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Abstract
Tangible programming tools have become a main-
stream teaching aid in gamification programming 
learning (GPL) due to their interactivity and ability to 
enhance novice learners' computational thinking and 
spatial reasoning skills. However, comparing the rel-
ative efficacy of different programming tools that si-
multaneously support these skills was not adequately 
explored. This study designed and evaluated three 
programming tools: the tangible programming tool 
(TPG), which uses real touchable objects; the block 
programming tool (BPG), which employs virtual pro-
gramming blocks and 3D game scenarios; and the 
paper-and-pencil programming tool (PPG), which 
uses paper and pen to draw. The study involved 112 
seventh-grade students from three natural classes: 
Class A (TPG, n1=37), Class B (BPG, n2=38), and 
Class C (PPG, n3=37). These students completed 
four gamification programming tasks and CT skills, 
spatial reasoning skills, enjoyment, cognitive load 
and GPL task list measurements. The results indi-
cated that the tangible programming tool led to lower 
cognitive load, significant improvement in spatial 
reasoning skills and better abstraction and problem 
decomposition skills. The block programming tool 
provided a more enjoyable experience and facilitated 
students' algorithm design and efficiency. The paper-
and-pencil programming tool was found to be less 
effective in improving spatial reasoning skills. This 
study's findings can help programming educators 

www.wileyonlinelibrary.com/journal/bjet
https://orcid.org/0000-0001-5962-0448
https://orcid.org/0000-0002-9586-0075
https://orcid.org/0000-0001-6845-0065
https://orcid.org/0000-0003-3507-0941
mailto:
https://orcid.org/0009-0003-6996-7711
mailto:qiaoal@126.com
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fbjet.13482&domain=pdf&date_stamp=2024-05-25


2  |      GONG et al.

INTRODUCTION

With the rapid development of computer technologies in the 21st century, programming learn-
ing has become an essential field in education. Learning programming is considered to be 
a tedious and challenging task for novice programmers as they need to understand abstract 
concepts like functions and master various skills, such as problem-solving, program design, 
and debugging, at the same time (Garcia, 2021). Gamification programming learning (GPL) 
refers to organizing game activities and creating a gamification environment for students in 
programming education (Hamari et al., 2016), which has the potential to maintain students' 

cultivate students' thinking skills and improve their 
learning experience by effectively selecting the most 
appropriate programming tools.

K E Y W O R D S
computational thinking, gamification programming learning, 
programming tools, spatial reasoning skills

Practitioner notes

What is already known about this topic
•	 Combining gamification with programming can increase interest, promote engage-

ment, and improve learning outcomes for novice programmers.
•	 Some existing programming tools differ in developing students’ thinking skills and 

optimizing their learning experience.

What this paper adds
•	 The exercises “Correspondence between three-view drawing and stereogram” 

and “Programming mazes” can be used to hone both spatial reasoning and com-
putational thinking skills.

•	 The tangible programming tool was beneficial for improving students’ spatial rea-
soning skills because it went beyond the flatness of previous programming tools 
and offered embodiment and interactivity.

•	 The paper-and-pencil programming tool was found to be less effective in improving 
spatial reasoning skills due to its time-consuming stereogram-building process.

•	 The block programming tool provided a more enjoyable experience due to its 
3D immersion and ease of operation, facilitating students’ algorithm design and 
efficiency.

Implications for practice and/or policy
•	 Well-designed programming tools can reduce the cognitive load on students dur-

ing gamification programming learning to assist them in constructing their thinking 
systems.

•	 Educators should select the most appropriate tools and incorporate game me-
chanics such as competition to meet the maximum progress of students’ target 
skills.
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learning interest and promote their engagement (Zhan et  al.,  2022). Furthermore, some 
different programming tools (eg, paper-and-pencil, block, tangible) encapsulate abstract 
concepts to help novice programmers learn programming concepts (Chiu & Huang, 2015), 
develop computational thinking (CT) (Lee et al., 2021) and foster problem-solving ability (Liu 
et al., 2022). Research has shown that the three programming tools were used to imple-
ment GPL in different operational forms. First, paper-and-pencil programming tools allow 
students to use paper and pen to draw meaningful symbols during GPL (Kim et al., 2013). 
Second, block programming tools visualize coding by dragging program blocks or icons on 
the computer screen (Sapounidis & Demetriadis, 2013). Third, tangible programming tools 
use unplugged blocks that are similar to jigsaw puzzles or Lego blocks for sequencing to 
achieve programming (Song, 2019).

Previous research has found that the use of different programming tools had distinct ef-
fects on students' thinking skills and learning experiences during GPL. In terms of thinking 
skills, the effects on CT and spatial reasoning skills were explored. Studies have found that 
students have difficulty perceiving the spatial motion of robots when using modular robot 
programming tools to develop CT skills (Angeli & Valanides, 2020; Fessakis et al., 2013), 
mainly due to a lack of high-level spatial reasoning skills, it can be seen that students' spa-
tial reasoning skills are correlated with CT skills. Some studies also suggest that tangible 
programming tools are more helpful in developing CT and spatial reasoning skills (Misirli 
et al., 2019). However, there is a lack of empirical studies on the differences between it and 
other programming tools regarding the finer dimensions of developing CT and spatial rea-
soning skills. In terms of learning experience, research centred primarily around enjoyment 
and cognitive load. Although no significant differences in enjoyment were found across pro-
gramming tools (Xie et al., 2008), students showed lower cognitive load when using block 
and tangible programming tools (Huang et al., 2023). To fill these gaps and provide insights 
into the optimal designs of GPL environments, this study designed three programming tools 
(paper-and-pencil, block and tangible) and further explored the effects of different program-
ming tools on students' thinking skills (ie, CT skills and spatial reasoning skills) and learning 
experience (ie, enjoyment and cognitive load).

