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Maker Education (ME) focuses on fostering students’ Maker Mindsets (MM).
However, prevailing ME practices often lack a structured approach, that impedes
the effective development of students’ MM. To address this challenge, a Design
Thinking-making pedagogy (DTMP) is used to design ME lessons through a
three-month Lesson Study (LS) cycle. Employing a qualitative multiple case
study methodology, we studied the development and transformation of MM
in three elementary school students. Diverse data were collected, including
student artifacts, video recordings of teacher discussions, and audio recordings
of the interviews. The findings revealed common cognitive, self-efficacy, and
collaboration improvements among the three students. Unique changes in
individual cognitive skills, motivational patterns, and obstacles to collaboration
were also observed. Furthermore, key factors influencing MM development were
identified across individual, social, and pedagogicaldimensions. Individual factors
included prior knowledge, maker skills, and motivation, whereas social factors
included teachers’ attitudes, recognition, feedback, and peer collaboration.
Pedagogical practices, such as project difficulty, structure, and authenticity,
play a crucial role in MM development. This study not only contributes valuable
insights into MM development, but also underscores the pivotal role of tailored,
personal real-life experiences in ME pedagogy. Furthermore, our study suggests
that teachers can enhance ME pedagogy by intentionally designing it to facilitate
MM in students, using the LS approach.

KEYWORDS
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1 Introduction

Numerous studies in Maker Education (ME) underscore the significance of fostering
Maker Mindsets (MM) for students’ cognitive, affective, and behavioral development (Iversen
etal,, 2015; Smith et al., 2015; Regalla, 2016; Flores, 2018). However, concerns have been raised
by researchers, such as Blikstein and Worsley (2016), and Kim and Zimmerman (2017)
indicated that current ME practices often lack structure and standardization, impeding the
internalization of students’ MM.
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In response to these concerns and aligning with other researchers
(Christensen et al., 2016; Gozen, 2016; Jeng et al., 2020), we propose
the integration of Design Thinking (DT) into ME, creating what
we term DT-making pedagogy (DTMP). DT provides a structured
project management process that emphasizes student ideas from
project inception to completion (Veldhuis et al., 2021), potentially
facilitating the transformation of student MM.

Despite the growing body of research on MM’s learning activities
and outcomes (Chu et al., 2015; Soltis and Wells, 2019; Jeng et al.,
2020), understanding of how students’ MM develops and the factors
influencing this transformation remains limited. Addressing the call
for more research in this area by Kim and Zimmerman (2017), our
study aimed to build upon our previous work (Li et al., 2023) by
investigating students’ MM formation and transformation under the
implementation of DTMP. To achieve this, we conducted a
comprehensive within- and cross-case analysis, tracking three case
students’ MM changes over a three-month Lesson Study (LS) cycle.

2 Literature review
2.1 Maker education and maker mindsets

Maker education (ME) is an innovative pedagogical approach
rooted in constructivism and inspired by Paperts constructionism
theory (Papert and Harel, 1993). It is characterized by interactive
student-centered learning that integrates digital and hands-on
craftsmanship. This approach emphasizes the development of
knowledge, skills, and attitudes, empowering students to confidently
address real-world challenges with an open mindset (Blikstein and
Worsley, 2016).

Within ME, Maker mindsets (MM) have become central
components of educational research (e.g., Martin, 2015; Bevan, 2017;
Chu et al., 2017). Although a unified definition of MM is lacking in
literature, research has evolved from theory to practice. Dougherty
(2013) introduced the term “Maker Mindsets” as a “can-do” attitude,
including perseverance, curiosity, risk-taking, and embracing failure—
all crucial for effective learning through making. Building on this
foundation, Martin (2015) extended the MM construct to include
playful, growth-oriented, failure-embracing, and collaborative values,
which are particularly relevant in STEM (Science Technology
Engineering Mathematics) education. Kuznetsov and Paulos (2010)
identified open sharing, learning, and creativity as central values
among Makers. Subsequently, empirical research predominantly
explored MM within motivational domains, investigating elements
like self-efficacy, curiosity, situated interest, self-concept, and agency
(e.g., Regalla, 2016; Kim and Zimmerman, 2017; Jeng et al., 2020;
Martinez Moreno et al., 2021). A smaller subset examined MM in
cognitive and behavioral domains, exploring dimensions such as
creativity, problem-solving, STEM knowledge acquisition, and self-
regulation and collaboration (e.g., Iversen et al., 2015; Smith et al.,
2015; Flores, 2018).

Our study adopts a holistic definition of MM, encompassing
cognitive, affective, and behavioral domains. These domains include:

« The cognitive domain, which encompasses STEM knowledge and
relevant thinking skills and dispositions (e.g., Kuznetsov and
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Paulos, 2010; Peppler and Hall, 2016; Davis et al., 2017; Jeng
et al., 2020).

o The affective domain, which relates to students’ self-efficacy, self-
identity, self-concepts, and intrinsic motivation (e.g., Chu et al.,
2015, 2017; Vongkulluksn et al., 2018; Fadhli Kamaruzaman
et al., 2020).

« The behavioral domain, which involves self-regulated learning
and collaborative knowledge sharing (Iversen et al., 2015; Flores,
2018; Kim et al., 2022). This framework guides our study in

MM

understanding how students’ evolve during the

making process.

2.2 Design thinking

Design thinking (DT) is a creative process that encompasses
methods and mindsets aimed at fostering innovation, creativity, and
development of new artifacts. It encourages practices such as
experimentation, prototyping, gathering feedback, and redesign
(Dorst, 2011; Noweski et al., 2012; Razzouk and Shute, 2012). The
Hasso Plattner Institute of Design at Stanford, known as the d.school,
has introduced a well-established DT framework consisting of five
essential phases: Empathize involves observing user behaviors,
engaging with them, and immersing oneself in their environments to
build empathy; Define is the phase in which users identify a
meaningful challenge after empathizing; Ideate focuses on organized
brainstorming to generate solutions for addressing the identified
challenge; Prototype phase entails creating physical models to
substantiate solutions for testing and visualization; Test is the step
where prototypes are placed in the user’s real-life environment to
gather feedback (d.school, 2010).

The structured DT process model is widely acknowledged as an
effective remedy to address the limitations associated with
conventional ME pedagogical methods, researchers including Iversen
etal. (2015), Blikstein and Worsley (2016), and Kim et al. (2020) have
recognized its potential in this regard. Furthermore, scholars, such as
Bethke Wendell and Rogers (2013), Alden and Tramonti (2020),
Boakes (2020), and Martinez Moreno et al. (2021) have adeptly
integrated DT into ME learning activities, yielding notable
improvements in various domains.

These integrations not only augment students’ cognitive,
motivational, and behavioral engagement, as substantiated in Veldhuis
et al’s comprehensive review (Veldhuis et al., 2021), but also foster the
development of indispensable skills. These skills encompass creativity,
problem-solving abilities, collaborative competence, and heightened
self-efficacy. Notably, this transformation transcends the mere
acquisition of specific STEM knowledge and skills (Bethke Wendell
and Rogers, 2013; Alden and Tramonti, 2020; Martinez Moreno et al.,
2021). This harmonizes with the components we pre-defined for MM,
creating a synergistic and comprehensive learning environment.

