Variables Metacognition Scaffolding

Control group Experimental group

Low High Low High
(n=17) (=15 ®©=17) (=21

Achievement (pre-test) M 6.65 7.33 4.88 6.19
SD 1.58 1.29 1.50 1.17

CT tendency CT tendency M 21.8 24.9 20.9 25.0
SD 4.60 5.20 4.68 3.39

Collaboration tendency M 18.90 21.30 20.6 22.9
SD 5.37 3.29 491 1.73

Communication tendency M 26.4 30.9 26.4 31.0

SD 6.31 4.52 5.57 2.80
Problem-solving tendency M 23.0 25.2 22.0 259

SD 3.98 3.82 5.09 3.86
Creative thinking tendency M 23.9 25.5 22.2 22.6

SD 4.60 5.33 6.06 5.57

Metacognition Knowledge of cognition M 13.0 15.7 1.95 15.3
SD 1.06 1.79 11.9 1.27
Regulation of cognition M 12.2 15.0 11.8 15.1

SD 1.25 1.25 2.05 1.26

4.2 Effects of metacognitive scaffoldings on CT tendency

To exclude the influence of CT pretest scores on the study, the study used the pre-
test scores of CT as the covariate, the experimental approach as the independent
variable, and the score of CT propensity as the dependent variable, and conducted
an analysis of covariance on the post-test CT scores of the experimental and
control classes. The data met the parallelism test and chi-square test (F'=0.667,
p=0.770). Table 6 shows that there is a significant difference between the two
classes of students’ tendency to engage in CT (p =0.029 <0.05), and the mean of
the experimental class is significantly higher than that of the control class. There-
fore, it can be concluded that metacognitive scaffolding can enhance the level of
students’ tendency to engage in CT.

Table 6 Covariance analysis Variables Group Mean SD F »
results of CT tendency

CT tendency  Control 127.92  13.34 0.667 0.029"
Experimental  120.72  14.25

*p < 0.05 #*p < 0.01%%%p < 0,001
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Table 7 Effects of scaffoldings

Dimension SD SE
on CT tendency’s dimension P

CT tendency (pre-post) 1.000 0.582  0.437
Creative thinking tendency (pre-post) -0.0526  0.637  0.935
Problem-solving tendency (pre-post)  —2.50 0.658  0.004"
Communication tendency (pre-post) —0.684 0.573  0.240
Collaboration tendency (pre-post) -1.63 0.584  0.008"

#p < 0.05 **p < 0.01%%%p < 0,001

Table 8 Mann—Whitney U test of metacognitive ability

Variables Group N Pre-Mean  Post-Mean — Mean  Median  SD p
Metacognition  Experimental 38  28.6 28.8 28.1 28.0 3.66 0.161
Control 32 278 274 274 27.0 5.30

p < 0.05 #*p < 0.01#%%p < 0,001

In order to see the changes in the level of students’ propensity to engage in CT
in more detail, the study conducted an in-depth analysis of the scores of the five
dimensions of CT. The Shapiro—Wilk test on the sample data of the five dimensions
revealed that the propensity to think creatively (p =0.148), communicate (p =0.369),
and cooperate (p=0.179) were normally distributed, and the propensity to think
algorithmically (p =0.043) and to problem solve (p=0.022) were not normally dis-
tributed. The paired samples t test was used for the normally distributed data, and
the Wilcoxon rank sum test was selected for the analysis of non-normal data; the
results are shown in Table 7. It can be seen that metacognitive scaffolding signifi-
cantly increased students’ problem-solving tendency and collaborative tendency, but
there was no significant difference in algorithmic thinking tendency, creative think-
ing tendency, and communication tendency.

4.3 Effects of metacognitive scaffoldings on metacognition

To investigate whether task-driven programming based on metacognitive scaffolding
can enhance students’ metacognitive abilities, the Mann—Whitney U test was con-
ducted on the posttest data from both classes, and the results are shown in Table 8,
from which it can be seen that there was no significant difference in the overall
dimension of metacognitive abilities between the two classes (p=0.161). Neither
class showed a significant increase in their metacognitive ability after the teaching
practice. This may be due to the fact that the enhancement of metacognitive abilities
requires long-term instructional intervention.

