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Chapter 1
An Overview of STEM Education
in Asia

May May Hung Cheng

Abstract This introduction chapter provides an overview of STEM education
policies and curriculum initiatives in the Asian context. The three parts of this book
are briefly introduced. There is then a summary and synthesis of relevant findings
for each of the 14 chapters as well as a discussion linking the content of this book
with the current development of STEM education research. Finally, implications,
challenges and future directions for STEM education development and related
research are proposed.

Keywords Conceptualising STEM education � Implementing STEM education �
Teacher preparation � Teacher professional development

STEM Education in Asia: Contributing to an International
Discourse

Concurrent with the global drive for STEM education, research in STEM education
has shown exponential growth in the past decade (Brown, 2012; Lee et al., 2019;
Mizell & Brown, 2016). Much attention has been given to integrating STEM
education, shifting from previous STEM subject implementation that traditionally
focused on science, technology, engineering, and mathematics as isolated disci-
plines (Brown, 2012; Kelley & Knowles, 2016; Lee et al., 2019; Wang et al., 2011)
or which used examples of technology to contextualize science education
(science-technology-society, STS) (see Jones & Buntting, 2015). However,
implementing integrated STEM is not straightforward. Some of the challenges
arising from achieving integration in STEM education, documented in recent
research, include areas of concern such as curriculum enrichment of existing sub-
jects like science or restructuring STEM-based discipline curricula (Nadelson &
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Seifert, 2017) and teacher preparation and professional development (Al Salami
et al., 2017; Asghar et al., 2012; Lee et al., 2019). Researchers have also called for a
better understanding of STEM curricula as well as classroom practices and oper-
ations due to a lack of empirical evidence discerning elements crucial for a suc-
cessful implementation of STEM education (Honey et al., 2014; Kang, 2019;
Thibaut et al., 2018).

Despite global attention to STEM policy and an increase in STEM education
research, Asian-based STEM education studies are still in an emerging state in the
international literature. According to Lee et al.’s (2019) editorial article,
Asian-based STEM education studies comprised only 8.5% of the total examined
international STEM education publications from 2013 to 2017 (N = 665), com-
pared to around 65% from the United States. There are also increasing calls for
schools to design integrated STEM units that improve, or at least preserve, students’
examination results while concurrently fostering the knowledge, skills, and attitudes
needed for the 21st century. Little is known about the best practices for imple-
menting or integrating STEM in ways that will do this (English, 2016; Herschbach,
2011; Kelley & Knowles, 2016), especially in the Asian context.

After more than a decade of STEM education promotion in many Asian coun-
tries, an analysis of the current status and practices in the region is not only timely,
but it provides a reference to inform future STEM education and research initiatives
in the Asian region. Thus, the purpose of this edited book is to enrich the literature
related to STEM education at primary and secondary levels in Asia, with particular
attention given to the analysis of the educational context in a number of Asian
countries, including STEM-related policies, pedagogical practices, and the design
and evaluation of STEM programmes, including impacts on student learning out-
comes and the ways in which STEM education is catering for students’ interests and
needs. Together, the contributions from different Asian regions invite researchers
and educators to learn from effective STEM practices, and point out areas for
further development.

The Asian Region is well-known for its wide range of geographical, political,
economic, and religious diversity between and within the countries in the region.
Given these variations, and the insights arising from the differing contexts, inter-
national readers will be able to gain insights from the ways in which STEM learning
and teaching initiatives have been tested, modified, and developed in a range of
highly complex and diversified contexts. Further, the specific resources and
strategies outlined in this book can be a useful reference for all curriculum
developers and STEM educators when they design school-based curricula and
STEM teacher education or development programmes. Graduate students and
researchers will find in this book contextual information related to STEM education
in Asia, directions for further investigation, and insights for conducting studies in
this region.

2 M. M. H. Cheng



STEM Education Policies and Curriculum Initiatives
in the Asian Context

A brief introduction of STEM policies and curriculum practices in the Asian
context provides a useful backdrop for understanding the content of this book. In a
comprehensive review of international STEM education policy, Marginson et al.
(2013) categorized different STEM policy narratives into four groups, including
Post-Confucian East and Southeast Asia, English-speaking countries, Europe, and
the emerging economies and education systems (e.g. South Africa, Brazil, and
Argentina). Their review identified a common economic discourse on the contri-
bution of STEM education to individual nations’ economic innovation in response
to the challenges of the 21st century, and highlighted diverse narratives embedded
in different discursive terrains. In the Asian region, more emphasis has been placed
on improving teacher quality to meet higher standards, having high standard pro-
vision of STEM education for all (specifically in Science and Mathematics), and
driving comprehensive reforms towards pedagogical approaches that emphasize
student-centred learning, inquiry-based learning, problem solving, and creativity.
Comparatively, a widespread ‘at risk’ narrative underpinned by student
under-performance and long tails of low-achievers in international achievement
tests, declining student participation in STEM subjects, and concerns related to the
general quality of the teachers are more pervasive among the majority of
English-speaking countries. These findings suggest a difference in focus and con-
cerns related to STEM education in different parts of the world.

To further support readers’ understanding of the development of STEM edu-
cation in Asia, a brief overview is provided for Mainland China, Japan, Singapore,
Thailand, Taiwan, Hong Kong, Malaysia, Korea, and Indonesia.

Within Asia, the Korean Ministry of Education, in 2011, reconstructed STEM
education to incorporate ‘Arts,’ making STEAM an interdisciplinary construction
for ‘creative convergence education’ (Marginson et al., 2013; Park et al., 2016). The
Korean STEAM initiatives were spurred by continuous government projects for
human development (e.g. Educating Talented and Gifted Youth in Science; see Jon
& Chung, 2013), and recent international comparison studies indicating students’
high performance yet low-level of interest and enjoyment in science and mathe-
matics (Organisation for Economic Co-operation & Development, 2010). At the
school level, individual components of STEAM are required to be taught to primary
and secondary school students (Kang, 2019). Furthermore, key objectives of
‘creative convergence education’ are materialized in the course of ‘creative expe-
riences’ (taking up to 9–13% of total class hours) in the National Guidelines of the
2015 Revised National Curriculum (Cho & Huh, 2017; Kang, 2019). Nationally,
the Korea Institute/Foundation for the Advancement of Science and Creativity
(KOFAC), as the most representative government agency for STEAM, has played a
major role in organizing STEAM programmes and initiatives. KOFAC defines
STEAM as education based on scientific technology, and has driven STEAM ini-
tiatives through supporting the science culture and maker cultures; supporting
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professional development of teachers and resource development and distribution in
creative convergence education; and supporting gifted youth (Hong, 2017;
KOFAC, n.d.).

In Japan, policies and programmes that affect various aspects of STEM educa-
tion are addressed under broader discussions of science, technology, and human
resources development, the synthesis of broad-based education and the ‘STEM for
STEM people’ elite track, the ‘PISA shock’, and the re-evaluation of a ‘low
pressure and relaxing’ curriculum characterizing the 2000s (Ishikawa et al., 2013;
Marginson et al., 2013; Takayama, 2010). Within the context of the national cur-
riculum, the 2008 Revision of Courses of Study, or the national curriculum
guidelines implemented by the Japanese Ministry of Education, Sports, Science,
and Technology stipulated increased contact hours as well as content in Science and
Mathematics subjects for primary and lower secondary schools. In addition to the
nationwide curriculum provision, other STEM promotion strategies included the
launch of specialist or ‘elite’ science programmes (for secondary and tertiary level),
addressing gender disparity in STEM participation and occupation, and
STEM-discipline student internationalization initiatives (Ishikawa et al., 2013;
Marginson et al., 2013).

In Singapore, STEM education has long been part of the framing of national
policy on education and industry. Its perceived relevance to the industry is reflected
in the current movement of the ‘innovation-driven’ economy since 2000 (Idris
et al., 2013). Within the national curriculum context, STEM education in formal
schooling in Singapore is embedded in Mathematics Education and Science
Education in both primary and secondary schools. In addition to discipline-based
integration, a state-wide STEM education programme, mostly in the form of
extracurricular activities, is provided by the Agency for Science under the super-
vision of the Ministry of Education to promote STEM education in Singapore (Idris
et al., 2013).

In Mainland China, school-, city-, and provincial-based STEM programmes for
primary and secondary schools represent a bottom-up approach to STEM education
in Mainland China involving different stakeholders (e.g. universities, research
centres, industry, etc.). Interest in STEM education and research, initiated by the
introduction and analysis of STEM education and policy in the country, started to
take root in 2007. The ‘China STEAM Development Report’, co-authored by the
Ministry of Education People’s Republic of China (MOE P. R. of China) and other
educational and research institutes, pointed out several characteristics of STEAM
education in Mainland China. First, around 72% of STEAM-related courses are
embedded in extracurricular activities or elective courses. Second, within the formal
curriculum context, the current implementation of STEM education in Mainland
China is primarily school-based and embedded in non-core subjects (e.g. infor-
mation technology), with engineering as a core aspect, and strong application
features (e.g. coding, robotics, and media production) (MOE P. R. of China et al.,
2017).

In Hong Kong, a Special Administrative Region of China, the government
officially addressed the importance of STEM education and started promoting
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STEM education in primary and secondary schools in 2015 (Education Bureau of
Hong Kong [EDBHK], 2016). Within the Hong Kong curriculum context, the
elements of STEM education are embedded in the three key learning areas (KLAs)
of Science, Technology, and Mathematics Education, with key strategies focusing
on the curriculum renewal of the KLAs enriching learning activities, and enhancing
teacher education for strengthening STEM education (EDBHK, 2016).

In Taiwan, the K-12 curriculum guidelines issued by the Ministry of Education
in 2018 (Ministry of Education of Taiwan, 2018) integrate the STEM subjects into
the science and technology curriculum. There are efforts to further promote the core
literacies of systematic thinking and problem solving for all citizens in order to
promote competition and enhance expertise in the technology industry.

In Malaysia, an ‘at-risk’ mindset was prevalent in relation to low intakes of
science and technology courses and programmes despite the implementation of the
national enrolment policy since the 1970s (Shahali et al., 2017). Additionally, the
crisis of an insufficient STEM workforce for the future and a downward trend of test
scores in TIMSS and PISA have dominated the official STEM narratives in the
country (Marginson et al., 2013; Shahali et al., 2017). This perception of national
crisis drove the Malaysian Ministry of Education to stress the quality of STEM
education for enhancing students’ STEM knowledge and interest in science subjects
under the broad Malaysia Education Blueprint promulgated in 2013 (Ministry of
Education Malaysia, 2013). In the context of the Malaysian primary and (lower)
secondary education curricula, STEM education initiatives are embedded primarily
in the ‘Core Science Subjects’ through the planning of an integrated STEM
approach in teaching and learning (Shahali et al., 2017). In the upper secondary
curricular context, the nomenclature ‘STEM stream’ has replaced the term ‘Science
& Technology Stream’ (previously renamed from ‘Science Stream’) since 2020 in
the Malaysian school system.

In Thailand, STEM education was on the agenda of the Ministry of Education in
2015, with the inclusion of STEM education in the Thai National Education plan in
2017 (Office of the Education Council Thailand, 2017). Efforts to promote STEM
education start from the Early Childhood Education sector, and include science,
mathematics, and technology in the curriculum. The primary and secondary cur-
ricula for mathematics, science, and geography were revised, while design and
technology and information and communication technology were moved into the
science curriculum (Ministry of Education Thailand, 2017). As a result, the tech-
nology strand in the science learning area includes design and technology as well as
computational thinking. STEM education in Thailand is driven and promoted by a
number of organizations, including large corporations and non-government orga-
nizations, in addition to schools and universities.

In Indonesia, according to the curriculum goals of science education for K-12,
there is an emphasis on integrating science concepts with technology, environment,
and society (Indonesia Ministry of Education and Culture, 2020). Research efforts
to promote teacher education for STEM education have found that Indonesian
pre-service teachers have low understanding of integrated STEM approaches (Putra
& Kumano, 2018).

1 An Overview of STEM Education in Asia 5



Having provided an overview of macro-level STEM education policies and
curriculum initiatives in the Asian contexts presented in this book, the structure of
the book is now considered, including an introduction to the individual chapters.

The Three Sections of This Book

This book has a further 14 chapters, written by contributors from nine countries or
regions in Asia. It is divided into three sections focusing on the conceptualization
of, implementation of, and teacher preparation for STEM education. The contrib-
utors are experts in STEM education or are leading major research and development
projects in STEM in their own regions. The first section is focused at the
macro-level on the conceptualization and formulation of STEM education policies
in different regions, contributing to our understanding of the current status of STEM
education in Asia. The second section examines some features of STEM learning
and teaching at the classroom level and includes studies on student learning in
STEM programmes. Pedagogical innovations implemented in different parts of
Asia are also reported and discussed. The third section moves to professional
teacher development. It discusses practices of teacher professional development in
the region and reports on current provisions as well as challenges.

This introduction chapter provides below a synthesis of the relevant findings
reported in the remaining chapters, as well as linking the content of this book with
the current development of STEM education research. Finally, some directions for
future research on STEM learning and teaching in Asia are proposed.

Conceptualizing STEM Education in Asia

The three chapters in this section cover discussions of STEM policies, directions,
and programmes across different regions in Asia. The section begins with Chap. 2, a
review of STEM strategies and programmes in secondary education in Asia. The
review draws on 32 papers written in English published between 2011 and 2020
and written in the Asian context. Guided by descriptive frameworks drawn from
analysis of good practices of integrated STEM, STEM courses and programmes
were examined in terms of the nature and scope of STEM programmes, instruc-
tional practices adopted in the STEM programmes, and the evidence of the impact
of the STEM programmes on student learning in the knowledge, skills, and attitude
domains. This review characterizes different STEM enactments in Asian secondary
education, contributing to identifying and discussing effective STEM programmes
and strategies.

In Chap. 3, STEAM education is reported to be adopted widely in theoretical
research and educational practices in Mainland China by colleagues, Meng et al.
STEAM education in Mainland China is informed by the Core Competencies and
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Values (CCV) for Chinese Students (MOE P. R. of China, 2016), in which there are
four specific aspects: scientific concepts and applications, scientific thinking and
innovation, scientific exploration and communication, and scientific attitudes and
responsibilities. The chapter explains the alignment of policies at the provincial and
regional level as well as the formulation of STEM learning and teaching strategies,
characteristics of STEM learners in Mainland China, research collaborations in
STEAM learning, teaching approaches, and the practice of teacher professional
development related to STEAM education.

In Chap. 4, Yoshisuke Kumano positions the discussion of STEM education in
Japan in the context of the third largest economy in the world. He draws on the
implications of the developments of STEM/STEAM learning in the United States
and policy directions by the Japanese government, which chart the role of STEM
education for the future society, that is, ‘Society 5.0’ as defined by the Cabinet of
Japan (Cabinet Office of Japan, 2021). Kumano shares how policy is translated into
action with the Shizuoka STEM Academy and concludes the chapter by calling for
joint effort from schools, institutions, companies, and policymakers in addressing
the needs for the future society.

Implementing STEM Education in Asia

The eight chapters in this section cover contributions from six different regions in
Asia: Singapore, Thailand, Taiwan, Hong Kong, Malaysia, and Korea. Together,
the chapters also consider STEM education across the early childhood, primary, and
secondary education levels and urban and rural settings. A range of initiatives is
reported, including considering formal and informal learning opportunities,
adopting an engineering design process, implementing online experiments,
engaging in scientist-teacher-student partnerships, promoting mentor–mentee
learning within university school partnerships, and using the scientific research
process to promote STEM learning.

Yann Shiou Ong and Yew Jin Lee analyse the implementation of STEM edu-
cation in the Applied Learning Programmes (ALP) in Singapore by reviewing the
websites of 15 secondary schools in Chap. 5. They use a theoretical model of
relevance of STEM education, defining the relevance of STEM education for stu-
dents in relation to fulfilling intrinsic or extrinsic needs in the present or in the
future, and individual, societal, and vocational needs. The chapter concludes with
three implications, including the need for consideration of student choices,
awareness and discussion of the undesirable impacts of STEM solutions, and an
emphasis on the epistemic aspects of STEM.

In Chap. 6, Promkatkeaw et al. discuss education policies in Thailand and the
rationale for emphasizing STEM at the Early Childhood Education (ECE) level.
There are clear directions for integrating science, mathematics, and technology in
ECE in the Thai curriculum with an aim of promoting inquiry, communication, and
thinking skills at an early age as described in the curriculum standards. The
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implementation is supported by professional development for ECE teachers, pro-
vision of STEM activities or lesson plans adopting an engineering design process
and learning resources, as well as research efforts focusing on the impact of STEM
learning on the cognitive development of young children. The chapter concludes
with a call for the development of learning materials and lesson activities, and
embedding the United Nations’ sustainable development goals into STEM learning.

With an aim of promoting STEM learning to all students including girls in
Taiwan, Meng-Fei Cheng and Yu-Heng Lo (Chap. 7) designed a 3-hour course to
enhance students’ creativity and engage them in an engineering design process.
Cheng and Lo analysed the need for girl-friendly STEM education, and adopted
various strategies in the course including providing a low-stress environment,
creating a cooperative rather than competitive learning environment, and
open-ended assessment. Findings suggest that the course reduced the gender gap in
terms of enhancing the engineering design ability and attitudes towards technology
among all students.

The online experiments (OEs) or remotely-controlled experiments introduced in
Chap. 8 by Yau Yuen Yeung and his colleagues won a special prize in an inter-
national innovation and invention competition in 2018. The OEs which involve the
use of technology and knowledge in science experiments were introduced to four
secondary classes of students in Hong Kong and Mainland China. Findings suggest
that students of both genders generally gained good science or STEM learning
experiences. The chapter concludes with recommendations for designing OEs and
the application of OEs, for example, during times of crisis like the COVID-19
pandemic, and where schools are not able to offer laboratory practice or for
experiments that require extra precautions or extended time periods.

In Chap. 9, Rohaida Mohd Saat and Hidayah Mohd Fadzil explain how STEM is
reflected in Malaysian education policies and school curriculum choices. There are
defined STEM subject areas such as Science and Computer Science, STEM Core
Subject Packages, STEM elective subjects, and Applied Science and Technology
subjects for the STEM stream. Teaching and learning approaches such as
inquiry-based and project-based learning are identified as being relevant for STEM.
The three waves of initiatives to promote STEM are elaborated, and a detailed
analysis of the Scientist-Teacher-Student Partnership (STSP) approach is analysed,
with discussion of the roles of the different parties and the factors contributing to
the success of the approach.

The STEM initiative in Chap. 10 is contextualized in the rural areas of East
Malaysia, Sabah. Nyet Moi Siew reports on the implementation of a mentor–
mentee programme involving secondary students, as well as in-service and
pre-service teachers. The STEM activities were implemented using an engineering
design process, aiming to develop the students’ 21st century skills. Quantitative and
qualitative data were collected over a five-year period to evaluate the outcomes of
the programme and to identify challenges. Findings suggest benefits for developing
students’ thinking and creativity, problem solving skills, and skills involved in
sketching, designing, and constructing models. Two challenges for the mentees or
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students were time constraints for completing their plans and limited understanding
of scientific concepts.

In Chap. 11, Jiyeong Mun and Sung-won Kim elaborate on the development of
STEM education in Korea and support from the Ministry of Education as well as
the KOFAC. Details are provided about a STEM R&E (research and education)
programme funded by the KOFAC, in which students were involved in a scientific
research process including drafting proposals, applying for grants, consulting
experts, and making presentations. Involving students as future scientists facilitates
students’ development of research skills, problem-solving abilities, and collabora-
tion and peer cooperation skills. Students reflected that they learned both from their
achievement and failures in the research process.

In Chap. 12, Hye-eun Chu et al. report how STEAM education is realized in
Korean classrooms, using three school-based projects as illustrations. Teachers in
both Korea and Australia were implementing the projects and testing out various
teaching approaches to realize STEAM education. The first project illustrates a
four-phased teaching design for adopting the STEAM approach. The second project
involves an arts activity for designing a quasi-3D hologram using a mobile phone or
iPad and a pyramid made of clear plastic. Interview findings about students’ per-
ceptions of learning science are summarized in relation to this project. The third
project looks into the impact of STEAM on scientific creativity by involving stu-
dents in designing a sustainable school building. The experience of these projects
provides reference for teachers who are teaching in traditional classroom settings
while attempting to implement STEAM education.

Preparing Teachers and Teacher Professional Development
for STEM Education in Asia

The three chapters in this section together address teacher preparation for STEM
education at both the pre-service and in-service levels. The contributions from
Indonesia (Chap. 13) and Thailand (Chap. 14) are based on analysis of existing
provision and information from websites or university programme materials. The
chapter from Hong Kong (Chap. 15) reports on data collected from in-service
teachers, recommending directions for professional development to facilitate STEM
implementation at the school level.

Thus, in Chap. 13, Sulaeman et al. provide background to K-12 science edu-
cation in Indonesia, pathways to become a science teacher, and the curriculum of
science teacher preparation programmes. Drawing on information from the websites
of three universities, Sulaeman et al. identify several strategies adopted by the
universities in re-designing their programmes to address STEM teacher preparation
needs, including designing a new compulsory course in STEM education, inte-
grating STEM into other pedagogical courses, and providing elective courses and
extra-curricular activities. Further opportunities to develop STEM pedagogical
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content knowledge through pre-service science teacher education programmes are
proposed.

Chapter 14 provides a background on the Thailand 5-year STEM Master Plan
from 2015 to 2019 for increasing the number of trained personnel to serve the
STEM education policies. In this context, STEM education is promoted in the core
curriculum, requiring urgent teacher development. Specifically, Fakcharoenphol
et al. argue for strengthening support for both pre-service and in-service teachers in
implementing STEM education, including covering different subject areas, not
limited to science and mathematics. The chapter reports on the findings of a
meta-analysis of research related to STEM teacher education in Thailand.
Implications indicate directions for further support and development, including the
setting up of communities of practice, developing teaching materials or resources,
reforming student assessment, and reminding teachers to focus more on capturing
students’ interest and engaging them in evaluating their design or invention.

In Chap. 15, the findings are reported for a STEM education project that was
conducted in collaboration with Hong Kong primary schools to enhance primary
school teachers’ professional ability to develop STEM activities. The project
adopted a practitioner research approach in collaboration with the university
research team, and teachers participating in the project were interviewed. The
findings revealed participating primary school teachers’ perceived challenges in
implementing STEM education, the support they received, and their future needs in
STEM teacher professional development. Challenges reported during the prepara-
tion and teaching phases were related to STEM instruction and lesson planning,
limited resources, and other concerns embedded in broader contextual considera-
tions. Participating teachers also indicated a preference for future STEM teacher
professional development activities that address lesson content, pedagogical
approaches and lesson planning; provide opportunities for authentic learning and
hands-on experiences; and consider the linkages between STEM lessons and even
the linkage or development of a framework describing STEM learning between the
primary and secondary levels.

Implications, Challenges, and Future Directions

These chapters provide evidence for Asian-based STEM education studies within
the worldwide landscape calling for and supporting widening participation in
STEM education. Additionally, school-level STEM education has been much less
studied compared to that in the higher education sector (Lee et al., 2019). The
chapters in this book therefore add to the literature related to current practices in
STEM education in schools around Asia.

Importantly, the chapters reflect some of the tremendous efforts underpinning
and driving STEM education in Asia. For example, STEM education is seen as a
meaningful endeavour informed by a vision to prepare for a future society in Japan
(Chap. 4), and it is supported by organizations and foundations investing in the next
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generation, such as KOFAC in Korea (Chaps. 11 and 12), and non-government
organizations in Thailand (Chap. 6). There are efforts in curriculum revision and
development in Indonesia, Taiwan, and Thailand. Further, the benefits of
university-school partnership projects are reported in the contexts of Hong Kong
(Chaps. 8 and 15), Thailand (Chaps. 6 and 14), and Singapore (Chap. 5), with
benefits of involving the research community in mentor–mentee programmes
described in the context of Malaysia (Chap. 10).

Together, the chapters in this book reveal that different regions in Asia have been
implementing STEM education in new ways at different levels of education. For
example, initiatives are described for early childhood education in Thailand, the
primary level in Hong Kong, and secondary schools in Japan, Korea, Thailand,
Indonesia, and Singapore. In defining STEM education practices, the chapters in
this book have consistently employed the term STEM in their analysis and as the
focus of their study. Among the chapters included in this book, efforts to integrate
STEM with other subject areas and STEAM initiatives are described in the context
of Korea and Mainland China. Further efforts are needed to examine the implica-
tions of STEM education for early childhood and primary schools. In addition, the
impacts of STEAM education as compared with STEM education on student
learning warrant further attention.

