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A growing interest has been observed among K-12 school educators to incorporate
maker pedagogy into science, technology, engineering, and mathematics (STEM)
education to engage students in the design and making process. Both cognitive
engagement and emotional engagement of students can be promoted through
satisfying the psychological need of relatedness that concerns a sense of connection
and belonging. How to support relatedness would influence the effective development
of students’ cognitive competencies, namely creativity and critical thinking, and non-
cognitive characteristics, namely interest and identity. Therefore, the present study
investigated how two relatedness support strategies—real-world problems (RWP) and
mentoring influence the development of student’s STEM-related cognitive competencies
and non-cognitive characteristics in STEM marker activities. We implemented a 7-
week intervention study with three classes of Grade 9 students (aged 13-15 years) in
Hong Kong (n = 95). Three intervention conditions were designed in the experiment,
comprising textbook problem (TBP), RWP, and RWP with mentoring (RWPM). Our
analysis showed that (i) the differences in creativity among the three groups were non-
significant, (i) the RWP and RWPM groups showed stronger critical thinking than the
TBP group, and (iii) the RWPM group exhibited stronger STEM interest and identity
than the other two groups. This study revealed the effectiveness of adopting RWP
strategy in developing secondary students’ perceived cognitive competencies (e.g.,
creativity and critical thinking) and the feasibility of employing a mentoring mechanism
for cultivating learners’ perceived non-cognitive characteristics (e.g., STEM identity and
interest). Hence, we also offered practical suggestions for teachers.

Keywords: STEM education, maker, relatedness, mentoring, real-world problem, 21st century skills

INTRODUCTION

After the release of the Make magazine in 2005 and the hosting of the first Maker Faire in
2006, the maker movement started to gain momentum into becoming a worldwide phenomenon
(Sang and Simpson, 2019). This movement is a cultural trend focused on creating makers rather
than consumers of products in the 21st century (Marshall and Harron, 2018) and advocates for
creativity, excitement, and innovation (Bevan et al., 2015; Papadakis, 2021). Within this movement,
individuals can use different tools and materials to present their ideas through physical products
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such as prototypes and artifacts that they feel are relevant and
interesting. This maker-centered approach has been applied
in science, technology, engineering, and mathematics (STEM)
learning and teaching (Honey et al., 2014; Godhe et al,, 2019)
primarily by means of after-school or extracurricular activities,
and in libraries, museums, or playgrounds.

The incorporation of maker education in STEM learning and
teaching is considered as contemporary pedagogy that embraces
collaboration, experimentation, and open-endedness (Nemorin
and Selwyn, 2017; Godhe et al., 2019); however, this pedagogy
is less established in classrooms and relatively new to most
schools and teachers (Honey et al,, 2014). How to use maker
approach to better engage in STEM learning warrants further
exploration. Student engagement can be motivated by supporting
a psychological need—relatedness (a sense of connection and
belonging)—posited by Self-determination theory (SDT) that
is a motivation theory (Ryan and Deci, 2020). To satisfy the
need for relatedness, teachers could use authentic or real-
world examples and assignments to establish students” perceived
relevance and connection of the learning materials (Hung, 2016),
and adopt mentorship programs to foster stronger students’
belonging by developing student-expert relationships (Simoes
and Alarcio, 2014). Accordingly, real-world problems (RWPs)
and mentoring would better motivate student engagement than
textbook problem (TBP) in STEM maker activities.

Incorporating RWPs into STEM learning activities is more
likely to expose students to authentic problems, which connects
content with their daily life and lead to greater cognitive and
emotional engagement. The inclusion of authentic problems will
require students to solve ill-defined problems that are complex
and cognitively challenging (English and Mousoulides, 2015;
English, 2016; Woods and Hsu, 2020). The solving process
requires students to process volumes of different information
and brainstorm solutions. Students are expected to collaborate
creatively, perform critical thinking, and communicate to
propose, devise, and evaluate solutions to address the problems.
The relevance of and connection with RWPs encourage students
to be aware of the choice of solutions they arrive at and how
their choices fit into a societal context in which they feel loved
and care for, ie., support the need for relatedness (Hung,
2016). Therefore, how maker pedagogy support relatedness could
determine how effectively students’ cognitive competencies such
as creativity and critical thinking can be developed. Moreover,
mentorship programs support the need for relatedness, allow
students to avail themselves of student-expert relationships, and
to connect with their mentors (Simoes and Alarcdo, 2014).
As mentees, students engage in different interactions with
mentors in course of their learning process (Tofel-Grehl et al.,
2017). They receive mentors guidance to shape their ideas,
endorsement of their choices, and recognition of their efforts
and works. This process could facilitate positive non-cognitive
characteristics, such as interest and identity development in
a social environment (Schlegel et al, 2019; Nganga et al,
2020). Relationships with mentors could influence the positive
development of students’ STEM interest and identity (Nganga
et al., 2020). However, the adoption of mentoring that supports
relatedness (Simoes and Alarcao, 2014) for promoting these

non-cognitive characteristics has been less discussed in K-12
education (Honey et al., 2014), because mentorship programs
require numerous resources involving an enormous number of
school students.

In sum, further research to understand how the pedagogical
designs of maker education to use RWPs and mentoring to
support relatedness (Simées and Alarcdo, 2014; Hung, 2016)
in K-12 formal schooling settings is required (Honey et al,
2014; Godhe et al.,, 2019). Creativity, critical thinking, interest,
and identity are the four major outcomes of STEM education
in K-12 STEM education (Honey et al, 2014; Johnson et al.,
2020). These vital features are necessary for the identification
of young children as STEM makers and for their adaptation
to the future society (Chiu et al., 2020; Chiu and Lim, 2020).
Accordingly, the present study aimed to explain how RWPs
and mentoring influence the development of student’s cognitive
competencies and non-cognitive characteristics from a different
perspective: relatedness.

First, we present our conceptual framework, and critically
discussed previous studies on cognitive competencies and
non-cognitive characteristics as learning outcomes of maker
pedagogy. Then, we state the goal of this study, and its three
research questions, following by describing research design and
procedure. Final, we present the results answering the questions,
and a discussion of the findings with limitations.

LITERATURE REVIEW
Maker Pedagogy in STEM Education

Making is an essential human activity because “we must make,
create, and express ourselves to feel whole” (Hatch, 2014, p. 11).
The concept of making is well-accepted as minds-on and hands-
on learning in STEM education. Many schools have adopted
making as a pedagogical approach with strong emphasis on
designing, doing, and creating to nurture students to be creative
STEM thinkers (Halverson and Sheridan, 2014; Godhe et al,,
2019; Suh et al., 2020).