To further explore whether there was a significant difference between the experi-
mental and control classes in the metacognitive ability sub-dimension, a paired-sam-
ples t test was conducted on the data from both classes in terms of the metacognitive
knowledge and metacognitive regulation sub-dimensions; the results are shown in
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Table9 Test of paired samples of metacognitive ability

Dimension Group Pre-Mean Post-Mean p
Knowledge of metacognition Experimental 14.7 13.4 0.002
Regulation of metacognition 13.3 14.8 <0.001™"
Knowledge of metacognition Control 14.3 13.9 0.431
Regulation of metacognition 13.5 13.6 0.848

*p < 0.05 #*p < 0.01%%%p < 0,001

Table 10 Achievement results of the Mann—Whitney U test

M(Pys, P;5) Mann—-Whitney Mann-Whitney )4
Z
Control Experimental
(N=32) (N=38)
Post-test 5.000(4.0,7.0) 6.000(5.0,7.0) 425.000 -2.192 0.028*

*p < 0.05 #*p < 0.01#%%p < 0,001

Table 9; they indicate that there was a significant difference between the students
in the experimental class in the metacognitive regulation dimension (p <0.001).
The experimental class scored significantly higher on the metacognitive regulation
dimension (M =14.8) than the control group (M =13.6), indicating that program-
ming instructional practices incorporating metacognitive scaffolding can improve
students’ regulation abilities. On the metacognitive knowledge dimension both
classes slightly decreased after the teaching experiment, and the experimental class
scored slightly lower than the control class, but there was no significant difference.
Therefore, although the programming with metacognitive scaffolding can’t improve
the overall level of metacognitive ability, metacognitive scaffolding will still affect
metacognitive adjustment ability and produce differences.

4.4 Effects of metacognitive scaffoldings on programming achievement

We conducted Mann—Whitney U test analysis for the posttest performance scores of
students in the experimental and control groups. The results of the data analysis showed
that the experimental group posttest had a 0.05 level of significance (p=0.028), while
a specific comparison of the median difference showed that the median of 5.0 in the
control group was significantly lower than the median of 6.0 in the experimental group.
The programming incorporated into metacognitive scaffolding was therefore able to
significantly improve students’ CT performance, which is shown in Table 10.

Paired-samples t tests were conducted separately for the pre- and post-test scores
of the experimental and control classes, and according to the summary analysis
in Table 11, it is clear that both the experimental (r=-2.117, p<0.05) and control
classes (1=-2.270, p<0.05) had significantly higher programming scores after the
experiment.
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Table 11 Achievement results of paired samples

Group Pair (Mean +SD) Pairl-Pair2 t p

Pair 1 Pair 2
Control (pre-post) 4.81+1.47 5.69+1.84 -0.88 -2.117 0.042%*
Experimental (pre-post) 5.61+1.46 6.24+1.32 -0.63 -2.270 0.029*

*p < 0.05 #*p < 0.01%F%p < 0.001

5 Discussion

This study constructs metacognitive scaffolding from four aspects: planning,
monitoring, reflecting, and evaluating, and investigates its effects on students’
CT and learning achievement. The results showed the positive effects of meta-
cognitive scaffolding on students’ CT, metacognitive regulation, and learning
achievement.

Specifically, metacognitive scaffolding enhanced students’ CT and produced sig-
nificant differences in problem-solving and collaborative tendencies, consistent with
scholarly research (Gao & Hew, 2022; Lai & Wong, 2022; Pala & Turker, 2021).
When students collaborate on complex programming problems, they are less likely
to be intimidated if they can break them down into easy-to-follow problems by func-
tional elements, roles, or other logic, making the process of solving programming
problems easier. Based on the clarification of the problem, students continue to
obtain problem-related information from the problem context, extract or add domain
knowledge related to these problems, form a semantic network of all information in
the problem space, discuss the semantic relationships of each problem in a free-dis-
persive manner, and carry out structured summarization and organization; as such,
the problem is effectively decomposed and transformed.