Researchers contributing to this book were keen to identify changes in students’
learning and attitudes towards STEM. Two of the Chaps. (7 and 8) specifically
identify changes in students’ attitudes towards STEM learning at school, or how
STEM learning experiences may impact on their choices for future study or careers.
The focus of Cheng’s study in Chap. 7 on the impact of STEM initiatives on female
students to enhance the future pool of human capital for the technology or engi-
neering sector reflects international interest in gendered responses to STEM edu-
cation initiatives. For example, Kang (2019) investigated the usefulness and
usability of online media in technology-supported STEM learning, finding that
having STEM experiences during elementary school had a long-term impact on
university students’ affective learning. In addition, STEM initiatives for female
students may also be interpreted as a move towards nurturing all students to achieve
basic STEM literacy and ensure equal learning opportunities. Continued research
into the impacts and ways of enhancing the impacts of STEM education on stu-
dents’ learning is important.

Some of the approaches to delivering STEM education at the school level
include partnerships with experts and organizations beyond schools. For example,
there are efforts to involve scientists and engineers in industry to mentor students
through industry-school partnerships in Japan and Korea (Chaps. 4 and 11).
Specifically, students in these examples were offered opportunities to carry out
authentic research projects guided by teachers and working with scientists or
engineers. One of the many benefits of this approach is that students may identify
role models for their future careers, thus influencing their perceptions of or attitudes
towards choosing technology or engineering related jobs in their future careers.

While many of the chapters identify positive impacts of integrating STEM into
an existing subject or curriculum, this is nonetheless challenging, as discussed in

1 An Overview of STEM Education in Asia 11



Chaps. 12, , 14, and 15. The fact that engineering and technology components are
often not explicit or visible in the curriculum core components suggests that the
STEM acronym more frequently references science in the actual implementation of
STEM curricula and classroom practices in the Asian context. According to the
review by Marginson et al. (2013), many Asian regions refer to the role of STEM
education as one that fosters ‘broad-based scientific literacy’ (p. 70). In order to
implement STEM education as an integrated learning experience for all students,
teachers need to understand its interdisciplinary nature, realize the differences in its
implementation as compared to implementing traditional (siloed) subject learning,
and have the experience of STEM learning themselves (as suggested in Chap. 15).

It remains challenging for the many aims of STEM education to be fully
achieved. As demonstrated across this book, the challenges include curriculum
design, teacher preparation and development, implementation at the school and
classroom level, resource support, and assessing the impacts of the initiatives.
Further studies are needed to identify solutions to address the challenges. For
example, it is worth investigating the impacts of providing teachers with STEM
learning experiences (as suggested in Chap. 15), constructing a teacher education
curriculum to prepare teachers who have not experienced STEM education in their
previous education (Chaps. 13 and 14), supporting teachers to develop a different
mindset as compared with views in which traditional teaching rewards correct and
uniform solutions (Chaps. 12 and 15), facilitating collaborations between teachers
and industry or the research community (as discussed in many of the chapters), and
enhancing teachers’ capacity to use technology in their teaching (Chap. 8).

Researchers may facilitate teachers’ professional development by engaging
teachers in collaborations with universities, for example, in practitioner research
that involves developing STEM lessons that address students’ needs, such as the
needs of female students; building coherence between STEM topics; and devel-
oping teachers’ ability and confidence in relation to teaching unfamiliar topics, for
example, science teachers teaching coding or engineering.

At the macro-level, the effective embedding of integrated STEM education will
require administrators and education officials to support the implementation of
STEM education at both the school and the system level, including providing time
and opportunities for professional development, funding the development and
sharing of teaching resources, creating curriculum time for STEM lessons or pro-
jects, and valuing new approaches to assessment. While the pursuit of STEM may
mark a new era for education and offer new opportunities for students, the education
community in its broadest sense needs to be prepared to embrace the changes as
well as the challenges. It is our collective hope that this book provides some
inspiring insights into ways in which this might be done.
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Conceptualising STEM Education in Asia



Chapter 2
Identifying Effective STEM Programmes
and Strategies in Asia

May May Hung Cheng and Fang-Yin Yeh

Abstract This chapter reports a systematic review of existing literature related to
the study of STEM in Asian secondary education. Thirty-two studies published
in English from 2011 to 2020 were selected and reviewed. Guided by descriptive
frameworks drawn from analysis of good practices of integrated STEM, STEM
courses and programmes in Asia were examined in terms of firstly, the nature
and scope of STEM programmes, secondly, instructional practices adopted in the
STEM programmes, and thirdly, the evidence of the STEM programme impact on
student learning in the knowledge, skills, and attitude domains. The findings showed
that in addition to the frequent emphasis on science learning, an emerging trend of
integrating engineering design at the secondary school level was observed among
the existing Asian-based STEM programmes and courses. Additionally, project-
based learning and engineering design-based learning were two main instructional
designs used among the selected studies that demonstrated the flexibility in meeting
different teaching and learning purposes. The review also suggests that crosscut-
ting concepts are neglected among Asian-based STEM programmes and courses.
This review characterized different STEM enactments in Asian secondary educa-
tion, contributing towards identifying and discussing effective STEM programmes
and strategies. Finally, this chapter points out areas for further development and
invites researchers to further examine good practices in STEM education in the
Asian context.
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Introduction

In recent years, especially in the second decade of the 21st Century, STEM education
has gained more prominence in government policy and education circles in Asia.
Concurrent with the global drive for STEM education, research in STEM education
has shown exponential growth in the past decade. Much attention has been given to
integrated STEM in recent STEM education research (Honey et al., 2014; Kelley &
Knowles, 2016; Lee et al., 2019). Amongst the increased focus on integrated STEM,
different challenges arising from its implementation have been documented such
as the lesson enhancement or curriculum restructuring in the established discipline-
based structure (Nadelson & Seifert, 2017), teacher preparation and professional
development in STEM integration (Asghar et al., 2012; Lee et al., 2019), while one
of the profound constraints for STEM teaching was teachers’ lack of knowledge on
embedding the four STEM components into the teaching of the subject (Kelley &
Knowles, 2016). Research has also called attention to the need to better understand
instructional practices and classroom operations due to a lack of empirical evidence
of discerning elements crucial to the successful implementation of STEM education
(Honey et al., 2014; Kang, 2019; Thibaut et al., 2018; Wahono et al., 2020).

Compared to the global STEM education scholarship, Asian-based STEM educa-
tion studies are still in an emerging state, as Lee et al. (2019) highlighted that Asian-
based STEM education studies comprised only 8.5% of the total examined inter-
national STEM education publications from 2013 to 2017 (n = 665), compared to
around 65% from the United States. Thus, focusing on the Asian contexts, and with
specific attention to the enactment of STEM education in Asian secondary schools,
this chapter systematically reviews the enactment of STEM education with particular
attention given to the nature and scope of STEMprogrammes or courses, instructional
practices, and evidence reflecting the effectiveness of the instructional approaches
in terms of students’ learning.

Building a Framework for Reviewing STEM Programmes

There is in general a lack of consensus on how STEM education should be
approached, largely due to the different experiences that involve different types of
integration across STEM disciplines and school subjects (Sanders, 2009), or experi-
ences that involve different forms, for example, single courses, school programmes,
or extracurricular activities (Honey et al., 2014). A few recent studies have formu-
lated different frameworks to describe the approaches and conditions of integrated
STEM that most likely lead to positive outcomes of STEM education (Honey et al.,
2014; Statauskiene & Mazgelyte, 2016; Thibaut et al., 2018). These frameworks
provide useful references for reviewing a myriad of STEM programmes and courses
implemented across Asian curriculum and classroom contexts.
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Honey et al. (2014) developed a descriptive framework of integrated STEM
education for a narrative review of 28 selected good practices in K-12 educa-
tion in the United States. The descriptive framework identified four higher level
features (and various illustrative subcomponents) of (1) goals (different statements
of goals); (2) nature and scope (different types of STEM integration, disciplinary
emphasis, duration, size); (3) outcomes (different outcomes in learning, schooling,
and employment); and (4) implementation (different instructional designs, supports,
partnership).

Second, in a European Commission-supported project, Statauskiene and Mazge-
lyte (2016) devised a top-down, theory-based four-dimensional framework to analyse
22 selected good practices in integrated STEM education with the aim of under-
standing the recurrent features of good practices in secondary schools across seven
European countries. The framework integrated (1) learning theory (behaviourism,
cognitivism, constructivism, humanism); (2) type of intellect (Gardner’s multiple
intelligences); (3) type of integration; and (4) competences (according to the
European Reference Framework of Key Competences for lifelong learning).

Third, Thibaut et al.’s (2018) study reviewed 23 international STEM studies
that provided a clear description of instructional practices for integrated STEM in
secondary education. The study formulated, from the bottom-up, a five-principle
framework, including (1) integration of content, (2) problem-centred learning, (3)
inquiry-based learning, (4) design-based learning, and (5) cooperative learning.

With a specific focus on identifying features of STEM classroom practices and
effective STEM programmes and strategies, components relating to the integration,
implementation (of instructional practices), and the outcomes (of student learning)
from the three integrated STEM education frameworks mentioned above are refer-
enced in developing the framework for this review. Table 2.1 presents the framework
formulated for this review. Features fromHoney et al.’s (2014) descriptive framework
provided the main structure of this review, and subcomponents from Honey et al.
(2014) and Thibaut et al. (2018) were referenced to assist the illustrative procedure,
which allows other subcomponents to be included in the review process.

Table 2.1 Framework for STEM programme review

Main features informed by Honey
et al. (2014)

Subcomponents

Nature and scope of STEM
programme integration

E.g. types of STEM connection and disciplinary
emphasis; duration; size; formal or after-/out-of-school
settings (see Honey et al., 2014)

Implementation of STEM
programme: instructional practices

E.g. Problem-centred learning, project-based learning,
problem-based learning, inquiry-based learning,
design-based learning, cooperative learning (see Thibaut
et al., 2018)

Outcomes of STEM programme for
student learning

E.g. STEM literacy; 21st Century competences; interest,
and engagement (see Honey et al., 2014)
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This review aimed for a systematic result pertinent to characterizing existing
STEM classroom practices and effective STEM programmes and strategies in Asian
secondary education. The key questions guiding the study are as follows:

(1) Nature and scope of STEM programme integration:
RQ1: What is the nature and scope of the Asian STEM programme in terms
of types of integration, disciplinary emphasis, duration, and scale?

(2) Implementation of STEM programme: Instructional practices
RQ2: What are the main instructional practices implemented in the Asian
STEM programmes or courses?

(3) Outcomes of STEM programmes for student learning
RQ3: What are the domains of student learning outcomes examined in the
selected Asian STEM programmes?
RQ4: What is the effectiveness of promoting different aspects of student
learning in relation to the STEM instructional practices reported?

Methodology

A systematic review was conducted to identify, evaluate, and summarize the findings
of all relevant literature on the enactment of STEM education in secondary schools
in Asia. Literature sources include international STEM-related studies written in
English with the publication timeframe ranging from 2011 to 2020. An article search
was conducted using the academic databases of the Web of Science, Science Direct,
and Google Scholar. Databases were browsed using a combination of keywords:
‘STEM’ plus related words such as education, discipline, programme, course, or
integration, Asian country/region names, and school level. The selected studies had
to be journal articles (thus conference papers were excluded) that described the
instructional practices for the STEM courses and programmes and presented results
for student learning. Articles were checked by one rater regarding whether inclusion
criteria were met. When doubtful, papers were discussed by the two researchers until
consensus was reached.

A total of 32 articles representing qualitative, quantitative, and mixed methods
studies were selected. The review covered eight countries/regions in East and South-
east Asia, including Hong Kong (1 study), South Korea (1 study), Japan (2 studies),
China (3 studies), Taiwan (11 studies), Thailand (1 study), Indonesia (2 studies), and
Malaysia (11 studies) (see Appendix). The student participant sample size ranged
from 24 to 411 in the individual studies. The 32 studies were reviewed to answer
research questions 1, 2, and 3. For research question 4, 27 out of 32 studies that
employed the pretest–posttest or the nonequivalent groups designs were reviewed to
make claims for the effectiveness of the STEM courses for student learning.
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Findings

The Nature and Scope of STEM Programmes

The results of the review identified different STEM connections planned in the
selected STEM courses in terms of (1) integration of concepts from different STEM
disciplines such as the applications of science and mathematics concepts to scientific
inquiry (e.g. Wang et al., 2015); (2) connecting concepts in subjects to the practice of
another such as the applications of science and mathematics concepts to engineering
design practices (e.g. Anwari et al., 2015; Lou et al., 2011); and (3) combining
practices such as integrating scientific inquiry and engineering design/technological
practices (e.g. Siew, 2017; Tsai et al., 2018). Commonly found features among these
different types of STEM connection were aspects of learning-by-doing (e.g. project
tasks, artefact design, experiments) and multiple representations (e.g. the integration
of medical knowledge and skills in the form of spatial visualisation in Hsu et al.,
2017).

Different subject contents were emphasised among the selected STEM
programmes and courses.As shown inFig. 2.1, focus on science (13 studies) and engi-
neering (15 studies) learning was common in secondary education, especially at the
senior secondary school level in Asia. STEM education with an emphasis on science
learning primarily focuses on topics such as physics, chemistry, and ecology/biology
(see Appendix). STEM education that highlights engineering learning incorpo-
rates the engineering design process and encompasses topics relating to mechan-
ical engineering (e.g. solar automatic trolley, CaC2 steamship, self-propelling sail-
boat robot). Additional attention on environmental engineering (e.g. clean water
treatment system) and civil engineering (e.g. irrigation system, water-level warning

Fig. 2.1 STEM programme by emphasis of subject areas, school levels, and settings (number of
studies)
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system) were also observed. STEM education that emphasised technology learning
was less common (4 studies). However, engineering design is an integral component
in technology learning, primarily through emerging technologies in education such
as the microcontroller unit, 3D printing technologies, and robotics. STEM education
emphasising mathematics was not recorded among the studies on secondary STEM
education in Asia.

In terms of the scope, STEM education with an emphasised on science learning
was primarily implemented in formal classroom settings. Courses emphasising
engineering and technology learning were commonly implemented across various
extracurricular or co-curricular settings (e.g. outreach programmes, school clubs,
workshops) (see Fig. 2.1). Courses vary in their implementation timeframes in terms
of duration, with the shortest comprising a 10-min virtual reality immersion activity
(Huang, 2019) to the longest, an action research project that lasted a whole school
year (Chen & Lin, 2019). The majority of the STEM courses involved either a small
group (fewer than 60 participants, 13 studies) or a large group (above 100 partic-
ipants, 13 studies) of participants from a single class, multiple classes within one
school, or across different schools.

The Implementation of STEM Programmes

This section reports themain and the supporting instructional designs identified in the
selectedAsian STEMcourses and programmes. Themain instructional designs spec-
ified in the 32 studies are project-based learning (17 studies), technology-supported
learning (6 studies), engineering design-based learning (5 studies), inquiry-based
learning (3 studies), and problem-based learning (1 study). Lessermentioned instruc-
tional designs such as the inventive thinking approach, critical thinking process,
or the scientific imagination embedded in the design process were employed by
one or two studies (see Appendix). In the following section, the four instruc-
tional designs: project-based learning, technology-supported learning environment,
engineering design-based learning, and inquiry-based learning are further detailed.

Project-based learning (PBL) is the most common instructional approach (17 out
of 32 STEM studies, or 53%) adopted among the STEM courses. PBL is highlighted
as a student-centred instructionalmodel that organizes learning around creating open-
endedprojects (e.g. authentic prototypes, products, or artefacts)with real-life connec-
tions. PBL promotes the diverse specific skills, group work, social, and communi-
cation skills within the learning process, and through the construction of products,
showcases students’ mastery of concepts in different STEM subjects (see Lou et al.,
2017; Pang et al., 2019; Saleh et al., 2020; Wan Husin et al., 2016). Apart from the
conceptual definitions, a few studies such as Lou et al. (2017) viewed ‘STEM PBL’
as a teaching model defined to ‘specify vague work tasks in the interdisciplinary
structure’ (Stearns et al., 2012 as cited in Lou et al., 2017, p. 2391).
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Around half of the STEMcourses that employed PBL (8 out of 17)were supported
by instructional models with clear teaching phases. An emphasised on the E (engi-
neering) component is observed in the six-phase educationalmodel of ‘iSTEM(imag-
ination STEM) Learning’ (Tsai et al., 2018), the Maker approach (see Chen & Lin,
2019; Lou et al., 2011) and the 6E inquiry-based learning (see Hashim et al., 2020).
The engineering design process is also used in implementing STEM PBL, such as
in Wan Husin et al. (2016) that merged a three-step engineering design process
(i.e. think, make, and improve) into their ‘Project-oriented Problem-based Learning’
instructional model. Technology-supported learning and inquiry-based learning are
two other supporting instructional designs commonly used to support PBL among
the selected studies.

Technology-supported learning (TSL) is an umbrella term for teaching practices
that utilize educational technology to enhance learning. A total of 14 out of 32
STEM courses (44%) indicated TSL either as their main instructional feature (6
STEM courses, all at the senior secondary school level) or as the supporting instruc-
tional design (8 STEM courses). Technology was incorporated into the learning
environment through the use of internet technology (5 studies), computer applica-
tion (3 studies), or the more advanced computer technology (6 studies) to support
technology-enabled collaboration, virtual/online laboratories, remedial learning,
educational gaming, real-time formative assessment, or skill-based curricula.

Internet technology such as the use of learning management systems (Moodle,
Edmodo, or the self-developed ‘STEM interactive internet platform’ in Tsai et al.,
2018), information communication technology (Facebook) and the real-time internet
database (for information and knowledge integration in Jeong & Kim, 2015) all
supported an environment for collaborative, interactive, and inquiry-based activi-
ties. The use of computer applications for STEM courses includes computer adap-
tive remedial learning systems (Chang et al., 2015), software for physics labo-
ratory simulation (Wang et al., 2015), and the mobile application-based educa-
tional game (Wang & Chiang, 2020). Recent STEM courses also utilized more
advanced computer technology such as virtual reality for immersive experiences
(Huang, 2019), augmented reality (Hsu et al., 2017; Majid & Majid, 2018) and 3D
printing (Chien, 2017; Lin et al., 2018) for skills training (e.g.medical surgery, digital
modelling).

Engineering design-based learning (EDBL) is an umbrella term for STEM
courses that incorporate engineering design tasks. A total of 15 STEM courses (47%)
employed EDBL either as the main pedagogical anchor (5 STEM courses, all at the
senior secondary school level) or as the supporting instructional design (10 STEM
courses). Different learning purposes were discerned among the programmes that
utilised EDBL. One aspect of learning emphasised applying STEM disciplinary
knowledge and skills in the engineering design cycle to solve problems. Exam-
ples include Chien’s (2017) STEM-oriented pre-engineering curriculum on digital
modelling and manufacturing (concerns the design, output and revision decisions)
grounded in mathematics and science principles. Another type of EDBL used engi-
neering or technological design tasks to facilitate student learning and to develop
integrated STEM knowledge (e.g. Changtong et al., 2020; Hafiz & Ayop, 2020;
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Khozali & Karpudewan, 2020), skills (e.g. Anwari et al., 2015; Hafiz & Ayop, 2020;
Wan Husin et al., 2016), interest and engagement in STEM (e.g. Chen & Chang,
2018; Hafiz & Ayop, 2020; Shahali et al., 2017; Wang & Chiang, 2020).

The implementation of EDBL also varies among the programmes and courses.
Most of the programmes adopted engineering design process (EDP) developed
by U.S.-based institutions (e.g. National Research Council, 2013; Massachusetts
Department of Education, 2006; and Museum of Science-Boston, 2009 as cited in
Fan & Yu, 2017; Hafiz & Ayop, 2020; Shahali et al., 2017; Siew, 2017) and scholars
(e.g. Atman et al., 2007; Martinez & Stager, 2013; and Moore et al., 2016 as cited
in Chien, 2017; Wan Husin, et al., 2016; Huri & Karpudewan, 2019). A few EDP
models were developed by local educational institutions to stress course alignment
with their respective national curricula (e.g. Changtong et al., 2020). EDBL was
also implemented through an emphasis on engineering design activities. Examples
include the ‘task-centred teaching model’ (e.g. building robotic sailboat in Chen &
Chang, 2018), or the ‘jigsaw learning approach’ in Changtong et al. (2020) that
engages students in the engineering design activity through collaborative learning
and inquiry-based investigation.

Inquiry-based learning (IBL) was employed in nine STEM courses (28%) either
as the main pedagogical anchor (3 STEM courses, all at the lower secondary school
level) or as the supporting instructional design (6 STEM courses). The 5E Instruc-
tional Model (e.g. Bybee et al., 2006) and the 6E Instructional Model (e.g. Burke,
2014) were commonly adopted and integrated (in 2 studies each) among the selected
STEM courses. The 5E Instructional Model comprised engagement, exploration,
explanation, elaboration, and evaluation. It was integrated into Wang et al.’s (2015)
‘model-based inquiry’ approach that emphasized the construction and reconstruction
of models based on scientific investigation, and in Lay and Osman’s (2017) study
that combined a creative design spiral, inquiry/discovery activities, and teamwork for
educational media design. The 6E Instructional Model, adopted in Lin et al. (2020)
and Hashim et al. (2020), added an ‘engineering’ element to the 5E model in the
inquiry cycle to emphasize the ‘purposeful design and inquiry’ in STEM education
(Lin et al., 2018, p. 2).

Other STEM courses that implemented IBL without a guiding inquiry cycle
viewed it as a broad pedagogical approach with the overall goal for students to
make meaning, more often through hands-on activities that incorporated technolo-
gies or educational kits. Examples include Hsu et al.’s (2017) ‘authentic inquiry’ that
engages students in computer-simulated experiments to develop inquiry skills, and
in Majid and Majid’s (2018) ‘guided discovery learning’ through mobile AR that
facilitated more engagement in the learning process and promoted analytic learning
through imposing questions.



2 Identifying Effective STEM Programmes and Strategies in Asia 27

The Outcomes of STEM Programmes and Courses for Student
Learning

This section reports the outcomes of STEM programmes and courses for student
learning. It first presents an overview of student learning by three domains of knowl-
edge/practices, skills, attitudes, and evaluation methods, followed by reporting the
effectiveness of the STEM programmes for student learning.

Domains of Student Learning and Measurement

In reviewing STEMknowledge/practices, three dimensionswere examined. First, the
‘disciplinary core ideas’ include motions, energy, ecosystem, evolution, engineering
design. Second, the ‘crosscutting concepts’ include concepts that bridge disciplinary
core boundaries, including patterns, cause and effect, proportion and quantity, energy
and matter, structure and function, stability and change. Third, the ‘scientific and
engineering practices’ include asking questions (for science) and defining problems
(for engineering), developing and using models, planning and carrying out investi-
gations, using mathematical and computational thinking, constructing explanations
(for science) and designing solutions (for engineering), obtaining, evaluating and
communicating information) (National Research Council, 2013).

For the skills domain, ‘peer learning’ and ‘cognitive thinking skills’ were induc-
tively formulated from the analysis to represent the learning emphasis reported in
the selected STEM programmes and courses. First, peer learning includes social
skills such as collaboration skills, communication skills, respecting different points
of view, and so forth. Second, cognitive thinking skills group higher thinking skills
such as creativity, critical thinking, or inventive thinking skills.

The attitude domain examines students’ interest in, perceptions of, and the degree
of acceptance of the instructional content. Two categories were inductively formu-
lated from the analysis. First, ‘interest in STEM’ examines students’ interests, moti-
vation, or confidence in the STEM disciplines and careers. Second, ‘engagement in
STEM activities’ looks at student engagement in STEM activities.

Figure 2.2 presents the patterns of student learning reported in the 32 studies by
learning domains (knowledge, skills and attitude) and instructional practices (PBL,
TSL, EDBL, and IBL). The dotted line indicates the total number of studies that
reported student learning outcomes. From the figure, disciplinary core ideas and
scientific and engineering practices in the knowledge/practice domain, and interests
in STEM in the attitude domain remained the focus for student learning across
different STEM courses.