2.3 The factors that impact MM

While MM undergoes ongoing theoretical and empirical
exploration, there has been a limited discourse on the factors
influencing its development. Nevertheless, a consistent trend
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emerges in current practices, where efforts are made to leverage the
self-determination theory (Ryan and Deci, 2000) to elucidate the
factors driving changes in MM. This theory underscores the
significance of autonomy, competence, and relatedness in fostering
intrinsic motivation.

These influential factors can be systematically categorized from
the perspectives of pedagogy, teacher, and students. In terms of
pedagogy, considerations involve the difficulty and variety of learning
tasks within a project (Kim et al., 2020). Students’ perceptions of their
own abilities and prior knowledge constitute a crucial dimension from
the student perspective (Vongkulluksn et al., 2018). Meanwhile, from
the teacher’s standpoint, it encompasses the strategies employed in
providing scaffoldings to assist students in overcoming challenges
(Iversen et al., 2015).

2.4 Lesson study and students learning

Lesson Study (LS) is a structured and effective professional
development model renowned for its capacity to enhance teaching
practices, facilitate teacher development, and endorse student-
centered pedagogy (Huang and Bao, 2006; Dudley, 2013; Ni
Shuilleabhain and Seery, 2018; Schipper et al., 2018). At its foundation,
LS is an inquiry cycle led by a team of teachers that revolves around a
“research lesson.” This research lesson is an actual classroom session
that has been intentionally designed to investigate and improve the
teaching of a certain topic (Lewis et al., 2009). The LS team explore the
complexities of selected students, known as “case pupils” (Dudley,
2013), to examine how their understanding, reaction, and learning
experience changes and discover components of the course design
that either enhance or hinder learning (Dudley, 2013). These case
students, chosen specifically for their unique abilities, skills, and
learning requirements, play a critical role in increasing instructors’
professional development and overall classroom learning (Goei et al.,
2021). They represent the educational variability seen by teachers as a
microcosm of the larger student population (Dudley, 2013).

According to Dudleys LS model (Dudley, 2013), teachers
systematically observe and collected data on case students’
engagement, response, and interactions during the research lesson.
The observations include both verbal and non-verbal cues, providing
a holistic view of the students’ learning experience.

Subsequently, post-lesson discussions revolve around the progress
and challenges faced by case students, using the observed data to
inform these conversations. The insights garnered from these
discussions lead to adjustments in teaching practices, fostering
continuous improvement through iterative cycles of re-teaching,
re-observing, and re-analysis.

This steadfast attention to case pupils ensures that teaching
practices and lessons developed within the LS framework are finely
tailored to meet diverse learning needs in the classroom. It was evident
that these targeted approaches yield significant growth among case
pupils, influencing not only their academic progress but also
bolstering their confidence, engagement, and problem-solving abilities
(Norwich et al., 2014; Dudley et al., 2019).

In this case, LS model stands out is suitable to development
DTMP targeted at MM because of its emphasis on student-centered
pedagogy and its particular attention to the learning experiences of
case students. In other words, using the LS model, teachers gain a
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more nuanced knowledge of students’ behaviors, emotions, and
cognitive processes while they engage in hands-on making activities.
This knowledge is crucial for developing DTMP that effectively
contribute to the larger goal of cultivating students’ MM.

2.5 Theoretical framework

LS is recognized as a practice-based methodology that enhances
students’ learning by fostering the professional development of
teachers, including aspects such as knowledge, beliefs, and curriculum
design. Guided by the theoretical model illustrating the impact
pathways of LS (refer to Figure 1; Lewis et al., 2006), our study is
designed to investigate the transformation of students MM
throughout the LS process.

In alignment with the studies of scholars like Christensen et al.
(2016), Gozen (2016), and Jeng et al. (2020), who integrated the DT
process model into ME, and responding to the call by Kim and
Zimmerman (2017), this study builds upon our earlier investigation
(see Li et al, 2023) that primarily focused on the professional
development of teachers within the framework of LS.

Thus, the aim of this study was to gain a deeper understanding of
the specific mechanisms and factors influencing changes in students’
MM during the implementation of the DT-making pedagogy
(DTMP). To guide our investigation, we formulated two research
questions (RQs):

RQl: How do case studentss MM evolve during the

implementation of the DTMP?

RQ2: What are the major factors that influence changes in
students’ MM?

3 Materials and methods
3.1 Research design

To explore the transformation and evolution of students MM
comprehensively, we implemented a two-phase multiple-case study
research design, as advocated by Stake (2013). In this design,
we delved into the data concerning three specific case students who
were intentionally selected by the teachers for observation during the
LS process.

The first phase entailed analysis of the data for each of the three
case students, treating each as an individual case study (Phase 1).
Subsequently, in the second phase, we conducted a cross-case
comparison to scrutinize the commonalities and distinctions that
emerged across all three students. This allowed us to identify shared
patterns of MM changes that extended beyond the individual
participants (Phase 2).

As Stake (2013) noted, qualitative case study research is ideally
suited for investigating real-life experiences in authentic settings. The
case study research design offers valuable insights into each student’s
learning process within a genuine educational context. Moreover, the
multiple case study research design (Stake, 2013) facilitated the
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Pathways of Impact
Lesson Study Cycle Teacher Knowledge (of
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Curriculum and Outcomes
Teaching Teacher Beliefs and
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Rfﬂect Plan H Learning
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Do observation, collective
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Curriculum (c.g.,
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instructional sequence)
FIGURE 1
The theoretical model of lesson study cycle and pathways of impact adopted from Lewis' study (Lewis et al., 2006).

construction of contextualized experiences and systematic analysis
procedures, contributing to a comprehensive and holistic

understanding of the trajectory of MM transformation.

3.2 Research context

The study was conducted at a Chinese elementary school from
April to July 2022. The participants consisted of four STEM teachers,
20 grade-4 students, and the primary author of this study. All
participants engaged in a structured process involving four cycles of
LS following the framework defined by Dudley (2013). In these LS
cycles, the teachers collectively planned, taught, observed, analyzed,
and refined lessons around three selected case students. These case
students were chosen with deliberate intent, following teacher
interviews, and an assessment of their academic performance. The aim
was to ensure a diverse representation of students with varying skill
levels, including low, middle, and high ability students. Table 1
presents an overview of these three students.

Additionally, the primary author of this study assumed a dual role,
acting as a participant researcher who actively recorded and
participated in all LS-related activities, encompassing planning,
research lessons, and reflection meetings (Bogdan and Biklen, 1997).
Moreover, the primary author also took on the role of the
“knowledgeable other” (Corcoran et al., 2011), providing guidance
and training to the participating teachers while overseeing the entire
LS process.

Frontiers in Education

3.3 Procedure

After an initial training phase, teachers engaged in four cycles of
LS, as shown in Figure 2. These cycles involved several key stages:

o Pre-meeting: Teachers grouped 20 students into five teams,
selected three case students, and defined the central problem
for the Maker project while aligning it with the curriculum
standards.

o Planning meeting: Teachers collaboratively crafted lesson plans,
detailing learning tasks, Maker toolkits, instructional scaffolds
(including prompts, handouts, and hints), and designed
observation sheets.

o Research lesson: Teachers executed the developed lesson plans,
closely observing the case students during these lessons.

o Interviewing case students: Teachers assessed content knowledge
by surveying all 20 students and conducting interviews with the
case students.

o Post-lesson discussion: After the research lessons, the teachers
collectively analyzed and refined them based on observations of
the case students and insights from the interviews. This process
was concluded with discussion meetings aimed at enhancing the
quality of teaching and learning.