Creativity refers to the ability to generate multiple solutions
to a problem through divergent thinking rather than one
solution through convergent thinking (Daly et al., 2014). Maker
pedagogy may allow students to explore a problem as a team,
exchange ideas among their members, and build and rebuild
their ideas. Furthermore, creativity acts as a vital tool that helps
students put their new ideas into practice and develop their
creative competence through innovation (Papadakis, 2021; Xia
et al., 2021). Literature suggests that STEM maker projects can
effectively cultivate students’ creativity in the school context
(Saorin et al., 2017; Searle et al., 2018). For example, students
can work in groups and share their ideas with peers to make
creatively designed dolls using 3D printing (Saorin et al., 2017).
Similarly, high school students in a circuit creation workshop
had new ideas for their artifacts of electronic textiles when they
were given opportunities to brainstorm different solutions and
receive ideas from others (Searle et al., 2018). In general, maker
pedagogy fosters a creative culture and play a positive role in
helping students imagine innovative new possibilities.
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Maker pedagogy, including hands-on activities and inquiry-
based learning, is fundamentally linked to experiential learning
(Honey et al., 2014; Suh et al., 2020). This type of pedagogy is
based on the constructivist paradigm that students learn through
experiencing and reflecting on those experiences (Martin, 2015).
Teachers set the stage for students with real-life challenges, and
students identify problems, design different possible solutions,
and propose evaluation methods related to the challenges
(Gettings, 2016; Chiu et al,, 2021b). The students engage in
in-depth investigations with materials, objects, and ideas and
draw meaning and understanding from their experiences in a
fun manner, in order to solve challenges with originality and
imagination. The entire solving process includes observations
and reflections. They are required to recruit and coordinate
personal, social, and material resources for meaningful learning
participation, i.e., they should have abilities to engage with
sophisticated practices (Brahms and Crowley, 2016). Therefore,
making as learning process for young children requires their
access and evolving relationship to teacher/mentor assistance
and expertise. These suggest that relatedness satisfaction would
become more crucial in solving RWPs in STEM making activities.

Textbook Problem, Real-World Problem,
Mentoring, and Relatedness in

Self-Determination Theory

Maker approach is less established pedagogy being adopted in
STEM classrooms (Honey et al., 2014). How student engagement
in maker learning activities affect the development of cognitive
competencies such as collaboration, creativity, and critical
thinking and non-cognitive characteristics such as enthusiasm,
interest, and identity remains unclear (Honey et al., 2014; Martin,
2015). Student engagement can be motivated by satisfying
relatedness, a psychological need that refers to a sense of
connection and belonging suggested in Self-determination theory
(SDT) (Ryan and Deci, 2020). In the course of learning,
students’ behavioral, cognitive and emotional engagement can be
speculated by the relatedness of the learning context (Reeve, 2013;
Chiu, 2021b,c; Chiu et al., 2021a). It is because desirable teacher-
student relationships can promote students” active participation
in maker activities (i.e., behavioral engagement), stimulate their
positive feelings when pursuing the activities (i.e., emotional
engagement), and make them more confident in accomplishing
the challenging tasks therein (i.e., cognitive engagement) (Chiu,
2021b,c). In this paper, TBPs refer to the problem are not
in real-life context. Accordingly, compared to TBPs, RWPs
and mentoring are approaches to support need for relatedness:
Students would perceive stronger relevance and connection of
the learning materials when using RWPs, and would develop
stronger belongings and student-expert relationships when
adopting mentoring approach in learning activities (English and
Mousoulides, 2015; Chiu, 2021a; Chiu et al., 2021a).

In TBPs students are often given specific ill-defined problems
(Hanif et al,, 2019). However, students may not be required
to identify issues and formulate their own problems in real-
life context. They may follow teachers instruction, and replicate
peers’ ideas to solve the TBPs that are less complicated and

authentic than RWPs. Therefore, students would find TBPs
and their solutions less relevant, connected, and ownerships
(Lee et al., 2013). In RWPs, students are afforded opportunities
to make connections between STEM concepts and real-life
applications (Achmetli et al, 2019), such as building own
surgical masks and designing own smart home appliances. Their
lived experiences and outcomes from authentic context-based
activities and tasks provide some encouragement in working
through these issues (Lee et al,, 2013). Allowing students to
identify their own issue in an RWPs and suggest solutions develop
a strong sense of belonging and ownership to the activities and
tasks (Lee et al., 2013; Achmetli et al., 2019), which support
the need for relatedness. Accordingly, TBPs and RWPs are
both problem-based learning, and enhance students’ creativity
(Hanif et al., 2019).

As discussed in last section, young children require their
access and evolving relationship to teacher/mentor assistance and
expertise for making activities, particularly for more complex
problems, i.e., RWPS. Effective mentorship occurs when mentors
and mentees develop trust, and identify with and authentically
engage with one another (Stoeger et al., 2013; Tenenbaum et al.,
2014). They can speak freely and express ideas without concerns
for interpersonal comfort (Chiu, 2021b; Chiu et al., 2021a). The
effective mentor-mentee relationships allow students to interact
and be connected to their methods, which lead to an enhanced
sense of relatedness and effectiveness in the mentee (Ryan and
Deci, 2020). Mentees benefit from engaging with mentors who
share expert knowledge and experiences.

Accordingly, RWPs and mentoring that support relatedness,
develop better 21st century cognitive competencies such as
creativity, and critical thinking, and more positive non-cognitive
learning outcomes such as interest, and identity (Ryan and Deci,
2020; Chiu, 2021b).

Critical Thinking and Real-World

Problems

Critical thinking is the ability to think clearly and rationally
to form a judgment. It requires students to analyze complex
problems, make connections across different disciplines, and
evaluate solutions (Hu et al., 2020). STEM disciplines often
work together seamlessly in the real world. Introducing students
to RWPs enables them to see the connection between “what’s
inside” and “what’s outside” their classroom; they see that their
learning is more than giving correct answer to tests and getting
good grades. The RWPs build bridges beyond the classroom by
connecting discipline content with daily life, offering learning
opportunities with local and global communities, showing
everyday applications of learning, and engaging students in
authentic learning that are meaningful. These result in greater
cognitive engagement that facilitates their critical thinking
advancements (Hu et al., 2020). For instance, Hollman et al.
(2019) reported that 645 secondary school students engaged
with real world problems that improved their critical thinking;
English and Mousoulides (2015) real world problems facilitated
the development of Grade 6 students’ critical thinking. It may
be because real world problems are cognitively challenging
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(English and Mousoulides, 2015; Woods and Hsu, 2020) and
require students to carefully consider all the decisions concerning
their solutions and how the solutions fit into societal contexts
(English, 2016). To solve these problems, students need to
collaborate creatively and think critically to propose possible
solutions. These RWPs are more relevant to students than
textbook problems, for example, building a bridge to connect
a highway. The relevance of RWPs can support students
need for relatedness by connecting problems to their life and
own understanding. i.e., it encourages students to perform
comprehensive research, seek advice and feedback from others,
and employ their critical thinking. In addition to cognitive
competencies (e.g., critical thinking), maker pedagogy should aim
to cultivate students’ non-cognitive characteristics such as STEM
interest and identity (Fasso and Knight, 2020).

STEM Interest and Identity and
Mentoring

STEM interest and identity are two critical predictors of students’
higher studies and career plans in STEM-related fields (Hurk
et al, 2019). This is because they reflect individuals' self-
images and enables them to derive personal meaning from their
endeavors in the STEM field. Hence, fostering students’ STEM
interest and identity are two major learning outcomes of maker
pedagogy in STEM classrooms (Cannady et al., 2014; Honey
et al., 2014; Hurk et al., 2019). Interest is often characterized
in terms of curiosity, persistence, and resourcefulness (Hidi and
Renninger, 2006), and develops over time—it germinates when
people’s attention is triggered and develops through voluntary
engagement or re-engagement (Renninger and Hidi, 2011). The
development of students interest can be guided (Renninger,
2010). Interested students have stronger feelings of self-efficacy
and can cultivate better self-regulated behaviors to persevere on
with challenging tasks (Hidi and Ainley, 2008). Maker pedagogy
that promotes student autonomy in terms of allowing them to
decide which solutions to arrive at is postulated to increase
student motivation for STEM learning because of the sense of
personal ownership that students feel throughout the design,
making, and testing process. Furthermore, maker pedagogy has
been demonstrated to be effective in increasing students’ interest
and engagement in science and math classes (Gerber et al., 2012;
Honey et al,, 2014; Holmlund et al., 2018).