LITERATURE REVIEW

Gamification programming learning

Programming learning is an educational form that allows students to creatively solve practi-
cal problems using the programming operation's thinking modes. It has been widely used 
in various educational contexts, such as K-12 and higher education, to cultivate students' 
thinking skills (Sun et al., 2021), improve their computer science career interests (Chittum 
et al., 2017) and foster their motivation and achievement (Erol & Kurt, 2017). To enhance 
the learning interest of novice programmers, gamification strategies are integrated into pro-
gramming learning. The potential of gamification in the programming education domain is 
based on the use of its mechanisms and elements. GPL highlights the use of game mecha-
nisms (eg, competitions and rewards) that represent intrinsic motivation, as well as game 
elements (eg, points and feedback) that represent extrinsic motivation, aiming to enhance 
the thinking skills and learning experience of novice programmers (Lindberg et al., 2018; 
Rojas-López et al., 2019). For instance, Barradas et al. (2020) employed game mechanisms 
such as rewards to encourage students to program in order to build CT skills based on a 
virtual block programming environment. Carreño-León et al. (2018) chose game elements 
such as cards to allow students to programme using physical algorithmic cards, which en-
hanced their enjoyment and cognitive ability when solving complex problems. Additionally, 
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gamification has been found to contribute to student engagement in programming courses 
in studies conducted by Figueiredo and Garcia-Penalvo (2020) and Quevedo Gutierrez and 
Zapatera Llinares (2021). Earlier studies have shown using different programming tools in 
GPL for gamification activities can help develop students' thinking skills. However, there is a 
clear gap in comparing these tools to understand their unique effects.

Programming tools in GPL

Programming tools are a carrier for creating complex interactions to achieve problem-solving 
goals in the programming learning process. In order to maintain students' interest, enhance 
their academic performance and develop their higher-order thinking skills, different types of 
programming tools have been applied to GPL, such as paper-and-pencil programming tools 
(Kim et al., 2013), block programming tools (Hu et al., 2021), and tangible programming tools 
(Wang et al., 2024). The operational modes of different programming tools exhibit significant 
differences, allowing various programming types to organize educational gaming activities 
based on the characteristics of their respective tools.

Specifically, first, paper-and-pencil programming involves transforming specific issues 
into logical representations in programming languages using paper, pen and special sym-
bols (Yildiz Durak,  2020). It exemplifies gamification by creating a competitive environ-
ment where two programmers compete in matches to solve challenges on a chessboard. 
According to Kim et al. (2013), using only paper and pen as programming tools significantly 
improved students' understanding of CT concepts. For instance, the board programming 
game leverages pencil and paper to adeptly translate abstract logical reasoning from the 
mind onto paper through symbol drawing, effectively converting mental models into struc-
tured logical representations in solving game challenges (Robert et al., 2022).

Second, block programming employs visual elements and a user-friendly format to re-
duce syntax errors, enabling the creation of programs through the drag-and-drop of visual 
objects on the screen using a mouse (Dilmen et al., 2023). Scratch is an educational tool 
based on visual programming blocks (Dúo-Terrón, 2023). ScratchJr uses icons instead of 
text to simplify code presentation (Strawhacker et al., 2018). For example, these tools lever-
age the interactive gaming elements of the programming platform to provide students with a 
gamification learning environment and allow them to experience the joy of designing digital 
games by programming to create mini-games (Sapounidis et al., 2015).

Third, tangible programming uses building blocks and plug-in robots as carriers, motion 
buttons and instruction cards as drivers to enable tangible entities to complete specific ac-
tion tasks. For example, KIBO (Bers et al., 2019), Beebot Robots (Angeli & Valanides, 2020) 
and Cubetto (Pérez-Marín et al., 2022) are programmed through interaction with physical 
objects or cards, providing a hands-on programming experience. The main gamification 
presentation of tangible programming is the creation of ‘three-dimensional mazes’ that allow 
students to synthesize the robot's path and quickly respond to simple programming instruc-
tions such as going straight or turning, facilitating students' thinking training and helping 
them recognize simple geometric shapes. The research conducted by Strawhacker and 
Bers (2015) suggested that the tangible programming tool was more appropriate for younger 
students with weak computer skills, as it helped them build their virtual worlds and matched 
their developmental thinking skills.

However, previous studies have revealed the potential contributions of these three pro-
gramming tools (ie, paper and pencil programming tools, block programming tools and tan-
gible programming tools), but there is still a lack of systematic comparison of how these tools 
relate effects to students' GPL. Therefore, it is necessary to further investigate the effects of 
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different programming tools on students' learning outcomes during their GPL, and this helps 
us choose the most suitable programming tool to learn the target skills.

Effects of different programming tools on students' GPL

GPL cultivates students' thinking skills through the creation of programming activities while 
enhancing the learning experience through the incorporation of gamification elements and 
mechanisms. Recently, some studies have found that different programming tools have var-
ied effects on students' GPL, especially their thinking skills and learning experience.

First, from the perspective of thinking skills, CT and spatial reasoning skills are the main 
focus of cultivation in GPL, as they are intertwined in their utilization of spatial data and ob-
jects for problem-solving (Città et al., 2019; Román-González et al., 2017). Spatial reasoning 
skills help students navigate programming objects correctly, while CT skills transform the 
navigation process into a problem-solving framework through programming (Clarke-Midura 
et al., 2021). Specifically, CT skills refer to the ability to apply abstract concepts from com-
puter science to solve real-world problems and typically encompass abstraction (eg, extract-
ing the essence of a complex system), problem decomposition (eg, breaking down a complex 
problem into manageable parts), algorithm design (constructing an ordered series of steps 
to solve a problem) and algorithm efficiency (solving a problem by designing a minimum 
number of steps and removing redundant and unnecessary steps) (Ou-Yang et al., 2023). 
Previous research has found different effects of different programming tools on learners' CT 
skills development in GPL. For example, Ou-Yang et al. (2023) reported that learners using 
AR Bot had significantly higher scores in algorithm design and algorithm efficiency than 
Scratch by comparing the effects of AR Bot and Scratch on CT skills. In addition, Spatial 
Reasoning skills involve the ability to comprehend, reason, recall and manipulate relation-
ships between objects or spaces and are seen as a collection of different abilities (Hegarty 
et al., 2006) that often include mental rotation, spatial orientation and spatial visualization 
(Ramful et al., 2016). Previous research has found different effects of different programming 
tools on learners' development of spatial reasoning skills in gamification programming. For 
example, Antle (2013) compared the effects of tangible, physical and mouse-based interac-
tion styles on students' spatial problem-solving tasks and found that tangible may support 
the development of thinking skills through hands-on child-computer interactions.