The LS cycles led to the creation of four research lessons (RLs),

teachers utilized the DTMP to guide students in completing four
different Maker projects, each spanning approximately 4h.
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TABLE 1 Baseline profile of selected case students.

10.3389/feduc.2024.1343492

Age Gender Participating in Reason for Academic Teacher evaluation after
ME before participation achievement interviewing
o Lack of STEM knowledge
Emma 10 Female No Required by parents Low score . Low self-efficacy
« Willing to engaging in teamwork
« Sufficient prior STEM knowledge
John 10 Male No Personal interest High score
o Low self-efficacy
« Neutral attitudes towards teamwork
« Basic prior STEM knowledge
Mary 10 Female Yes Personal interest Medium score . High self-efficacy
« Unwilling to collaborate with others

Case students’ names were anonymized as Emma, John, and Mary, respectively, to protect their identities.

TABLE 2 A brief introduction of four projects in the research lessons.

RL1 Smart elevator button (Mr. Liu) RL2 Smart bags (Mr. Yin)

Design the smart elevator button solving canteen staffs’ problem of using elevator.

Procedure:

o Understand and applicate “variable” in product design

« Connect the button with four digital displays

o Collect, categorize, and summarize user problems from interviews
« Brainstorm solutions considering material constrains

« Build prototype and document trial-and-errors

o Reflect on the project

Design smart bags with functions: 1. correct students’ hunchback; 2. remind students of
zipping bag by light sensor; 3. explore another function.

Procedure:

Label and describe sensor functions.

Brainstorm solutions considering material constrains.
Wire and program button with light sensor

Test protype and document trial-and-errors

Reflect on the DT process for project

RL3 Smart phone holder (Mr. Han)

RL4 Smart parent-children communicator (Mr. Li)

Design smart phone holder with functions: 1. the button is released after picking
up the phone and the program starts timing; 2. the buzzer starts alarming after
timing exceeds the specified time; 3. after the phone is put back, the button is
pressed, the program timing ends, and the buzzer stops alarming.

Procedure:

« Review button wiring, programming, and testing

« Program button with buzzer, and controller

« Brainstorm solutions considering materials and ability constrains

« Evaluate presented sketches and design sketches considering size, aesthetics

Summarize the DT process

Design smart parents communicator with functions: 1. testing button and LED; 2. using
one LED representing information; 3. using two LEDs representing multiple
information; 4. explore another function

Procedure:

Reflect on the value, meaning, and the DT process

Review button wiring, programming, and testing

Identify root causes of communication problems

Brainstorm solutions considering materials and ability constrains to address
communication problems

Document and resolve prototype problems, explaining their causes

Design sketches considering size, aesthetics, and user-friendliness

Mr. Liu, Mr. Han, Mr. Yin, Mr. Li represent the teachers who conducted the lesson.

Throughout each project, teachers provided scaffolding to support
students in both individual and collaborative tasks. Table 2 provides a
brief introduction to these projects to help readers better understand
them. Students worked on these four projects following the DT
process, which involved understanding users during the Empathize
stage, identifying root causes in the Define stage, brainstorming
solutions in the Ideate stage, and then progressing to tasks such as
connecting, programming, testing electronic components, and
designing the appearance in the Prototype stage. Finally, they shared,
upgraded, and reflected on their products in the Share and
Reflect stages.
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3.4 Data collection

This multiple case study research design incorporated a range of
rich cases to provide diverse data sources (Stake, 2013). Each case
student in this study was constructed using three data sources: student
portfolios, teachers’ observations, and interviews.

The student portfolios included background information,
academic grades, and RL materials such as worksheets and reflection
logs. Teachers’ observations were derived from video recordings of
four post-discussion meetings related to RL activities. It's important
to note that these discussions exclusively involved teachers, and
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-»

Teacher and student interaction

Post RL1
discussion and
initial plans for
RL2 (1h)

Joint planning
RL2 (2h)

Post RL3
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initial plans for

RL4 (1h)

Joint planning
RL4 (2h)

Joint planning Teach and
RL3 (2h) observe RL3 (4h)
Interview Post RL4 Interview 3 case
4 teachers discussion and students and
and report agree all findings survey the whole
(2h) (1h) class (30 min)
FIGURE 2

LS cycle and key stages employed by the current study.

students did not actively participate. During these meetings, the
teachers shared their observations regarding the case students’
behaviors, with a specific focus on elements related to MM in the
cognitive, affective, and behavioral domains. Sample questions posed
during these observations included queries about the development of
students’ thinking skills, changes in their confidence and self-efficacy,
and the progression of their teamwork and communication skills
within the context of MM.

In terms of the interviews, we collected audio recordings of post-
lesson interviews conducted by teachers with the case students after
each RL, with each interview lasting approximately 5min. These
interviews aimed to gain insight into students’ learning experiences,
any misconceptions they may have had, and suggestions for improving
future classes (Dudley et al., 2019). Sample questions during these
interviews encompassed the process undertaken for projects,
challenges faced and overcome, lessons learned, areas for improvement
in subsequent projects, and the students” willingness to tackle more
challenging projects.

Furthermore, individual teachers participated in semi-structured
interviews, each lasting approximately 30min. These interviews
explored teachers perspectives on the cognitive, affective, and
behavioral development of the case students. Some sample questions
from these teacher interviews encompassed topics such as the
observations of changes or developments in students’ attitudes and
behaviors related to making and creating, the challenges and obstacles
students face in cultivating and sustaining a growth-oriented MM,
unexpected or surprising instances of students’ MM changes, and the
strategies or practices employed to foster a positive MM within
the classroom.
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This multi-faceted approach allowed for a comprehensive
examination of students’ MM and the factors contributing to their
development. It encompassed a variety of data sources, including
portfolios, observations, and interviews, to offer a robust foundation
for understanding the cases.

3.5 Data analysis

The data analysis for this study was conducted in two phases to
provide a comprehensive understanding of students’ MM formation
and development.

3.5.1 Phase 1: individual case student studies

In Phase 1, we focused on constructing individual case studies
using a within-case analysis approach. This method allowed us to gain
an in-depth understanding of how individual students’ MM evolved.
To guide our analysis, we employed a predefined MM definition
incorporating  specific ~ features and  behaviors  (see
Supplementary Appendix).

Our analysis of Phase 1 involved an examination of the records of
the three case students. We concentrated on the knowledge, behaviors,
and attitudes that reflected their MM as well as the factors influencing
their MM changes. Consistent with Stake (2013) guidelines,
we conducted multiple reviews for each case record during a single
session. Subsequently, we coded the data for each student within each
RL, using our established MM definition.

To facilitate our analysis, we utilized a coding matrix adapted

from Terzis et al. (2022). This matrix was visually depicted in Figure 3,
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where the MM attributes of each case student intersect with six
columns, corresponding to distinct stages of DT experienced in the
RLs. The analysis of change patterns involved the use of specific

« » «_»

symbols: “+,” denoting an increase; “—” representing a decrease; “=;

»

indicating no change; and “+/—" indicating fluctuations. These
symbols effectively convey the variations observed in each DT cycle.
Leveraging this matrix, we conducted a comprehensive comparative
analysis. This allowed us to discern shared characteristics and
individual variations in MM attributes across the three case students
was instrumental in visually representing MM’s changes in a single

student and across students throughout the RLs.