Identity refers to who one is and how one is recognized by
others. A person’s identity is shaped by how they are recognized
in a given context, with particular interests, talents, and ways
of being in particular social contexts (Honey et al., 2014; Goos
and Bennison, 2019). Identity development is a matter of finding
oneself by matching one’s talents and potential with available
social roles (Goos and Bennison, 2019). Recognition from other
people, which determines the credibility and value of a person’s
performance, is a necessary component of identity formation.
A few studies have suggested that integrated experience from
project- and problem-based learning can promote identity
development. For example, Hachey et al. (2021) suggested that
the flexibility and openness of STEM learning activities that
allow students to define their own designs are influential factors

in fostering a STEM-related identity. However, this was a very
preliminary finding (Honey et al., 2014). Maker pedagogy alone
may not effectively foster STEM identity.

Introducing role models or mentors in STEM education
can enhance students’ STEM interest and identity development
(Honey et al., 2014; Nelson et al., 2017; Huvard et al., 2020). In
mentorship programs, students often engage in three types of
interactions with mentors: shareability, tangibility, and aesthetic
(Tofel-Grehl et al., 2017). Shareability enables students to obtain
access to various resources, better understand problems, and
make creative prototypes under their mentors’ guidance (Kreider
et al, 2018). Tangibility allows students to forge personal
connections to internalize their interest and identity (Fasso and
Knight, 2020). Aesthetic allows for students’ efforts and/or works
to be endorsed by mentors, and this acceptance further helps
students to recognize their identity in a social environment.
These interactions trigger and sustain interest and lead to the
development of a stronger identity (Tofel-Grehl et al., 2017).
Studies have suggested that the mentoring approach can better
develop students’ STEM identity. For example, Ladeji-Osias et al.
(2018) and Musavi et al. (2018) revealed under-represented
minority students developed a stronger STEM identity and a
stronger desire to pursue STEM careers in a mentorship program;
Pinkard et al. (2017) found that middle school female student-
mentees developed a stronger interest and identity toward STEM.
In summary, adding mentoring to maker pedagogy would lead to
the development of stronger STEM interest and identity.

THE PRESENT STUDY

Supporting the need for relatedness that better cognitively and
emotionally engages students in learning may better develop
critical thinking, and enable the positive formation of interest
and identity. This paper constitutes an interventional study
that investigates whether RWPs and mentorships in maker
pedagogy can influence the development of learners’ cognitive
competencies, namely creativity and critical thinking, and non-
cognitive characteristics, namely interest and identity, in K-12
school classrooms. To achieve the research goal, testing the
intervention is the main research task; therefore, we employed
an experimental method with three interventional conditions,
namely TBP, RWP, and RWP with mentoring (RWPM). The
TBP group used an ill-defined problem in non-real-life context;
the RWP group used an ill-defined problem in real-life context;
the RWP group used an ill-defined problem in real-life context
and mentors. Accordingly, the following research questions were
proposed:

RQI. Are there differences among the three groups in terms
of perceived cognitive competencies?

Are there differences among the three groups in terms
of perceived non-cognitive characteristics?

Do the three groups have stronger cognitive

competencies and non-cognitive characteristics?

RQ2.

RQ3.

We hypothesized the following: no significant difference exists
in terms of creativity among the three groups (H1); the RWP and
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TABLE 1 | Intervention.

Time and theme

Activity examples

Week 1

Meet Arduino and my first
Arduino program

e Teachers introduced Arduino 1/O circuit board and computer programming interface to students.

e Student groups
o Learned to connect the Arduino board to the laptop with the provided USB cable.
o Worked in groups to follow instructions on a worksheet to finish their first Arduino program (lighting up the LED).
o Explored other extension programs.

Week 2
Basic knowledge 1

o Teachers acted as facilitators.
e Student groups
o Modified the program and observed the changes in the brightness of the LED lights.
o Created extension programs to control the LEDs at three different brightness levels by using the push buttons.

Week 3
Basic knowledge 2

e Teachers acted as facilitators.
e Student groups
o Explored a way to connect the variable resistor.

o Adjusted the variable resistor to observe the number changes.

o Designed a variable by recording the input voltage.

e Teachers guided students to review the mathematical knowledge about proportions.

e Student groups

o Designed a new variable to control the brightness of the LEDs and use variable resistance to change it.

o Tried to write extension programs according to the instructions on the worksheet.

Week 4
Basic knowledge 3

e Teachers acted as facilitators.
e Student groups

o Wrote/rewrote a new program to control the brightness of LEDs according to the brightness of the surrounding environment.

o Tried to write extension programs according to the instructions on the worksheet.

Week 5-7
Problem-solving with Arduino

e Teachers acted as facilitators.

e In the TBP groups, teachers introduced and reintroduced different suggested traffic light systems as problems in Weeks 1 and 5.

e In the RWP and TWPM groups, teachers explained an existing situation of public traffic light systems in the community. For example,
the public traffic light is turned on by workers at 6 pm every evening with a fixed brightness level. Students introduced and reintroduced
a real-world problem—propose solutions for specific areas or occasions in Weeks 1 and 5.

e Students in TWPM groups were introduced to their mentors in Week 2.

RWPM groups develop stronger critical thinking skills (H2); the
RWPM group develop stronger STEM interest (H3) and STEM
identity (H4); and the three groups develop stronger cognitive
competencies and non-cognitive characteristics (H5).

METHODOLOGY

Participants

The participants comprised 95 Secondary Three students, aged
between 13 and 15 years, and three teachers from three different
schools in Hong Kong with similar academic performance.
The schools were randomly assigned to three interventional
conditions: TBP (n = 32), RWP (n = 31), and RWPM (n = 32).
The average teaching experience of the teachers was 5 years. Eight
undergraduate student mentors pursuing STEM-related majors
were recruited to facilitate the intervention.

Procedures

We got the ethical approval from university, and first obtained the
consent of the students and their parents. Before the intervention,
we conducted two 3-h workshops on Arduino kits for making

pedagogy in STEM education for all the teachers, conducted
two co-planning sessions with the teachers, recruited all the
student mentors, and administered the pre-questionnaire among
the students. The intervention was conducted in 14 lessons for
7 weeks. During the intervention, all the students learned in
group of three to four. Student in TBP used a textbook-like
problem—assembling Arduino kits to make different traffic light
systems for their learning. The RWP group learned through a
real-life problem—traffic light system for a specific area, they
identified their own areas or occasions and proposed solutions.
Students in RWPM used the same real-life problem for their
project as students in RWP with mentoring from eight mentors,
i.e., each student team was guided by one mentor. The students
finished the post-questionnaire in the last lesson. Table 1
outlines the pedagogies of the three groups. In Week 1, the
teachers introduced Arduino I/O circuit board and computer
programming interface to students. From Week 2 to Week 4,
the teachers acted as facilitators to foster student understanding
of STEM prerequisite knowledge by asking questions, giving
feedback, and monitoring learning progress. The prerequisite
knowledge of Science, Technology, Mathematics were electricity
(Physics), coding and ratios respectively. Engineering design
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process was adopted. From Week 5-7, different student groups
learned with different problems—TBP, RWP and RWPM. The
problem in RWP and RWPM groups is a design task. In
RWPM, all the students worked collaboratively, guided and
facilitated by their mentors, to design solutions for their
problems. The mentors encouraged their mentees, helped with
problem solving, and used active-listening techniques, and served
as a guide for mentees’ behavior, values, and attitudes. The
teachers joined the discussions if necessary. Compared with the
teachers, the mentors had much more intimate and frequent
communications with students.