Second, from the perspective of the learning experience, enjoyment and cognitive load 
are usually highly correlated with students' learning experience (Sharma et  al.,  2019). 
Specifically, enjoyment refers to the associated positive emotions and feelings of plea-
sure, which is an essential variable in the learning process (Jordan, 2002). Previous re-
search has extensively elaborated that enjoyment was one of the main drivers of GPL 
(Cheng et al., 2023). For example, Ou-Yang et al. (2023) assessed the effects of AR Bot and 
Scratch programming tools on students' internal learning processes during a maze game 
and found that students who used AR Bot showed higher enjoyment of learning. Melcer 
and Isbister  (2017) compared how mouse and tangible input methods affect the learning 
process based on educational programming games and found that tangibles had a more 
significant positive impact on situational interest and enjoyment because of more immediate 
feedback. In addition, cognitive load refers to the load imposed on an individual's cognitive 
system when performing a specific job (Sweller et al., 1998). In GPL, excessive use of game 
elements can lead learners to interact with too much irrelevant multimedia (mental load), 
causing unnecessary stress (mental effort) or new cognitive demands to increase the level 
of cognitive load (Shaban et al., 2021), which in turn affects learning outcomes (Wang, 2023) 
Previous studies have assessed the effect of using different programming tools in GPL on 
students' cognitive load and found that the relationship between learning performance and 
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cognitive load varies with the tool. For example, Huang et al. (2023) integrated augmented 
reality (AR) technology into a programming game and found that the cognitive load of the 
AR board game group was lower than that of the block-based programming group. Zhong 
et  al.  (2022) did not find a difference in the cognitive load of the programming learning 
process between tangible programming (Boson Kits) and the graphical programming tool 
(CFunWorld AS Block).

Overall, there is a difference in the literature when it comes to investigating how the dif-
ferent programming tools affect students' thinking skills and learning experience in GPL. 
More importantly, most of them only compared the differences between the two tools, still 
largely insufficient to judge the relative effectiveness of existing popular programming tools. 
Therefore, it is essential to explore the effects of different programming tools on students' 
thinking skills (ie, CT skills and spatial reasoning skills) and learning experience (ie, enjoy-
ment and cognitive load) during GPL to fill the gaps in the current research.

Purposes of this study

Although previous research has highlighted the potential benefits of using different program-
ming tools in GPL to enhance students' thinking skills, existing research has not adequately 
compared the effects of different programming tools in GPL on cultivating students' thinking 
skills and enhancing their learning experience. Therefore, to provide valuable insights for 
selecting the most suitable programming tool for enhancing specific target skills in GPL, 
we designed three programming tools to support middle school students' GPL, including 
tangible (ie, physical-based), block (mouse-based) and paper-and-pencil. Specifically, we 
adopted a quasi-experimental study to examine three programming tools' effects on stu-
dents' thinking skills (ie, CT and spatial reasoning skills) and learning experience (ie, enjoy-
ment and cognitive load) during GPL. Two research questions were proposed:

RQ1. How do the three programming tools affect students' thinking skills (ie, CT and spa-
tial reasoning skills) in GPL?
RQ2. How do the three programming tools affect students' learning experience (ie, enjoy-
ment and cognitive load) in GPL?

METHODOLOGY

Participants and research context

This research involved 112 students, aged between 12 and 14 years (M = 13.071, SD = 0.549), 
who were studying in the seventh-grade at an urban public middle school in northern China. 
We randomly selected three classes and assigned them directly to three experimental 
groups. Class A, namely tangible programming group (TPG), with 37 students, Class B, 
namely block programming group (BPG), with 38 students, and Class C, namely paper-and-
pencil programming group (PPG), with 37 students. Ethical approval was obtained before 
the research, and all participants agreed to participate and submitted parental consent.

Research tools design

In this research, to explore the differential impact of different programming tools in the GPL, 
we designed four GPL task lists (shown in Table 1) and a series of GPL tools, namely magic 
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block, with three sets of programming tools (ie, tangible, block, and paper-and-pencil pro-
gramming tools) (shown in Figure 1). In addition, we also incorporated standard features of 
existing gamification designs (eg, students program a robot to solve a puzzle), which pro-
vided a point of comparison between different programming tools.

TA B L E  1   GPL task lists content.