STEM courses that adopted PBL, TSL, and IBL tended to report student learning
outcomes across different learning domains. Courses that incorporated EDBL were
more focused on the effect of the teaching methods on students’ knowledge/practice
learning. Courses that adopted PBL were interested primarily in students’ attitudes
in STEM disciplines and/or career orientations (e.g. Chen & Chang, 2018). Courses
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Fig. 2.2 Patterns of student learning by learning domains and instructional practices

incorporating TSL reported a closer examination of students’ confidence in techno-
logical skills (e.g. Tam et al., 2020) or the perceived value of technology in enhancing
their learning (e.g. Chang et al., 2015).

The learning of crosscutting concepts was embedded in different STEM courses
that connect different domains of science (e.g. physical science and earth science
in Jeong & Kim, 2015; physical science, life science, and engineering design in
Mutakinati et al., 2018). However, crosscutting concepts received the least attention
for student learning outcomes among the STEM intervention courses.

In terms of the evaluation methods used to measure student learning outcomes,
most studies used multiple approaches, categorized into three groups in this review:

(1) Student self-reported information collects data on student learning outcomes
through the primary use of a questionnaire, survey, or tendency scales (e.g. the
21st Century Skills Questionnaire in Wan Husin et al., 2016);

(2) Teacher subjective assessment uses a pre-determined rubric, criteria, or scale
for teachers to evaluate student production, skills, or behaviours (e.g. the
Critical Thinking Rubric in Mutakinati et al., 2018)

(3) Objective assessment refers to tests mainly in the forms of true–false or
multiple-choice questions for students to complete (e.g. Industrial Electronics
C Technician Skills Certification Test in Chang et al., 2015).

Figure 2.3 presents an overview of the methods used to evaluate students’ STEM
learning outcomes across the three learning domains. From the figure, student self-
reported information and teacher subjective assessment were commonly used in
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Fig. 2.3 Methods of evaluation by student learning domains

assessing student learning across the three learning domains. Objective assessment
primarily targeted evaluation of students’ conceptual and procedural knowledge.

The Effectiveness of the Instructional Practices in Terms of Student
Learning

To further study the effectiveness of the instructional practices, a group of 27 studies
that employed quasi-experimental designs were examined. Based on the intervention
results as reported in individual studies, Table 2.2 presents student learning perfor-
mance results by ‘ + ’ (study reported instructional practices having a significant
impact on student learning), ‘−’ (study reported that the control group performed
better than the experimental group) and ‘n/s’ (study reported instructional practices
having no significant impact on student learning).

Knowledge and Practices

Regarding student learning outcomes in the knowledge and practices domain, STEM
studies that integrated IBL and EDBL more often showed positive impacts on
students’ learning in disciplinary core ideas and scientific and engineering practices.
Common traits among these STEM courses are the explicit and purposeful plan-
ning of the teaching and learning of disciplinary core ideas (e.g. chemistry-related in
Lay & Osman, 2017; Majid &Majid, 2018, or physics-related in Balakrishnan et al.,
2019; Saleh et al., 2020) and the purposeful engagements of science andmathematics
principles in engineering design tasks (e.g. Fan & Yu, 2017; Huri & Karpudewan,
2019; Tsai et al., 2018).

A variety of scientific and engineering practices were examined in the STEM
studies, including scientific process skills (Wang et al., 2015), the scientific imagi-
nation process (Siew, 2017), productivity skills and product creativity (Chien, 2017;
Lay & Osman, 2017), and problem prediction and analysis (Chien, 2017; Fan &
Yu, 2017; Tam et al., 2020). Common characteristics among the STEM courses that
reportedpositive impacts of the teaching interventions ondifferent scientific and engi-
neering practices is the incorporation of a clear inquiry cycle or a clear EDPmodel in
the courses (e.g. the 5-phase inquiry model in Tam et al., 2020; the 5E Instructional
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Model integrated into Lay & Osman, 2017; Wang et al., 2015; integrated EDP in
Chien, 2017; Fan & Yu, 2017; Siew, 2017; Wan Husin et al., 2016).

Skills

Programmes that integrated a clear cognitive thinking skills module (e.g. creativity
in Lou et al., 2017) often reported having a positive impact on the respective skills
measured. On the other hand, in studies without purposeful incorporation of the
cognitive thinking modules, when cognitive thinking skills were measured (e.g.
inventive thinking in Lay&Osman, 2017; Saleh et al., 2020;WanHusin et al., 2016),
the impact of the instructional designs on students’ skills were often insignificant.
The possibility of the short duration of the STEM programmes in limiting students’
performance results was also identified in Wan Husin et al. (2016). In which a more
extended period of the programme was recommended.

Peer learning was not a focal evaluation aspect for student learning among the
selected secondary school level STEM courses. However, pedagogical interven-
tions with collaborative components (e.g. the collaborative online environment in
Wang et al., 2015) reported students’ significant improvement in collaboration skills,
expressing ideas, and making arguments. Some PBL studies reported no significant
statistical differences in communication skills (e.g. Lay & Osman, 2017; Wan Husin
et al., 2016) were observed to have high baseline scores in students’ peer learning
performances.

Attitude

The positive impact of the instructional designs on students’ interest in STEM and
engagement in STEMactivitieswas reported in different studies. Specifically, studies
that employed PBL reported favourable outcomes in students’ interest in STEM
disciplines (Chen & Chang, 2018; Jeong & Kim, 2015; Pang et al., 2019; Shahali
et al., 2017; Wang & Chiang, 2020) and students’ interest in STEM careers (Chen &
Chang, 2018; Shahali et al., 2017). Those courses that implemented PBL shared a
strong feature of engineering and/or technological design components for engaging
students in practical activities.

One study (Tam et al., 2020) that employed technology-supported learning
reported a positive impact of the instructional design on students’ ICT self-efficacy.
Two studies, including Huang (2019) that examined the impact of technology-
supported learning on students’ science self-efficacy, and Lin et al. (2020) that
examined the effectiveness of inquiry-based learning on students’ attitude towards
technology, both reported insignificant impact of the teaching interventions on the
students attitudinal learning. Similar to the findings in previous sections, identifica-
tion of meaningful student learning outcomes, purposeful planning of instructional
designs, and assessment planning could be central to preparing students to achieve
the course outcomes.

Two STEM courses (Wang&Chiang, 2020;Wang et al., 2015) reported a positive
impact of the instructional designs to at least retained students’ engagement in STEM.
The two STEM courses integrated computer applications (i.e. simulation software,
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mobile application) into their student-centred STEM courses and shared a strong
peer collaboration component.

Discussion and Conclusion

The review identified existing STEM classroom practices in secondary education in
the Asian contexts in terms of the nature of integration, instructional practices, and
the evidence of the STEM programmes’ impact on students’ learning.

The review reflects that the efforts for STEM education provision in the Asian
context are more frequently implemented with an emphasis on science and engi-
neering learning. Previous literature such as Lee et al. (2019) has expressed concerns
over a focus on science and the inequitable attention given to other STEMcomponents
(i.e. T. E. M) in school learning in the Asian contexts (see also English, 2016 for a
similar concern inWestern-based studies). The current review pointed to an emerging
trendof integrating theE (engineeringdesign) among the existingAsian-basedSTEM
programmes and courses at the secondary education level.

While STEM courses emphasising technology learningwere less common among
the selected studies, they shared engineering design as an integral element of tech-
nology learning. Similar to Chien’s (2017) approach to technology education, the
review observed a direction in viewing engineering-oriented technology education as
a pathway to pre-engineering education in secondary education in theAsian contexts.
Concurring with Lee et al. (2019), the review continued to show mathematics and
technology as subject areas, and mathematics as components needing more explicit
representation and elevation in school-level STEM education and research.

In terms of instructional design, PBL was the main instructional design adopted
by most studies to facilitate core curriculum content learning and the development
of interdisciplinary skills. Compared to PBL in science learning that emphasized
scientific practices, Kang (2019) highlighted that PBL in integrated STEM exhibits
additional features originating from engineering and technological education. From
the review, the diverse ‘STEM PBL’ models –which are student and design-tasked
centred, with clear instructional stages informed by IBL, engineering design princi-
ples, or other teaching designs—illustrated the flexibility in designing STEM PBL
for meeting different teaching and learning purposes.

The implementation of EDBLamong the selected STEMprogrammes and courses
also exemplified its flexibility for different teaching and learning objectives, e.g.
learning the engineering design cycles or advancing integrated STEM knowledge.
As stated by Householder and Hailey (2012), the distinctiveness of the engineering
design challenge depended upon the implicit reliance upon analysis and close adher-
ence to the application of science in the product design. A few STEM courses
that adopted EDBL (Changtong et al., 2020; Chien, 2017; Fan & Yu, 2017) have
emphasized the applications of science and mathematical knowledge and explicitly
highlighted science and mathematics knowledge to support the design process.
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STEM courses that adopted TSL illustrated an emerging trend in technology-
supported STEM learning in Asian classrooms. The review partly concurs with
Lee et al.’s (2019) observation that some technology-supported STEM lesson
designs may still be inclined towards didactic teaching (e.g. lectures). However,
the review illustrated other utilization of technologies (e.g. internet technology,
computer application, more advanced computer technology) in Asian classrooms
to support technology-enabled collaboration (e.g. knowledge sharing, ideation, task
production), learning (e.g. engaging with multiple representations, virtual/online
laboratories, remedial education, skill-based learning, gaming), and assessment (e.g.
formative assessment).

When interpreting the effectiveness of the instructional practices for student
learning, caution is needed due to the limited number of studies reviewed, the
varied programme durations, and the focus of and approach to the evaluation of
different STEM learning domains. However, some common characteristics of the
STEM courses that reported positive student learning outcomes in the knowledge
and practices domain may offer some insights in future planning. The common char-
acteristics include explicit planning of disciplinary core ideas in the lesson content,
purposeful engagement of science andmathematical principles in engineering design
activities, and incorporating the clear inquiry cycle and/or EDP models.

Furthermore, the review suggests that the development of crosscutting concepts
is severely neglected among the Asian-based STEM programmes and courses. As a
way to better integrate crosscutting concepts learning, future STEMprogrammes and
courses could make explicit the performance expectations of crosscutting concepts
for student learning in STEM courses. Future researchers may consider putting more
effort into developing objective tests for measuring the different types of knowledge
and skills involved in STEM.

Lastly, little is known about the best practices for implementing or integrating
STEM (English, 2016; Kelley & Knowles, 2016). This systematic review of existing
STEM studies in the Asian contexts is guided by frameworks derived from the
previous meta-synthesis of good practices in STEM education showcased in the
United States and Europe (Honey et al., 2014; Thibaut et al., 2018). Findings from
this review may contribute to an initial discussion of the effective or good practices
and the variant conditions that most likely lead to positive outcomes in relation to
teaching, learning, and assessment in the Asian context. With the continual efforts of
the government and educational bodies to promote STEM in Asia, effective or good
practices in STEM education will likely grow. The findings of similar meta-synthesis
studies and further meta-analysis studies in the Asian contexts will be enriched when
a more extensive collection of effective or good practices in STEM education in Asia
are showcased in the future.
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Chapter 3
STEM Education in Mainland China

Nanxi Meng , Yang Yang , Xinyu Zhou , and Yan Dong

Abstract Despite global attention on STEM policy and STEM education research,
Asian-based STEM education studies are still in an emerging state. In the current
chapter, we introduce the development of STEM education in Mainland China from
its historical context, the understanding of the term STEM education and its variants,
and the research and practice of STEM education. Specifically, we reviewed liter-
atures on the STEM learner and learning, STEM teaching approaches and STEM
teacher development. It is found that the theoretical research has been carried out
thoroughly with the foundation of studying the mature experience globally, most
of the research results about STEM education and its implementation published in
Chinese are still theoretical models based on the existing problems. In STEM educa-
tion implementation, a few actions have been taken to promote STEM in greater
educational communities, including exploring the feasible model through interna-
tional education exchange among schools and teachers, adopting the comprehen-
sive practical activity as the course format in K-12 institutes, taking problem-based
and project-based learning as the basic teaching approaches, integrating formal and
informal education, and building the STEM education ecology. We briefly introduce
these practices in the chapter, in order to share the experience and lessons learned.
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With the ongoing education reform, it is expected that more empirical evidence will
emerge along with the wide and in-depth implementation of STEM education in
mainland China.

Keywords STEM education · Teaching strategy · Peer collaboration · Teacher
professional development

Historical Context of STEM Education in China

On September 5, 1988, Deng Xiaoping put forward the famous theory: “Science
and technology are primary productive forces”. Since the reform and opening up in
1978, the government of mainland China has been prioritizing the development of
science and technology, in order to support themodernization and rapid growth of the
economy. The traditional education served its purpose of supplying a large number
of skilled workers to develop internationally competitive manufacturing industry and
build a well-to-do society in the last decades, yet the undergoing of the Fourth Indus-
trial Revolution featured by the blurring of boundaries between the physical, digital,
and biological worlds has changed the way of human existence and development,
and the demand for future talents. Foreseeing the challenges, the State Council has
implemented a series of policies to improve science and technology (S&T) innovation
(The State Council, P. R. of China, 2016).

The transformational demand on talents leads to the change of the educa-
tional model. STEM and STEAM education was introduced and adopted by China,
with the focus on developing literacy and competence related to science. Delving
into the questions of “What kind of talents to cultivate?” and “How to cultivate
them?”, researchers and scholars in mainland China designed the Core Competen-
cies and Values (CCV) for Chinese Student (Ministry of Education [MOE], P. R.
of China, 2016), to serve as the framework of cultivating the talents with morality,
adjusting to the development of world educational reform and improve the global
competitiveness.

The research and practice of STEM education is still in its infancy in China.
Despite the obstacles brought by the traditional rote-based, exam-oriented concepts,
teaching models and approaches, STEM education has been showing strong vitality,
the inherent exploratory characteristics of integrated curriculum and STEM as an
innovativemodel and pedagogy is stimulating the interest and enthusiasmof students,
teachers, researchers and other stakeholderswhichwill be elaborated in the following
sections.
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The Understanding of STEM Education in Mainland China

STEM education was originally defined by the National Research Council (NRC,
1996) and Sanders (2009) as a teaching and learning method that integrates the
content and skills of science, technology, engineering and math. With decades of
practical exploration, this definition was expanded beyond the four disciplines by
the National Science Teaching Association (NSTA) of the U.S., and defined STEM
education as an interdisciplinary approach to learning. Specifically, NSTA (2012)
described STEM education in K-12 context as:

‘STEM education is an experiential learning pedagogy in which the application of knowl-
edge and skills are integrated through in-context projects or problems focused on learning
outcomes tied to the development of important college and career readiness proficiencies’
(p. 1).

Compared to STEM education, STEAM education, among many variants, was
adopted widely in theoretical research and educational practices in China. STEAM
education is regarded as one of the essential approaches to cultivate talents with
core competencies and values and develop comprehensively in the future social
environment. Scholars argued that STEAM education shares the same value with
the CCV (Zhu & Lei, 2018; Hu et al., 2016), as they both emphasize fostering the
character and ability to use the integrated knowledge from multiple disciplines to
solve complex problems. TheCCVprovides theoretical guidance for STEAMeduca-
tional practices, with special attention to the development of humanistic literacy,
physical health, and many other aspects that contribute to the holistic development
of students. Specifically, the CCV embodied STEAM capabilities in four aspects:
scientific concepts and applications, scientific thinking and innovation, scientific
exploration and communication”, and scientific attitudes and responsibilities (Hu
et al., 2016).

Therefore, reforming the STEAMeducationwith the guidance of CCV to continu-
ously enrich the design curriculum and learning objectives, teaching projects, content
and teaching practices is the foundation of STEAM education in mainland China.

STEM Education Research and Practices

In this chapter, we first provide an overview of the theoretical research related to
STEM education in China, followed by zooming into the practices at the school
level, in order to provide a holistic and in-depth understanding of STEM education
development in China.

The theoretical research of STEM education in mainland China were conducted
in five concentrations:

(1) The analysis of STEM education policies internationally and domestically.
(2) the analysis of STEM education and learning models abroad.
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(3) case studies of the best practices abroad.
(4) the analysis of teaching and learning materials abroad, and
(5) proposing new STEM education models for the given contexts in China.

For the purpose of reflecting the features, experiences and lessons learned of devel-
opingSTEMinChina and the structure of the chapter,we focus only on the analysis of
publications writing about STEM or STEAM policies and practices in China. Liter-
ature sources include STEM-related studies written in English and Chinese with the
publication timeframe ranging from 1998 to 2021. An article search was conducted
using the academic databases of the Web of Science, Science Direct, and Google
Scholar. Databases were browsed using a combination of keywords: ‘STEM’ plus
related words such as education, discipline, programme, course, or integration, and
school level. The selected studies included journal articles, books and doctoral disser-
tation that provide information in the five aspects listed above. A total of 31 articles
representing qualitative, quantitative, and mixed methods studies were selected.

STEM Education Related Policies

Through literature review, we found that the research on practice and experience
of formulating STEM education related policies in China shows three key features.
First, international comparative research serves as the foundation of policy devel-
opment. Through the thorough understanding of mature experiences gathered by
educational institutions in the U.S. and other countries, the education community
in China formulated the national policies to guide the practices. Second, the studies
demonstrated active exploration on the connotation and extension of STEM educa-
tion. Third, there were a lot of efforts spent on the integration of STEM education
and the construction of national development strategies.

In 2014, Shanghai Municipal Education Commission first proposed the concept
of “STEM +” education. The “+” indicated the integration of science, technology,
engineering, mathematics and humanities, artistic accomplishment and social values,
with special emphasis on the cultivation of science, humanities and social values.
The “+” is not merely the expansion of subject knowledge, but an upgraded notion
of providing holistic education. In 2015, the Chinese government issued “Guiding
Opinions on Comprehensively and Deeply Promoting Educational Informatization
During the 13th Five-Year Plan Period” and other related policies, clearly supporting
the development STEM education, marking that STEM education became part of the
national education development plan.

2016 could be regarded as the nationwide initial year of STEM education in
China. The State of Council released the Implementation Plan for the Outline of the
National Scientific Literacy Action Plan (The State Council, P. R. of China, 2016),
in which advocated the interdisciplinary scientific inquiry for the first time. Since
the releasing of the Implementation Plan, the concepts like “STEM”, “STEAM” or
“STEM+ education” and their paraphrases had emerged in the policy documents of
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the national and provincial education departments, and start serving as the essential
reference. In the 13th Five-Year Plan for Education Informatization proposed by
the Center for Educational Information Management (MOE, P. R. of China, 2016),
STEAM education was mentioned. The FYP stated:

‘In areaswhere conditions permit, innovative educationmodels such as “makerspace”, “inter-
disciplinary learning (STEAM education)” and “maker education” should actively explore
the application of ICT’.

2017 was viewed as a big movement of STEM education in China (Yao & Guo,
2017), STEM education was officially integrated in the K-12 curriculum standards,
marked by three key events. First, the STEM Education Research Center was estab-
lished under the National Institute of Education Sciences (NIES, P. R. of China,
2017), to provide decision-making services for the Ministry of Education, Ministry
of Science and Technology and other ministries, enrich and improve the theoretical
basis of STEM education, lead and promote the in-depth development of STEM
education practice, and explore and build a collaborative innovation mechanism
for STEM education. Second, Artificial intelligence (AI) has officially included in
the curriculum of K-12 education. Given the rapid development of AI technology
and its abundance of application, the State Council issued the New Generation of
the Artificial Intelligence Development Plan (The State Council, P. R. of China,
2017), which specifically listed the strategies to implement the national AI education
project, including setting upAI-related courses in elementary and secondary schools,
promoting programming education, and engaging social forces in the development
and promotion of educational programming software and games. AI textbooks for
K-12 education have been developed and put into use. Third, engineering as the
traditionally neglected subject in K-12 education was introduced into the curriculum
system, and the interconnectivity among subjects was emphasized. The Ministry
of Education promulgated the revised Science Curriculum Standards for Primary
Schools, which officially added “technology and engineering” as major components
into the science courses in primary schools to enrich the science curriculum (MOE,
P. R. of China, 2017a), which advocated interdisciplinary learning, and encour-
aged teacher to adopt STEM education pedagogy in their teaching. In 2018, the
Ordinary High School Curriculum Standards for each subject was promulgated,
STEM/STEAM and STEM + education emerged in multiple related curriculum
standards. Specifically, in theHighSchool InformationTechnologyCurriculumStan-
dards, the concept of STEAM education was adopted as the guidance, to “bring
students the interest and joy of research and creation, and foster the consciousness
and ability of problem solving and innovative designing with information technol-
ogy”. In the optional compulsorymoduleHigh SchoolGeneral Technical Curriculum
Standards, the “Science, Technology and Humanities Integration and Innovation
Topics” under the module of Technology and Innovation”, it was mentioned that
“Comprehensively apply the knowledge, methods and skills of science, technology,
engineering, art,mathematics, society (“STEAMS”) and other disciplines to carry out
problem solving and technological innovation in the form of theme-based learning or
project-based learning”. In theOrdinary High School Biology Curriculum Standard,
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students were required to “pay attention to the connection among different subjects”,
due to the “interconnectivity of Biology and mathematics, technology, engineering,
and information science.” (MOE, P. R. of China, 2017b).

TheNIESannounced theWhitePaper onSTEMEducation inChina (NIES,P.R. of
China, 2017). This document analyzed the historical context and the current status of
STEM education in China. Meanwhile the China STEM Education 2029 Innovation
Action Plan was released. In addition to formal STEM education at school, the plan
emphasized the participation of the informal education institutes, and encouraged
social resources (i.e. related government departments, research institutes, high-tech
enterprises, educational foundations etc.) to engage in STEM education innovation.
It is projected that in the next decade, STEM education should benefit all students,
especially those from special groups, to foster their innovative thinking and scientific
inquiry skills via focusing on learning process, apply innovative evaluation strategies
andprovide innovative trainingmodels to teachers. There aremainly six objectives for
this plan: promoting the design of national STEM education policy; implementing
a STEM personnel training plan; building a platform for resource integration and
teacher training; constructing STEM education standards and an evaluation system;
building an integrated STEM Innovation Ecosystem; and exploring the strategies of
education and talent cultivation for economic development. The plan also announced
building a number of STEM education model schools, providing STEM classrooms,
project-based learning classrooms and maker spaces to supply the innovative talents
that are imperatively needed for the development of China (NIES, 2017).

Driven by the national policy guidance and the upsurge of educational prac-
tice, provinces and regions have explored and issued guiding documents of their
regional STEM practices. For example, Shandong province released the first provin-
cial STEM guiding document, followed by Shenzhen and Guangdong province
issuing guidelines for curriculum construction, project-based learning guidelines
and teacher professional development. Jiangsu province took the lead in developing
the syllabi for STEM curriculum.Many schools have established STEMprofessional
classrooms or makerspaces to promote project-based learning in classroom teaching.

To sum up, despite that there are no specialized or comprehensive STEM
curriculum standards at the national level in mainland China, the policies supporting
STEM education have shaped the development of STEM education by referring to
the mature experiences of other countries and trial areas in China (i.e. Shanghai).
With the guiding plans and documents promulgated from the Ministry of Education,
K-12 education systems started to include STEM/STEAMeducation as an innovative
and interdisciplinary model in the formulation of curriculum policy at the national
level. Policies at the provincial and regional level were aligned with national policy
to guide STEM practice with regional advantages. Social educational institutes were
involved to explore STEM practice in informal education. At the national level,
STEM is introduced and integrated into the curriculum via a top-down educational
reform.
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STEM Learning and Teaching

STEM education in China first emerged in selected areas and provinces as school
or extra-curriculum practices as an experiment, then gradually became a paradigm
of educational integration. Despite ample theoretical exploration, the discrepancy
between policy and practice still exists, which makes describing the learners’
behavior and innovative teaching approaches challenging due to lack of empirical
evidence. Therefore, in the current chapter, we try to describe the features of STEM
learners in mainland China, followed by the proposed models and approaches of
STEM education.

In order to conclude the features of STEM learners and learning in mainland
China, the authors of this chapter conducted a brief literature review of studieswritten
in both Chinese and English on this topic. We conducted the search on cnki.net
under the database of Chinese Social Sciences Citation Index.1 In total 14 articles on
STEM learner and learning were identified when searching the term “China STEM
learning” and “China STEM learner”, 14 articles on STEM teaching approaches, and
17 articles on STEM teacher professional development, for the period of 2011–2021.
Our analysis is based on the articles selected above, synthesized with the literatures
published in English, and the findings were presented below.