Measures

Questionnaires were used to measure four variables in the
before and after the intervention, namely creativity, critical
thinking, STEM interest and identity. Each of the variables was
measured by three items using a 5-point Likert scale that solicited
ordinal responses from 1 (strongly disagree) to 5 (strongly
agree). All the questions were adapted from the previously
published instruments.

Creativity and critical thinking were measured using the items
from the study of Kelley et al. (2019) with good reliabilities (e.g.,
creativity a = 0.75, critical thinking o = 0.88). The participants of
Kelly and colleagues were K-12 students, which fit the participant
of this study. The items were modified to fit the research goals
designed for creativity, for example, I am confident in my ability
to understand how knowledge or insights might transfer to
other situations or contexts, and I am confident in my ability to
elaborate and improve on ideas. The examples of the items that
evaluated critical thinking were: I am confident in my ability to
evaluate reasoning and evidence that support an argument, and I
am confident in my ability to justify choices of evaluation criteria.

STEM interest was measured using the items of STEM
Semantics Survey Scales designed by Tyler-Wood et al. (2010)
with acceptable reliability (e.g., a of Science, Math, Engineering,
Technology, and STEM as a career interest ranged from 0.84 to
0.93). Their assessment target was participants’ perceptions of
scientific disciplines, which was similar to this study purpose.
The items were revised to match our research context; for
instance, I find STEM fascinating, I find STEM exciting, and I
find STEM appealing.

STEM identity was evaluated using the three items of
identification adopted in the study of Godwin (2016): the
constructs of competence, self-recognition, and recognition
by others. Godwin’s study investigated students’ identity in
STEM-related domain. The original items were adapted to
fit our research situations through statements such as I am
able to do well in activities that involve STEM, I see myself
as a STEM individual, and My best friends see me as a
STEM individual.

Moreover, our analysis demonstrated that the reliability of
all variables ranged from 0.78 to 0.95 in this study and was
acceptable [Cronbach alpha (CA) > 0.7, see Table 2; Taber, 2018].

Analysis Approaches
A one-way ANCOVA was utilized to examine how the three
pedagogical designs affect participants’ perceived cognitive

competencies and non-cognitive characteristics while controlling
the pre-questionnaire scores, to answer RQl and RQ2. The
pedagogical design was the independent variable and the pre-
and post-questionnaire scores were covariates and dependent
variables, respectively. To answer RQ3, paired-sample t tests were
conducted to examine whether perceived cognitive competencies
and non-cognitive characteristics improved in the three groups
by comparing the mean scores of their pre- and post-
questionnaires.

RESULTS

Descriptive Statistics

Table 3 presents the descriptive statistics of creativity, critical
thinking, STEM interest, and identity in both the two
questionnaires. Our analyses revealed there was no significant
difference among the pre-questionnaire scores of creativity, F (2,
94) = 0.10, p = 0.91; critical thinking, F (2, 94) = 0.57, p = 0.57;
STEM interest, F (2, 94) = 0.38, p = 0.69; and STEM identity,
F (2, 94) = 1.81, p = 0.17. These scores showed that the three
experimental groups perceived cognitive competencies and non-
cognitive characteristics in similar way before the intervention.

RQ1: Differences in Perceived Cognitive

Competencies

Creativity

According to our Levene’s test, homogeneity existed with F = 1.17,
p = 0.31. One-way ANCOVA showed no significant differences
in students’ creativity among the three groups in the post-
questionnaire by excluding the effect of their pre-questionnaire
scores, F (2,91) = 0.22 and p = 0.80 (see Table 4).

Critical Thinking

Levene’s test was conducted and the assumption was validated,
F =293, p = 0.06. The analysis revealed significant differences
in students’ critical thinking after the intervention, with F
(2, 91) = 841, p < 0.001. A post hoc comparison showed
no significant improvements for the RWP group (adjusted
mean = 3.78) over the TBP group (adjusted mean = 3.21, p = 0.04)
and the RWPM group (adjusted mean = 4.10) over the TBP group
(p < 0.001).

RQ2: Differences in Perceived
Non-cognitive Characteristics
STEM Interest

Homogeneity existed with F = 1.29, p = 0.28. The analysis was
significant, with F (2, 91) = 14.86, p < 0.001. A post hoc

TABLE 2 | Scale characteristics.

Scales CA in pre-questionnaire CA in post-questionnaire
Creativity 0.83 0.78
Critical thinking 0.88 0.95
STEM interest 0.93 0.88
STEM identity 0.90 0.92
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TABLE 3 | Descriptive statistics and paired t-test for pre- and post-questionnaires.

Pre-questionnaire

Post-questionnaire

Paired t-test

Groups Variables Mean SD Mean SD

TBP (N =32) Creativity 2.79 0.59 4.30 0.43 —12.15"*
Critical thinking 2.90 0.84 3.22 0.74 0.12
STEM interest 2.85 0.80 3.84 0.56 —7.11
STEM identity 2.89 0.83 3.19 0.69 —3.26"**

RWP (N = 31) Creativity 2.85 0.72 4.27 0.49 —9.37**
Critical thinking 3.08 0.65 3.77 0.82 —3.62"
STEM interest 2.87 0.85 3.85 0.65 —6.95**
STEM identity 2.67 0.56 3.18 0.38 —5.36"**

RWPM (N = 32) Creativity 2.78 0.64 4.22 0.57 —8.90"
Critical thinking 2.98 0.46 4.10 1.03 —5.59**
STEM interest 3.02 0.88 4.60 0.68 —8.50"**
STEM identity 3.02 0.80 4.60 0.45 —13.12"

*0 < 0.05; *p < 0.01, and **p < 0.001.

comparison indicated that the RWPM group (adjusted DISCUSSION

mean = 4.58) significantly outperformed the TBP group in
the post-questionnaire (adjusted mean = 3.86, p < 0.001), and
the RWP group (adjusted mean = 3.86, p < 0.001).

STEM Identity

Homogeneity was proved by Levene’s test, F = 2.68, p = 0.07.
The analysis was significant with F (2, 91) = 104.12, p < 0.001.
Significant differences were observed in the three groups’ STEM
identity after the intervention. A post hoc comparison revealed
that the post-questionnaire scores of the RWPM group (adjusted
mean = 4.53) were significantly higher than that of the TBP group
(adjusted mean = 3.18, p < 0.001), and the RWP group (adjusted
mean = 3.27, p < 0.001).

RQ3: Improvement of Perceived
Cognitive Competencies and
Non-cognitive Characteristics

In response to RQ3, this study further examined the perceived
improvement of the three groups before and after the
intervention by conducting paired-sample ¢ tests, see Table 3.
All the participants showed significant improvement in creativity,
with TBP group (¢t = —12.15, p < 0.001), RWP group (t = —9.37,
p < 0.001), and RWPM group (t = —8.90, p < 0.001).
Furthermore, the RWP and RWPM groups achieved significant
improvement in critical thinking, with t = —3.62, p < 0.001
and t = —5.59, p < 0.001, respectively. However, the TBP
group showed no significant improvement in this dimension with
t=—1.60,p=0.12.