Theme Content CT skills

‘?’ Word Maze (1) Based on a three-view drawing, use nine 
building blocks to build ‘?’ Word Maze
(2) Based on the shape characteristics 
of the maze, understand the concept 
of ‘Sequential’ and use code cards 
for sequencing the robot's movement 
commands to help the robot find the 
treasure

(1) Abstraction: Understanding the 
relationship between the ‘action’ 
command on the code card and the 
action performed by the robot

(2) Problem decomposition

(3) Algorithm design (sequences): 
Designing the robot's sequential 
forward path

(4) Algorithm efficiency

‘ ’ Word Maze (1) Based on a three-view drawing, use 35 
building blocks to build ‘ ’ word maze
(2) Based on the shape characteristics 
of the maze, understand the concept of 
‘repetitive’ and use the loop code cards 
to help the robot collect all the treasures 
as quickly as possible (Choose the most 
appropriate movement path for the current 
situation)

(1) Abstraction: Understanding the 
relationship between the ‘function’ 
commands on the code cards and the 
actions performed by the robot

(2) Problem decomposition

(3) Algorithm design (loops): Identifying 
patterns within robot paths, outlining 
the patterns of repeated commands 
in the loop, and designing the robot's 
path forward

(4) Algorithm efficiency: For a faster 
collection of all the treasures, you can 
use functions under suitable conditions 
to simplify the program logically by 
encapsulating specific steps

√” Word Maze (1) Based on a three-view drawing, use six 
building blocks to build ‘√’ word maze
(2) Based on the shape characteristics 
of the maze, understand the concept of 
‘conditional’ and use colouring code cards 
to help the robot make choices

(1) Abstraction: Understanding the 
relationship between the ‘conditional’ 
commands on the code cards and the 
actions performed by the robot

(2) Problem Decomposition: to 
break down a problem into smaller 
components and to analyse the 
solution steps of problems

(3) Algorithm design (conditionals): 
Judging whether the colour of the robot 
is changed after the action command 
is executed. If yes, only the treasure 
with the same colour as the robot will 
be searched

(4) Algorithm efficiency: Using fewer 
code cards to achieve the goal

Challenge (1) Every student designs the stereogram and specifies the CT concept included in the 
task
(2) If your opponent gets the question right, your opponent gets a star; if your opponent 
doesn't, you get a star
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GPL task lists

We designed four GPL task lists, each containing two subtasks. Subtask 1 was 
‘Correspondence between three-view drawing and stereogram’, and subtask 2 was ‘Find 
the treasure’. The details are shown in Table 1.

The physical drawing of the task list is shown in Figure 2. First, the construction of a 
stereogram was a two-dimensional to three-dimensional spatial organization, and students 
should imagine that their position changed while keeping the relative position of the internal 
parts of the spatial object unchanged (spatial orientation and mental rotation). Second, es-
tablish relationships with the robot's actions using code cards (abstraction) and build a se-
quence of sequential steps (problem decomposition) to solve the problem (algorithm design) 
(Ou-Yang et al., 2023). In addition, to collect all the treasures as soon as possible, functions 

F I G U R E  1   The design of three programming tools in GPL. (a) Tangible programming tool. (b) Block 
programming tool. (c) Paper-and-pencil programming tool.
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will be used under suitable conditions to achieve logical simplification of the program by 
encapsulating specific steps (algorithm efficiency). Third, the process of robot movement 
was in line with the process of algorithm execution, which inspired students to observe 3D 
objects from multiple perspectives and to perceive 3D objects from different positions and 
directions in a natural environment (spatial visualization, spatial perception).

GPL tools

We designed tangible, block and paper-and-pencil programming tools to investigate their 
impact on students' thinking skills and learning experience in GPL, which is more effective.

Tangible programming tool
The tangible programming tools consisted of magnet blocks with specific functions that 
could be magnetized into various shapes to assemble an extensive three-dimensional route, 
physical code cards with directional arrows or action symbols, and a robot, as shown in 
Figure 1a. Students in the tangible programming group were asked to use magnet blocks 
with different functions to build a stereogram based on the two-dimensional three-view 
drawing (front view, top view and left view) in the task list and then manually controlled the 
robot to find the treasure by coding the physical code cards, specific see Figure 3a.

Block programming tool
The block programming tools, as shown in Figure 1b, were implemented with the help of the 
‘level editor’ of Lightbot 2.0, and the rules of use were the same as those of the tangible pro-
gramming tools, with the core difference that the magnet blocks and physical code cards in 
the tangible programming tools were transformed into 3D virtual tools (displayed on the com-
puter screen), and the GPL tasks were completed in the 3D virtual environment. Students in 
the block programming group were asked to drag and drop 3D virtual blocks from the game 
to build a stereogram and then code to help the robot find the treasure by dragging and drop-
ping virtual code cards from the programming box, specifically see Figure 3b.

F I G U R E  2   The physical drawing of the GPL task list.
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Paper-and-pencil programming tool
The paper-and-pencil programming tools are shown in Figure 1c. The tasks of the paper-
and-pencil programming were precisely replicated from the tangible programming. The 
main difference between the two tools was that the tangible programming tools were used 
to solve the problem by building a stereogram and using physical code cards to make the 
robot move, whereas the paper-and-pencil programming tools were used to draw a stereo-
gram on a square map and to design algorithm using the same code symbolic as the physi-
cal code cards. The blocks of the tangible programming group correspond to the icons used 
in the paper-and-pencil programming group, and the computational concepts are mapped 
similarly. Students in the paper-and-pencil programming group were asked to draw a stereo-
gram on a task list and sequentially draw code symbols to simulate the robot's treasure hunt 
route through a three-dimensional maze, specifically see Figure 3c.

Research procedure

The research procedure involved four steps, which lasted about 150 minutes (see Figure 4). 
Before the formal experiment, students were required to fill in the CT and spatial reason-
ing skills pre-test questionnaire within 30 minutes. Then, all groups received 20 minutes of 
training on programming tools using rules. During the experiment, each group was given 
60 minutes to complete four tasks using different GPL tools, with a consistent learning envi-
ronment and contents. The teacher provided assistance with issues unrelated to the content 
without modifying the fundamental elements of the tasks (eg, computer malfunctions or lack 
of experimental resources). After the experiment, the three groups were given 40 minutes 
to complete the CT skills, spatial reasoning skills, enjoyment and cognitive load post-tests.

Measurement

We compared the differences between the impact of different GPL tools on students' think-
ing skills and learning experience.