3.5.2 Phase 2: thematic analysis

In Phase 2, we adopted an inductive thematic analysis approach
following the framework proposed by Braun and Clarke (2006). This
method facilitated the exploration and identification of recurring
themes and patterns within our qualitative data. Through inductive
thematic analysis, we systematically categorized and comprehend the
factors that influence students’ MM changes. This method served as a
robust foundation for uncovering nuanced insights and connections
embedded in the dataset.

It is essential to emphasize that Phases 1 and 2 are interlinked in
our analysis approach. Phase 1 serves as the foundation, offering key
insights that guided our thematic analysis in Phase 2. This two-phase
approach ensured a comprehensive and holistic understanding of
students’ MM changes, thereby contributing to the rigor and validity
of our research findings.

3.6 Validity and reliability

To enhance the validity of our qualitative study, we employed data
triangulation, utilizing multiple data sources. Moreover, member
checks were adopted in this qualitative research, where the teachers
were invited to review and validate the interpretation of the results.

3.7 Ethical considerations

Ethical approval was granted for the study, participation was
voluntary, and the participants were free to withdraw from the study
without prejudice. Participants’ identities were assigned pseudonyms
to protect their privacy.

4 Results

This section presents the evolution of each of the three case
students’ MM and the major factors influencing these changes through
a comparison of the three cases.

4.1 RQ1: how do students’ MM evolve
during the implementation of DTMP?

This research question focuses on understanding the
transformations in students’s MM across four RLs, where DTMP was
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employed by teachers to guide students in creating Maker projects.
To address this question, we adopted a comprehensive approach
that combined teacher observations and student interviews. The
following sections present the findings for each case student’s
MM development.

4.1.1 Emma: from fear to courage

Emma was initially characterized as a low-ability, unmotivated
female student with limited self-efficacy. However, significant positive
changes were observed for across various aspects over the four lessons.
Supporting data are presented in Table 3.

4.1.1.1 STEM content knowledge and thinking skills

Emma’s progression was evident as she evolved from an initial
hesitancy in responding to teachers’ questions and frequently skipping
classes to progressively engage in cognitive thinking processes during
the second and third lessons. During these sessions, she began to
answer questions with the guidance from the teachers. By the final
lesson, her thinking skills had further developed. She was willing to
participate in discussions and adapted her thinking based on teacher
feedback, demonstrating a newfound willingness to tackle complex
questions in and

by actively participating adjusting  her

thought processes.

4.1.1.2 Self-efficacy

Initially, Emma exhibited low self-efficacy, passively following the
teacher’s instructions, and readily giving up when confronted with
challenges. During the first two lessons, she relied heavily on external
guidance and sought recognition. Her frustration emerged when her
peers disregarded ideas during the collaborative activities.
Nevertheless, as the course progressed to the third and fourth lessons,
a notable transformation occurred. Emma began to demonstrate
heightened resilience and persistence in the face of programming
failures, and she increasingly felt a sense of accomplishment after
answering the teacher’s questions correctly.

4.1.1.3 Motivation

In the first lesson, Emma displayed passive engagement without
enthusiasm, and her motivation further decreased further in the
second lesson because her contributions were overlooked. However, a
positive shift in her motivation emerged from the third lesson
onwards. She showcased determination and resilience in the face of
challenges and displayed a newfound willingness to learn from failures.

4.1.1.4 Collaborative learning

Emma initially hesitated to participate in group activities and had
minimal interaction with her peers in the first lesson. Frustration
emerged in the second lesson when her ideas were dismissed by group
members. However, a positive shift was observed in her collaborative
learning abilities from the third lesson onwards. She took a more
active role within group activities and displayed a growing openness
to seeking input and actively contributing to the group.

In summary, Emma’s transformation from low ability, motivation,
and self-efficacy to increased engagement, resilience, and collaborative
involvement highlights the transformative potential of the
learning experience.
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FIGURE 3

Coding matrix representing the change patterns of three case students’ MM across four RLs

4.1.2 John: building confidence, resilience, and
influence

John was initially identified as a high-ability male student with
robust STEM knowledge and motivation but exhibited lower self-
efficacy. Supporting data are available in Table 4.

4.1.2.1 STEM content knowledge and thinking skills

An analysis of John’s development revealed an evolution in the
variety and depth of his thinking skills across the four lessons.
He initially displayed creativity and idea generation skills during
brainstorming in the first lesson. In the second lesson, despite not
recalling the sensor’s name, he provided a reasonable solution using a
sensor, showcasing his problem-solving abilities and adaptability. By
the third and fourth lessons, John consistently contributed unique and
innovative suggestions, reflecting deeper thinking and the ability to
generate novel solutions.

4.1.2.2 Self-efficacy

Changes in Johnss self-efficacy were evident, particularly in terms
of increased confidence, resilience, and his ability to influence others.
In the initial two lessons, he faced frustration and low confidence
when his ideas were rejected by group members. However, in
subsequent lessons, John grew his self-efficacy by offering feedback,
pointing out others’ disadvantages, and persuading others to accept
his ideas. He further demonstrated increased self-efficacy by justifying
his ideas and challenging them with examples.

His self-efficacy continued to strengthen, as he provided examples
when his ideas faced doubt, reflecting increased resilience and
confidence in persuading others based on his belief in his ideas.

4.1.2.3 Motivation

John’s motivation experienced a transformation over the four
lessons, with increased determination, resilience, and enthusiasm for
learning and problem-solving. His motivation was initially at its
lowest in the first lesson, where he was ready to give up upon
encountering programming failures. However, from the second lesson
onwards, John displayed progressive determination and resilience
when facing setbacks. He persisted in debugging and testing, not
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giving up until seeking help. In the final lesson, he acknowledged the
importance of learning from failure with the expression, “failure is the
mother of success””

4.1.2.4 Collaborative learning

John’s collaborative learning ability improved in terms of
communication and teamwork. He initially struggled to express his
ideas clearly during group work, which negatively impacted
collaboration. However, in the second lesson, he began encouraging
other group members, particularly when they faced multiple failures,
highlighting improved teamwork and motivation. After the second
lesson, he further developed his communication skills by providing
suggestions and persuading others to adopt his ideas, although
challenges in clearly explaining his ideas remained.

In summary, John’s journey demonstrates a transformation from
initial challenges in self-efficacy and motivation to increased
confidence, resilience, and the ability to influence and persuade
others. His thinking skills expanded significantly, and his collaboration
abilities improved, highlighting the dynamic nature of the
educational experiences.

4.1.3 Mary: adapting to change and embracing
collaboration

Initially identified as a medium-ability female student with basic
STEM knowledge, high self-efficacy, and limited collaborative ability,
Mary’s MM underwent notable changes. Supporting data are available
in Table 5.

4.1.3.1 STEM content knowledge and thinking skills

Mary exhibited a variety of thinking skills, including problem-
solving, creativity, and innovation. In the first lesson, she displayed
logical and analytical thinking, focusing on calculating dimensions
and shapes during sketching. The second and third lessons revealed
her flexibility in problem-solving, suggesting alternative solutions
when her group faced disagreements and setbacks. In the last lesson,
her creativity and innovation became evident, as she incorporated her
favorite colors and figures into the appearance design, demonstrating
her ability to consider alternative solutions.
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TABLE 3 The supporting data extracted from each post lesson discussion meeting pertaining to Emma.