Three Characteristics of STEM Learners in Mainland China

First, despite the outstanding grasp of scientific content knowledge, the effectiveness
of science education in elementary and secondary education in mainland China has
beenquestionedby scholars and educational researchers (Yan et al., 2018).According
to the PISA test, Chinese students generally lack creativity, their scientific interest
and cognitive science knowledge level were also lower than the international average
(Yan et al., 2018). Second, mixed results were shown about students’ STEM learning
attitude, performance and early career attitude between two genders. Unlike the
predominant results shown in western cultures that girls presented less interest and
self-efficacy in learning STEM related subjects, studies have shown contradictory
results of the STEM learning interest and capacity for students inmainlandChina. For
example, Zhang and colleagues (2021) conducted a survey among 566 primary and
secondary students, and found that boys’ STEM interests and STEM career interest
are significantly higher than those of girls, yet Zhan et al.’s study (2021) showed that
there was no significant difference between the genders on STEM learning attitude.
The social and cultural differences might lead to the discrepancy, which implies that
teachers and researchers should take the regional culture and stereotypes into consid-
eration when designing STEM courses and learning activities for students. Third, the

1 The Chinese Social Sciences Citation Index (CSSCI) covers about 500 Chinese academic journals
of humanities and social sciences. Nowmany leading Chinese universities and institutes use CSSCI
as a basis for the evaluation of academic achievements and promotion.
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cohort educationmodel and student’s friendship contributed to collaborative learning
in STEM classrooms. Wei et al. (2021) conducted an empirical research in primary
programming class with 84 students. In the study, the students were asked to pair up
either with their friends or a random partner. The study found that, in general, peer
collaboration improved boys’ programming self-efficacy, but not girls; both boys in
boy-boy pairs and girls in the boy-girl pairs significantly improved their computa-
tional thinking skills. This study was one of the first large-scale programming/STEM
empirical studies conducted with students sampled in mainland China.

Research on Collaboration in STEAM Learning

As an interdisciplinary learning model, STEAM education emphasizes peer collab-
oration, which is a hot topic for STEAM researchers in mainland China. Addition
to the traditional empirical studies that survey and interviewing served as the main
channels to collect data, researchers have started to explore the feasibility of applying
biological data to study the STEAM learning process. In the interdisciplinary STEM
interaction and collaboration, learners generally form a study group of two or
more to complete common learning goals in different interactive ways (English &
Mousoulides, 2015). Dong et al. (2019) found that multi-person peer interaction
could provide ample opportunities for STEM interdisciplinary problem solving and
foster high-order thinking skills, which were the core elements in promoting active
learning to achieve greater results. Effective multi-person peer interaction produces
synergistic effects through group cooperation, promotes interaction and negotiation
between learners, promotes knowledge construction and generation, and enables
learners to achieve higher learning achievements (Zhai&Shu, 2018).Given the initial
stage of exploring and implementing STEAM education, it is urgent to deepen the
understanding of the learning mechanism in STEM from the perspective of cognitive
science, to provide theoretical guidance to the design and implementation of STEM
learning (Dong et al., 2020b).

Exploring the students’ cognitive state in the process of peer interaction in STEM
learning groups, especially the coordination mechanism happened during the collab-
oration in their mind, is an important foundation for scientifically developing STEM
education. The current research of interpersonal brain synchronization based on
ultra-scanning technology mostly focuses on the process of peer interaction with two
people, while the actual cooperative learning in STEM classroom teaching is mostly
based onmulti-person interaction. The increase in the number of members in a group
will cause more complicated peer relationships among members. Although studies
have found that the transition from two-person to multi-person cooperation will
fundamentally change the way individuals think and the process of peer interaction
(Xie et al., 2019), it is still difficult to explain the common multi-person peer inter-
action process in high school STEM education. In addition, in order to improve the
quality and educational effects of high school STEM activities, it is urgent to reveal
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the internal structural factors that affect learners’ interactive behavior and cogni-
tive rules. With more understanding related to multi-person interaction, researchers
may use scientific and effective strategies to design interventions in STEM lessons.
Existing studies have explored how factors or strategies such as group gender ratio,
knowledge and experience, and communication patterns affect the frequency of peer
interaction and the final cooperative learning effect (Lu, 2020). However, it has failed
to clearly reveal the brain coordination mechanism in the process of multi-person
peer interaction in the STEM context. It remains challenging to provide scientific
evidence and practical basis for the scientific design and effective implementation
of STEM education.

Conducting STEAM learning research with the support of biological data through
the lens of natural science can provide profound impact on the current paradigm.
From a theoretical perspective, through the use of ultra-scanning technology, the
data collected were from the large-scale experimental data in real educational situa-
tions, which were more authentic compared to the traditionally collected data, which
contributed to deepen the understanding of the cognitive mechanism of the interac-
tion process of multiple peers in the STEM education context, and to enrich inter-
disciplinary learning related theories of cognitive neuroscience. From the practical
level, the research result could inform the design of intervention of STEM education,
STEAM learning experiences, and provide guidance to the effective intervention and
evaluation of STEM activities for primary and secondary school teachers. Informed
by the understanding of cognitivemechanism, researchersmay collect relevant scien-
tific evidence during the implementation. With the success of STEAM research and
practice in mainland China, the experiences and lessons learned could be shared with
other countries in the world.

Teaching Approaches

Interdisciplinary, collaborative, and project-oriented are the important characteristics
of STEM education activities (Yu &Hu, 2015; Li et al., 2020). Project-based science
learning contributes to the learning of middle school science and other subjects
and benefits all learners (Saavedra et al., 2021). In interdisciplinary collaborative
learning, the establishment of learners’ perspectives and the development of compe-
tence literacy are gradual, dynamic and continuous (Yu & Wu, 2019). To improve
the learning performance with the consideration of the characteristics of students
in mainland China, we introduce the practices and experiences from five aspects:
STEAM education model exploration through international exchange, creating the
course of comprehensive practical activity, adopting problem-based and project-
based learning as the teaching approaches, integrating formal and informal education,
and establishing STEAM education ecosystem.
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Model Exploration Through International Education Exchange

In order to establish initial understanding of STEAM practices, researchers were
informed by experience from STEAM leading countries like the U.S. In September
2017, the Department of Education of Zhejiang Province (DEZP) launched the
Zhejiang–Indiana Parallel Classroom Program on STEAM Courses (DEZP, 2017),
among the 15 selected seeding and 15 breeding primary and secondary schools
from both Zhejiang Province and K-12 schools from Indiana. Classroom teachers
from Indiana were invited to teach STEAM courses to Chinese students, and share
their teaching insights and experiences with the Chinese peer teachers. Witnessing
the passion and success of teachers from both countries, the DEZP organized 15
teacher training programs abroad. Teachers in these programs covered the entire K-
12 spectrum, and provided well-developed education programs to learn their unique
educational concepts and teaching practices, as well as the leadership skills towards
building a world-leading STEAM teaching system.

Comprehensive Practical Activity as the Course Format

Different fromSTEAMeducation,whichwas considered as an integrated approachor
experiential learning pedagogy (NSTA, 2012), STEAM education was implemented
in the format of a course in China. In September 2017, the Ministry of Education
of China issued the “Comprehensive Practice Activity Curriculum Guidelines for
Primary andSecondarySchools” to implement the STEAMeducation. This guideline
required all the regional educational departments to fully understand the importance
of the comprehensive practical activity curriculum, andguarantee that comprehensive
practical activity courses were fully available and well-organized. Specifically, the
comprehensive practical activity course (CPAC) is an interdisciplinary course that
inspires students to identify and discover problems and questions in their real-life
context and transform them into activities related to researchable themes. Through
exploration, service, production, experience andothermethods, theCPAC is designed
to cultivate comprehensive qualities of students, i.e. comprehensively use knowledge
of various disciplines to recognize, analyze and solve practical problems, improve the
students’ overall quality and focus on the development of core literacy, especially
social responsibility, innovative spirit and practical ability, to meet the needs of
rapidly changing social life, professional world and individual development. The
CPAC is one of the compulsory components of the national compulsory education
and general high school curriculum. It is set in parallel with subject courses and it is
an important part of the basic education curriculum system. This course is managed
and guided by the regional educational department. The course content is mainly
developed by teachers of local schools, and it is fully implemented throughout the
K-12 education system.

Teachers and scholars have been actively implementing andmonitoring the imple-
mentation of STEAM education in CPAC. Du (2020) explored the CPAC in 54
elementary schools in Zhejiang Province prior to integrating STEAM education, and
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found the key challenges reported by teachers in teaching the course include: (1) the
lack of corresponding curriculum training, (2) the lack of guidance in curriculum
designing, (3) the lack of ready-made and age appropriate teaching materials for
students, and (4) the lack of corresponding standards when compiling textbooks. In
addition to practicing the STEAM education pedagogy, adopting relevant teaching
materials, teachers with different subject backgrounds could develop school-based
curriculum and seminars collaboratively, in order to guide student learning aiming to
achieve better performance. In addition, the establishment of a STEAM facilitation
center on campus facilitated the collaboration amongmultiple departments including
curriculum center, teaching and research group, teaching office, and academic affairs
office, and helps to guarantee the quality of the implementation of CPAC.

Problem-Based and Project-Based Learning as Teaching Approaches

Problem- (PrBL) and project-based learning (PjBL) are the common approaches of
learning STEAM in mainland China, as both involve a set of instructional strategies
that empower learners to engage in the classroom learning and increase student
achievement. Research has revealed that PrBL and PjBL worked particularly well
when teaching STEAM subjects as they increase engagement and enjoyment for all
student groups, especially for girls and underrepresented groups (Han et al., 2015).
The constructivist nature in both models was intended to replace the traditional
lecture-based teaching approaches to actively engage students in interdisciplinary
learning through real-world problem solving with autonomy.

Based on existing research, researchers in mainland China explored the above
approaches, andproposednewapproaches according to the characteristics ofSTEAM
learners and the national development strategies. For example, China was known for
its emphasis on math education, in order to practice the requirement of infiltrating
the mathematics culture in mathematics education, an alternative understanding of
STEAM education as “reading into arts and engineering with science, based on
mathematical elements” (Yakman & Lee, 2012) was adopted. Therefore, as one of
the integrated educational resources, mathematics culture plays the adhesive role
for integrating the related subjects in PrBL and PjBL classrooms. Specifically, in
mathematics cultural projects, teachers designopen andoperational project taskswith
mathematics cultural materials, guiding students to discover, ask questions, analyze
problems, integrate multidisciplinary knowledge to solve problems, and promote
students’ interdisciplinary learning and innovative practice.

Additionally, Dong and Sun (2019) integrated the PrBL and PjBL approaches
and the elements of design thinking, and proposed the production-based learning
(DoPBL) model to promote interdisciplinary learning. DoPBL model emphasized
that students physically and mentally equally participate in the learning process,
to solve problems with the thorough consideration of the end users, created the
tangible/intangible learning products with appropriate level of usability and feasi-
bility. This model was proposed due to the recent focus on production-based
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education, which encourages students to participate in the meaningful real-world
production related activities.

Within the PrBL and PjBL, the 5E instructional model and its variants were the
most commonly adopted teaching model. First proposed by Bybee & Landes in the
early 90 s, the 5E provides a carefully planned sequence of instruction that places
students at the center of learning, and it comprises engage, explore, explain, elabo-
rate, and evaluate stages. This model encourages all students to explore, construct
understanding of scientific concepts, and relate those understandings to phenomena
or engineering problems (Bybee et al., 2006). Based on this model, researchers in
mainland China developed multiple variants according to the needs of students and
the innovative implementation of STEAM education. For example, Li and Li (2019)
proposed the 5EXmodel, which expanded the additional 5Emodel and put emphasis
on enhancing the mathematics foundation of students. Specifically, the 5EX model
includes Enter andQuestions (EQ), Exploration andMathematics (EM), Engineering
and Technology (ET), Expansion and Creativity (EC), and Evaluation and Reflection
(ER).

The Integration of Formal and Informal Education

Addition to school education, the development of STEAM education also relies on
integrating the informal educational institutes and learning environments. Currently,
two types of social forces havebeen integrated in theSTEAMeducation.Thefirst type
is the non-profit educational institutes like science museums and exhibition centers.
These institutes expanded the learning environment of STEAM education, offered
students more possibilities to participate beyond the classroom or schools. Wu and
colleagues (2019) proposed the STEAM education model of “learning, research,
career development”, in which schools in Shanghai collaborated with Shanghai
Natural History Museum to design learning materials and courses. Compared to
the traditional in-school learning, this model advanced the depth of learning in
research activities to enhance the problem-solving skills, and promoted career-
oriented learning, which encouraged students to establish career goals and actively
engage in learning activities. More importantly, this model extended STEAM educa-
tion into informal learning time and occasions like summer and winter camps, which
was one step closer to holistic education.

A number of for-profit and non-profit educational organizations are also active
in China’s STEM education arena, promoting the development of China’s STEM
education in various ways. For instance, the Lego Group launched the Lego Basic
Course of STEAM jointly with East China Normal University Press in 2018, which
is the first set of Lego STEM solutions for the Chinese curriculum system. Based
on STEM-related disciplines, this course covers the four major themes of phys-
ical science, earth and space science, engineering and technology, and life science
(Wu, 2018). This course is a good example of curriculum localization, it is not the
simple introduction of the existing materials abroad, but a new creation based on the
learning needs and characteristics of the Chinese curriculum. Additionally, a number
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of educational corporates contribute to programming education, robotic education,
and maker education in K-12, to develop curriculum systems and teaching tools
based on the characteristics of the Chinese learners and teachers, making reference
to the teaching models adopted by developed countries (Liu, 2020).

Building STEAM Education Ecology

STEAM education has become an important approach in the global scientific and
technological talent training and education reform, building a sustainable STEM
ecosystem has never become more important than before to ensure its healthy devel-
opment. Gao et al. (2020) proposed the STEM Ecosystem Construction Frame-
work (STEM-ECF) and its evolution strategies, in order to improve the structure of
the ecosystem, and systematically support the sustainable development of STEM
education. The six factors include environmental facilities, policy funds, teachers,
curriculum resources, method and practice, and achievement transformation.

The STEM-ECF highlights the characteristics of students in each education stage
(preschool, elementary school, junior high school, and high school), aiming to
achieve the goal of fostering scientific literacy required in the CVV, forming the plat-
form to improve the implementation of STEAM education. Particularly, pre-school
education intends to cultivate the learning interest and stimulate the development of
various parts of the brain. Primary education serves students with certain learning
skills, the STEM-ECF should focus on the comprehensiveness of students. Middle
school and high school are the essential linkage between elementary and higher
education, the STEM-ECF should focus on fostering the scientific inquiry skills and
pertinence. Besides, school education, family education and social education should
also be engaged. The frame is shown as below in Fig. 3.1.

The STEM-ECF is centered on students and with students as the recipients of the
material, energy, and information flow. Among these elements, the learning facilities
are the foundation and facilitator, STEAM related policies and funds provide the
external security of its operation, as the policies guide the development of the STEAM
education domestically and the funds predict the timing of a given project. The
qualified teachers are the core component and the essential driving forceof theSTEM-
ECF to promote the operation. Curriculum resources provide scientific support of
the STEM ecosystem, they also differentiate the STEM-ECF system from other
education ecosystems. When constructing the curriculum system, it is necessary to
interpret the differences across multiple disciplines in depth in order to better carry
out cross-disciplinary integrated learning. Teaching practice is the prerequisite to
promote the healthy development of the STEM ecosystem, promoting and theorizing
the best teaching practices are the vital actions of forming the STEM-ECF. Last
but not least, a healthy STEM-ECF in operation would bring numerous excellent
products, actively facilitated research on the transformation and application of the
products, and it can further strengthen the connection between the STEM education
and social and economic systems.
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Fig. 3.1 STEM ecosystem building framework, adapted from Gao et al. (2020, p. 83)

The Practice of Teacher Professional Development

As the core driving force in the implementation of STEAM education, the quality of
teachers could affect the success of STEM education. The “passion and enthusiasm
in teachers” is recognized as the key to the national STEAM education strategy, yet
a lack of ICT literacy formed an obstacle for teachers to practice STEAM teaching.
Information literacy is a must-have for STEAM teachers in China besides the good
knowledge and skills on STEAM pedagogy and related teaching approaches. There-
fore, it is essential to define the connotation of ICT literacy of STEM teachers and
effectively improve the professional literacy of STEM teachers. The current problem
is that schools overemphasize the importance of equippingSTEAMlearning facilities
(3D printer, maker space etc.) and require teachers to acquire abundant technolog-
ical knowledge (TK) instead of encouraging the holistic development of TPACK
knowledge among teachers. According to the existing literature, the TPACK model
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Fig. 3.2 Hierarchical elements of information literacy for STEM teachers, adapted from Dong
et al. (2020a, p. 74)

has proven to be effective on teacher professional development (Chai et al., 2013),
Lin and colleagues (2018) hence proposed the TPACK-based STEAM teacher devel-
opment model to assist teachers to design more relevant, high-quality and efficient
STEAM curriculum and activities. This modified model consists of three optimized
paths: (1) TK optimization by guiding teachers to learn STEM educational technolo-
gies and related products, instead of learning general technological products, (2)
content knowledge (CK) optimization by guiding teachers to implement interdisci-
plinary learning guiding by the real-world problems, and (3) pedagogical knowledge
(PK) optimization, by facilitating teachers acquiring design-based STEM innovative
teaching approaches.

Dong and colleagues (Dong et al., 2020a) explored elements of STEM teachers’
ICT literacy by analyzing the development of their ICT literacy and its concepts, and
categorized STEAM teachers’ ICT literacy into two dimensions (contextual elements
and extensional environment elements) at six levels, as shown in Fig. 3.2.

The external circle shows the technological and restrictive context elements. With
the rapid development of technologies such as artificial intelligence, 5G, big data,
virtual reality, and augmented reality, STEAM teachers need to continue learning and
keep up with the development of these new technologies, in order to establish a good
foundation for information literacy improvement. Meanwhile the social and cultural
context play the role of restrictive conditions, which may include impact factors
from politics, social-economic, cultural changes, which require STEAM teachers to
create STEAM courses and teaching materials that are in line with the current social-
cultural happenings when carrying out activities, and meet the requirements of the
real context, teachers should be able to adopt appropriate materials to successfully
carry out the STEAM learning activities.

The inner circle showed the four levels of information literacy teachers should
acquire: (1) the basic information literacy, which includes the awareness, obtaining,
applying, delivering and creating of the information, (2) information literacy to
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support disciplinary and interdisciplinary teaching, (3) information literacy for
curriculum and instructional and evaluation, and (4) information literacy for mate-
rializing and publishing the learning and teaching results. To achieve the goal
of improving teachers’ information literacy, three strategies were proposed: (1)
improving the basic ICT literacy of STEM teachers on a large scale through targeted
teacher training; (2) promoting the contextual ICT literacy of the STEM teachers by
providing opportunities for teachers to observe and participate; and (3) promoting
the integration of the STEM teachers’ information literacy elements by their personal
practice.

Furthermore, with online learning becoming the newnorm in the post-COVID era,
to design and deliver STEAM courses online or in the virtual learning environment
also become an essential skill for teachers. Hu and colleagues (2021) designed an
online training model of STEM Teachers’ teaching design ability by combining the
backward design model (Wiggins & McTighe, 1998), virtual internship (Shaffer,
2006), and collaborative instructional design, as shown in Fig. 3.3. The innermost
circle is the STEM instructional design guided by the reverse design process, which

Fig. 3.3 ASTEMco-teaching designmodel supported by a virtual internship environment (adapted
from Hu et al., 2021, p. 34)
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includes three stages of clarifying expected results, determining evaluation evidence,
and designing learning experience, which are further subdivided into seven steps. The
middle circle contains the core feature of STEM-interdisciplinary integration, and the
way inwhich teachers of different disciplines collaboratively design lesson plans; the
outermost circle is the virtual practice environment and support design that supports
STEM collaborative teaching design, including the personalized functions provided
by the technical environment and the guidance and intervention of virtual tutors.

Besides developing the ICT literacy and online instructional design abilities,
scholars also pointed out the potential lack of CK of engineering. Zhan et al. (2021)
conducted a mixed methods research on science teachers in Shanghai, and found
that despite having good understanding of engineering and engineering education,
science teachers failed to differentiate the engineering practices and scientific prac-
tices, the integration level of science and engineering, the cognitive level designed
by the teachers for their students were low, and there was a lack of high-quality
integrated STEM teacher professional development programs.

Conclusion and Future Directions

In this chapter, we provide an overview of the development of STEM education in
mainland China from four aspects: policy formation and promulgation of STEM
education, learner characteristics in STEM education, research on STEM learning
process, research and practice on teaching approaches and teacher professional devel-
opment. At the national policy level, education informatization is the key word
leading the development of the education reform and STEM education develop-
ment, STEAM education as an interdisciplinary educational paradigm has been inte-
grated with the CVV and the K-12 curriculum, both formal and informal educational
institutes have been actively participating in the STEM practices. Despite the fact
that the research on the learning process of STEAM is still in its emerging phase,
researchers inmainlandChina have been exploring the biological learning behavioral
data, and with the lens of cognitive science to unwrap the insights of collaborative
learning. For teacher professional development, we observed that multiple models
have been developed, for both offline and online teaching in the smart learning
environment. With engineering as a relatively new discipline in STEM education,
teachers should be givenmore support to facilitate their understanding of engineering
subject-knowledge, as well as relevant pedagogy. There is a need for teacher training
and collecting empirical evidence to support the implementation of STEM in K-
12 education. With STEM being integrated into the course format of CPAC, it is
projected that more practical experience and empirical research evidence reflecting
the development of STEM education in mainland China will be accumulated.
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Chapter 4
Status of STEM/STEAM Learning
in Japan: International Perspectives
on Preparedness for Society 5.0
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Abstract The twenty-first century is already one-fifth over. This chapter focuses
on the contexts of STEM/STEAM learning in Japan. Japan is currently the third
largest economy in theworld, andmajor learning changes are underway. This chapter
is organized into three sections. First, the broad context is briefly explained for
STEM/STEAM area learning in relation to the National Defence Education Act of
1960 in theUnited States.Many changes and developments have recently occurred in
STEM/STEAM learning, especially since 2016. These changes are described with
reference to several drivers, including the drive to promote 21st-century skills or
competencies. The second section focuses on changes at the governmental level,
including the Ministry of Economy, Trade and Industry (METI) and the Ministry
of Education, Culture, Sports, Science and Technology (MEXT). The third section
focuses on how the Japanese prefectural governments and independent city govern-
ments have engaged in local actions connected to STEM/STEAM learning. In this
section, the Shizuoka STEM Academy which adopts action research is described.
The chapter concludes with a prediction that there will be country-wide development
of systemic reform in Japan. However, communication of leaders and teammembers
at each school, institution, university, and company, as well as local and national
policymakers, will be essential to this development. In addition, systemic funding
reform is needed to move towards a ‘Society 5.0’, defined by the Cabinet Office of
Japan in 2021 as ‘A human-centred society that balances economic advancement
with the resolution of social problems by a system that highly integrates cyberspace
and physical space’.
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Introduction

This chapter describes the development of STEM/STEAM area learning in Japan
from 1960–2021 and its impact on Japanese society and other countries. In addition,
as part of the exemplary STEM/STEAM learning model, central and local actions
are explained. Furthermore, approaches for supporting high-quality STEM/STEAM
learning are discussed.

Method

This chapter adopts a descriptive approach to study the status of Japanese
STEM/STEAM area learning from 1960 to 2021. It includes reporting on an exem-
plary STEMmodel for grades 5–9 in the Shizuoka STEMAcademy funded by Japan
Science andTechnologyAgency (JST) from2018 to 2021. Thismodelwas connected
with a series of investigations into STEM/STEAM education.

STEM/STEAM Learning in Japan: A Brief Background

To describe the context of STEM/STEAM area learning in Japan, we can go back
to the 1960s. The year 1960 marked 15 years after the termination of World War
II. All Japanese people were concentrating on the success of the Tokyo Olympics
in 1964. It was the beginning of identifying the importance of science and tech-
nology (STEM-related) education throughout the world. In 1962, the first Kousen
(Technology College) opened (which we can now identify as one of the STEM
model schools in Japan); at present, more than 50,000 students are studying science
and technology at 51 Kousens throughout the regions of Japan. In the 1960s, in the
United States, theNationalDefenseEducationAct of 1960was enacted.High-quality
science education curricula were developed, including work by the PSSC (Physical
Science Study Committee), BSCS (Biological Science Curriculum Study), CHEMS
(Chemical Education Material Study), ESCP (Earth Science Curriculum Program),
and SAPA (Science—a Process Approach), supported by the National Science Foun-
dation. These curricula were adopted and adapted by many researchers in science
education in different countries, who developed or translated textbooks, adopted
them into their contexts, and conducted science teacher training.