The measurement of thinking skills

CT skills
We adapted 12 questions from the Bebras tasks (2019 and 2020) as a measurement tool for 
middle school students' CT skills (abstraction, algorithmic thinking, problem decomposition) 

F I G U R E  3   The application of GPL tools. (a) Tangible programming tool. (b) Block programming tool. (c) 
Paper-and-pencil programming tool.
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(Dagienė & Sentance, 2016). The pre-test and post-test both had 2 easy (3 points each), 2 
medium (5 points each) and 2 difficult (7 points each) for a total of 30 points. The Bebras 
measurement differed from others because it did not require prior knowledge, making it suit-
able for individuals without programming experience. The scores in the original measurement 
were coded as 1 for correct answers and 0 for incorrect answers, and the Kuder–Richardson 
reliability coefficient (KR-20) analysis showed that the pre-test was 0.675 and the post-test was 
0.641, indicating the measurement's acceptable consistency. As a general opinion, a KR-20 
score >0.50 is regarded as indicative of acceptable reliability (Souza et al., 2017).

Spatial reasoning skills
We chose the standardized test (Ramful et al., 2016) to measure spatial reasoning skills, which 
contained three sub-dimensions (mental rotation, spatial orientation, and spatial visualization), 
each consisting of 10 multiple-choice items (30 items in total). We scored 1 point for a correct 
answer and 0 for an incorrect answer. The KR-20 analysis showed that the pre-test was 0.626 
and the post-test was 0.635, indicating the measurement's moderate reliability.

GPL task lists
To make the conclusions in this study more reliable, we used both the CT skills and spatial 
reasoning skills measurement while also developing scoring standards for the GPL tasks, 
aiming to ensure stable content validity through multidimensional cross-validation of the 
data. Based on the specific use of CT skills and spatial reasoning skills in solving GPL tasks, 
scoring standards (shown in Table  2) were first developed by two Ph.D. students in the 
field of programming education and then reviewed and revised by the professor who is an 
expert in the field to form scoring standards applicable to GPL tasks. Two raters who have 
received training on the rules for using scoring standards independently assessed each 
student based on tasks reflecting abstraction, problem decomposition, algorithm design, 
algorithm efficiency and spatial reasoning skills (as shown in Table 1), where 1 represents 
the lowest possible rating, and 5 represents the highest possible rating. Spearman's correla-
tion analysis was utilized to assess rate agreement, yielding correlation coefficients of 0.987, 
0.983, 0.981, 1.00 and 0.939 for the five sub-dimensions, all indicating high-rate agreement 
(p < 0.001). After completing the scoring, they cross-checked and discussed each other's 
rating results, addressed objections regarding the scores for the 29 ratings, and agreed 
upon the final analysis.

F I G U R E  4   Research process.
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12  |      GONG et al.

The measurement of the learning experience

Enjoyment
We selected the enjoyment dimension from the Mindful Flow Experience Scale (Pearce 
et al., 2005) to continuously detect the learners' experiences using programming tools in 
GPL. It included ‘I found the activities enjoyable’, ‘I found the activities interesting’, ‘I was 
frustrated by what I was doing’, ‘The activities excited my curiosity’ and ‘The activities bored 
me’. A Likert scale of 5 was used (‘5’ for strongly agree and ‘1’ for strongly disagree). Among 
them, the last question had served as a reverse scoring question to assess the subjects' 
attentiveness and sincerity in answering the questions. Exploratory factor analysis was 
utilized to analyse the construct validity of the measurement, successfully identifying an 
‘Enjoyment’ dimension consistent with theoretical expectations after extracting factors with 
eigenvalues greater than 1 and applying Varimax rotation. Moreover, the Cronbach alpha of 
the measurement was 0.801, indicating a high confidence level.

Cognitive load
We referred to the cognitive load measurement of Paas et  al.  (2003) and designed two 
cognitive load questions consisting of two dimensions, ‘mental load’ and ‘mental effort’. 
Specifically, the mental load is related to the amount and degree of information interaction 
between the task and the subject. Mental effort relates to how information is presented and 
the strategies used to instruct students (Paas & Van Merriënboer, 1994). The item of mental 
effort was ‘What level of effort did I put into the robotics activity’? and the item of mental 
load was ‘How difficult was the task of the robot activity’? The Likert seven-point rating was 
used, in which 1 meant very easy, 4 meant moderately difficult and 7 meant very difficult. 
The content validity of the scale was verified through expert review by seven specialists and 
pre-testing, resulting in an average item-level content validity index (I-CVI) of 0.89 and a 
scale-level content validity index (S-CVI/Ave) of 0.92, indicating that the scale accurately re-
flects the targeted construct at a high level. Moreover, the Cronbach alpha for the cognitive 
load measurement was 0.813, which implied the high reliability of the measurement used in 
this study.

TA B L E  2   Scoring standards for GPL tasks.

Dimension Sub-dimensions Description Score

Computational 
thinking skills

Abstraction Ability to link ‘actions’, ‘functions’ and 
‘conditional statements’ commands on 
code cards to the actions performed 
by the robot

5

Problem decomposition Ability to deconstruct programming 
problems into more minor problems

5

Algorithm design Ability to develop and implement 
the ultimate goal of a robot program 
in which students use functions, 
conditional statements, etc.

5

Algorithm efficiency The score is higher when the student 
uses fewer blocks

5

Spatial reasoning 
skills

Correctly translate the three-view 
drawing into the corresponding 
stereogram

5
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RESULTS

The difference of students' thinking skills among the three groups

CT skills

The difference in CT skills under the three programming tools was examined using an analy-
sis of covariance (ANCOVA), with pre-test scores as the covariate and post-test scores 
as the dependent variable. All test scores were found to be normally distributed based on 
Kolmogorov–Smirnov tests. Another assumption that has been met is the homogeneity of 
regression with significant results (F (2, 109) = 3.804, p > 0.05). Meanwhile, the F-test results 
for the product terms of experimental conditions and pre-test CT skills did not violate the 
homogeneity-of-slopes assumption (F (2, 109) = 0.235, p > 0.05), indicating it was sensible 
to perform the ANCOVA test.