STEM interest and identity of the three groups were
significantly different before and after the intervention. Students
of the TBP group (¢t = —7.11, p < 0.001), RWP group (t = —6.95,
p < 0.001) and RWPM groups (t = —8.50, p < 0.001) showed
perceived stronger STEM interest. Similarly, the TBP group
(t = —3.26, p < 0.001), RWP group (t = —5.36, p < 0.001)
and RWPM group (t = —13.12, p < 0.001) reported significantly
stronger STEM identity.

The intervention conducted in this paper was designed to
examine how different pedagogical designs supporting the
need for relatedness, i.e., real-life problems and mentoring,
influence the development of cognitive competencies and
non-cognitive characteristics. This study presents four major
findings; accordingly, three practical suggestions are presented
for practitioners and instructional designers.

First, as predicted, maker pedagogy exerted an impact on
nurturing students’ creative competence. In line with the studies
of Saorin et al. (2017) and Searle et al. (2018), our results
highlighted maker activities improved creativity for all three
groups (H1 and H5). These results imply that (i) maker activities
provided students with learning opportunities that facilitated
their creative competence as they implemented their ideas
through creating artifacts and (ii) the relevance of problems
pertaining to maker pedagogy and the relationships with and
guidance from a more experienced or knowledgeable person

TABLE 4 | ANCOVA results of post-questionnaire for the three groups.

Scales Groups N Adjusted SE F Post hoc
mean
TBP 32 4.30 0.09 0.22
Creativity RWP 31 4.27 0.09
RWPM 32 4.22 0.09
TBP 32 3.21 016 8.41™ (1) <@
Critical thinking RWP 31 3.78 0.16
RWPM 32 4.10 0.16 (1) <@
BP 32 3.86 011  14.86™ (1) <@
STEM interest RWP 31 3.86 0.11 2 <@
RWPM 32 4.58 0.11
TBP 32 3.18 0.07 10412 (1) < (@)
STEM identity RwWP 31 3.27 0.08 2 <@
RWPM 32 4.53 0.07

P < 0.05, *p < 0.01, and **p < 0.001.
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did not better foster the competence of students. Furthermore,
students were found to better develop their creative skills
through innovation by putting their new ideas into practice that
encouraged divergent thinking when students are encouraged to
envision and suggest multiple solutions (Xia et al., 2021).

Second, the critical thinking of all the three groups showed
improvement and the students who solved RWPs outperformed
those who solved TBPs (H2 and H5). This is in alignment with
earlier studies that advocated the use of RWPs in design and
maker activities (English and Mousoulides, 2015; Hollman et al.,
2019). A plausible explanation is that students felt connected and
relevant, and were motivated to explore and brainstorm more
solutions for the problems (Ryan and Deci, 2020). The processes
of coming up solutions encouraged students to evaluate their
ideas for developing better critical thinking skills (Hu et al,
2020). The connection also encourages students to carefully and
thoughtfully consider and decide their choices fit into a societal
context in which they feel loved and care for. Another explanation
is about, when addressing RWPs, students process a large amount
of information that is contradictory and potentially unreliable
and have to make connections across different disciplines to
arrive at solutions. In this learning process, they are needed to
carefully read and critically process information to consolidate
their ideas (English and Mousoulides, 2015). Therefore, the
relevance and complexity of the problems influence how students
can think clearly, rationally, and critically to form a decision.

Third, students in all three groups developed more positive
interest and identity toward STEM, and students in the
mentorship group particularly developed much stronger interest
and identity than the other two groups that did not involve
mentors (H3, H4, and H5). These results are supported by studies
that suggest that engaging role models or mentors in STEM
learning can better cultivate students’ STEM interest and identity
(Honey et al., 2014; Pinkard et al., 2017; Ladeji-Osias et al., 2018;
Musavi et al., 2018; Huvard et al., 2020). These findings also imply
that positive interest and identity toward STEM are developed in
a social context (Renninger and Hidi, 2011; Goos and Bennison,
2019). Both interest and identity reflect how students view
themselves (self-images and endeavors) and how they feel others
perceive them (recognitions from others) in the context of
STEM. Therefore, their development requires the internalization
process of need satisfaction for relatedness (Ryan and Deci,
2020). This internalization process is catalyzed by engaging
mentors or role models in maker learning due to the different
interactions with mentors, namely shareability, tangibility, and
aesthetic (Tofel-Grehl et al., 2017). In this study, the mentors used
active-listening techniques to establish and maintain positive
mentor-mentee relationships by encouraging their mentees and
helping with problem solving. The students can speak freely
and express ideas, resulting in interpersonal comfort and more
intimate and frequent communications. Accordingly, offering
positive student-expert relationships in maker pedagogy can
more effectively foster students’ STEM interest and identity.

The final finding suggests that in maker pedagogy, supporting
relatedness by using student-expert relationships and RWPS
types can determine the effectiveness of the development of
learners’ non-cognitive characteristics, namely STEM interest
and identity (third finding), and cognitive competency, that

is critical thinking. Therefore, non-cognitive characteristics in
STEM are influenced by interaction with role models but
not by analyzing problems and building artifacts. Cognitive
competencies that involve extensive thinking require deeper
learning, and these attributes can be affected only through the
processing, application, and emulation of knowledge.

PRACTICAL SUGGESTIONS

Creativity, critical thinking, interest, and identity are the
significant outcomes of STEM education (Honey et al., 2014).
Our study shows how STEM learning can be designed
using relatedness support to foster the four outcomes in a
formal curriculum. Our first suggestion is to encourage STEM
curriculum leaders should emphasize the development of student
STEM interest and identity by offering a promising pedagogical
approach—satisfying the need for relatedness. We suggest that
teachers should use learning strategies that make students
feel connected and loved, such as students’ favorable raw
materials for making, community- and school-based problems
and involvement of more knowledgeable persons (e.g., role
models or mentors). Our second suggestion is that teachers
should consider student-mentor relationships when planning
and designing their STEM maker lessons or projects. To achieve
that, teacher professional programs on how to co-teach with
mentors should be offered because this approach is new to
most STEM teachers. Finally, we recommend that teachers
should use scaffolding ideas to help students achieve the four
learning outcomes (Chiu et al., 2021b). Because mentorship
programs require numerous resources, schools may not be able
to sustainably provide such programs. Teachers can use TBPs
to build students’ basic making skills, followed by RWPs and
mentorship programs.