The K-12 National Course of Study of Japan for science was influenced by the
high-quality science curriculum from the United States. The science lessons focused
on the importance of inquiry lessons and understanding basic laws and principles in
the pure sciences.

The Environmental Education Act of 1970 in the United States brought about
the Back to Basics Movement (the importance of reading, writing and arithmetic).
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Subsequently, it was the so-called Japan Shock or German Shock when Japanese or
German products became best-selling products because of their high quality. As a
result, the National Science Foundation (NSF) started to provide more funding in the
field of science and technology education starting from around 1985 and Science for
All Americans (Rutherford & Ahlgren, 1989) was published in 1989. The Japanese
translationwas published in 2005. In Japan, the Zest for Life educational policy came
into force in 2002, highlighting the importance of all subjects. This educational policy
decreased the amount of time spent on science, technology, and mathematics lessons
in a year.

In January 1996, the National Science Education Standards were developed in
the United States because of many discussions and research papers that provided
evidence of the need for new state science standards for general scientific literacy.
Additionally, the OECD’s PISA (Programme for International Student Assessment)
results had revealed issues related to student learning in many countries. Japan was
positioned in the top group. However, there were many discussions about issues
such as attitudes towards science, technology and mathematics, and comprehen-
sive reading skills. Ministry of Education, Culture, Sports, Science and Technology
(MEXT, 2008)mademajor changes to theCourse of Study, placingmore emphasis on
STEM area learning starting from 2008. These changes included: increased science
and mathematics lesson hours, recommendation of inquiry learning or problem-
solving learning, encouragement of authentic assessment, and support for ‘maker
education’. The importance of authentic assessment in all subjects was identified as
part of the 2008 Course of Study in Japan.

By 2000, the so-called twenty-first century skills or competencies were being
actively discussed in the United States, the European Union, and other countries,
including Japan. In the case of the United States, many researchers argued that the
National Science Education Standards (NSES) had not put sufficient emphasis on
the development of skills or competencies needed for students to be scientifically
literate citizens. Additionally, advances in science and innovative technologies were
creating new settings and contexts.

Work in relation to 21st-century skills, such as the Battelle for Kids (n.d.) and
Rotherham andWillingham (2009), has had widespread influence. Many curriculum
specialists and researchers in each of the school learning subjects have investi-
gated 21st Century skills in their subjects. In science education, a summary report
was developed by the National Research Council (NRC, 2010) in the US. The
committee identified five important 21st Century skills for science education: adapt-
ability, complex communication/social skills, non-routine problem solving, self-
management/self-development, and systems thinking. Subsequently, A Framework
for K–12 Science Education: Practices, Crosscutting Concepts andCore Ideas (NRC,
2011) was published, followed by the Next Generation Science Standards (NRC,
2013).

MEXT in Japan started investigating 21st Century skills following the American
developments (National Institute for Education Policy Research [NIER], 2013). The
Central Council for Education defined the 21st Century skills as proactive, inter-
active, and deep learning for all subjects (MEXT, 2013, 2014). Proactive learning
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includes learning with intrinsic motivation, or subjective or agentic learning. Inter-
active learning includes collaborative learning or higher order communication. Deep
learning focuses on understanding the nature of science, mathematics, and so on.
In addition, MEXT (2021) explained that the skills involve ‘fostering three types of
strengths, namely, “knowledge and skills” for living and working in real society,
“abilities to think, make judgement and express themselves” for responding to
unprecedented circumstances, and “motivation to learn, and humanity”’ (p. 8).

Developments in STEM/STEAM Learning in Japan

Before 2016, Japanese society did not widely understand the importance of
STEM/STEAM education as the new movement. There were several reasons for
this. First, the meaning of technology and the meaning of engineering are considered
to be quite similar in Japan. In a broad sense, engineering was an academic area
of research at the university level, whereas technology education was the area of
‘making education’. Technical High Schools made up 7.5% of all high schools in
Japan in 2020. In contrast, in 1972, they represented 18% of all high schools. More
than 550,000 high school students were able to secure a job after graduation at that
time. Now, we have fewer than 220,000 high school students going into employment
in 2021. Many more students go to universities or specialized technical schools. In
addition, almost 50,000 students graduating from theKousens will become leaders in
all types of industry in Japan. Additionally, MEXT established Super Science High
Schools in 2002, and we have 217 high schools where science/technology-oriented
curricula and project-based learning (PBL) are strongly emphasized.

In 2016, the Science and Technology Basic Plan Phase 5 declared the advent of
Society 5.0, stating that all Japanese policy needs to change to prepare for this stage.
According to the Cabinet Office of Japan (2016), Society 5.0 can be defined as ‘a
human-centred society that balances economic advancement with the resolution of
social problems by a system that highly integrates cyberspace and physical space’.
Of course, this was influenced by the East Japan Giga Earthquake of 2011 and new
educational policies of other countries. From this time, every governmental policy
shifted towards Society 5.0. This was the beginning of systemic reform in Japan.

Figure 4.1 shows changes in the number of Japanese research projects receiving
funding for STEM/STEAM education over time. As can be seen, few researchers
in Japan worked in the area of STEM or STEAM education in the early 2000s. The
push towards STEM/STEAM research started around 2011, when the K-12 Science
Education Framework was developed in the United States. In January 2016, MEXT
declared the Science and Technology Basic Law, followed with the Science and
Technology Basic Plan, which was a turning point in Japanese educational policy.
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Fig. 4.1 Number of studies funded by the Japan Society for the Promotion of Science (JSPS) on
the Kaken Database, 1999–2020

What Is Happening in STEM/STEAM in Japan?

After the Scientific and Technology Basic Planning was established in Japan, many
new initiatives were implemented. First, almost all elementary and middle schools
had receivedone computer for every student by the endofMarch2021.This important
actionby thegovernment aimed tomove schools towardsSociety 5.0. Importantly, the
Chromebooks or iPads could be used for on-demand classes at home through the lock-
downs and school closures resulting from COVID-19. Many teachers in compulsory
education worried about whether they could manage lessons via Chromebook or
iPad; however, local boards of education started designing support for teachers to
develop their practices. This was the first time that every student had received a
computer throughout Japan, representing a historical event in Japanese educational
policy.

Prior to this, METI and MEXT had declared the Future Classroom as a new
educational pilot project to be planned in 2017. The planning was conducted by
four strategic committees in 2018 and continued into 2021. As shown in Fig. 4.2,
to establish Society 5.0, the Future Classroom consists of three important strate-
gies: (1) STEAMifying learning; (2) intrinsic learning or individually optimized
learning, taking into account individual students’ motivations, interests, or aspects
of cognition; and (3) development of the learning environments, such as focusing
on information and communication technology (ICT) or the educational system, and
introducing school business process reengineering (BPR). The committee identi-
fied three issues: (a) there was a lack of STEAM learning programmes, lesson plan
models, and assessment strategies; (b) schools did not have enough space and time
to implement PBL; and (c) there are many students who cannot properly communi-
cate with others due to mental problems such as the Attention-Deficit Hyperactivity
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Fig. 4.2 Goals of future classrooms (adopted from METI, 2019, p. 4, modified and translated by
Kumano)

Disorder. As a result, the committee developed four action plans (described below)
to resolve these issues.

Development of a STEAM Library

The STEAM library is the online shared library with piloted STEAMmodels which
teachers can access, many ofwhich depend on specific subjects or integrating studies,
such as the SDGs (Sustainable Development Goals). A new school can find models
that might be helpful for the school in the library. In Japan, as part of the Future
Classrooms, we already have more than 180 schools that are conducting STEAM
schools or model STEAM lessons in 2021, supported by around 81 education-related
companies via METI grants.

The EdTech (Combination of Education and Technology) Library

The EdTech library is a shared library where teachers can access piloted models for
using IT in relation to specific subjects or integrating studies, such as the SDGs. A
new school can find models that might be helpful for the school in the library. The
provision of the ChromeBooks and iPads for each student at the 180 STEAMschools
motivated the schools to adopt the model STEAM lessons in as many different ways
as possible.
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School Business Process Reengineering

School BPR comprises collections of school management models for STEAM
schools, showcasing exemplary actions among the 180 STEAM schools. A new
school can find a certain model that might fit the school.

Newsletters for the Classrooms of the Future

Newsletters are shared among the 180 STEAM schools and other interested schools,
allowing them to exchange ideas or success stories showcasingwhat they have done in
their own contexts. Through these newsletters, teachers are able to share advantages,
challenges, and experiences of implementing STEM/STEAM, and might be able to
see new possibilities or move to new ideas.

Expansion of STEM/STEAM Learning in Japan

Since the new Society 5.0 government policy was initiated in 2016, all educational
policies have moved towards the same goals of developing innovations in STEAM
areas, including humanities, science and technologies, and engineering. For example,
in the category of Super Science High Schools, 217 schools can be identified as
STEAM schools.

These Super Science High Schools began to redevelop their planning, inviting
STEAM model ideas developed by Future Classrooms, METI. In addition, the
Global Science Campus, comprising 10 universities, provides a systematic support
programme for high school students, encouraging them to conduct research with
university researchers (JST, 2020). In addition, theNext-GenerationScientists project
under Fostering Next Generation Human Resources has initiated a project called
Fostering Junior Doctor Scientists for fifth to ninth grade students in 30 institutions,
including universities, Kousens, and non-profit organizations, in many locations of
Japan.

On 4th April, 2021, the Cabinet Office officially declared the 6th Science, Tech-
nology, and Innovation Basic Plan developed by the Council for Science, Technology
and Innovation. According to this plan, US$150 billion for five years will be used to
support the Society 5.0 policy. The greatest expansion will be seen in the next five
years.

An Exemplary STEM Project: Shizuoka STEM Academy

The year 2021 represents the fourth year that Shizuoka STEM Academy has been
operating. It was established when JST started a competitive funding system, named
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the Fostering Next-Generation Scientists Program, which included the Fostering
Junior Doctor Scientists project and the Shizuoka STEM Academy.

Structure of the Shizuoka STEM Academy

The Shizuoka STEM Academy is a one-year program that is open to the public. It
is advertised by sending a two-page announcement flyer to students in grades 5–9 at
elementary and middle school in Shizuoka Prefecture (Fig. 4.3). We also included
the flyer on the homepage of the Kumano Laboratory at Shizuoka University.

Each year, we receive permission for the Shizuoka STEMAcademy program from
the Boards of Education of Shizuoka Prefecture, Shizuoka City, Hamamatsu City,
Omaezaki City, Makinohara City, Fujieda City, Yaizu City, Shizuoka City, Mishima
City, and Numazu City. For the application, students need to write a 400-word essay
on their research conducted in past years and their future research interests in the area
of STEAM. The Shizuoka STEMAcademy consists of three stages: Stage 1.0, Stage
1.5, and Stage 2.0. Stage 1.0 includes two activities—STEM learningmodel activities
in themorning and advising lessons for individual or groupSTEMarea research in the
afternoon. STEM learning was developed through communication and investigation
of the STEM lessonmodel from the NGSS. In addition, Prof. Gillian Roehrig and her
team from the Minnesota STEM Education Center have been invited periodically to
Shizuoka University for STEM lesson training for our staff. In addition, the team of

Fig. 4.3 Two-page announcement flyer targeting students in Shizuoka prefecture
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Shizuoka STEM Academy visited the Minnesota STEM Education Center and their
affiliated STEM schools in order to understand themanagement of schools supported
by JSPS (Kumano, 2020, 2021).

Minimum Elements of STEM Lessons

Our team at the Shizuoka STEMAcademy agreed that STEM lessons should at least
include a number of elements (minimumelements) in the context of Japan, namely the
intrinsic learning model, conducting practices or inquiries, collecting data, interpre-
tations usingmathematical processes, finding solutions or results, presenting findings
to others, or engaging in communication.

From an Intrinsic Learning Model or Agentic Learning to Conducting
Practices or Inquiries

To conduct STEM learning, it is important to share the questions, problems, or issues
that students raise. For Stage 1.0, we carefully find exemplary questions, problems, or
issues that are understandable for the students. To solve these questions, problems, or
issues, students first need to develop certain designs. Then, it is important to discuss
the designs with others. As a group, they will find many models or inferences for
establishing solutions. Group activities are highly recommended in this context. The
groups will discuss the kinds of scientific experiments or engineering practices that
can be applied, and decide on the variables for collecting data.

Collecting Data, Analysis, and Interpretations Using Mathematical
Processes

For the data collection stage, students are highly encouraged to collect data with
handmade sensors, such as Micro:bit, Arduino, and Raspberry Pi; data are collected
using certain calculating software. Then, students learn how to use computers more
effectively. Trial and error is important in that theymay redesign practices or inquiries
as a group. However, for model STEM learning, it is better to conduct simple activi-
ties. Thus, Shizuoka STEM Academy introduced balloon rocket practice as the first
activity with a clear objective as one of the sophisticated models in STEM learning.

Finding Solutions or Results, Presenting Findings to Others, Engaging
in Communication

If students identify a certain solution or product as a result of the practices or inquiries,
then they need to develop a paper and create a PowerPoint presentation to explain it to
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others. They need to prepare for questions after the presentation from peer students.
This activity is part of the reflection of scientific inquiries or engineering practices
and the assessment or evaluation of their work. Through this activity, they will find
the next targets of their new work.

Adding Characteristics of Stage 1.5

In Stage 1.5, we find interested scientists or engineers who have developed inno-
vations during their careers. Last year, we invited a biologist whose specialty was
biodiversity in extreme environments, Emeritus Professor Dr. Tomoaki Masuzawa.
Students attended a speech at the Shizuoka University on the nature of biodiversity
and research in severe environments, such as Antarctica.

In the last two years, we invited Emeritus Professor Dr. Shinji Tsuyumu, College
of Agriculture, Shizuoka University, who developed a special yeast called “Shizuoka
Koubo” for Japanese rice wine. He explained DNA development and innovation for
our students at Shizuoka University. It is important for students to meet scientists or
engineers who have discovered new things or invented new things or ideas for the
public.

Receiving Good Advice from Mentors

In our informal STEM learning setting, we have been conducting amentoring system
in every stage. Here, we allow time for each student to talk about their research with
their mentors in the afternoon.We have hired two special mentors—a retired elemen-
tary school principal (Mr. Aoki Yoshiaki) and a retired junior high school principal
(Mr.Masuda Toshihiko), both former directors of ShizuokaCityChildren’sMuseum.
They have experience of encouraging students to conduct interesting research. They
conducted lectures in preservice science teacher training several times last year at
Shizuoka University. There are theories and practices for STEM mentoring just like
sports coaches (National Academies of Science, Engineering, Medicine, 2019).

For students at Stage 2.0, we find scientists or engineers whose research is close
to the students’ research. The Stage 2.0 students and the mentors visit these scientists
or engineers at their institutions and receive more specific advice.

STEM Camp for Stages 1.5 and 2.0

STEM camps are stimulating STEM learning activities for students at Stage 1.5 and
Stage2.0 considering time and space concerns. Students are stimulated by their fellow
students, university staff, and mentors. We used to prepare longer team-oriented
STEM activities, and students can practice their presentation skills. In addition, we
used to ask one special engineer or scientist to give a special lecture with activities.
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Unfortunately, the STEM camps for 2020 and 2021 were cancelled because of the
Covid-19 pandemic.

Submitting to Local or National Science Competitions

FromOctober to December, students at Stages 1.0, 1.5, and 2.0 submit their research
to competition committees at the local andnational levels, including the JapanStudent
Science Award and Natural Science Observation Competition. Last year, one Stage
2.0 student achieved first place in Japan at the Natural Science Observation Compe-
tition. We have a total of 29 students who have received prizes at the prefecture or
national level out of 86 students who carried out research at the Shizuoka STEM
Academy in 2020.

Presentation Day When All the Students Receive Peer Reviews
and Questions from Staff

The final day of the Shizuoka STEM Academy closes with students’ presentation
of their research. They assess others’ presentations with rubrics and take questions
from peer students and staff. Students must prepare PowerPoint presentations. Top
students exchange their presentation at the STEM school connected with the STEM
Education Center at the University of Minnesota or another university in the United
States.

Discussion and Implementation of STEM/STEAM Learning
in Japan

In the context of Japan, what the NGSS (Next Generation Science Standards)
proposed may not work as it is. Clear definitions of technology and engineering
may not be necessary in Japan. This is because the sixth Science, Technology, and
Innovation Basic Plan was declared on 24th March, 2021, without clear definitions
of technology and engineering. We have been using the term Science and Tech-
nology, which comprises science, engineering, and technology, for over 150 years.
The NGSS recommends ‘practices’ instead of ‘inquiry’, and the ideas of ‘practices’
are quite logical and well supported in many recent papers such as the historical anal-
ysis of ‘inquiry’ (Barrow, 2006); however, it is almost impossible to accept the ways
of thinking for ‘practices’ because ‘inquiry’ is used everywhere in the contexts of
Japan, even in the newCourse of Study developed byMEXT. Japanmay need another
decade to adopt ‘practices’ as the higher quality ‘inquiry’ for STEAM learning.

A number of studies have been conducted in Japan to inform the systemic reform
towards Society 5.0. The implementation of Japanese model for STEM Education
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in Indonesia was introduced and teachers’ perceptions of STEM integration into
curriculum was discussed (Suwarma & Kumano, 2019). Researchers have identified
authentic learning and assessment as one of the important characteristics of STEM
lessons (Anwari et al., 2015). In a study conducted by Kumano and Goto (2016),
scientific processes and their relation to the NGSS were examined. Also, research
engaging young children in STEM learning was conducted for many pre-school
children (Sakata & Kumano, 2018). One study involving an exemplary trial for Bio-
STEM learning at a high school was reported (Okumura & Kumano, 2016). Saito
et al. (2016) examined the STEM integrated learning environment using a histor-
ical approach. More efforts in research related to student learning were reported
as Mutakinati et al. (2018) looked into the development of critical thinking skills
among students in Project Based Learning. In addition, we conducted research on
changes in US high school biology textbooks, and made comparison with Japanese
textbooks, focusing on the impact of STEM (Kosaka & Kumano, 2021). For univer-
sity STEM learning, an action research project was conducted for the undergraduate
students of the College of Science at EhimeUniversity (Kuroda&Kumano, 2018). In
addition, we conducted a study on STEM teacher training for preservice teachers in
Japan and Indonesia (Putra&Kumano, 2018). Recently, exemplary STEMeducation
focusing on the geology and culture of Niijima Island in Japan was developed (Take-
bayashi & Kumano, 2020). Furthermore, exemplary in-service teacher training for
the development of STEM teachers was conducted in Hamamatsu, Shizuoka, Japan
(Takemoto et al., 2020). Last year, the research in STEM education through the Engi-
neering Design Process are conducted at the Shizuoka University Attached Junior
High School (Nurul, et al., 2021). Drawing on the findings, these STEM/STEAM
studies have become the evidence and rationale supporting the development of the
systemic reform towards Society 5.0 in Japan.

It is important to consider the concept of ‘21st-century skills’ in the United States
or ‘21st-century competencies’ in the European Union, but we do not really know
how we should re-define many skills or competencies in view of new developments
or innovations of science and technologies. Understanding fundamental principles
and theories will still be important until brain science develops in such a way that we
can input knowledge into our brains automatically. There is no doubt that intrinsic
learning or agentic learning is becoming more important, and this is connected to
high-quality STEAM learning. Thus, we need more practices to identify new ques-
tions, issues, or problems from everyday school life. Questions and problems are the
starting moment of real learning. An individual or a group of students will develop
the design of projects or research, conduct experiments, make observations, or make
instruments for the projects. In these processes, they might need to predict or to infer
results; this is deductive thinking.

Trying things out andmakingmistakes aremostwelcome in situations of inductive
thinking. Students can usemathematical thinking to collect data, develop graphs, and
interpret the results. Through these practices, students learn the nature of science and
engineering. Science and engineering processes should not be memorized without
practice. A lesson or teaching unit supporting STEM/STEAM learning needs about
at least 3–5 hours; then, we need a well-structured curriculum that is managed
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throughout the school year. Comparatively, it is much easier to manage the STEM/
STEAM practices via informal science education, such as that offered by Shizuoka
STEM Academy.

Systemic Reform to Conduct STEM/STEAM Learning

Japan has the capacity to develop systemic STEM/STEAM learning innovation.
What is missing is the STEM/STEAM leaders, mentors, and structured budgets. To
advance STEM education, we should cover both formal and informal education as
much as we can. In Japan it is not common to donate private funds to schools, as is
done in Western countries. This habit of mind needs to change in order to support
STEM/STEAM learning in schools. In 2021, at least 81 companies are helping to
develop STEAM schools in many locations of Japan with government funding. They
are developinggood rolemodels for systemic reform in the context of Japan. Systemic
changes for STEM/STEAM are critical for the advancement to Society 5.0.

Conclusion

In this chapter, we found that systemic innovation for STEAM learning started in
2016 with the Society 5.0 government policy development by the Cabinet Office of
Japan. This was a historic moment for the country. However, the speed of change
in the nation has been slow compared with the systemic reform in the United States
or other countries. In the Japanese context, the Science and Technology Basic Law
and Plan of 2016 first described Society 5.0. Starting in 2017, around 180 schools
and companies funded by METI were engaged in endeavours contributing to the
evidence of STEAMifying. Data on STEAM learning have been collected, and such
evidence has developed the STEAM Library supporting schools that would like to
be STEAM schools. The sixth Science, Technology, and Innovation Basic Plan was
developed as of 26thMarch, 2021, and the Cabinet of Japan is planning real systemic
reforms as a country.

It is highly possible that students at all elementary schools, junior high schools,
and high schools in Japanwill receive oneChromebook or iPadwith a high-speedWi-
Fi system through MEXT’s Global and Innovation Gateway for All (GIGA) school
project by 2023. Thus, in the context of Japan, interesting advancements in terms of
STEAM learning will be seen in the next three to five years; however, we know that
the advancement of education is not easy and takes a long time. Shizuoka STEM
Academy could be an interesting model for supporting STEAM informal learning
among students (Kumano, 2020, 2021).
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Chapter 5
What Does STEM Education Offer
and How Is It Relevant? A Content
Analysis of Secondary School Websites
in Singapore

Yann Shiou Ong and Yew-Jin Lee

Abstract Science, technology, engineering, and mathematics (STEM) form the
basis of many educational programmes around the world. In Singapore, school-
based STEM education appears within STEMApplied Learning Programmes (ALP)
offered by some primary and secondary schools. In this chapter, we present an in-
depth survey of the diverse offerings and benefits of STEM education here; specif-
ically, we examine STEM learning/activities from the websites of 15 secondary
schools (Grades 7–10/11). Using a theoretical model of relevance for science educa-
tion from the literature, we identified the benefits and pathways that STEM education
has been reported to afford its participants, that is, how STEM education can bemade
relevant for students through ALP. Relevance is defined in terms of fulfilment of
intrinsic or extrinsic needs in the present or future, and along the three dimensions of
individual, societal, and vocational needs in this model. Our main findings indicate
that this sample of STEM ALP websites did not sufficiently yield statements that
supported the present or future aspects of intrinsic relevance within the societal and
vocational dimensions. On the other hand, multiple descriptions in relation to the
extrinsic and future aspects across the individual, societal, and vocational dimen-
sions of relevance were provided. Three implications of these findings for STEM
education in Singapore are highlighted: (i) greater consideration of student choices,
identities, and agency, (ii) greater awareness and discussion of undesirable/negative
impacts of STEM solutions on society, and (iii) greater emphasis on the epistemic
aspects of STEM.
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Introduction

Science, technology, engineering, and mathematics (STEM) form the basis of many
school and after-school educational programmes around the world. But what exactly
STEM is, and how it is defined and characterized, has remained problematic over
the past three decades since this acronym was first coined (e.g. Martín-Páez et al.,
2019; McComas & Burgin, 2020). Often, discussions related to STEM educa-
tion have focused on the content matter of STEM (i.e. a mix of various disci-
plines/specializations), including associated concepts, procedural, and/or epistemic
knowledge, and/or the pedagogies of STEM, that is, providing opportunities to
apply knowledge, skills and/or practices in an integrative fashion to solve authentic,
complex problems. Beyond these broad categories, little consensus exists regarding
which constitutive focal areas in STEM education are foundational, how they are
related or sequenced, and how progress in STEM learning should be measured (e.g.
Bybee & Gardner, 2006; Kloser et al., 2018).