Constructs Post-lesson  Supporting data sample from Mr. Li's evaluation
meeting
1 “...In class, there were no signs of active participation as the student refused to answer the teacher’s questions and frequently skipped classes...”
Thinking skills: 2 “...Today, under the guidance of the teacher, she answered a question about electronic component ...”
Problem-solving abilities 3 “...when Mr. Han asked what problems you met during doing homework [in the Define-stage], she said her pen always broken, and provide a reasonable solution...”
Content knowledge . “... in class, she voluntarily raised hand to answer a relatively difficult question about using sensors to express information. Although she initially gave the wrong answer, with the guidance
from Mr. Li, she eventually provided the correct response...”
1 “... after the class, I asked Emma why she refused to answer the teacher’s questions and frequently skipped classes, she said she was afraid of providing wrong answer...”
Self-efficacy:
eH-eflicacy 2 “...she answered a question about electronic component, but appeared very nervous...”
Confidence in problem-
. 3 “...she seemed less nervous compared to the previous two days...”
solving
4 “...in class, she voluntarily raised hand to answer a relatively difficult question about using sensors to express information...”
1 “She only did what the teacher asked to do..., always gave up once met difficulties”
Motivation: « . . . . . 5
2 She shared an idea that was ignored by other group members, which seemed to leave her feeling quite frustrated
Positive attitude towards
challenges and failures 3 “Even when facing multiple failures in the programming process, she kept trying”
4 “She eventually provided the correct response. It was noticeable that she started to feel a sense of achievement”
Collaborative learning: 1 “...during group activities, Emma showed reluctance to engage, no interaction with other students...”
Willingness to share 2 “During the group collaboration and brainstorming session, she shared an idea that was ignored by other group members...”
ideas and collaborate — . . . S
3 During the collaborative design of the appearance, she took the initiative to ask others for suggestions
with peers
Supportive and
constructive 4 “...in the group discussion, she began offering suggestions to others...”
participation in group
projects

e
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TABLE 4 The supporting data extracted from each post lesson discussion meeting pertaining to John.

Constructs

Thinking skills:

Creativity and innovation

Post-lesson meeting

Supporting data example from Mr. Han's evaluation

“...during the brainstorming, this child provided a good idea ... but this idea is not applicable...”

“...he provided a reasonable solution by using sensors, but he forgot the name of this sensor...”

“...he suggested other group members to install a buzzer to remind of playing for long time, this idea is different...”

“I found John's idea is always unique, in this class, he suggested using a temperature sensor, a unique idea that others had not thought

of..”

Self-efficacy:

Belief in creative potential

“...this child had good ideas, but his expressions were not particularly clear and were often contradicted by other children, which

made him feel frustrated...”

“his idea was refused by others again, he got frustrated, this kind of emotion negatively impacted his performance in the following

tasks”

“he started to provide feedbacks, pointed out others” disadvantages, for making others to accept his solution...”

“When other students doubt about his idea, he continuously persuaded others by providing examples...”

Motivation:

Positive attitude towards challenges and failures

“This emotional impact affected his programming as he failed several times during the process and then stopped trying””

“However, today, during their group testing of the backpack’s functionality, despite facing 5 to 6 failures, he still concentrated on this
task..”

“During programming, I saw he persisted in debugging, testing, he never gave up, until seeking Mr. Han for help...”

“at the end of this lesson, I asked him what he learnt most...he said failure is the mother of success...”

Collaborative learning:
Effective communication skills during teamwork

Supportive and constructive participation in group projects

“his expressions were not particularly clear and were often contradicted by other children, which made him feel frustrated...”

“John’s communication skills are still lacking. During group collaboration, he can do the task, but struggles to express himself clearly.
However, today, during their group testing of the backpack’s functionality, despite facing 5-6 failures, he encouraged other group

members not to give up.”

“John’s communication skills showed some improvement today. When drawing the outline of the phone stand, he actively provided

suggestions to others”

“When other students doubted about his idea, he continuously persuaded others by providing examples. However, when asked to

explain it further, his expression became unclear again. His communication skills still need improvement.”

e
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TABLE 5 The supporting data extracted from each post lesson discussion meeting pertaining to Mary.

Construct

Thinking skills:

Creativity and innovation

Post-lesson meeting

Supporting data sample from Yin's observation

“...during designing the appearance, she remained focused by calculating the dimensions and shapes...”

“Their group was arguing about not wanting to use glue to stick the control board onto the backpack, as glue could damage the backpack. At this moment, she noticed there

was some tape on the podium, and she suggested using tape.”

“... she always said to the other team members what if they approached it from a different angle, when their products did not function well...”

“...this time, she put her favorite color and figures during appearance design...”

Self-efficacy:

Belief in creative potential

“she always refused to others’ ideas and feedbacks, I asked her why, she said I was not sure whether others’ ideas and feedbacks were right...”

“...she still refused to consider others” suggestions and followed her own ideas...”

“...she grew tired of designing the appearance and delegated the task to others, while she remained disengaged on the side...she wanted to try something new...”

“She put her favorite color and figures during appearance design followed others” suggestions”

Motivation:
Intrinsic passion for making
Continuous improvement through

iteration

“This child’s motivation is notably strong. During the design of the appearance, she remained focused and took into consideration dimensions and shapes.”

“...she suggested using tape, and she sticked the tape on the backpack proactively...”

“Mary’s motivation seemed less evident today compared to the previous two classes.”

“She put her favorite color and figures during appearance design followed others’ suggestions, changed once and once again..”

Collaborative learning:

Active listening and valuing others’
perspective

supportive and constructive

participation in group projects

“However, she tends to be too assertive, disregarding others’ opinions at all times.”

“However, when it came to the appearance design, she still refused to consider others’ suggestions and followed her own ideas.”

3

“...She delegated the task to others... she started to do other things; she did not want to be designer... Maybe, she got bored in sketching”

“Mary not only became willing to listen to others’ opinions during group collaboration but also actively sought out their feedback.”

e
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4.1.3.2 Self-efficacy

Fluctuations were observed in Mary’s belief in her own abilities
and her willingness to accept and act upon others’ feedback and
suggestions. Initially, she was reluctant to embrace others’ ideas and
feedback, express uncertainty about their validity, and indicate a lack
of self-efficacy in evaluating and incorporating external inputs. In the
second lesson, her self-efficacy seemed to decrease as she grew tired
and delegated a task to others. However, she displayed a desire to
explore new ideas, hinting at a subsequent boost in her self-efficacy
and willingness to experiment. In the fourth lesson, she exhibited a
willingness to incorporate others’ suggestions while adding her
personal touch, indicating a more balanced approach.

4.1.3.3 Motivation

Mary’s motivation underwent fluctuations. In the first two lessons,
she remained highly motivated, actively engaging in the design
process, offering suggestions during brainstorming, and taking the
initiative to test prototypes. However, passive behaviors emerged in
the third lesson, where she repeatedly assumed the role of designer in
group work. Her motivation resurged in the fourth lesson, as she made
changes and iterations during the design of a physical prototype.
Overall, her motivation showed fluctuations, transitioning from
proactive to passive engagement and then soaring again.

4.1.3.4 Collaborative learning

Mary improved her collaborative ability over time, particularly in
terms of active listening, appreciating others’ opinions, and engaging
in supportive and constructive participation in group activities. In the
first two lessons, she exhibited assertiveness and consistently
disregarded others’ opinions, presenting a challenge in collaboration.
In the third lesson, despite delegating a task to others and remaining
disengaged, there was reduced involvement in collaboration. However,
in the fourth lesson, Mary not only became willing to listen to others’
opinions during group collaboration but also actively sought feedback,
reflecting a more collaborative and open approach.