The ANCOVA results showed that the three groups were significantly different in CT 
skills (F (2, 109) = 4.467, p < 0.05, ηp

2 = 0.076) (as shown in Table  3), with medium effect 
size (Cohen, 1988). The post hoc results demonstrated that the CT skills of the block pro-
gramming group were not significantly different from those of the tangible programming 
group (Sig = 0.397 > 0.05) but were higher than that of the paper-and-pencil programming 
group (BPG–PPG: M = 3.451, p < 0.05; TPG–PPG: M = 2.445, p < 0.05). The students in the 
block and tangible environments improved their CT skills significantly more than those in the 
paper-and-pencil environment.

Spatial reasoning skills

ANCOVA, with pre-test scores as covariates and post-test scores as dependent variables, 
was used to examine the differences in spatial reasoning skills under the three programming 
tools. The pre-test and post-test scores were found to be normally distributed based on 
Kolmogorov–Smirnov tests. Another assumption that has been met is the homogeneity of 
regression with significant results (F (2, 109) = 1.234, p > 0.05). Meanwhile, the F-test results 
for the product terms of experimental conditions and pre-test spatial reasoning skills did not 
violate the homogeneity-of-slopes assumption (F (2, 109) = 0.540, p > 0.05), indicating it was 
sensible to perform the ANCOVA test.

The ANCOVA results showed that there were significant differences in spatial reason-
ing skills (F (2, 109) = 42.463, p < 0.001, ηp

2 = 0.440), mental rotation (F (2, 109) = 27.045, 
p < 0.001, ηp

2 = 0.334), spatial orientation (F (2, 109) = 23.072, p < 0.001, ηp
2 = 0.299) and 

spatial visualization (F (2, 109) = 14.772, p < 0.001, ηp
2 = 0.215) among the three groups (as 

shown in Table  4), with a large effect size (Cohen,  1988). The post-hoc results demon-
strated that the students in the tangible programming group performed significantly better 
than the block programming group (TPG–BPG: M = 2.537, p < 0.001) and paper-and-pencil 

TA B L E  3   ANCOVA results for CT skills.

Group N SD Adj.M SE F Pairwise comparison

TPG 37 6.669 23.460 0.842 4.467* TPG > PPG

BPG 38 8.141 24.132 0.830 BPG > PPG

PPG 37 8.326 19.811 0.843

Note: Group categories: TPG, tangible programming group; BPG, block programming group; PPG, paper-and-pencil 
programming group.
*p < 0.05.
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14  |      GONG et al.

programming group (TPG–PPG: M = 5.047, p < 0.001) in spatial reasoning skills. These re-
sults revealed that tangible programming tools positively affected students' spatial reason-
ing skills more than paper-and-pencil programming tools in GPL.

Performance of GPL task lists

The performance of GPL task lists was analysed in depth to supplement and validate the 
results of computational thinking and spatial reasoning skills measurements. The results of 
the one-way ANOVA showed that the three groups differed significantly (p < 0.05) in GPL 
task list results on the five dimensions of abstraction, problem decomposition, algorithm 
design, algorithm efficiency and spatial reasoning skills. The results are shown in Table 5. 
Specifically, the tangible programming group scored higher on the abstraction (M = 4.050, 
SD = 0.790), problem decomposition (M = 4.150, SD = 0.900), and spatial reasoning skills 
(M = 4.190, SD = 0.710) dimensions. The block programming group has the highest algorithm 
design (M = 3.947, SD = 0.978) and algorithm efficiency (M = 4.290, SD = 0.840). These results 
of the final GPL task lists validated the results of the CT skills and spatial reasoning skills tests.

The difference of students' learning experience among the 
three groups

Enjoyment

In order to analyse how different programming tools affect students' enjoyment during GPL, 
one-way ANOVA was used. The results are shown in Table 6, and the difference in enjoy-
ment between the three groups was not statistically significant (F (2, 109) = 0.020, p > 0.05). 
This result indicated that the students' enjoyment during the GPL process was similar under 
the three programming tools.

TA B L E  4   ANCOVA results for spatial reasoning skills.

Dimension N SD Adj.M SE F Pairwise comparison

Mental rotation

TPG 37 1.530 7.950 0.202 27.045** TPG > BPG > PPG

BPG 38 1.353 6.832 0.199

PPG 37 1.632 5.844 0.202

Spatial orientation

TPG 37 0.702 9.275 0.147 23.072** TPG > BPG > PPG

BPG 38 0.950 8.728 0.145

PPG 37 1.167 7.869 0.147

Spatial visualization

TPG 37 1.739 8.176 0.210 14.772** TPG > BPG > PPG

BPG 38 1.541 7.283 0.207

PPG 37 1.121 6.561 0.210

Spatial reasoning skills

TPG 37 3.149 25.367 0.387 42.463** TPG > BPG > PPG

BPG 38 2.814 22.831 0.382

PPG 37 2.621 20.320 0.387

**p < 0.001.
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Cognitive load

To examine whether there was a significant difference in cognitive load among the three 
groups, a one-way ANOVA was used, and the results are shown in Table 7, with no signifi-
cant difference in mental load among the three groups (F (2, 109) = 2.307, p > 0.05). However, 
there was a significant difference in mental effort (F (2, 109) = 7.450, p < 0.05), as the mental 
effort was related to the format and manner in which the information was presented, and 
the difference reflected the different interaction complexity of the three programming tools. 
Based on Kolmogorov–Smirnov tests, the test scores were determined to follow a normal 
distribution. And, Tukey's honestly significant difference (HSD) method was used for post 
hoc tests, and the mental effort of all three groups was homoscedastic (F (2, 109) = 1.183, 
p > 0.05), satisfying Levene's homogeneity variance of assumption. It was found that the 
paper-and-pencil programming group produced significantly higher mental effort than the 
tangible programming group (PPG–TPG: M = 0.865, p < 0.05) and the block programming 
group (PPG–BPG: M = 0.767, p < 0.05). There was no statistically significant difference be-
tween tangible and block programming tools (Sig = 0.916 > 0.05).