These difficulties, however, have not prevented educators from focusing on STEM
education as a pervasive as well as persuasive curriculum organizer (Millar, 2020).
Moreover, STEM learning outcomes are often described in terms of enhancing cogni-
tive and procedural knowledge, in addition to enhancing students’ attitudes towards,
and interests and identities in these domains (Martín-Páez et al., 2019; National
Academy of Engineering [NAE] & National Research Council [NRC], 2014). Its
reported benefits are arguably less contentious to accept, and indeed form necessary
and sufficient justifications for the widespread promotion of STEM education across
diverse regions and contexts. STEM educators appear to have taken some wisdom
from continental philosophy to heart where it was claimed that ‘[t]he question is not:
is it true? But: does it work? What new thoughts does it make it possible to think?’
(Deleuze&Guattari, 1988, p. xv). In this chapter, we present an in-depth survey of the
diverse offerings and benefits of STEM education (‘what has worked’) as expressed
by school-based STEMprogrammes in Singapore. Specifically, we examine the rele-
vance of STEM education for learners, as advertised on secondary school (Grades
7–10/11) websites. Our aim was to identify some of the many benefits and pathways
that STEM education has been reported to afford its participants.

Whatmight be the significance of examining the practical outcomes and relevance
of STEM education over basic questions regarding its ontogeny? Is it desirable for
schools to bypass difficult issues of what really constitutes STEM education and
instead publicize its (positive) outcomes? This situation is understandable if one
considers schools to be sites for knowledge transmission compared to academia (and
sometimes industry), which are the typical sites of knowledge production. Schools
are thus ‘downstream’ and tend to dwell on more established knowledge, leaving
ontological and epistemological discussions about STEM to universities. Schools
also deal with matters of practical relevance and benefits in order to engage their
clients—their students. Be that as it may, we want to make the case that identifying
‘products’ of STEM education to students is neither straightforward nor predictable,
and even more so when talking about scenarios situated in the future. For example,
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it is premature to claim to be able to prepare students for desirable jobs when future
careers or STEM labourmarkets are notoriously difficult to predict (e.g.McComas&
Burgin, 2020). However, K–12 STEMeducation has frequently been promoted based
on lofty, albeit largely unexamined visions, outcomes, and benefits. It therefore seems
important to have a better understanding of what STEM education claims to be able
to offer, and the ways in which these benefits are being made relevant to learners.

While hopeful promises of the benefits of STEM education are likely to be found
in all K–12 systems, we locate our study in Singapore, which is widely regarded
for the quality of its science and mathematics education. In what follows, we briefly
introduce the sites of STEM education in this country, followed by details of our
sampling procedures and analytic methods before we present our findings.

The STEM Applied Learning Programmes (ALP)

In a bid to make academic learning more relevant and meaningful, the Singa-
pore Ministry of Education (MOE) has recently encouraged every primary and
secondary school to initiate an Applied Learning Programme (ALP). These are
school-owned, non-examinable opportunities for enrichment to increase students’
joy of learning. Depending on the school, these weekly or monthly activities might
be within timetabled time, or as an after-school activity, facilitated by school teachers
or through the services of external vendors. Activities in ALP are very flexible
depending on the grade level, pedagogy choice (e.g. face-to-face or virtual), external
partnerships/providers, and of course, the school-specific nature of the ALP themes.
Many schools offer a tiered approach to STEM ALPs. That is, all students, typi-
cally in lower secondary (grades 7–8), experience the basic STEM ALP program.
At the upper secondary levels (grades 9 to 11), selected students are offered more
advanced, elective STEM ALP programs. To the best of our knowledge, there is no
publicly available information on the stipulated number of curriculum hours required
for an ALP. Above all, the ALP aims to help students make connections between
academic knowledge and skills and the real world, that is, the ‘applied’ aspect of
academic learning, so as to deepen their appreciation of the relevance and value of
their school learning. It is hoped that by making these connections, students will be
moremotivated to develop the knowledge and skills that can be applied in society and
industries (MOE, 2021). By 2023, all primary and secondary schools in Singapore
will offer an ALP; schools currently offer ALP programmes in one of the following
areas: STEM, languages, humanities, business and entrepreneurship, aesthetics, and
interdisciplinary (e.g. thinking skills).

In Singapore, ALP is the only place where STEM takes centre stage; it is
mentioned only in passing within the secondary science curriculum in Singapore.
We also observed that the official aims of ALP are broadly aligned with the model
of relevance in science education by Stuckey et al. (2013), which considers rele-
vance in terms of fulfilment of intrinsic or extrinsic needs in the present or future,
along the three dimensions of individual, societal, and vocational needs (details of the
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model will be explained later). As such, this conceptual model is deemed appropriate
for guiding our analysis to answer the following research question: How is STEM
education (through the ALP) made relevant for secondary students in Singapore?

Sample

Based on publicly available ALP websites, we identified 66 secondary schools
(Grades 7–10/11) in Singapore that offered STEMALP in 2020 (MOE, 2021). (There
are about 136 secondary schools in the country.) We further grouped these, based
on information available on the websites, according to five MOE-prescribed STEM
themes:

1. Emerging Technologies (including design thinking/engineering)—31 schools;
2. Sustainability—14 schools;
3. Health and Food Science—14 schools;
4. Cities and Urban Technology—6 schools; and
5. Future of Transportation—1 school.

Approximately 20% of schools were then sampled from each of the five STEM
themes (refer to Table 5.1 below). Our general criterion for inclusion was whether a
school webpage revealed sufficiently detailed, extensive information about its STEM
ALP.As there is nofixedALP template from theMOE, schools crafted theirwebpages
as they saw fit. Some webpages were rather brief, while others relied extensively on
promotional video clips, which we excluded from our analysis. As few STEMALPs
fell under the last two themes, one school from each was selected. The content from
a total of 15 STEM ALP websites was therefore analysed in this study.

Method of Analysis

Ground-Up and Top-Down Approaches to Content Analysis

Our analysis was initially conducted via a ground-up approach (Hsieh & Shannon,
2005). We first derived broad themes through reviewing the content of the STEM
ALPwebpages; both authors assessed the websites independently and then proposed
possible categories. Through iterative rounds of discussions, we checked on each
other’s interpretations and reached consensus on three themes associated with the
benefits/outcomes from participation in STEM ALP: ‘benefits for the individual’,
‘potential or desired futures and identities’, and ‘ultimate purpose of being in STEM
ALP’. We then reinterpreted these three tentative themes through the model of rele-
vance (described next), taking a more top-down, theoretically-driven approach to
the analysis. Hsieh and Shannon (2005) would classify our analytic process here as
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Table 5.1 The websites of the 15 selected schools, their STEM ALP themes, URL links, and ALP
name

Theme School name/STEM ALP URL STEM ALP name

(A) Emerging
technologies

1. Clementi Town Secondary
School
https://clementitownsec.moe.edu.
sg/key-programmes/applied-lea
rning-programme-alp

Coding to discover and
empower (CODE)

2. Montfort Secondary School
https://montfortsec.moe.edu.sg/cur
riculum/distinctive-programme/
applied-learning-programme

Made in Montfort

3. Hai Sing Catholic School
https://haisingcatholic.moe.edu.sg/
hai-programmes/direct-school-adm
ission-robotics-n-engineering/app
lied-learning-programme

Robotics & engineering

4. Woodlands Ring Secondary
School
https://woodlandsringsec.moe.edu.
sg/applied-learning-programme/

The robotics education &
enterprise (TREE)

5. Loyang View Secondary
School
https://www.loyangviewsec.moe.
edu.sg/signature-programmes/app
lied-learning-programme-alp

Design and engineering

6. Admiralty Secondary School
https://admiraltysec.moe.edu.sg/
academic-curriculum-n-applied-lea
rning-program/applied-learning-
program

Design thinking through
innovation and technology

7. Regent Secondary
https://regentsec.moe.edu.sg/depart
ments/aesthetics-and-innovation/
alp/

Emerging technology

(B) Sustainability 8. Queensway Secondary School
https://queenswaysec.moe.edu.sg/
programmes/promoting-a-sustai
nable-environment-alp

Promoting a sustainable
environment

9. Bukit View Secondary School
https://bukitviewsec.moe.edu.sg/
joules-programme/

Clean energy and
environmental technology

10. Fajar Secondary School
https://fajarsec.moe.edu.sg/signat
ure-programmes/applied-learning-
programme-alp

Sustainability through 21st
century applied critical and
inventive thinking skills (ACIT)

(continued)

https://clementitownsec.moe.edu.sg/key-programmes/applied-learning-programme-alp
https://montfortsec.moe.edu.sg/curriculum/distinctive-programme/applied-learning-programme
https://haisingcatholic.moe.edu.sg/hai-programmes/direct-school-admission-robotics-n-engineering/applied-learning-programme
https://woodlandsringsec.moe.edu.sg/applied-learning-programme/
https://www.loyangviewsec.moe.edu.sg/signature-programmes/applied-learning-programme-alp
https://admiraltysec.moe.edu.sg/academic-curriculum-n-applied-learning-program/applied-learning-program
https://regentsec.moe.edu.sg/departments/aesthetics-and-innovation/alp/
https://queenswaysec.moe.edu.sg/programmes/promoting-a-sustainable-environment-alp
https://bukitviewsec.moe.edu.sg/joules-programme/
https://fajarsec.moe.edu.sg/signature-programmes/applied-learning-programme-alp
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Table 5.1 (continued)

Theme School name/STEM ALP URL STEM ALP name

(C) Health and food
science

11. Chung Cheng High School
(Yishun)
https://chungchenghighyishun-
moe-edu-sg-admin.cwp.sg/our-cur
riculum/academic-development/
department/science

Food science and technology

12. Dunearn Secondary School
https://dunearnsec.moe.edu.sg/sch
ool-programs/food-science-and-tec
hnology-applied-learning-progra
mme-alp

Food science and technology

13. Bendemeer Secondary School
https://bendemeersec.moe.edu.sg/
alp/

Making health science alive
through authentic
problem-based learning

(D) Cities and urban
technology

14. Manjusri Secondary School
https://manjusrisec.moe.edu.sg/pas
sionate-learners/applied-learning-
programme

Smart city and assistive
technologies

(E) Future of
transportation

15. Serangoon Secondary School
https://serangoonsec.moe.edu.sg/
distinctive-programmes/stem-app
lied-learning-programme-alp

Future of transportation

first adopting conventional content analysis followed by directed content analysis.
We found that the topics within the original three themes aligned well with the three
dimensions and present-future/intrinsic-extrinsic spectrum in Stuckey et al. (2013)
model of relevance discussed earlier. Notably, it was found that while the webpage
content reflected mainly extrinsic needs, some appeals to students’ intrinsic needs
were also articulated.

Relevance in Science/STEM Education

Based on a wide-ranging review of the literature, Stuckey et al. (2013) proposed a
model of relevance in science education, which is an expansive concept that overlaps
with interest,meaningfulness, andworthwith respect to learning the subject. Because
this model is not tied to either the content or pedagogy of science education, we argue
that it is similarly applicable to understanding what STEM education offers and
how it is relevant to learners. Accordingly, (STEM) learning is considered relevant
education if learning has positive consequences for/in students’ lives. The model
includes: (1) fulfilment of present needs relevant to students’ current interests or
educational needs that students are currently aware of, and (2) anticipation of future
needs that students may not necessarily be aware of. Relevance can also fulfil a range

https://chungchenghighyishun-moe-edu-sg-admin.cwp.sg/our-curriculum/academic-development/department/science
https://dunearnsec.moe.edu.sg/school-programs/food-science-and-technology-applied-learning-programme-alp
https://bendemeersec.moe.edu.sg/alp/
https://manjusrisec.moe.edu.sg/passionate-learners/applied-learning-programme
https://serangoonsec.moe.edu.sg/distinctive-programmes/stem-applied-learning-programme-alp
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of intrinsic and extrinsic needs. For example, the former includes students’ personal
interests and motivations while the latter include ethically justified expectations of
one’s actions and behaviours by virtue ofmembership in one’s personal environment,
communities, and society. In addition, Stuckey et al. (2013) showed how relevance
can be clustered into three main dimensions—individual, societal, and vocational—
that are now described below using STEM education as an exemplar:

• The individual dimension. STEM education is relevant for individual students
if it matches the student’s curiosity and interests, and provides students with
necessary intellectual knowledge and skills for coping with their everyday lives
in the immediate and distant future. We interpret such knowledge and skills to
include domain-specific conceptual, procedural, and/or epistemic knowledge akin
to the scientific knowledge elements articulated in the PISA science framework
(Organisation for Economic Co-operation and Development [OECD], 2017), as
well as more generic ways of thinking, such as those associated with critical
thinking, problem-solving and creative thinking, often called twenty-first century
competencies (World Economic Forum [WEF], 2016).

• The societal dimension. STEM education is relevant from the societal standpoint
if it prepares students for self-determination and a responsibly-led life in society
through understanding the interdependence and interactions of STEMand society,
and developing skills for societal participation. For example, this includes twenty-
first century competencies such as communication and collaboration (WEF, 2016),
and other competencies for contributing to society’s sustainable development.

• The vocational dimension. STEM education is relevant in the vocational dimen-
sion if it offers orientation for future (STEM) careers, preparation for further
(STEM) academic or vocational training, and opening up (STEM) career oppor-
tunities (e.g. by having sufficient academic and non-academic achievements to
qualify for a particular higher education programme of study).

Each of the three dimensions comprises a spectrum of present and future needs
coupledwith a range of intrinsic and extrinsic needs. Two characteristics of themodel
of relevance are worth noting according to the authors. Firstly, the three dimen-
sions could be interrelated and overlap. For instance, orientation for future STEM
careers (vocational dimension) can fulfil individual students’ interests (individual
dimension-present-intrinsic) and/or satisfy the workforce demand for more engi-
neers (vocational-future-extrinsic). Secondly, different dimensions and needs could
be emphasized differently across school levels. For example, the individual dimen-
sion might be the most important pole at the primary level, whereas the vocational
dimension might be more salient at upper levels. Even within a dimension, emphasis
on needs could shift according to school level. Thus, within the vocational dimen-
sion, while the present-extrinsic need of passing qualifying examinations at every
level is important, future needs associated with careers (future-intrinsic/extrinsic)
gain prominence near the end of compulsory education. Given the comprehensive
explanatory reach of this model of relevance, we employed it to understand what
STEM ALP websites were offering in terms of relevance and products/benefits of
STEM education to secondary students in Singapore.
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Findings

We now present the ways in which STEM has been promoted and made relevant
for secondary students from our sample of STEM ALP webpages. Tables 5.2, 5.3,
and 5.4 in the following pages are adapted from Stuckey et al., (2013, p.19) and
provide illustrative examples of the relevance of STEM education from STEM ALP
webpages for the individual, societal, and vocational dimensions.

Table 5.2 The individual dimension of STEM programme relevance, showing the present/future
and extrinsic/intrinsic spectrum

Individual-present-extrinsic
(Doing well in school)

Individual-future-extrinsic
(Acting responsibly in life)

• Help students learn advanced content in
STEM subjects and other school subjects
(i.e. conceptual knowledge)

• twenty-first century competencies associated
with epistemic aspects/ways of thinking (e.g.
critical and creative thinking), literacies (e.g.
scientific and digital literacies),
methodologies (e.g. scientific and
engineering methods), and dispositions

• Applied knowledge (e.g. associated with
Science, Technology, Society and the
Environment [STSE] issues; using health
science knowledge to lead healthy lifestyles)

Individual-present-intrinsic
(Satisfying curiosity & interest)

Individual-future-intrinsic
(Skills for coping with future personal life)

• Programs chosen by students with particular
interests

• Life skills (e.g. self-directed learning,
confidence, communication)

Table 5.3 The societal dimension of STEM programme relevance, showing the present/future and
extrinsic/intrinsic spectrum

Societal-present-extrinsic
(Learn how to behave and act in society)

Societal-future-extrinsic
(Behave as responsible citizens and contribute
towards society’s sustainable development)

• Social and emotional skills (e.g.
collaborative skills, teamwork, leadership,
confidence, communication, graciousness)

• Responsible global citizens
• Care for others
• Participate in decisions and problem-solving
about issues that affect humankind and Earth

• Advocate for causes that benefit society

Societal-present-intrinsic
(Find one’s place in society)

Societal-future-intrinsic
(Promote own interests in societal discourse)

No examples No examples
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Table 5.4 The vocational dimension of STEM programme relevance, showing the present/future
and extrinsic/intrinsic spectrum

Vocational-present-extrinsic
(Qualify for coming education)

Vocational-future-extrinsic
(Contribute to economic growth)

• Selected students could participate in
modules offered by institutes of higher
learning

• STEM-related careers e.g. scientists,
engineers, digital workforce

Vocational-present-intrinsic
(Orientation towards potential careers)

Vocational-future-intrinsic
(Get a desired job)

No examples No examples

Relevance for Individuals

Guided by the overarching vision for ALP, that is, students experiencing applied
learning, schoolwebpages that we included in our study contained a diverse spectrum
of individual benefits (see Table 5.2). Relevance for individual-present-extrinsic
needs involved acquiring more conventional ‘final form’ conceptual knowledge of
school subjects. For example, Montfort school spoke of infusing different school
subjects into their design, coding, and maker ALP thereby helping their students
learn ‘advanced content in related subjects’. This approach was perceived to be a
‘win–win for both the subject and the ALP’.

Aligned with MOE’s aim of the ALP helping students to make connections
between academic knowledge and skills with the real world, a number of schools
targeted knowledge outcomes relevant for acting responsibly in life (rather than
doing well in school subjects), that is, applied knowledge and 21st century compe-
tencies were identified as being benefits of the STEM ALP. We categorized this
as reflecting individual-future-extrinsic needs. Examples of applied knowledge
include knowledge associated with science, technology, society, and the environment
(STSE) related issues such as ‘knowledge in environmental issues’ (Bukit View) and
the ‘importance of using renewable energy’ and using the acquired knowledge to
‘liv[e] out sustainability in their own lives’ (Fajar). Another example was learning
‘concepts and principles related to health science’ and using such knowledge to lead
healthy lifestyles by ‘tak[ing] greater responsibility for their own health as well as the
health of their family members’ (Bendemeer). While we note that this latter example
could also be relevant as a present need, we chose to maintain the distinction of
individual-present-extrinsic needs as needs associated with ‘doing well in school’
versus individual-future-extrinsic needs as needs associated with ‘acting responsibly
in life’, as reflected in Stuckey et al. (2013).

Developing ‘21st century competencies’ as an outcome of engaging in the STEM
ALP is a catch-all phrase of highly-desired intellectual and affective competen-
cies that encompass criticality, problem-solving, student agency, communication,
collaboration, self-regulation, adaptability, information literacy, and (re-)learning,
among others (Sinnema & Aitkin, 2013). Like ‘relevance’, the term ‘21st century
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skills/competencies’ has been understood very loosely in the literature (NRC, 2011).
It was no surprise that many of the webpages in our sample made reference to 21st
century competencies: Admiralty, Bendemeer, Clementi Town, Queensway, Seran-
goon, Fajar, Chung Cheng High, Dunearn, and Woodlands Ring. This attests to the
enormous rhetorical power and popularity of using such slogans when describing
the value of educational programmes. Here, we highlight examples of 21st century
competencies associated with epistemic thinking, that is, ways of thinking. We
consider that these are relevant to individual-future-extrinsic needs. While these
ways of thinking could definitely be relevant to present needs—to the extent that they
assist student achievement in school and are often engaging for students—they seem
more appropriate to future utility as suggested by the popular narrative of developing
students’ 21st century competencies to help them meet the needs of the future.

We observed that many STEM ALPs aimed to inculcate a multitude of ways
of thinking, although there was a general lack of elaboration or definition by the
schools on these various ‘thinkings’. This ambiguous scenario reminded us of a
cognitive thesaurus whereby a diversity of allied words can be used to describe a
particular mental state (Wiggins & Potter, 2017). One prime example is, in fact,
the word ‘thinking’, which has nuances of meanings such as believing, feeling,
dreaming, contemplating, remembering, considering, judging, realizing, reasoning,
and so forth. Using each of these different words would connote different meanings
among readers, which are usually positive and desirable in this context. Hence,
among the sampled STEMALP,many referenced learning domain-general or generic
ways of thinking, such as critical and creative thinking, scientific thinking, problem-
solving, decision-making skills, reasoning, analytical thinking, adaptive thinking,
logical thinking, and inventive/innovative thinking. All these forms of ‘thinking’ are
generally regarded as highly desirable and valued skills across many educational
systems. Four illustrative examples of how these kinds of thinking (in bold) were
often grouped together are provided below:

Develop… confident and creative young scientists, who possess critical thinking skills,
creativity and inventive thinking, and communication and ICT skills (Dunearn).

The emphasis is on application of thinking skills, integrating knowledge across subject
disciplines, stretching the imagination and applying these in real-world settings in society
and industries (Woodlands Ring).

Students will be exposed to collaborative learning and thinking, critical thinking…This
encourages self-directed learning, and builds their critical thinking, problem-solving and
decision-making skills (Regent).

Through the participation of students in competitions, we aim to provide students with
additional opportunities to further develop critical thinking, problem-solving abilities and
interpersonal skills to work in collaborative environments (Loyang View).

In another example, Montfort explicitly stated that their ALP would enable
students to strengthen four kinds of thinking processes, namely critical, creative,
logical, and systems thinking. Other STEM ALP websites reported learning ways
of thinking in disciplinary domains that were closely tied to their espoused STEM
activities, such as design thinking (e.g. Admiralty, Bukit View, Clementi Town, Fajar,
Loyang View, Manjusri) and computational thinking (Clementi Town, Fajar).
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Another cognitive thesaurus associated with epistemic thinking is the myriad of
STEM disciplinary-related literacies and methodologies mentioned on the websites.
Schools reported benefits/outcomes related to scientific literacy and/or scientific
inquiry (e.g. Bendemeer, Chung Cheng High, Fajar), (the) scientific method (e.g.
Bendemeer, Fajar), the engineering (design) method (e.g. Fajar), as well as more
generic literacies including new media/digital literacy (e.g. Bendemeer, Chung
Cheng High), coding/ICT literacy (e.g. Fajar, Regent), and civic literacy (e.g. Hai
Sing Catholic). Chung Cheng High defined scientific literacy as ‘the ability to think,
reason and analyse scientifically, using scientific knowledge and processes’. More
frequently, these ideas about literacy were not defined, and thus assumed that readers
understood these loaded terms. Indeed, due to the lack of definitions of ‘literacies’
and ‘methods’ as used in the abovementioned websites, it was not possible to ascer-
tain if the schools had intended them to be synonymous with the various ‘thinkings’
or beyond. However, we do not interpret ‘thinkings’ and ‘literacy’/’methods’ as
synonymous as the latter goes beyond just ‘thinkings’, and thus, we have reported
examples of each separately.

If we regard dispositions as akin to habits of mind, then a few schools wanted
their students to achieve these ways of thinking too. Montfort and Queensway spoke
of ‘STEM dispositions’ where the latter reported that these dispositions are mani-
fested through a sense of wonder, competency, and collaboration. On the other
hand, Dunearn stated that their experiential food science program would succeed
in developing the ‘dispositions associated with scientific literacy’.

In contrast, appeals to individual-intrinsic needs either in the present or future
have far less presence in the school webpages for the basic STEM ALP experi-
enced by all students. Only in elective programs offered to selected students were
individual-present-intrinsic needs mentioned. Examples of appeals to students’
individual-intrinsic needs are (in bold) as follows. Bukit View’s STEM ALP
(JOULES programme) for selected student leaders provided themwith ‘the opportu-
nity to pursue their interest in design thinking, programming, the environment and
sustainable energy’. Loyang provides ‘[s]tudents with higher interest and ability
in STEM fields’ with ‘opportunities to further develop their passion and potential
in STEM and design thinking’. Some schools also highlighted their intent to promote
students’ interest in STEM/joy of learning (rather than catering to students’ inter-
ests) through the STEM ALP. For example, Montfort hopes that its STEM ALP will
‘spark [students’] interest and surface inert talents’ in areas of technology, coding and
computers. Bendemeer wanted their students to ‘learn that science is not frightening
or boring’, and experiencing fun is an aim of Hai Sing Catholic’s STEM ALP.