CONCLUSION AND LIMITATIONS

Overall, this study suggested supporting relatedness can
influence students’ cognitive competencies and non-cognitive
characteristics in STEM learning. This study had limitations
and five of them are noted here. First, while this study appears
to support how to satisfy the need for relatedness affect the
effectiveness of learning outcomes (Nganga et al, 2020),
additional studies validating these findings are required. The
results of the present intervention could also be extended by
additional studies by including other problem types (local and
global), other experts such as STEM professionals, and other
cognitive and non-cognitive skills. Second, this study did not
consider how long interest and identity can persist. Further
research should be conducted using longitudinal design to
examine the long-term effects of different maker pedagogies.
Third, how students collaborate with peers or mentors in making
may have impact on the outcomes of this study. Future studies
are suggested to examine how different collaborative learning
affect the outcomes of the students. The fourth limitation are the
definition of creativity. This study adopted the definition from
an engineering education (Daly et al., 2014); however, creativity
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can be defined in terms of three key aspects—fluency, flexibility,
and originality. Future studies should adopt these aspects in
measuring student creativity with comprehensive approach. The
final limitation of the study is that the invention was conducted
over different sessions. Environmental factors may influence
student motivation for learning, leading to differences between
conditions. The intervention should be conducted in parallel
sessions by future studies.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Faculty of Education, The Chinese University

REFERENCES

Achmetli, K., Schukajlow, S., and Rakoczy, K. (2019). Multiple solutions for
real-world problems, experience of competence and students’ procedural and
conceptual knowledge. Int. J. Sci. Math. Educ. 17, 1605-1625. doi: 10.1007/
510763-018-9936-5

Bevan, B., Gutwill, J. P., Petrich, M., and Wilkinson, K. (2015). Learning through
STEM-rich tinkering: Findings from a jointly negotiated research project taken
up in practice. Sci. Educ. 99, 98-120. doi: 10.1002/sce.21151

Brahms, L., and Crowley, K. (2016). “Learning to make in the museum: The role
of maker educators,” in Makeology: Makerspaces as learning environments, eds
K. Peppler, E. R. Halverson, and Y. B. Kafai (New York, NY: Routledge), 15-29.
doi: 10.4324/9781315726519

Cannady, M. A., Greenwald, E., and Harris, K. N. (2014). Problematizing the STEM
pipeline metaphor: is the STEM pipeline metaphor serving our students and the
STEM workforce? Sci. Educ. 98, 443-460. doi: 10.1002/sce.21108

Chiu, T. K. F. (2021a). A holistic approach to Artificial Intelligence (AI) curriculum
for K-12 schools. TechTrends 65, 796-807. doi: 10.1007/s11528-021-00637-1

Chiu, T. K. F. (2021b). Applying the self-determination theory (SDT) to explain
student engagement in online learning during the COVID-19 pandemic. J. Res.
Technol. Educ. 2021, 1-17. doi: 10.1080/15391523.2021.1891998

Chiu, T. K. F. (2021¢). Digital support for student engagement in blended learning
based on self-determination theory. Comput. Hum. Behav. 2021:106909. doi:
10.1016/j.chb.2021.106909

Chiu, T. K. F., Chai, C. S., Williams, J., and Lin, T. J. (2021a). Teacher professional
development on Self-determination Theory-based design thinking in STEM
education. Educ. Technol. Soc. 24, 153-165.

Chiu, T. K. F., Meng, H., Chai, C. S., King, I., Wong, S., and Yam, Y. (2021b).
Creation and Evaluation of a Pretertiary Artificial Intelligence (AI) Curriculum.
IEEE Trans. Educ. 2021:3085878. doi: 10.1109/te.2021.3085878

Chiu, T. K. F,, Jong, M. S. Y., and Mok, I. A. C. (2020). Does learner expertise
matter when designing emotional multimedia for learners of primary school
mathematics? Educ. Tech. Res. Dev. 68, 2305-2320. doi: 10.1007/s11423-020-
09775-4

Chiu, T. K. F,, and Lim, C. P. (2020). Strategic use of technology for inclusive
education in Hong Kong: A content-level perspective. ECNU Rev. Educ. 3,
715-734. doi: 10.1177/2096531120930861

Daly, S. R, Mosyjowski, E. A., and Seifert, C. M. (2014). Teaching creativity in
engineering courses. J. Eng. Educ. 103, 417-449. doi: 10.1002/jee.20048

English, L. D. (2016). STEM education K-12: Perspectives on integration. Int. J.
STEM Educ. 3, 1-8. doi: 10.1186/540594-016-0036-1

English, L. D., and Mousoulides, N. G. (2015). Bridging STEM in a real-
world problem. Math. Teach. Middle Sch. 20, 532-539. doi: 10.5951/
mathteacmiddscho.20.9.0532

of Hong Kong. Written informed consent to participate in
this study was provided by the participants’ legal guardian/
next of kin.

AUTHOR CONTRIBUTIONS

XW analyzed the data, drafted and revised the manuscript. TC
conceptualized this study, managed the research project, and
revised the work. MJ revised and proofread the article. All authors
approved the submission.

FUNDING

This work was fully supported by Faculty research
supportive fund, Faculty of Education, The Chinese
University of Hong Kong.

Fasso, W., and Knight, B. A. (2020). Identity development in school makerspaces:
Intentional design. Int. J. Technol. Des. Educ. 30, 275-294. doi: 10.1007/s10798-
019-09501-z

Gerber, E. M., Marie Olson, J., and Komarek, R. L. (2012). Extracurricular design-
based learning: Preparing students for careers in innovation. Int. J. Sci. Educ.
28, 317-324.

Gettings, M. (2016). Putting it all together: STEAM, PBL, scientific method, and
the studio habits of mind. Art Educ. 69, 10-11. doi: 10.1080/00043125.2016.
1176472

Godhe, A. L, Lilja, P., and Selwyn, N. (2019). Making sense of making: critical
issues in the integration of maker education into schools. Technol. Pedagag.
Educ. 28, 317-328. doi: 10.1080/1475939x.2019.1610040

Godwin, A. (2016). “The development of a measure of engineering identity,” in
Proceedings of the ASEE Annual Conference and Exposition, (New Orleans, LA),
doi: 10.18260/p.26122

Goos, M., and Bennison, A. (2019). A zone theory approach to analysing identity
formation in mathematics education. ZDM-Math. Educ. 51, 405-418. doi: 10.
1007/s11858-018-1011-8

Hachey, A. C,, An, S. A, and Golding, D. E. (2021). Nurturing Kindergarteners’
early STEM academic identity through makerspace pedagogy. Early Child.
Educ. J. 2021:1154. doi: 10.1007/s10643-021-01154-9

Halverson, E. R, and Sheridan, K. (2014). The maker movement in education.
Harv. Educ. Rev. 84, 495-504. doi: 10.1093/acrefore/9780190264093.
013.312

Hanif, S., Wijaya, A. F. C., and Winarno, N. (2019). Enhancing students’ creativity
through STEM project-based learning. J. Sci. Learn. 2, 50-57. doi: 10.17509/jsl.
v2i2.13271

Hatch, M. (2014). The maker movement manifesto: Rules for innovation in the new
world of crafters, hackers, and tinkerers. New York, NY: McGraw-Hill Education,
doi: 10.5860/choice.51-3798

Hidi, S., and Ainley, M. (2008). “Interest and self-regulation: Relationships between
two variables that influence learning,” in Motivation and self- regulated learning:
Theory, research, and applications, eds D. H. Schunk and B. J. Zimmerman
(Mahwah, NJ: Lawrence Erlbaum Associates Publishers), 77-109. doi: 10.4324/
9780203831076

Hidi, S., and Renninger, K. A. (2006). The four-phase model of interest
development. Educ. Psychol. 41, 111-127. doi: 10.1207/s15326985ep4102_4

Hollman, A. K., Hollman, T. J., Shimerdla, F., Bice, M. R., and Adkins, M. (2019).
Information technology pathways in education: Interventions with middle
school students. Comput. Educ. 135, 49-60. doi: 10.1016/j.compedu.2019.02.
019