The post-test results showed that the students in the paper-and-pencil programming group 
(M = 5.135, SD = 0.918) had significantly higher cognitive load than the tangible program-
ming group (M = 4.527, SD = 0.986) and block programming group (M = 4.500, SD = 0.973).

DISCUSSIONS AND IMPLICATIONS

The effect of the three programming tools on students' CT skills in 
GPL

We found no significant difference in CT skills between the tangible and block programming 
students, but both groups scored higher than the paper-and-pencil programming group. 

TA B L E  5   Descriptive statistics for the GPL task lists' variables.

Variables Group N Mean SD F
Pairwise 
comparison

Abstraction TPG 37 4.050 0.790 0.170* TPG > PPG

BPG 38 3.740 1.020 BPG > PPG

PPG 37 3.200 0.950

Problem decomposition TPG 37 4.150 0.900 0.083* TPG > PPG

BPG 38 3.840 1.070 BPG > PPG

PPG 37 3.220 1.180

Algorithm design TPG 37 3.770 0.887 0.046* BPG > PPG

BPG 38 3.947 0.978 TPG > PPG

PPG 37 3.189 1.163

Algorithm efficiency TPG 37 3.890 0.880 0.601** BPG > PPG

BPG 38 4.290 0.840 TPG > PPG

PPG 37 3.270 0.930

Spatial reasoning skills TPG 37 4.190 0.710 0.393** TPG > BPG > PPG

BPG 38 3.720 0.840

PPG 37 3.140 0.770

**p < 0.001; *p < 0.05.
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16  |      GONG et al.

Moreover, for the tangible and block programming groups, there were differences in the sub-
dimensions CT skills (ie, abstraction, problem decomposition and algorithm skills) between 
the two groups, which were confirmed by the students' GPL task lists.

The tangible programming group scored the highest on abstraction and problem decom-
position. Regarding abstraction, tangible programming tools went beyond the flatness of 
previous programming tools by presenting code cards as physical objects, giving students 
more perceptual stimulation and allowing them to simulate abstract code instructions with 
more direct physical movements. This is consistent with Lawhead et al. (2002), who noted 
that robotic programming could provide visual and physical interaction to support learn-
ing abstraction concepts. Regarding problem decomposition, physical code cards could 
help students more clearly disaggregate each step in the tangible programming tools envi-
ronment, such as breaking down the complex problem into minor, easy-to-work problems 
according to functional elements, roles or other logic, simplifying the programming problem-
solving steps.

The block programming group scored highest in algorithm design and algorithm effi-
ciency. Regarding algorithm design, the game platform used by the block programming 
group supports students in continuously debugging their programs, allowing a closer obser-
vation of how the programming logic works (Sırakaya & Alsancak Sırakaya, 2020). In par-
ticular, the Vary-One-Thing-At-Time (VOTAT) strategy helped students think and test their 
programs' soundness step by step, resolving program anomalies and bugs one by one and 
clarifying ambiguous problems (Greiff et al., 2015). Regarding algorithm efficiency, Lahtinen 
et al. (2005) showed that the more realistic and concrete the learning situation was, the more 
likely it was to lead to learning. Block programming tools could demonstrate differences in 
algorithmic efficiency through 3D game scenarios, such as executing algorithms with fewer 
blocks that are more efficient.

TA B L E  6   ANOVA results of students' enjoyment in three groups.

Group N Mean SD F

TPG 37 18.860 3.449 0.020

BPG 38 18.760 3.166

PPG 37 18.730 2.434

TA B L E  7   ANOVA results of cognitive load in three groups.

Dimension Group N Mean SD F Pairwise comparison

Mental load TPG 37 4.760 1.038 2.307

BPG 38 4.610 1.054

PPG 37 5.110 1.022

Mental effort TPG 37 4.300 1.024 7.450* PPG > TPG

BPG 38 4.390 1.028 PPG > BPG

PPG 37 5.160 1.118

Cognitive load TPG 37 4.527 0.986 5.213* PPG > TPG

BPG 38 4.500 0.973 PPG > BPG

PPG 37 5.135 0.918

*p < 0.05.
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The effect of the three programming tools on students' spatial 
reasoning skills in GPL

In terms of spatial reasoning skills, previous studies have demonstrated that programming 
robot navigation involves behavioural manipulations related to spatial environment and spa-
tial knowledge. In the current study, we found that regardless of which tool they used, students 
all improved spatial reasoning skills, which indicated that the form of three-view drawing and 
stereogram transformation were generally effective in helping learners turn plan informa-
tion into three-dimensional images (Huang & Lin, 2017). Further, the tangible programming 
group students who used magnetic blocks performed better in the three groups. This result 
was consistent with the research conclusions of Baykal et al. (2018), which suggested that 
the tangible user interface (TUI) enhances spatial reasoning skills by incorporating the in-
herently spatial nature of physicality. Specifically, the current study designed the magnet 
blocks for students to engage in timely tangible interactions and experience various spatial 
behavioural manipulations, such as assembling, rotating, moving, positioning and viewing 
the ‘three-dimensional maze’ from different perspectives. Learning stimulus rises from the 
original visual to tactile media. According to the information-processing theory, individuals 
perceive the world through various sensory stimuli, and a larger diversity in stimuli sources 
creates more reliable knowledge (Shams & Seitz, 2008). This also supported other research 
that students often rely on more specific representations to support their spatial reasoning 
(Moore et al., 2020).