In summary, Mary’s journey showcases her transition from initial
hesitance to accepting others’ input to moments of increased self-
efficacy, as she actively participates, experiments with new ideas, and
integrates suggestions from peers. Her thinking skills and motivation
also evolved significantly, with collaborative abilities showing positive
changes over time. This highlights the dynamic nature of educational
experiences and the potential for growth in various aspects of learning
and development.

4.2 RQ2: what are the major factors that
influence changes in the students’ MM?

This research question delves into the core factors driving changes
in students’ MM throughout the implementation of the DTMP by
analyzing students’ reflection logs, post-lesson discussion meetings,
and the post-interviews with teachers and students. The findings and
supporting evidence are presented below.

4.2.1 Individual factors
The analysis results revealed that three personal-related factors
significantly impacted students’ MM transformation. These factors
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include students’ prior knowledge base, Maker skills, and motivation
engaged in Maker projects.

4.2.1.1 Knowledge base

It pertains to students’ mastery of STEM subjects before engaging
in Maker projects. In the case of Emma, it was evident that compared
to other students, she refrained from answering teachers’ questions
and passively participated in group discussions during the first two
lessons. Her reluctance stemmed from feelings of inadequacy and
anxiety related to her limited knowledge of programming and
electronic components. As she candidly expressed to the teacher after
the first lesson:

“I have very limited knowledge of programming and electronic
components, [so] I'm afraid of answering the teacher’s questions
incorrectly... I get nervous in class, [because] my knowledge is
quite limited, and during group discussions, I also can’t
understand, so I don't know how to participate.”

Emma’s explanation illustrates how the depth of subject
knowledge can significantly impact students’ cognitive, motivational,
and behavioral engagement in project making, ultimately influencing
MM transformation.

4.2.1.2 Maker skills

Maker skills encompass practical abilities, such as coding, 3D
printing, and electronic connections, that are essential for hands-on
making. Insufficient proficiency in Maker skills can impede students
from successfully completing projects, making it challenging for them
to bring their ideas to fruition. Consequently, these difficulties can
lead to feelings of demotivation. Mary’s experience with the glue gun
highlights this issue:

“When our group tried to use a glue gun to attach the control
board to the backpack, it just wouldn't stick. As a result, our group
could not complete the task as much as the other groups. This
made me feel very frustrated, and I think we should improve our
crafting skills”

Additionally, when students lack essential making skills, they may
become overly reliant on others to complete their tasks, which may
hinder their independence and problem-solving abilities. John’s
reflection in the first lesson exemplifies this: “I cannot connect
electronic components to the appropriate pins on the Arduino Nano
using jumper wires; I have to rely on other students’ help” These
stories illustrate that the lack of making skills negatively impacts
students’ hands-on making experiences, ultimately hindering their
MM transformation.

4.2.1.3 Motivation

We discovered that students’ motivation played a pivotal role in
shaping students’ classroom performance and their transformation of
MM. We found that intrinsic and extrinsic motivation exerted
different influences on student performance.

Intrinsic motivation encompasses the students’ active engagement
in an activity driven by their inherent enjoyment, personal interests,
and aspirations for self-improvement (Ryan and Deci, 2000). On the
other hand, extrinsic motivation is rooted in external factors, such as
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rewards or external pressures, that lead students to participate (Ryan
and Deci, 2000).

From Table 1, it can be observed that Emma’s motivation primarily
stems from extrinsic sources, potentially due to the pressure of
parental expectations, which consequently results in a relatively
passive classroom performance. In contrast, John and Mary are
predominantly fueled by intrinsic motivation, ignited by their
profound interest and positive past experiences in Maker projects.

This divergence in motivational sources illuminates the reason for
Emma’s comparatively lower participation in the initial two lessons,
whereas John and Mary exhibited heightened motivation and
enthusiasm for the projects. It becomes evident that motivation not
only serves as a critical determinant of students’ involvement in Maker
but their
MM transformation.

projects also plays an indispensable role in

4.2.2 Social factors

The results revealed that three social-related factors significantly
impacted students’ MM transformation. These factors include teacher
attitude, recognition and feedback, and peer collaboration.

4.2.2.1 Teacher attitude

Teachers’ attitudes encompass the beliefs, behaviors, and approaches
demonstrated by teachers during the facilitation of Maker projects and
classroom activities. These attitudes can be broadly classified as either
supportive or unsupportive, and their impact on students’ engagement
and creative thinking in Maker projects is quite significant.

This impact of teacher attitudes becomes evident when
we examine Mary’s response to the question, “Why aren't
you participating in the project-making as enthusiastically as you did
in the past two projects?” Her elaboration sheds light on this matter:

“During the first two projects, Mr. Liu and Mr. Yin gave us ample
time to work on our projects, allowing for continuous
experimentation. Today, Mr. Han primarily focused on explaining
the program and didn’t allocate enough time for hands-on work,
leaving me somewhat bored”

Mary’s additional insights underscore the contrasting approaches
of Mr. Liu and Mr. Yin, who encouraged students to experiment and
learn from their mistakes, thus cultivating a supportive environment

10.3389/feduc.2024.1343492

that fostered creativity. In contrast, Mr. Han's emphasis on precision
and the limited opportunities for hands-on activities adversely affected
the students’ enthusiasm and creative thinking. This underscores the
pivotal role that teacher attitudes play, either in nurturing a positive
transformation or hindering the development of the MM.

4.2.2.2 Recognition and feedback

Recognition and feedback encompass the acknowledgment and
input provided in response to a student’s work, efforts, or
achievements. It was observed that teachers’ recognition and feedback
played distinct roles in the MM transformation of the three students.

In Emmas case, a student with low self-efficacy, teacher
recognition had an impact by instilling a belief in her abilities. She
began to perceive that she had “possessed the capability to succeed in
tasks,” thus boosting her confidence.

For John, he viewed teachers’ feedback as “a valuable source for
improvement.” This feedback served as a guide in his project-making
process, enabling him to make necessary adjustments and refinements
to his work. The students’ artifacts serve as evidence of their
improvement following teachers’ feedback and recognition. As
illustrated in Figure 4, the changes in students’ Sketch worksheets
during the LS cycle demonstrate their responsiveness to feedback. This
indicates that students incorporate more constraints into their designs
based on teachers’ feedback.

In Mary’s experience, regular recognition and feedback
contributed to “a deep sense of achievement” As she completed
various aspects of her projects, this sense of accomplishment
reinforced her commitment to the project and served as a motivating
factor, encouraging her to strive for further success.

These findings highlight the importance of recognition and
feedback in shaping students’ MM and their commitment to project-
based learning.

4.2.2.3 Peer collaboration

Peer collaboration is a fundamental aspect of students working
together to complete projects, enabling the exchange of ideas, skills,
tools, and learning resources. This collaborative approach significantly
influenced the development of the MM among these three students,
resulting in both negative and positive effects.