Furthermore, metacognitive scaffolding was able to improve students’ pro-
gramming learning achievement. This result is similar to previous studies (Ban-
nert et al., 2009; Huang et al., 2017). This suggests that metacognitive scaffolding
guides students to clarify topics, characterize problems, and activate knowledge
experiences in students’ original cognitive structures during problem-solving, and
facilitates students’ transfer of new knowledge through self-monitoring, self-reg-
ulation, and self-reflection. In addition, Molenaar et al. (2011) found that meta-
cognitive scaffolding could facilitate the development of students’ metacogni-
tive activities by analyzing the problem in depth from their perspective, such as
finding grammatical errors and debugging programs. Students not only improved
their metacognitive skills during the process, but also improved their CT. Pre-
vious studies have confirmed the correlation between metacognitive scaffolding
and metacognitive ability (Pozuelos et al., 2019; Valencia-Vallejo et al., 2019).
Besides, the results of this study showed that metacognitive scaffolding positively
affected students’ metacognitive regulation ability. However, the overall metacog-
nitive level did not change significantly, which may be due to the short duration
of this study and the development of it is a longer process.
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In summary, this study aimed to use metacognitive scaffolding to help students
improve their CT and metacognitive skills and achieve better programming perfor-
mance. Integrating metacognitive scaffolding in programming instruction, such as
robotics and game design, facilitates not only the development of metacognitive
theory but also improves the situation that teachers have difficulty teaching students’
cognitive development simultaneously and inspires educators to focus on students’
metacognitive abilities. Students can consciously reflect on and adjust their learning
strategies and processes to become more enriched learning experiences and reflec-
tive learners.

There are also shortcomings in this study. Although elementary school students
began to learn programming courses from the third grade, there are limitations in
the broad applicability of this study because of the time and regional limitations and
the small number of subjects in this study. The sample size should be increased in
future research, and a comprehensive analysis of the observed effects should be con-
ducted. In addition, the experimental research protocol needs to be further improved
by adopting a more rigorous experimental design. The study needs more process
data for recording students’ cooperation in completing tasks, which makes this study
lack strong support for analyzing the changes in students’ cooperation ability. The
teaching process could be further filmed and recorded in future studies to ensure the
credibility of the study results.

6 Conclusion

CT is an essential skill for students to succeed in the 21st-century digital society
(Bocconi et al., 2016). Although programming can improve CT, activities such
as programming alone often fail to achieve learning goals (Shute et al., 2017).
Metacognitive scaffolding offers new ideas to address these issues. It helps stu-
dents determine the current state of learning, adopt self-questioning, and monitor
cognitive processes to compensate for their deficiencies. However, little research
on CT development has focused on students’ metacognitive processes. Therefore,
this study attempted to investigate the effects of metacognitive scaffolding on
students’ computational thinking disposition, learning effectiveness, and meta-
cognitive abilities. During the experiment, metacognitive scaffolding was pro-
vided to the experimental group, while the control group was taught in a way
that did not use metacognitive scaffolding. The results showed that all students’
academic performance and CT were statistically significant before and after the
intervention, and the experimental group performed significantly due to the con-
trol group. Although there was no statistically significant difference in the effect
of programming and instruction incorporating metacognitive scaffolding on stu-
dents’ metacognitive abilities, metacognitive scaffolding still influenced metacog-
nitive regulatory abilities and produced significant differences. There is arbitrari-
ness in students’ problem-solving thinking, whereas computational thinking is
directed. Therefore, metacognitive scaffolding is needed to help students regu-
late the direction and pace of learning from the arbitrary nature of computational
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thinking problem solving to directedness. Students try to use metacognitive meth-
ods and strategies to solve problems so that they can acquire relevant knowledge
and enhance CT in the process of problem solving.
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