Students in the tangible programming group fared better than those in the other two 
groups in terms of mental rotation, spatial orientation and spatial visualization. These find-
ings can also be supported by feedback angles. Students in the paper-and-pencil program-
ming group were requested to create a route for the robot to take in order to reach the blue 
treasure. However, to do so, they first had to conceive the robot's trajectory and were not 
given instant feedback. On the contrary, the students in the tangible programming group 
received instant physical output feedback that allowed them to affirm or modify the route 
based on the robot's position (Misirli et al., 2019), significantly improving spatial orientation 
and mental rotation. Consistent with previous studies (Antle, 2013), this result supported the 
idea that robotic activities can improve spatial abilities.

The effect of the three programming tools on students' enjoyment 
in GPL

We found no significant difference in enjoyment among the three groups of students and all 
of them scored higher. This is consistent with Xie et al. (2008)'s research conclusion that 
there is no difference in the enjoyment of three different interface styles (physical, graphical 
and tangible). Moreover, one possible reason is that the research introduced a gamification 
strategy that adopted a robot treasure hunt as the narrative context, utilized a competi-
tive mechanic pushing students to complete the barrier task, and evaluated the students' 
learning outcomes using gamification elements such as points. Werbach and Hunter (2012) 
indicated that rewards or competition as extrinsic motivation increase momentary positive 
actions, and intrinsic motivation sustains students' long-term enjoyment. In addition, many 
studies have also shown that enjoyment was associated with intrinsic motivation (Ryan & 
Deci, 2017). We built game objectives and competitive mechanisms, which improved the 
enjoyment.
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18  |      GONG et al.

The effect of the three programming tools on students' cognitive load 
in GPL

We found that there was no significant difference among the three groups in terms of 
the mental load, a finding that was consistent with cognitive load theory (Paas & Van 
Merriënboer,  1994), where the interactions between the gamification programming task 
and student characteristics were similar among the three groups. Thus, programming tools 
matching the cognitive level of novices encapsulate programming code into chunks that 
do not involve complex programming syntax rules, thereby reducing students' perceived 
programming task difficulty. Furthermore, the three programming tools impacted students' 
cognitive load during GPL, especially mental effort. The tangible and block programming 
groups scored significantly lower on mental effort than those in the paper-and-pencil pro-
gramming group. This finding affirmed that the well-designed code cards did not increase 
students' cognitive loads and that their interaction complexity and manoeuvrability were ef-
fective in teaching programming. They allowed students to interact with the environment with 
more physical movement, effectively embedding their cognitive activities in the environment 
and thereby reducing cognitive loads (Pouw et al., 2014). Compared to the first two groups, 
when treated with the paper-and-pen programming tool, students may feel that there are 
no actionable objects to help understand programming concepts, and it is difficult to obtain 
additional feedback from programming tools, which requires higher cognitive abilities and 
thus increases their mental effort. This finding was echoed by Huang et al. (2023), who sug-
gested that greater complexity could result in higher mental effort.

Implications

Our key finding is that utilizing a tangible programming tool to convert a three-view drawing 
into a stereogram has the best impact on developing spatial reasoning skills. This is mainly at-
tributable to the tool's interactivity and embodiment. Therefore, we highly recommend adopting 
tangible programming tools in future programming instruction targeted at enhancing spatial 
abilities. Additionally, our research unveiled the positive influence of block programming tools 
on algorithm design and thinking, which encourages instructors to adopt 3D gamification block 
programming as a useful learning and practical teaching environment. Importantly, our result 
supports and adds to other studies on the effectiveness of programming tools. We reaffirm 
the value of gamification as an optimization strategy in programming education by comparing 
tangible, block and paper-and-pencil programming tools. This reaffirms that the constraints of 
paper-and-pencil programming tools can be mitigated by incorporating gamification elements 
and mechanisms to improve the learning experience. In conclusion, paper-and-pencil program-
ming tools are still flexible and valuable without tangible and block programming tools.

CONCLUSIONS, LIMITATIONS AND FUTURE DIRECTION

Programming tools are critical to success in the GPL field, and their different attributes to 
differences in students' thinking skills and learning experience. In this study, we designed 
three programming tools (eg, paper-and-pencil, block, tangible) to investigate the effects of 
different programming tools on students' CT skills, spatial reasoning skills, enjoyment and 
cognitive load during the GPL process. The current study aimed to enhance CT and spatial 
reasoning skills, vital for the 21st century. From the empirical results, results showed signifi-
cant improvements in students' abstract, problem decomposition and spatial reasoning skills 
with tangible programming tools. Block programming tools notably boosted algorithm design 
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and efficiency. Gamification helped students maintain their enjoyment of GPL. Both tangi-
ble and block programming tools reduced cognitive load compared to paper-and-pencil. 
Choosing the suitable programming tool is essential for developing specific thinking skills or 
learning experience in GPL education.

The research also had three limitations. First, only pre-tests and post-tests were conducted, 
however, understanding the dynamic learning trajectories of students is essential to improve 
the implementation effectiveness of CT skills education. In the future, we will continue to collect 
process data on students' programming learning and use the evidence-centred design (ECD) 
model to code and analyse the trajectories of CT-related skills. Second, we conducted a single 
150-minute experiment, and in the future, we will explore the possibility of conducting a longi-
tudinal study to investigate the long-term effects of these programming tools on students' CT 
and spatial reasoning skills. Third, in the current research, we designed physical blocks to build 
a stereogram, but the physical material takes up more space and is often expensive. Some 
previous studies highlighted that virtual learning activities (Molina-Carmona et al., 2018) and 
VR environments (Gün & Atasoy, 2017) could contribute to developing spatial reasoning skills. 
Therefore, VR technology can be used in the future to replace physical tools.
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