Holmlund, T. D., Lesseig, K., and Slavit, D. (2018). Making sense of “STEM
education” in K-12 contexts. Int. J. STEM Educ. 5, 1-18. doi: 10.1186/s40594-
018-0127-2

Frontiers in Psychology | www.frontiersin.org

January 2022 | Volume 12 | Article 800569


https://doi.org/10.1007/s10763-018-9936-5
https://doi.org/10.1007/s10763-018-9936-5
https://doi.org/10.1002/sce.21151
https://doi.org/10.4324/9781315726519
https://doi.org/10.1002/sce.21108
https://doi.org/10.1007/s11528-021-00637-1
https://doi.org/10.1080/15391523.2021.1891998
https://doi.org/10.1016/j.chb.2021.106909
https://doi.org/10.1016/j.chb.2021.106909
https://doi.org/10.1109/te.2021.3085878
https://doi.org/10.1007/s11423-020-09775-4
https://doi.org/10.1007/s11423-020-09775-4
https://doi.org/10.1177/2096531120930861
https://doi.org/10.1002/jee.20048
https://doi.org/10.1186/s40594-016-0036-1
https://doi.org/10.5951/mathteacmiddscho.20.9.0532
https://doi.org/10.5951/mathteacmiddscho.20.9.0532
https://doi.org/10.1007/s10798-019-09501-z
https://doi.org/10.1007/s10798-019-09501-z
https://doi.org/10.1080/00043125.2016.1176472
https://doi.org/10.1080/00043125.2016.1176472
https://doi.org/10.1080/1475939x.2019.1610040
https://doi.org/10.18260/p.26122
https://doi.org/10.1007/s11858-018-1011-8
https://doi.org/10.1007/s11858-018-1011-8
https://doi.org/10.1007/s10643-021-01154-9
https://doi.org/10.1093/acrefore/9780190264093.013.312
https://doi.org/10.1093/acrefore/9780190264093.013.312
https://doi.org/10.17509/jsl.v2i2.13271
https://doi.org/10.17509/jsl.v2i2.13271
https://doi.org/10.5860/choice.51-3798
https://doi.org/10.4324/9780203831076
https://doi.org/10.4324/9780203831076
https://doi.org/10.1207/s15326985ep4102_4
https://doi.org/10.1016/j.compedu.2019.02.019
https://doi.org/10.1016/j.compedu.2019.02.019
https://doi.org/10.1186/s40594-018-0127-2
https://doi.org/10.1186/s40594-018-0127-2
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Weng et al.

Relatedness for STEM Maker Activities

Honey, M., Pearson, G., and Schweingruber, H. A. (eds) (2014). STEM
integration in K-12 education: Status, prospects, and an agenda for
research. Washington, D.C: National Academies Press, doi: 10.17226/
18612

Hu, C. C, Yeh, H. C,, and Chen, N. S. (2020). Enhancing STEM competence by
making electronic musical pencil for non-engineering students. Comput. Educ.
150:103840. doi: 10.1016/j.compedu.2020.103840

Hung, W. (2016). All PBL starts here: The problem. Interdiscip. ]. Probl.-Based
Learn. 10:2. doi: 10.7771/1541-5015.1604

Hurk, A., Van Den, Meelissen, M., and van Langen, A. (2019). Interventions in
education to prevent STEM pipeline leakage. Int. J. Sci. Educ. 41, 150-164.
doi: 10.1080/09500693.2018.1540897

Huvard, H., Talbot, R. M., Mason, H., Thompson, A. N., Ferrara, M., and Wee,
B. (2020). Science identity and metacognitive development in undergraduate
mentor-teachers. Int. J. STEM Educ. 7, 1-17. doi: 10.1186/s40594-020-
00231-6

Johnson, C. C., Mohr-Schroeder, M. J., Moore, T. J., and English, L. D. (eds)
(2020). Handbook of Research on STEM Education. Milton Park: Routledge,
doi: 10.4324/9780429021381

Kelley, T. R, Knowles, J. G., Han, J., and Sung, E. (2019). Creating a 21 Century
Skills Survey Instrument for High School Students. Amer. J. Educ. Res. 7,
583-590. doi: 10.12691/education-7-8-7

Kreider, C. M., Medina, S., Lan, M. F., Wu, C. Y., Percival, S. S., Byrd, C. E,,
et al. (2018). Beyond academics: A model for simultaneously advancing
campus-based supports for learning disabilities, STEM students’ skills for self-
regulation, and mentors’ knowledge for co-regulating and guiding. Front.
Psychol. 9:1466. doi: 10.3389/fpsyg.2018.01466

Ladeji-Osias, J. O., Partlow, L. E,, and Dillon, E. C. (2018). Using Mobile
Application Development and 3-D Modeling to Encourage Minority Male
Interest in Computing and Engineering. IEEE Trans. Educ. 61, 274-280. doi:
10.1109/te.2018.2826466

Lee, J. J., Ceyhan, P., Jordan-Cooley, W., and Sung, W. (2013). GREENIFY: A real-
world action game for climate change education. Simul. Gaming. 44, 349-365.
doi: 10.1177/1046878112470539

Marshall, J. A., and Harron, J. R. (2018). Making learners: A framework for
evaluating making in STEM education. Interdiscip. J. Probl.-Based Learn. 12:3.
doi: 10.7771/1541-5015.1749

Martin, L. (2015). The promise of the maker movement for education. J. Pre-Coll.
Eng. Educ. Res. 5, 30-39. doi: 10.7771/2157-9288.1099

Musavi, M., Friess, W. A,, James, C., and Isherwood, J. C. (2018). Changing the
face of STEM with stormwater research. Int. . STEM Educ. 5, 1-12. doi: 10.
1186/540594-018-0099-2

Nelson, K., Sabel, J., Forbes, C., Grandgenett, N., Tapprich, W., and Cutucache,
C. (2017). How do undergraduate STEM mentors reflect upon their mentoring
experiences in an outreach program engaging K-8 youth? Int. J. STEM Educ. 4,
1-13. doi: 10.1186/s40594-017-0057-4

Nemorin, S., and Selwyn, N. (2017). Making the best of it? Exploring the realities
of 3D printing in school. Res. Pap. Educ. 32, 578-595. doi: 10.1080/02671522.
2016.1225802

Nganga, C., Bowne, M., and Stremmel, A. (2020). Mentoring as a developmental
identity process. Mentor. Tutor.: Partner. Learn. 28, 259-277. doi: 10.1080/
13611267.2020.1783498

Papadakis, S. (2021). The Impact of Coding Apps to Support Young Children
in Computational Thinking and Computational Fluency. A Literature Review.
Front. Educ. 6:657895. doi: 10.3389/feduc.2021.657895

Pinkard, N., Erete, S., Martin, C. K., and McKinney de Royston, M. (2017). Digital
youth divas: Exploring narrative-driven curriculum to spark middle school
girls’ interest in computational activities. J. Learn. Sci. 26,477-516. doi: 10.1080/
10508406.2017.1307199

Reeve, J. (2013). How students create motivationally supportive learning
environments for themselves: the concept of agentic engagement. J. Educ.
Psychol. 105, 579-595. doi: 10.1037/a0032690

Renninger, K. A. (2010). “Working with and cultivating interest, self-efficacy,
and self-regulation,” in Innovations in educational psychology: Perspectives on
learning, teaching and human development, eds D. Preiss and R. Sternberg
(New York, NY: Springer), 107-138.