As for relevance for individual-future-intrinsic needs, examples of the STEM
ALPs include the development of life skills, such as developing self-directed
learning/learners (e.g. Admiralty, Fajar, and Hai Sing Catholic) which would enable
students to meet their self-motivated future learning needs, independence (e.g. Hai
Sing Catholic), and communication skills (e.g. Dunearn, Hai Sing Catholic). These
dispositions and skills also have relevance for the societal dimension.
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Relevance for Society

In terms of the relevance of STEM ALPs for the societal dimension, only relevance
for extrinsic but not intrinsic needs was identified from the sampled school webpages
(see Table 5.3). While present extrinsic needs that were identified also seem relevant
as future extrinsic needs, we distinguished between the two categories based on
the extent of contribution to society rather than temporal separation (i.e. present
versus future). That is, meeting societal-present-extrinsic needs helps students learn
how to behave or function well in society, while meeting societal-future-extrinsic
needs helps students contribute to society’s development as responsible citizens.
Nonetheless, this does not imply that students can only achieve the latter as adults.

In terms of meeting societal-present-extrinsic needs, some STEM ALPs spoke
about developing learners’ social intelligence, collaborative skills (e.g. Bendemeer,
Queenstown), communication skills (e.g.Dunearn,Hai SingCatholic), cross-cultural
skills (e.g. Hai Sing Catholic), and teamwork (e.g. Clementi Town, Fajar). Others
aimed to develop students’ leadership qualities (e.g. Hai Sing Catholic, Manjusri),
confidence (e.g. Admiralty, Hai Sing Catholic, Queensway), imagination (Dunearn),
and independence and graciousness (e.g. Hai Sing Catholic). Collectively, these
areas can be broadly construed as social and emotional skills (WEF, 2016), required
to effectively interact with others at school/work or in daily living.

As for the STEM ALPs addressing societal-future-extrinsic needs, numerous
schools aspire to have their students become responsible citizens and make contri-
butions to others, the community, society and nation, as well as to humanity at large.
For example, Fajar wants their students to become ‘responsible global citizens of
the Earth’ through learning concepts of sustainability and ‘applying and living out
sustainability in their own lives’ after participating in their sustainability-themed
STEM ALP. In terms of making contributions, some schools spoke of students
helping unspecified others, for example, students who have a ‘caring heart with
a desire to empathise with others and to help others’ and ‘ready to serve the commu-
nity’ (Admiralty). Many schools were explicit in pinpointing the wider community
or society in general as the ultimate beneficiaries. For example, family and under-
privileged children in the community were mentioned by Hai Sing Catholic. This
school neatly summarized how it regarded the chain of beneficiaries on its website:
‘School:community:nation’. Manjusri aimed to inspire their students to ‘[build] a
sustainable, safe and secure living space for Singaporeans … for the elderly and
less-abled [sic]’. The nation-building aspect of ALPs was also featured through tie-
ins with efforts to improve life and work for Singapore. This nation-building aspect
was particularly prominent in the following quotations:

‘keen interest in nation building in creating a more vibrant, exciting and advanced society
for generations to come.’ (Manjusri)

‘Help Singapore become a smart nation.’ (Montfort)

Some schools were evenmore ambitious or forward-looking for their STEMALP.
For example, Chung Cheng High wants their students to be able to ‘participate in
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decisions and problem solving that affect mankind’. Additionally, several schools
wanted their students to contribute towards a sustainable world, as illustrated by the
following quotations:

‘effective workers and persons who positively contribute to a sustainable 21st Century
World.’ (Fajar)

‘pursue STEMcourses in institutes of higher education, especially in the area of environment
and sustainable energy and thereby contribute to Singapore and the world.’ (Bukit View)

In particular, two of the three schools with sustainability-themed STEM ALPs
mentioned wanting students to become advocates for causes that benefit society. For
example, Fajar wanted their students to become ‘environmental advocates’, while
Bukit View hoped to nurture ‘ethical advocates who will pursue causes that benefit
society ensuring their values guide them as they make a difference beyond their
school years’.

Overall, we observed that the abovementioned goals for students are often
linked to the values espoused by the particular school hosting the STEM ALP. For
example,Manjusri’s goals to develop students’ leadership qualities and have students
contribute towards nation building, including creating a better living space for the
‘elderly and less abled [sic]’, are aligned with their school value of ‘developing
passionate learners and compassionate leaders who are future-ready and anchored
in values’.

Relevance for STEM Vocations

Similar to the relevance of the STEM ALPs in relation to the societal dimension,
relevance in relation to the vocational dimension focused on extrinsic and not intrinsic
needs (see Table 5.4). Specifically, relevance was mainly targeted at supporting and
motivating students to qualify for and select STEM areas of post-secondary study
that would put them on the path to STEM-related careers. It should be noted that we
redefined the description for vocational-future-intrinsic needs as ‘get a desired job’
from Stuckey et al. (2013) original description of ‘getting a good and well paid job’
(p. 19). We argue that the former better describes students’ future intrinsic needs in
the vocational dimension, as a desired job need not be one that is well paid, and what
counts as a ‘good’ job should be up to the students’ interpretation.

Schools in our sample mainly positioned the relevancy of the STEM ALPs for
students’vocational-present-extrinsic needs byprovidingopportunities for selected
students to enrol in elective modules offered by polytechnics, that is, post-secondary
educational institutions in Singapore. For example, as part of their ‘talent develop-
ment’ for selected secondary three students (ninth graders), Manjusri students could
enrol in an Advanced Elective Module related to smart gadgets design offered by a
polytechnic. Similarly, Bendeemermade explicit that the skills their students develop
through their health science STEMALP ‘will prepare students forAdvanced Elective
Modules…and post-secondary options at Institutes of Higher Learning (IHL)’. Two
names were given for the IHLs, which ‘a large proportion of [Bendeemer] students
go to after their secondary school education’. Furthermore, a list of modules and
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courses offered at the IHLs relevant to Bendemeer’s STEM ALP were provided
on their webpage. Hence, Bendemeer signalled a targeted approach to align their
STEMALP to students’ vocational-present-extrinsic needs, ensuring that theywould
qualify for identified post-secondary education after completing their STEM ALP.
The STEM ALP websites of Bukit View and Dunearn also referenced Advanced
Elective Modules, but did not provide further information on these modules.

Relevancy of the STEMALPs in relation to students’ vocational-future-extrinsic
was extensively described. Among the eight schools that made some reference to
preparing students for their future career, only one took the approach of equipping
students with the necessary skills to pursue their future career without explicitly
encouraging them to aim for a STEM career. Specifically, Regent mentioned that
Singapore is moving towards becoming a smart nation and that they wanted to equip
their students with relevant skills to ‘give them a head start in their future career’,
with no explicit encouragement for students to aim for a STEM career. Two schools
explicitly stated that the aim of the STEM ALPs was to ignite students’ passion or
aspirations to ‘pursue STEM related courses and careers’ (Fajar andManjusri). Other
schools were more specific in the types of STEM careers they wanted their students
to pursue. Serangoonwanted students to consider careers in ‘Aerospace Engineering,
Transportation and Infrastructure, Entertainment and Media, Telecommunications,
Health Sciences and Health Care, Architecture and others’. Many of these listed
careers go beyond their STEMALP theme of future of transportation. Other schools
wanted students to pursue STEM careers more closely related to their STEM ALP
theme. For example, Clementi Town (with a STEM ALP in emerging technologies,
with an emphasis on coding) hoped to ignite students’ interest ‘to pursue [computer
science] CS-related courses in Institutes of Higher Learning and a career in CS-
related industries’, while Admiralty (also with emerging technologies theme) wanted
to produce ‘caring and future-ready engineer[s]’.

Two schools also made explicit the link between how their STEM ALP targets
STEM careers for students that meet nation building agendas, including economic
needs.Montfort’s STEMALPon the emerging technologies theme aims to ‘[support]
Singapore’s vision of becoming the first Smart Nation in the world’. Through their
STEM ALP, the school hopes that ‘more students [would] make relevant Computer
Science and STEM related courses their choice in their tertiary education’ so as
to ‘alleviate the problem of a shrinking pool of engineers and technical personnel
currently faced by the nation’. Similarly, through their health and food science themed
STEM ALP, Dunearn wished to raise the profile of learning food science and tech-
nology as it was not a popular subject among Singapore school students. Dunearn
felt that ‘the potential for [their] students to further their interest through courses at
ITE, polytechnic and university are vast and sustainable’. In an interview featured
on their school webpage, a Dunearn representative states that their rationale for
specializing in food science and technology for their STEM ALP considered that
‘the nation needs good scientists to provide healthy food and also to raise awareness
on what we can eat and what we should cut down on’. Bendemeer highlighted career
opportunities in the healthcare and health science industries in view of needs of ‘an
aging population in Singapore and many developed countries’. Though Bendemeer
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did not explicitly mention their intent for students to take on careers in healthcare
and health science industries on their webpage, the strong connection between their
health science STEM ALP and their targeted preparation for students to qualify for
health science related studies in IHLs suggests that this is a likely intent.

What is obvious from some of the examples cited above is that many schools
positioned their STEM ALP as an attempt to appeal to students’ vocational-present-
extrinsic needs, that is, to inspire students to be interested and motivated in STEM-
related post-secondary studies, and subsequently to pursue a STEM-related career.
In addition to the school-based STEM activities, as aptly summarized by Clementi
Town, ‘to expose students to STEM careers at an early age, Industrial Visits and
Learning Journeys were conducted to organizations and STEM-related events’.
Indeed, many of the schools appeared to have worked hard to get secondary students
interested in STEM careers and courses through early exposure to these areas of
study and careers. However, it is not known to what extent such attempts are aligned
with students’ vocational-present-intrinsic needs, that is, students’ present, intrinsic
interest and orientation towards potential careers. Moreover, schools did not make
known the impact of their efforts on orienting students towards a future (STEM)
career on their webpages, if any.

Discussion and Critique

The purpose of this content analytic study was to examine the outcomes and rele-
vancy of STEM education as presented on secondary school STEMALP websites in
Singapore. This narrow and somewhat unusual samplewas because these are the only
places within the local school curriculum that features STEM education; it is absent
in local textbooks and is only mentioned in passing in the official science curriculum.
On the other hand, STEM ALPs are an MOE-sanctioned programme that we found
comprised five STEM themes, and that schools use to develop their own distinctive
STEM-related niches. In Singapore, all school leaders have been constantly urged
by the MOE to be innovative and to create niche programmes of excellence that can
set their institutions apart from others (Shanmugaratnam, 2006). We thus see these
official inducements spilling over into the process of planning for STEM ALP in
local schools too. In order to make sense of the huge amount of text from the 15
selected websites, we adapted the model of relevance from Stuckey et al. (2013) as
an organizing framework to categorize the benefits, outcomes, and relevance arising
from STEM education.

Even thoughwe did not quantify the number of statements along the present/future
and extrinsic/intrinsic spectrum for each dimension in themodel of relevance, certain
patterns clearly emerged. One immediate observation was that the STEM ALP
websites in Singapore did not yield any examples of statements that supported the
present or future aspects of intrinsic relevance in the societal and vocational dimen-
sions. This meant that no examples existed from our sample that talked about helping
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learners appreciate how to find their current place in society (i.e. societal-present-
intrinsic) or to promote their own interest in the societal context as adults (societal-
future-intrinsic). In addition, these websites did not appeal to or foster students’
current interests in relation to potential careers (vocational-present-intrinsic), nor did
they make connections between the STEM ALPs and preparing students to pursue a
career that appeals to them (vocational-future-intrinsic).Within the individual dimen-
sion, the intrinsic aspects of the present were limited, and catered to a select group
of talented or motivated students from the ALP.

On the other hand, the STEM ALP websites provided multiple descriptions in
relation to extrinsic and future aspects across all three dimensions of relevance,
although we are unable to ascertain whether the ‘present’ or the ‘future’ predomi-
nated in the websites. To review our findings briefly, we found that the STEM ALP
programmes spoke much about doing well in school (individual-present-intrinsic)
because being involved in STEM ALP could support learning in science as well as
other school subjects. Moreover, the websites reported that there were many kinds
of 21st century competencies (e.g. various ‘thinkings’ and literacies) and application
of knowledge that enabled one to act with responsibility in later life (individual-
future-extrinsic) in the individual dimension. This same pattern was observed for the
societal dimension: the websites identified many social and emotional skills as short-
term outcomes of STEM education (societal-present-extrinsic), as well as having
caring and altruistic attributes as responsible citizens in the community and nation
(societal-future-extrinsic). We were heartened to see these websites mentioning
how students in STEM could aspire to a future role in service to others around
them, and even to mankind in general. Finally, for the vocational dimension, STEM
ALPs were identified as being relevant because they could help students qualify for
post-secondary education, with some STEM ALPs focusing on more promising or
talented students (vocational-present-extrinsic). Over time, participation in STEM
ALP would contribute to the economy as people took on STEM-related careers that
are vital to Singapore and the larger world (vocational-future-intrinsic).

When considering the findings overall, we identified three main implications.
Firstly, sampled STEM ALPs seemed to make limited reference to student choices,
identities, and agency. Just as some doors are opened through participation in STEM
ALPs, other career or study options are not presented. For example, environmental
advocacy roles of the likes ofGretaThunbergwere absent; nor didwe see anymention
of pursuing careers in science communication regarding which the recent Pulitzer
Prize winner Ed Yong comes to mind. Students did not have many opportunities to
gain awareness of intrinsic relevance—present or future—in the individual dimen-
sion. Schools generally assumed that participation in STEM ALP activities would
spark students’ interest in the school’s STEM areas/themes. While more talented
students or those interested in the STEMALP themes offered by a school had oppor-
tunities to further their interest, it was not clear how the intrinsic needs of students
with interests in other aspects of STEM or those not interested in STEM would be
addressed. Rather, the majority of the statements in the websites were located at
the extrinsic pole, be it in relation to either the present or the future. For example,
some STEM ALP websites seemed to overtly serve current/future national agendas
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in terms of recommending certain STEM-related careers (e.g. scientists, engineers)
and study choices (e.g. healthcare, food science and technology, computer science).
We argue that these should be exploratory moves rather than anything more concrete
for young students; it seems unwise to restrict career choices so early. We also raise
the well-known argument that future jobs and labour markets are difficult to antic-
ipate or predict, which should cause us to pause in our crystal-ball gazing efforts.
Furthermore, while 21st century competencies have notions of increased learner
agency, the competencies were not well defined in the ALP websites. This study did
not investigate whether the espoused competencies are actually developed through
the STEM ALPs.

Secondly, STEM applications and knowledge (often taking the form of products
or solutions) appear to be presented as positive, unproblematic, trustworthy, and able
to solve complex problems. The field of Science Studies has already shown that
STEM knowledge can be complexly problematic, uncertain, and not value-neutral.
Thus, when teachers fail to bring to learners’ attention the negative aspects or by-
products of STEM in the real world, students’ holistic grasp of scientific literacy
is diminished (e.g. Bruna & Vann, 2007; Hoeg et al., 2015). While we do not have
sufficient information about the STEM ALPs to determine whether dilemmas or
issues of STEM applications are being discussed with students, we argue that this is
an aspect schools should incorporate into their programmes, if this is not currently
done. Examples of issues or potential biases worthy of discussion include: use of
unmanned vehicles, such as driverless cars for transportation or unmanned drones for
delivery and military purposes and their potential social, moral, and ethical issues, in
addition to their benefits. Acknowledging that STEM does not hold all the answers to
the problems facing society would arguably make STEMALPs more interesting and
authentic for learners. However, we are again heartened that there is explicit mention
of empathy by some schools, such as on Admiralty and Queensway’s STEM ALP
websites.

Thirdly, there is a need for greater emphasis on the epistemic aspects of STEM.
Akin to the call for science education to harmonize conceptual, epistemic, and social
goals (Duschl, 2008), we argue that STEM education needs to pay attention to epis-
temic goals. In the construction of STEM products or solutions—common among
the STEM ALPs we reviewed—there is a need for students to take on the dual role
of constructors and critiquers of claims (Ford, 2008) in order to gain a deeper under-
standing of the nature of the STEM enterprise and to participate as members of
the enterprise. While sampled websites mentioned developing a multitude of ‘think-
ings’ and inquiry through the STEM ALPs, these are presented with little detail. As
per our second implication, we urge teachers to attend to epistemic aspects of how
STEM products or solutions are generated. Students should be given opportunities
and shared epistemic authority (with the teacher) to negotiate the criteria for evalu-
ating the ‘goodness’ of a STEM product or solution (including those generated by
themselves or their peers), as well as to engage in peer critiquing to evaluate the
product or solution (e.g. by weighing its trade-offs) and/or to determine the ‘best’
product or solution. Through engaging in such epistemic practices, students learn
how knowledge claims (embedded in STEM products and solutions) are proposed,
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communicated, assessed, and legitimized within a community, which is as important
as the final form of knowledge itself (Ford, 2010; Kelly, 2016).

While we applaud the push by many local secondary schools to promote STEM
education in Singapore, we realize that there is some way to go on a number of
fronts regarding the curriculum and pedagogy. These issues that we have raised
are sometimes subtle, especially when the more exciting or fun aspects of STEM
education take the limelight. Nonetheless, we argue that STEM education deserves
more vigorous critique and debate for its improvement, precisely because STEM
education is worth the effort.
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Chapter 6
Fostering STEM Education for Early
Childhood in Thailand

Tepkanya Promkatkeaw , Navara Seetee , and Chanyah Dahsah

Abstract STEM education is a national agenda for educational policy in many
countries including Thailand. The Thai policy aims to encourage youth to take an
interest in STEM learning and to be able to use STEM knowledge and skills in their
everyday life and future careers. Much literature (e.g., Campbell et al., 2018;
McClure, 2017; The National Research Council [NRC], 2011) suggests that the
earlier we start in students’ educational journeys, the more effectively we can
enhance our students’ learning in STEM. Thus, early childhood education (ECE) is
the right place to start learning STEM. In Thailand, STEM education became a
national agenda in 2015 but it began in Early Childhood Education since 2006.
The ECE policy aims to lay fundamental skills and promote learning experiences
related to STEM learning for young children. There are several professional
development programs and STEM conferences for ECE teachers and school
administrators hosted by government agencies and the private sector, delivered via
face to face and distance training. In addition, various STEM learning activities and
resources have been created to promote young children’s hands-on and minds-on
learning experiences. This chapter will provide a brief history of STEM education
in ECE in Thailand, an overview of teachers’ professional development, examples
of STEM activities in formal and informal learning, and an overview of research
studies.
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Introduction

STEM education in Thailand is generally recognized as an integrated learning
approach of science, technology, engineering, and mathematics to support learners
to apply these knowledge and skills for solving real-life problems or to develop new
processes or products through an engineering design process. The purpose is to
make STEM relevant to students’ everyday life experiences and their future careers
(The Institute for the Promotion of Teaching Science and Technology [IPST],
2014a).

STEM education has been a national agenda since 2014, with the Thai gov-
ernment emphasizing the building of an innovative society through the promotion
of teaching and learning systems that integrate science, mathematics, and tech-
nology. In 2015, the National Legislative Assembly of Thailand (NLA) in coop-
eration with the IPST, a government agency under the Ministry of Education
(MOE), initiated a proactive policy for STEM education for developing youth and
human capital in STEM. This policy proposed guidelines for implementing STEM
education, such as embedding it into the national long-term strategic plan; pro-
moting change in teaching, learning, and assessment; raising public awareness; and
setting up a committee and operational system among government organizations to
cooperatively drive STEM education (NLA, 2015). In 2017, STEM education was
included in the Thai National Education Plan B.E. 2560–2579 (A.D. 2017–2036).
In order to drive the STEM education strategy into practice, various national
education institutes have responsibility for promoting STEM education at all
educational levels (Office of the Education Council, 2017).

Early childhood education (ECE), as part of basic education in Thailand, needs
to promote STEM education according to the national agenda. However, ECE has
its own uniqueness. Many questions may come to teachers’ and educators’ minds:
How do young children learn STEM? What learning content and competencies in
STEM should be promoted? How should STEM be taught? How can ECE teachers’
understanding and ability of integrating STEM be promoted?

This chapter will share how STEM education has been fostered in Thai ECE.
The practices and experiences in the Thai context can provide insights into these
questions and may be helpful for other countries looking for ways to promote
STEM education in ECE.

STEM in the Thai National ECE Curriculum

The Early Childhood Curriculum

The United Nations Educational, Scientific and Culture Organization (UNESCO,
2019) and many countries define early childhood as the period from birth to 8 years
old. However, the Early Childhood Development Act B.E. 2562 (A.D. 2019)
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(Office of the Council of State, 2019) defined early childhood as children under
6 years old. ECE in Thailand has been promoted since the early 1900s specific to
the policies related to the provision of quality early childhood care and education in
the National Education Plan. Since 2002, ECE has been part of the basic education.
It can be provided for all children in various settings, both inside and outside
schools, and through collaboration between the government sector, the private
sector, communities, and families (Phatdunyadunrut, 2019). In order to provide
quality standards for ECE, the MOE has provided the National Early Childhood
Curriculum as the guideline for providing experiences and learning activities for
children under the age of 6 years old since 1997. The recent Early Childhood
Curriculum B.E. 2560 (A.D. 2017) was established by revising the previous Early
Childhood Curriculum B.E. 2546 (A.D. 2003) to reflect changes in the economy
and society and developments in information technology, and to align with national
laws and policies.

The recent early childhood curriculum emphasizes the holistic development of
children from birth to age 6 through caring for and promoting children’s learning
process in order to allow them to reach their full potential according to the stages of
child development (MOE Thailand, 2017). According to this curriculum, ECE is
divided into two stages. The first stage is child care and development for children
under 3 years old, which may be provided by parents or caregivers at home, nursery
or pre-kindergarten. The second stage is child care and education for children from
3 to 6 years old, which may be provided by kindergarten, preschool, or child
development centres. In formal education, ECE is divided into the three grade
levels of Kindergarten 1 (3–4 years old), Kindergarten 2 (4–5 years old), and
Kindergarten 3 (5–6 years old).

The early childhood curriculum for children aged 3–6 years old has four goals
for learning and development: physical growth and development; mental health,
aesthetic values, and moral values; life skills according to the philosophy of suf-
ficiency economy, self-discipline, and other social values; and thinking skills,
communication skills, and inquiry. There are 12 ‘desirable characteristics’ standards
with indicators and expected competencies under each standard that children in
each age group should be able to demonstrate after receiving the provision of
services from early childhood development settings. This curriculum also provides
learning content as a medium for providing learning experience, consisting of four
key experiences to enhance physical, emotional, social, and cognitive development;
and four content areas, namely self, people and places, the natural environment, and
things around children. The learning content is flexible and can be adjusted to
respond to children’s age, needs, interests, and real-life experiences and environ-
ment (MOE Thailand, 2017).

The early childhood curriculum emphasizes that the provision of experiences for
children ‘should not be organized into subject matter, but rather integrated into
activities through play’ (MOE Thailand, 2017, p. 47). The educational setting can
therefore use different learning activities that are relevant to the context and that
meet the needs and interests of children on a daily basis. However, these everyday
activities should cover all aspects of development, including large and small
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muscles; emotions, cultivating morality, and righteousness; social character,
thinking, and languages; and imagination and creative thinking (MOE Thailand,
2017).

Endeavours Related to the Integration of Science,
Mathematics, Technology, and STEM Education in the Early
Childhood Curriculum

The promotion of STEM education in ECE in Thailand can be traced back to
around 2006 when the IPST started the project for enhancing science learning in
ECE. In December 2006, 40 early childhood educators and experts from various
institutes joined together with science educators in a brainstorming meeting on the
development of science curriculum standards for early childhood (IPST, 2006). As
a result of the discussion, it was agreed that science learning was important to
young children and should be provided for laying fundamental learning skills and
promoting young children’s cognitive development. Science learning was embed-
ded into the Early Childhood Curriculum B.E. 2546 (A.D. 2003) both in key
experiences and content areas, but most early childhood teachers lacked science
content knowledge and pedagogical knowledge. Thus, although they already
delivered science learning experiences in their everyday activities—such as
observing and classifying things, and doing or demonstrating simple science
experiments—they could not effectively teach fundamental scientific concepts,
science process skills, or inquiry abilities. There was thus a need for the develop-
ment of science learning standards for ECE to guide teachers to effectively integrate
science learning into early childhood activities with an emphasis on the process of
inquiry.