Initially, the drawbacks of peer collaboration became evident
during the first two projects. First, John experienced frustration and

FIGURE 4
The change of Johns' sketch in the RL1, RL3, RL4.
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reduced engagement as his ideas were often disregarded or overlooked
by his peers. This led to a decline in his enthusiasm for subsequent
project participation, a point emphasized by Mr. Liu, who remarked,
“A notable example is John, who eagerly sought to share his ideas but
often found them rejected, leaving him frustrated and significantly
diminishing his involvement in subsequent classes”

Second, peer collaboration resulted in resistance to feedback and
suggestions from peers, which in turn gave rise to conflicts and
challenges in reaching a group consensus. As Mr. Li highlighted,
“Mary’s inclination to adhere to her own opinions and dismiss
suggestions from others led to significant disagreements and conflicts
within the group”

Third, peer collaboration led Emma to assume a passive role in
group discussions, causing her to miss opportunities for active
participation and skill development. Mr. Han observed, “Emma
appeared disengaged during group discussions, which represented a
missed opportunity for her growth” These observations shared by
participant teachers suggest that peer collaboration may negatively
impact students’ cognitive, emotional, and behavioral engagement,
potentially hindering their MM development.

However, in the subsequent lessons, peer collaboration had a
positive impact on the three students’ MM development. This was
evident in their reflections on what they learned the most from these
four projects. They acknowledged that when they faced challenges or
lacked certain skills, their team members stepped in to assist and
provide guidance. This collaborative approach enabled them to
overcome obstacles and make progress in their projects. For example,
Emma mentioned, “When I did not know how to program electronic
components, other team members helped me” Mary further shared,
“When I drew sketches, other team members provided feedback from
different angles,” and “when we built prototypes, all team members
contributed, such as gluing the cardboard and cutting papers” The
students’ words reflect the importance of collaborative learning and
peer support in their MM development.

4.2.3 Pedagogical practices

The findings highlight how teachers’ pedagogical practices shaped
their students’ MM transformation. The subsequent sections address
factors such as project difficulty, structure, and authenticity.

4.2.3.1 Project difficulty

This pertains to the level of knowledge, skills, and competencies
required for students to successfully complete a project. The analysis
revealed that when the students took on challenging projects in the
first lesson, they encountered frustration and a sense of being
overwhelmed by to the initial difficulty of these projects. Mary
expressed this frustration, stating, “I got frustrated when I tried many
times, but still failed. .. and finally, I gave up... because the project was
too difficult to complete”

Both John and Mary shared similar feelings, which discouraged
them from opting for more complex projects in the following lessons.
John articulated:

“I know that I have some strengths, but I also have areas where
I still need to improve. Choosing a project that aligns with my
current knowledge and skills doesn't mean I'm not creative or
ambitious. It just means that I want to build on what I already
know and feel more confident in my abilities”
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John's statement emphasizes the importance of aligning project
choices with their current knowledge and skills. This illustrates that
the students place value on achieving a balance between challenge and
competence. They prioritize projects that align with their existing
with the through
successful experiences.

abilities, goal of building confidence

4.2.3.2 Project structure

Project structure encompasses the structured process that leads
students from the initiation of a project to its successful completion,
facilitating the transfer of knowledge (Scarbrough et al., 2004).
According to the findings of the analysis, the students felt that the
systematic approach provided by the DTMP was helpful in
effectively navigating the entire project. This pedagogical practice
also increased students’ knowledge and grasp of the project’s
procedures, as well as the importance of each phase in the process.
This was evident in the three students’ reflection journals, where
they provided detailed descriptions of how they finished their tasks.
Emma, for example, describes their project completion method as
follows, noting:

“Our group completed the project by following the procedure:
interviewing others to collect information, analyzing obtained
information, brainstorming possible ideas, programming and
designing, and sharing products with others”

Furthermore, the teachers’ practice of summarizing each
procedure was identified as a critical feature in enabling the students
to understand the goal and significance of each stage in the method.
John stated: “Teachers outlining each procedure made me grasp why
I needed to engage in this procedure”

These findings imply that the organized methods provided by the
DTMP increased students’ understanding of the project’s organization
and the reason for their activities.

4.2.3.3 Authenticity

In this context, authenticity refers to the relevance of projects to
students’ daily lives. An examination of the students’ project
preferences revealed that their assessment of project authenticity and
its connection to their daily experiences significantly influenced
their choices.

For example, Emma preferred a project addressing parent—child
communication conflicts (as referred in RL4). She found it meaningful,
believing that it could improve her daily life by facilitating information
exchange and reducing conflicts. As she expressed, “Creating a parent-
and-child communicator is especially meaningful to me, as it can
enhance information sharing and reduce conflicts”

On the other hand, John was drawn to a novel and challenging
project aimed at improving canteen staff efficiency using electronic
components. He was intrigued by the untapped potential of electronic
components in food delivery from the very first lesson. As
he remarked, “I never imagined that electronic components could
enhance the efficiency of food delivery for canteen staff”

Mary was interested in a smart backpack solution, as it could
address several issues in her daily life, including missing books and
homework, improving her posture, and resolving zipper problems (as
referenced in RL2). She explained, “I particularly like the backpack
project because it is highly practical. I can use electronics to solve a
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long-standing issue - always forgetting to zip up my backpack, poor
posture and leaving homework at home”

These preferences underscore the unique perspectives of the
students and the significance of project authenticity and relevance to
their daily lives.

In summary, the findings revealed the interplay between personal,
social, and pedagogical factors in shaping students MM
transformation. A combination of a solid foundation of prior
knowledge, maker skills, intrinsic motivation, supportive teacher
attitudes, recognition, feedback, and effective peer collaboration
contributes to a positive MM transformation. These insights offer
valuable guidance for educators seeking to nurture MM in students.

5 Discussion

It is known that the utilization of the LS approach can have a
considerable influence on the professional advancement of teachers,
resulting in the improvement of instructional techniques and the
academic progress of pupils (Lewis et al., 2006). Under this theoretical
framework, we extended our prior work (Li et al., 2023) to focus on
the transformation of students’ MM. Utilizing the Dutch-LS model
(Goei et al., 2021), we selected case students of varying abilities to
investigate MM formation and development within ME context. Our
findings, detailed below, shed light on the dynamic MM changes in
cognitive, affective, and behavioral domains of three case students
engaged in an LS cycle.

5.1 The change of students’ MM

To explore the intricacies of MM development in the three case
students, we conducted an in-depth analysis, combining teacher
Our
examination revealed three key aspects that either align with or differ

observations and student interviews over four lessons.
from existing studies in the domains of cognition, affect, and behavior.

5.1.1 Cognitive domain

Our study found a significant increase in STEM knowledge and
thinking skills across all students, regardless of their varying baseline
abilities. These thinking skills encompass creativity, problem-solving,
and adaptability. This result, consistent with many ME studies, affirms
that hands-on project-based learning enhances cognitive development.
Notably, our study identified nuanced changes in cognitive
development patterns. Specifically, Emma excelled in content
knowledge but showed slower improvement in thinking skills. John
demonstrated discernible improvement in thinking depth and
diversity. Mary exhibited early flexibility and versatility in her STEM
approach due to her unique combination of thinking abilities. These
nuanced changes can be attributed to two characteristics of the LS
approach. LS centers around specific learning objectives, enabling
teachers to observe individual responses to different strategies.
Moreover, LS involves multiple observations over an extended period,
facilitating a comprehensive understanding of students’ growth.