Renninger, K. A., and Hidi, S. (2011). Revisiting the conceptualization,
measurement, and generation of interest. Educ. Psychol. 46, 168-184. doi: 10.
1080/00461520.2011.587723

Ryan, R. M., and Deci, E. L. (2020). Intrinsic and extrinsic motivation from a
self-determination theory perspective: Definitions, theory, practices, and future
directions. Contemp. Educ. Psychol. 61:101860. doi: 10.1016/j.cedpsych.2020.
101860

Sang, W., and Simpson, A. (2019). The Maker Movement: A global movement for
educational change. Int. J. Sci. Math. Educ. 17, 65-83. doi: 10.1007/s10763-019-
09960-9

Saorin, J. L., Melian-Diaz, D., Bonnet, A., Carrera, C. C., Meier, C., and De
La Torre-Cantero, J. (2017). Makerspace teaching-learning environment to
enhance creative competence in engineering students. Think. Skills Creat. 23,
188-198. doi: 10.1016/j.tsc.2017.01.004

Schlegel, R. J., Chu, S. L., Chen, K., Deuermeyer, E., Christy, A. G., and Quek, F.
(2019). Making in the classroom: Longitudinal evidence of increases in self-
efficacy and STEM possible selves over time. Comput. Educ. 142:103637. doi:
10.1016/j.compedu.2019.103637

Searle, K. A, Litts, B. K., and Kafai, Y. B. (2018). Debugging open-ended designs:
High school students” perceptions of failure and success in an electronic textiles
design activity. Think. Skills Creat. 30, 125-134. doi: 10.1016/j.tsc.2018.03.004

Simoes, F., and Alarcdo, M. (2014). Promoting well-being in school-based
mentoring through basic psychological needs support: Does it really count?
J. Happiness Stud. 15, 407-424. doi: 10.1007/s10902-013-9428-9

Stoeger, H., Duan, X., Schirner, S., Greindl, T., and Ziegler, A. (2013). The
effectiveness of a one-year online mentoring program for girls in STEM.
Comput. Educ. 69, 408-418. doi: 10.1016/j.compedu.2013.07.032

Suh, E. K., Hoffman, L., and Zollman, A. (2020). “Making STEM accessible to
all” in Handbook of research on STEM education, eds C. C. Johnson, M. J.
Mohr-Schroeder, T. J. Moore, and L. D. English (Milton Park: Routledge),
311-322.

Taber, K. S. (2018). The use of Cronbach’s alpha when developing and reporting
research instruments in science education. Res. Sci. Educ. 48, 1273-1296. doi:
10.1007/s11165-016-9602-2

Tenenbaum, L. S., Anderson, M. K., Jett, M., and Yourick, D. L. (2014). An
innovative near-peer mentoring model for undergraduate and secondary
students: STEM focus. Innov. High. Educ. 39, 375-385. doi: 10.1007/s10755-
014-9286-3

Tofel-Grehl, C., Fields, D., Searle, K., Maahs-Fladung, C., Feldon, D., Gu, G.,
etal. (2017). Electrifying engagement in middle school science class: Improving
student interest through e-textiles. J. Sci. Educ. Technol. 26, 406-417. doi: 10.
1007/510956-017-9688-y

Tyler-Wood, T., Knezek, G., and Christensen, R. (2010). Instruments for assessing
interest in STEM content and careers. J. Technol. Teach. Educ. 18, 345-368.

Woods, S., and Hsu, Y. C. (2020). Making spaces for STEM in the school library.
TechTrends 64, 388-394. doi: 10.1007/s11528-019-00460-9

Xia, T., Kang, M., Chen, M., Ouyang, J., and Hu, F. (2021). Design training and
creativity: Students develop stronger divergent but not convergent thinking.
Front. Psychol. 12:695002. doi: 10.3389/fpsyg.2021.695002

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Weng, Chiu and Jong. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Psychology | www.frontiersin.org

January 2022 | Volume 12 | Article 800569


https://doi.org/10.17226/18612
https://doi.org/10.17226/18612
https://doi.org/10.1016/j.compedu.2020.103840
https://doi.org/10.7771/1541-5015.1604
https://doi.org/10.1080/09500693.2018.1540897
https://doi.org/10.1186/s40594-020-00231-6
https://doi.org/10.1186/s40594-020-00231-6
https://doi.org/10.4324/9780429021381
https://doi.org/10.12691/education-7-8-7
https://doi.org/10.3389/fpsyg.2018.01466
https://doi.org/10.1109/te.2018.2826466
https://doi.org/10.1109/te.2018.2826466
https://doi.org/10.1177/1046878112470539
https://doi.org/10.7771/1541-5015.1749
https://doi.org/10.7771/2157-9288.1099
https://doi.org/10.1186/s40594-018-0099-2
https://doi.org/10.1186/s40594-018-0099-2
https://doi.org/10.1186/s40594-017-0057-4
https://doi.org/10.1080/02671522.2016.1225802
https://doi.org/10.1080/02671522.2016.1225802
https://doi.org/10.1080/13611267.2020.1783498
https://doi.org/10.1080/13611267.2020.1783498
https://doi.org/10.3389/feduc.2021.657895
https://doi.org/10.1080/10508406.2017.1307199
https://doi.org/10.1080/10508406.2017.1307199
https://doi.org/10.1037/a0032690
https://doi.org/10.1080/00461520.2011.587723
https://doi.org/10.1080/00461520.2011.587723
https://doi.org/10.1016/j.cedpsych.2020.101860
https://doi.org/10.1016/j.cedpsych.2020.101860
https://doi.org/10.1007/s10763-019-09960-9
https://doi.org/10.1007/s10763-019-09960-9
https://doi.org/10.1016/j.tsc.2017.01.004
https://doi.org/10.1016/j.compedu.2019.103637
https://doi.org/10.1016/j.compedu.2019.103637
https://doi.org/10.1016/j.tsc.2018.03.004
https://doi.org/10.1007/s10902-013-9428-9
https://doi.org/10.1016/j.compedu.2013.07.032
https://doi.org/10.1007/s11165-016-9602-2
https://doi.org/10.1007/s11165-016-9602-2
https://doi.org/10.1007/s10755-014-9286-3
https://doi.org/10.1007/s10755-014-9286-3
https://doi.org/10.1007/s10956-017-9688-y
https://doi.org/10.1007/s10956-017-9688-y
https://doi.org/10.1007/s11528-019-00460-9
https://doi.org/10.3389/fpsyg.2021.695002
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

	Applying Relatedness to Explain Learning Outcomes of STEM Maker Activities
	Introduction
	Literature Review
	Maker Pedagogy in STEM Education
	Textbook Problem, Real-World Problem, Mentoring, and Relatedness in Self-Determination Theory
	Critical Thinking and Real-World Problems
	STEM Interest and Identity and Mentoring

	The Present Study
	Methodology
	Participants
	Procedures
	Measures
	Analysis Approaches

	Results
	Descriptive Statistics
	RQ1: Differences in Perceived Cognitive Competencies
	Creativity
	Critical Thinking

	RQ2: Differences in Perceived Non-cognitive Characteristics
	STEM Interest
	STEM Identity

	RQ3: Improvement of Perceived Cognitive Competencies and Non-cognitive Characteristics

	Discussion
	Practical Suggestions
	Conclusion and Limitations
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