5.1.2 Affective domain
Our study result shows that, despite all three students transforming
their self-efficacy beliefs, their motivation and self-efficacy fluctuated
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throughout these four RLs. Specifically, Emma and John’s motivation
levels fluctuated, with bursts of enthusiasm interspersed by decrease.
Mary, on the other hand, displayed an initial rush of enthusiasm
followed by periods of inactivity. These variations underscore the
intricate nature of MM transformation, aligning with similar findings
in Vongkulluksn et al’s longitudinal studies (Vongkulluksn et al.,
2018) and Kim and Zimmerman’s case studies (Kim and

Zimmerman, 2017).

5.1.3 Behavioral domain

Our results demonstrate that all three students improved their
collaboration abilities, but during the process of shaping these abilities,
each student faced different collaboration challenges. Emma was first
hesitant to fully participate, John battled with effectively conveying his
thoughts, and Mary struggled to notice and assimilate the perspectives
of others. These challenges were also discussed by Moriwaki et al.
(2012) and Buchholz et al. (2014). This highlights the need to consider
the context-specific aspects of collaboration within the MM trajectory.

In summary, our analysis provides a comprehensive understanding
of MM development among the three case students. It highlights the
shared growth in cognitive abilities, self-efficacy, and collaborative
skills, while acknowledging the individualized nature of motivation
and the context-specific challenges associated with collaboration. In
this context, we propose that personalized educational support is a
viable approach to nurture students’ MM. This approach recognizes
the uniqueness of each student, empowering them to assume
ownership of their the
development of MM.

learning journey and fostering

5.2 Factors influencing students’ MM

Our analysis of students’ reflections, teacher and student
interviews, and post-lesson discussions revealed several factors that
influenced the formation of students’ MM, categorized into individual,
social, and pedagogical perspectives.

5.2.1 Individual factors

Individual factors that affect the development of MM include
prior knowledge, maker skills, and motivation. Students’ depth of
prior knowledge in STEM subjects, exemplified by Emma’s limited
programming skills, can lead to feelings of inadequacy and hinder
engagement in Maker projects. Proficiency in practical maker skills,
like coding and 3D printing, is essential for project success, however
alack of these skills, as seen in Mary’s experience with a glue gun, can
result in frustration and demotivation. Students’ motivation varies,
with Emma being externally driven and others internally motivated.
These differences significantly impacted classroom engagement and
MM development. Studies by Flores (2018) and Hansen et al. (2019)
also highlight the importance of prior knowledge and maker abilities
in enabling engagement, building confidence, and improving
problem-solving skills.

5.2.2 Social factors

From a social perspective, teachers’ attitudes, recognition,
feedback, and peer collaboration are significant for MM development.
Supportive teachers foster a positive environment that encourages
creative thinking and engagement through experimentation.
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Conversely, teachers who overly focus on correctness may hinder their
creativity. Teacher recognition and feedback play an instrumental role
in MM transformation, instilling belief in students’ abilities, guiding
improvement, and contributing to a sense of achievement, influenced
by individual self-efficacy and mindset. Peer collaboration can
enhance engagement, skill development, and collaboration, but it can
also lead to frustration and conflicts when not effectively managed.
Situated in existing studies, Hughes et al. (2019), Hansen et al. (2019),
and Weng et al. (2023) underscore the significance of instructor and
peer support in creating a supportive ecosystem for project
completion, learning, and personal growth.

5.2.3 Pedagogical practices

In pedagogical practices, our research highlights the pivotal role
of project design, which encompasses project difficulty, structure, and
authenticity in influencing students’ MM development. Students value
a balance between challenge and competence, prioritizing projects
aligned with their abilities to build confidence through successful
experiences. This approach resonates with concepts like optimal
challenge and self-determination in learning (Ryan and Deci, 2000).
A systematic project structure, guided by DTMP pedagogy, enhances
students’ understanding of the project’s organization and the
significance of each phase. Teachers’ summarizing each procedure is
vital for students to comprehend the purpose of each stage within the
project. The authenticity of the project context significantly influenced
students’ project preferences and engagement, emphasizing the
importance of connecting classroom projects with real-life scenarios
for a more engaging learning experience. Gozen (2016), McCurdy
et al. (2020), and Zhang et al. (2020), who researched using DT to
reframe ME, their study results also acknowledged that DT gave
students a sense of direction during project making, leading to
developing various thinking skills such as creativity, problem framing,
problem-solving.

Our review identified two underexplored areas in the existing
literature: students’ initial motivation before engaging in maker
projects and their familiarity with real-life situations. These gaps in
research can be attributed to our adoption of the LS approach, which
offers a context-specific, in-depth exploration of the educational
process, uncovering insights unattainable through other methods.

Through LS, we collaborated with four teachers to closely examine
the students’ initial motivation and track their evolution throughout
the project. This longitudinal approach provided detailed insights
which are often missing in cross-sectional studies. This allowed us to
illuminate the factors shaping students’ participation and performance,
a previously overlooked aspect.

Furthermore, our focus on individual, real-life situations within the
LS approach enabled the integration of authentic, real-world problems
into the learning process. Our observations on how students’ familiarity
with these situations affected their engagement, learning, and problem-
solving abilities provided valuable insights. Specifically, we noticed that
when confronted with an unfamiliar problem setting, both high-ability
and average-ability students face difficulties in properly defining the
problems to be addressed in the projects, which has an impact on their
enthusiasm to participate in subsequent projects. When we emphasize
students’ personal lives in following projects, we notice a significant
transformation - all three children adeptly outline challenges and actively
participate in project design process. This emphasis on students’ real-life
familiarity addresses a notable gap in previous research, which frequently
centered on abstract social and global issues.
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6 Conclusion

In conclusion, our study adds to the understanding of MM
development in elementary students. This was achieved by employing
within-case and cross-case analyses of three students with different
abilities across four RLs within the LS context. The findings revealed
shared commonalities in cognitive development, self-efficacy shifts,
and collaboration enhancement among these three students.
Additionally, unique transformations in individual cognitive skills,
motivational patterns, and collaboration hurdles were identified. The
analysis underscores the importance of personalized education
support for students with different abilities. Further, we identified
potential factors that may influence MM development across
individual, social, and pedagogical dimensions. Individual factors
encompass prior knowledge, maker skills, and motivation, while
social factors include teacher attitudes, recognition, feedback, and
peer collaboration. Pedagogical practices, such as project difficulty,
structure, and authenticity, play a crucial role in MM development.
Therefore, this study enhances the knowledge of MM development
and formation. As a result, this work advances our understanding of
the creation and development of MM. Additionally, we propose that
LS may be a useful strategy for establishing tailored ME education that
meets the needs of different students.

7 Limitation and future research

The limitations of this study can be outlined in three main aspects.
Firstly, even though we deliberately selected three students with
diverse abilities to monitor their MM transformation across four RLs,
the small sample size may restrict the extent to which our findings can
be generalized to a broader student population. Secondly, the study is
firmly situated within a specific educational context, which could limit
its relevance and applicability to other educational settings. Thirdly,
our data collection heavily relied on subjective qualitative methods,
including teacher observations and student interviews, introducing
the potential for bias in the interpretation of the data.

To enhance the robustness of future research in this area, it is
recommended to consider diversifying the sample size, incorporating
more objective quantitative measures, and addressing potential
researcher bias. Additionally, expanding the study’s timeframe and
adopting a longitudinal research approach could offer valuable
insights into the persistence and evolution of MM over an extended
period. These considerations aim to strengthen the generalizability,
reliability, and validity of the study’s findings and contribute to a more
comprehensive understanding of MM transformation.
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