The science learning standards for preschool level (3–6 years old) aligned with
the Early Childhood Curriculum B.E. 2546 were first published in 2008 (IPST,
2008) and were introduced at a seminar hosted by the IPST in January 2009, which
attracted around 400 early childhood education personnel (ThaiPR.net, 2009). The
seminar was followed by workshops for around 670 early childhood lead teachers
and teacher supervisors across the country during April–May 2009. These work-
shops focused on enhancing participants’ understanding of inquiry-based learning
in ECE, and demonstrating how inquiry-based science learning can be integrated
into everyday activities (IPST, 2009). In 2010, the science learning standards were
revised to align with the Basic Education Core Curriculum B.E. 2551 (A.D. 2009)
(IPST, 2010a).

For enhancing mathematics learning in ECE, it was found that mathematics
learning was commonly integrated into early childhood everyday activities (MOE
Thailand, 2004) because it was more clearly stated than science in the learning
content of the Early Childhood Curriculum B.E. 2546 (A.D. 2003). However, many
fundamental mathematics concepts and skills that should be promoted in early
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childhood were missing. The learning scope and sequences were also not clearly
indicated in the curriculum. Thus, to help early childhood teachers to effectively
design and provide mathematics learning experiences, the mathematics learning
standards for preschool level (3–5 years old) were developed by the IPST in 2010
by adopting a similar process as the development of the science learning standards.

In 2011, sets of standards frameworks for science and mathematics learning for
ECE (3–6 years old), aligned with the Early Childhood Curriculum B.E. 2546 (A.
D. 2003), were published (IPST, 2011a, 2011b, 2011c). These documents are
guidelines for what and how to teach science and mathematics to young children
(3–6 years old). These standards were introduced at a seminar hosted in March
2011 by the IPST (ThaiPR.net, 2011) and were followed by workshops for around
600 early childhood lead teachers and teacher supervisors across the country during
April–May 2011 (IPST, 2011d).

For enhancing technology learning in ECE, technology was embedded within
the science learning standards framework published in 2011 under a learning
standard, ‘the nature of science and technology’. According to this standard,
technology was defined as the application of knowledge, skills, and resources to
build objects or develop procedures through the problem-solving process,
responding to desire, or enhancing human ability to work. Children learn how to
use simple and everyday equipment and tools properly and safely and to be aware
of the advantages and disadvantages of using scientific processes, equipment, and
tools in everyday life (IPST, 2011c). This technology learning is based on the idea
of design and technology education with the use of the technological process
including identifying problems; gathering information to develop possible solu-
tions; selecting the best solution; designing, making, testing, and improving mod-
els; and assessing solutions. Technology learning could be easily integrated into
early childhood activities because in the early childhood curriculum, children are
required to learn how to use simple tools and equipment, such as scissors and glue;
to learn about technologies in daily life, such as electric devices and vehicles; and to
learn to make arts and crafts. The IPST has also provided examples of design and
technology learning activities with the integration of science and mathematics, and
has trained early childhood lead teachers and teacher supervisors on relevant topics
through workshops since 2010 (IPST, 2010b).

The recent Early Childhood Curriculum B.E.2560 (A.D. 2017) has embraced
science, mathematics, and technology (SMT) in ECE, with the expectation that
SMT learning will promote the development of children’s thinking skills, com-
munication skills, and inquiry knowledge. There are three of twelve standards for
child’s attributes that are related to SMT learning outcomes, including standard 10
—children develop thinking skills for basic learning; standard 11—children
develop their imaginations and creative thinking; and standard 12—children
develop a positive attitude towards learning and searching for new knowledge.
Young children’s SMT concepts and skills would be developed through the key
experience of cognitive development and the content areas of the Natural
Environment and Things around Children. Details of these key experiences and
content areas are shown in Fig. 6.1.
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Fig. 6.1 Key experiences and content areas related to science, mathematics, and technology in the
early childhood curriculum B.E.2560
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In order to help teachers design learning experiences of SMT and STEM for
early childhood, in 2020 the IPST published a learning framework and guidelines
for integration of SMT in early childhood learning experiences aligned with the
Early Childhood Curriculum B.E. 2560 (A.D. 2017) (IPST, 2020). This learning
framework provides the expected learning outcomes and learning content for SMT
for children (3–6 years old) and guidelines, together with basic information for
teachers to design STEM learning activities by integrating SMT with an engi-
neering design process and computational thinking into early childhood learning
experiences.

Professional Development in STEM Education for Early
Childhood Teachers

To foster STEM education in ECE, one major strategy for enhancing STEM
teaching and learning is to provide professional development (PD) for early
childhood teachers. There are various training programs for teachers, hosted by
government agencies and the private sector using both face to face and distance
training modes. This chapter introduces two national PD programmes that have had
the most significant impact on early childhood STEM education in Thailand: the
project of the IPST, and the Little Scientists’ House (LSH) project.

During 2018–2019, the IPST was granted a budget of about 1.8 million USD for
conducting STEM workshops for early childhood teachers and school administra-
tors under the MOE. There were four continuing 2-year workshops on the topics of
integrated science, mathematics, and technology; emphasizing computational
thinking; and STEM learning. The workshops aimed to develop early childhood
teachers’ understanding of the integration of STEM learning in early childhood
learning experiences and to develop school administrators’ understanding of how to
support and promote STEM education in ECE. The workshops were implemented
through distance training by broadcasting via the Educational Television Channel
and live through a YouTube channel to 200 training centres across the country,
followed by web-based online training courses. Initially, the training programmes
began with the IPST providing face-to-face workshops for mentor teams. Then, the
mentor teams organized training in their centres, along with the IPST broadcasting
workshop activities, and supported teachers and school administrators participating
in the training during and after the workshops. After the workshops, participant
teachers implemented learning activities and materials received from the IPST, and
school administrators coached and mentored the teachers. About 1,200 mentors,
17,000 early childhood teachers, and 3,000 school administrators from 3,700
schools participated in the programme.

The LSH project is the most impactful long-term project that has promoted
STEM learning in ECE. This project was launched in 2006 by Stiftung Haus der
Kleinen Forscher, a non-profit organization in Germany, and has been implemented
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in Thailand since 2010 to develop positive attitudes towards STEM among Thai
children aged 3–6 years old. The project is organized by the Foundation of Her
Royal Highness Princess Maha Chakri Sirindhorn and eight private and public
organizations. The project began in 2010 in 221 schools under eight local networks.
In 2021, the number of local networks and schools increased to 232 and 29,000
respectively. The LSH project provides ongoing PD opportunities for early child-
hood teachers. Twice a year, the teachers attend a workshop in which they receive
updated information about the project, gain new teaching ideas, and have access to
new teaching materials developed by local trainers. The local trainers are trained
and supervised by core trainers who have a solid background in STEM and have
been trained by the trainers from the original project in Germany. The project also
provides certificates to certify participating schools. Schools which aim to apply for
a project certificate in a particular year need to implement 20 activities and one
inquiry-based project in each academic year. The certificate is valid for the fol-
lowing two years. At present, approximately 5,000 schools apply for the certificate
each year (LSH Project Thailand, 2019).

In addition to training programs, government agencies and the private sector
have hosted several early childhood STEM conferences. For example, the IPST has
organized the Early Childhood and Primary Science Mathematics and Technology
Education conference (ECaP) every 2 years since 2012. There are activities which
give participants new knowledge, showcase best practices, share experiences and
promote discussions on early childhood science, mathematics, technology, and
STEM teaching and learning. Around 300–400 early childhood personnel attend the
conference each year (IPST, 2016).

STEM Activities and Learning Resources

Various STEM activities and learning resources have been created by public and
private organizations both in formal and informal settings. Again, two national
projects, by the IPST and LSH, are used as examples of learning activities in a
formal setting. Examples of activities developed by teachers are also identified. In
relation to informal settings, most of the activities are developed by the museums,
both public and private.

The IPST developed STEM learning units with lesson plans and sets of learning
materials as a prototype for teachers to use with 5-year-old students and distributed
these to schools participating in the IPST PD programmes. The units were designed
for developing SMT fundamental concepts and basic skills by enhancing children’s
experiences of solving problems through an engineering design process. For
example, in the first lesson of the ‘Fun with Sound’ learning unit, children explore
different sounds. The aim is for them to develop basic scientific ideas about sources
of sounds. In the second lesson, they listen and try to identify unknown boxes
according to the sounds made by the objects inside, which helps them develop the
basic skills of observation, inferencing, sorting, and matching. In the third lesson,
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they make sounds and patterns of sounds using parts of their body, which is an
integration of the mathematics concept of pattern. In the fourth lesson, children
make sounds from different materials, which helps them explore the processes of
science and technology. In the last lesson, a teacher introduces some percussion
instruments and asks children to design and make percussion instruments from
surrounding materials and to use their creativity to create music using their
instruments. Thus, in this final lesson, children apply knowledge which they have
gained from previous lessons into an engineering design process, present their
percussion instruments, and perform their own music (IPST, 2019).

The LSH project provides STEM learning activity cards created by the LSH
Foundation in Germany, translated into the Thai language and adapted to suit Thai
contexts. Over 100 science, mathematics, design technology, computer science, and
STEM activities are provided on the website (www.littlescientistshouse.com),
which can be downloaded for free. In each activity, children explore STEM
experiences through simple experiments and explorations related to the children’s
daily lives, and learn to explore ideas or solve problems of their interests through
inquiry-based learning, called an inquiry cycle. For example, in the topic of water
and technology, children explore objects sinking and floating. Then, they investi-
gate more about factors that make objects sink or float. After the children have
developed basic understanding, they investigate how to make a plasticine boat that
can carry heavy objects and still sturdily float on water through an inquiry cycle
(LSH Project Thailand, 2021).

Besides STEM learning activities developed by public and private organizations,
early childhood teachers have also created STEM learning activities themselves.
The Pre-school Education Association of Thailand (2017) has collected and shared
via their website (https://preschool.or.th/content/documents/The-full-report-of-the-
study.pdf) 40 STEM lessons created by teachers for children aged 4–6 years old on
various topics related to science, mathematics, or technology learning experiences.
The lesson plans are designed based on problem-based STEM learning using an
engineering design process. Examples include making juice, making toys from used
materials, and designing equipment for protection from sunlight. For example, in
designing the sunlight protection equipment activity, children explore the advan-
tages and disadvantages of sunlight; observe properties, shapes, and sizes of objects
and tools; inquire about data from various sources; and use the engineering design
process to design and create their own sunlight protection equipment from appro-
priate materials.

In 2014, the IPST hosted the second ECaP conference with the topic of STEM
education in early childhood, at which 16 STEM project-based learning activities
created by early childhood teachers were selected to be presented. These learning
activities have been published and shared on the conference website. In each of the
STEM projects, children are encouraged to observe their surroundings and pose
questions or problems of interest to them, and then investigate further through
scientific inquiry and/or an engineering design process. Examples in the units
include finding ways to filter dirty water; to create watercolours from plants; or to
create new toys, models, or equipment from natural or waste materials. For
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example, in the water project, students learn to work together to investigate, design,
and create their water filter using simple materials, testing and improving their
prototype, and creating an exhibition to share their ideas. The teachers indicated
that children developed a positive attitude towards nature and environmental con-
servation, and improved their self-esteem and responsibility (IPST, 2014b).

In informal settings, STEM education for early childhood has been promoted in
many public and private museums. For example, the National Science Museum
(2021) has many hands-on and minds-on STEM activities for young children, such
as a science circus, science lab, little scientists house, and a maker space. In the
Children’s Discovery Museum, there are exhibition zones that provide hands-on
exhibitions and activities for enhancing young children’s STEM learning, such as
creative science, Dino detective, build our city, and the Inventor’s club (Museum
Siam, 2016). In KidZania Bangkok (2021), children encounter the roles STEM
careers play in different contexts, such as an auto repair shop, bank, construction
site, Crime Scene Investigation (CSI), convenience food store, dental care, drinking
water research centre, eye care centre, design studio, fire station, flight stimulation,
hospital, and vet clinic.

Overview of Research in STEM Education for Early
Childhood

Many research studies related to STEM education in ECE in Thailand have been
conducted by early childhood educators, university instructors, and graduate stu-
dents since the 2010s. Many of them have focused on the impact of STEM learning
on young children’s cognitive development. The findings have indicated that STEM
learning activities can improve young children’s problem-solving skills (Hemra &
Samahito, 2016; Kaittawee et al., 2019; Karsuwan & Samahito, 2015; Meesilpa,
2019), children’s scientific process skills (Butda, 2021; Chemae, 2020;
Kaewwichian et al., 2017; Kijkrajang & Kongruang, 2019; Sangpet et al., 2020;
Thanopajai & Lehmongkol, 2016; Thongkam, 2021), analytical thinking
(Saguansri, 2020; Tanonnok et al., 2019), critical thinking (Charoenket &
Chamnankit, 2014), creativity skills and creative thinking (Kijkrajang &
Kongruang, 2019; Loha & Jongkonklang, 2019; Sethirunkul & Samahito, 2019),
and communication skills (Iaolek et al., 2019; Phonsutham & Samahito, 2017).
Children were also very positive about their STEM learning, and enthusiastic and
actively engaged in asking and answering questions (Kaewwichian et al., 2017).

Other studies have suggested that the use of mathematical games
(Chalermphajong & Chamnankit, 2014; Pongkhamsing et al., 2010; Ratsirijan
et al., 2020), cooking activities (Somsri, 2015), and mathematical tales
(Phanomtung et al., 2012) can promote children’s basic mathematical skills (5–
6 years old). In addition, it has been shown that STEM learning can be enhanced by
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using local resources, local wisdom, and participation of the community
(Rodkumnerd & Samahito, 2016; Wimuttipanya, 2019). For example, Rodkumnerd
and Samahito (2016) studied the effects of a project approach based on STEM
education using local resources in Samut Songkhram province on preschool chil-
dren’s understanding of science concepts (5–6 years old). The local resources
included a salt field, mackerel fish market, and coconut farm. The results indicated
that children developed better understanding of several science concepts, such as
sinking and floating, forces, changes of substances, structure of organisms, and
growth of living things.

Conclusion

This chapter’s overview of STEM education in ECE in Thailand may provide some
insights into how to promote STEM education in ECE in other educational con-
texts. It has shown that in order to foster STEM education in ECE, many educa-
tional agencies—both public and private—should be involved over the long term,
with the support of government policy and funding. Further, children should have
opportunities to experience STEM learning in both formal and informal education.
In relation to formal education, STEM learning should be embedded in the national
early childhood curriculum. Teachers should be provided with a learning frame-
work and guidelines for the integration of science, mathematics, technology, and
STEM learning in early childhood learning experiences for enhancing their ability
to design and implement effective STEM education. Examples of STEM learning
activities, lesson plans, learning materials and resources, and various forms of PD
should be provided for early childhood teachers.

For the future development of STEM education in ECE in Thailand, the IPST
continues to develop more STEM learning activities and materials with an emphasis
on integrating computational thinking and unplugged coding in early childhood
learning activities. The LSH project in Thailand also emphasizes the integration of
the United Nations’ sustainable development goals (SDGs) into STEM learning. In
addition to the STEM activities and resources provided by organizations such as the
IPST and LSH, Thai early childhood teachers are encouraged to develop their own
learning activities and resources to promote STEM learning related to their school
contexts and children’s interests. They can share their learning activities and
resources with others through websites, conferences, and professional learning
communities.

In relation to future research, to increase the quality of STEM education in ECE,
more research studies should be conducted by early childhood teachers. Thus, the
future PD for early childhood teachers should focus on enhancing early childhood
teachers’ research knowledge and skills. In addition, most of the PD programmes
about STEM education in early childhood are done with in-service teachers, so we
should place more emphasis on the development of pre-service teachers, embedding
STEM education into pre-service early childhood teachers’ courses.
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Hopefully, the efforts to foster STEM education in ECE in Thailand will con-
tribute to the improvement in quality of STEM education and will increase the
future STEM workforce in Thailand and in the rest of Asia.
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Chapter 7
Innovative STEM Curriculum
to Enhance Students’ Engineering Design
Skills and Attitudes Towards STEM

Meng-Fei Cheng and Yu-Heng Lo

Abstract Although STEM education has been advocated internationally, the inte-
gration of interdisciplinary learning into STEM education and the gender disparity
in the STEM field are challenging. Our research team in Taiwan developed a female-
friendly and innovative STEM curriculum with flat (rather than bulky) speakers to
enhance male and female students’ creativity in developing new technology and to
foster their interdisciplinary thinking. Participating year 10 students were encour-
aged in the 3-hour course to integrate science knowledge into their engineering
design processes in order to better develop, evaluate, and revise their technology
products. In this study, we examined this STEM curriculum to show the progres-
sion of male and female students’ engineering designs and their attitudes towards
STEM. Through the systematic guidance of the STEM curriculum, students’ engi-
neering designs improved, regardless of gender. Therewere no significant differences
between male and female students’ performance in engineering design in each stage
of the STEM curriculum, However, in terms of the improvement in engineering
design ability, female students did not improve whereas their male counterparts did
in some activities. Participating in the STEM curriculum developed by this study
increased the positive attitudes of both male and female students towards STEM
and STEM learning. It also reduced the attitude gap between the two genders seen
before the course in the technology dimension. The study findings can contribute to
the development of better ways of integrating interdisciplinary learning and teaching
and enhancing male and female students’ engineering designs and attitudes towards
STEM.
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design · Assessment of STEM learning
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Introduction

Science, technology, engineering, and mathematics (STEM) education has been
advocated internationally in order to enhance technology competition at a national
level (Freeman et al., 2019). In order to enhance competition in the technology
industry in Taiwan, it is also essential to urgently improve the country’s industrial
structure and expand high-tech industry with cutting-edge innovations. Accordingly,
STEM education should be promoted in order to integrate science into engineering
learning, enhance technological innovation, and integrate engineering design into
the science curriculum to enhance students’ interest in learning about science and
engineering.

Furthermore, as a vital issue in interdisciplinary teaching in current science
education in Taiwan, STEM education must emphasize the priorities of the current
curriculum guidelines for K-12 science education issued by the Ministry of Educa-
tion of Taiwan (2018a). These include the implementation of a literacy-oriented
curriculum and the development of learning goals that integrate the STEM subjects
into the science and technology curriculum so that students can practice the
creative processes of conceptualization and resolution of scientific and technological
problems in daily life.

Moreover, in STEM fields, women are generally underrepresented globally
(Ceci&Williams, 2007; Freeman et al., 2019), including Taiwan (Ministry of Educa-
tion of Taiwan, 2019). Therefore, this study aimed to design an innovative female-
friendly STEM curriculum that emphasizes interdisciplinary teaching not only to
integrate different disciplines and to cultivate inquiry and problem-solving abilities,
but also to enhance male and female abilities and interest in learning about STEM
subjects. The curriculum designed in this study can be used as a demonstrationmodel
and guideline for teachers designing their own STEM courses, thereby facilitating
better implementation and promotion of STEM education.

STEM Education

In many countries around the world, the proportion of higher education students
who pursue education in engineering and science is limited; this has resulted in a
workforce shortage (De Vries, 2018; Han et al., 2015; Raju & Clayson, 2010). For
this reason, education scholars from various countries have dedicated themselves to
promoting the implementation of STEM curricula in primary and secondary schools
to improve students’ interest in pursuing STEM-related careers.

Students in Taiwan are more inclined to engage with STEM-related industries
than students in other countries. According to statistics published by the Ministry of
Education of Taiwan in 2018, Taiwan had the highest proportion of students enrolled
in science- and technology-related departments in universities at 40.9% (Ministry of
Education of Taiwan, 2018b, see Table 7.1). Consequently, there is no shortage of
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Table 7.1 The ratio of university student enrolment by discipline (Ministry of Education of Taiwan,
2018b)

Academic year Total Humanities (%) Social studies (%) Science and
technology

(%)

2008 1,006,102 166,953 16.6 380,479 37.8 458,670 45.6

2009 1,010,952 171,656 17.0 384,707 38.1 454,589 45.0

2010 1,021,636 176,439 17.3 393,310 38.5 451,887 44.2

2011 1,032,985 183,051 17.7 403,079 39.0 446,855 43.3

2012 1,038,041 187,950 18.1 412,806 39.8 437,285 42.1

2013 1,035,534 192,151 18.6 416,629 40.2 426,754 41.2

2014 1,037,062 195,292 18.8 421,439 40.6 420,331 40.5

2015 1,035,218 197,237 19.1 423,450 40.9 414,531 40.0

2016 1,015,398 195,602 19.3 414,604 40.8 405,192 39.9

2017 985,927 198,532 20.1 389,494 39.5 397,901 40.4

2018 961,905 194,857 20.3 373,716 38.9 393,332 40.9

science and technology talent in Taiwan. However, we are concerned with improving
the quality of this talent in order to promote competition in the technology industry.
Hence, there is a need for STEMeducation in Taiwan that fosters school studentswho
are more capable of innovative, problem-solving, and interdisciplinary thinking, and
to enhance the core literacy (systematic thinking and problem solving) promoted
by the Ministry of Education of Taiwan in the current education standards for all
citizens.

Integrated STEM education often involves teaching science and mathematics
subject content through problems related to technology and engineering, thereby
facilitating better connections between these different subjects, as well as a more
interactive learning process for students (Honey et al., 2014). In other words, inte-
grated STEM education is an interdisciplinary teaching approach. However, inte-
grating multiple subjects into teaching in a meaningful way poses a significant chal-
lenge, given that the content and teaching methods of the four contributing subject
areas are not always entirely correlated (Bell, 2016; de Vries, 2018; Kertil & Gurel,
2016;Margot &Kettler, 2019; Radloff &Guzey, 2016). In order to address this issue,
we designed a teaching method based on the 6E (Engage, Explore, Explain, Engi-
neer, Enrich, Evaluate) teaching model proposed by the International Technology
and Engineering Educators Association (Burke, 2014), with the goal of better inte-
grating the different STEM subjects and the practice of scientific and technological
inquiry. In our STEM curriculum, we integrated knowledge of scientific models
into students’ engineering processes and utilized mathematics to collect and analyse
data. This supported students into explicitly drawing on scientific and mathematical
knowledge and reasoning to better resolve a technological and engineering problem.
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STEM Education and Girls

In STEM occupations and departments, males outnumber females, especially in
European andAmerican countries (Stephenson et al., 2021). In the hope of addressing
this gender inequality, there have been many studies exploring women’s interest,
confidence, and career choices in STEM fields in recent years (Blackburn, 2017).
According to the Department of Statistics of the Ministry of Education of Taiwan,
75%of university studentswhograduated fromSTEM-related departments inTaiwan
in 2019 were male (Ministry of Education of Taiwan, 2019), demonstrating that the
gender gap also needs to be addressed in Taiwan. Understanding how women think
and feel about STEM fields and the potential causes of gender inequality will enable
researchers to design a female-friendly curriculum that will encourage both men and
women to actively participate. In other words, understanding female perspectives
can inform the design of interventions to enhance female interest and confidence
in STEM fields, thereby alleviating gender inequality in STEM fields in Taiwan.
Furthermore, increasing the proportion of women in STEM industries is expected
to create emerging and innovative industrial ecosystems through women’s ability to
think creatively and critically (Gurski & Hammrich, 2017).

First, this paper discusses examples of STEM courses designed to enhance female
attitudes towards STEM in Taiwan. Lou and colleagues (2011) implemented a solar
energy vehicle-themed STEM course with the goal of participating in the competi-
tion of a solar energy vehicle with optimal speed and stability. This course included
40 students in a girls’ senior high school, and interviews were conducted after-
ward to ascertain students’ attitudes towards and thoughts on STEM. The students
generally responded that the STEM course made them realize the importance of
STEM-related knowledge and the fun and practicality of applying it to solve prob-
lems. The course also assisted students in exploring future career opportunities and
establishing positive attitudes towards STEM learning.

It can be argued on the basis of these research findings that the STEM course posi-
tively affected female students’ attitudes towards STEM. Nevertheless, in that study,
all the research subjectswere female,meaning that the difference in attitudes between
the two genders before and after the STEM course could not be determined. There-
fore, in our study, we developed a female-friendly STEM curriculum for students of
both genders. A student attitude survey about STEM and the learning environment
was conducted before and after the curriculum in order to explore differences in
attitudes between the two genders and whether the STEM course was effective in
terms of reducing differences between genders.

Other research has investigated reasons why female learning attitudes and career
choices towards STEMdiffer from those of males. According to studies in the United
States (Lindberg et al., 2010; Robinson & Lubienski, 2011), there is no significant
difference between boys’ and girls’ performance in terms of spatial intelligence.
However, men’s performance gradually outpaces women’s after formal education
in elementary and secondary school, and this gender difference becomes more
pronounced as their educational attainment increases. Wai et al. (2012) also revealed
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that male students generally perform better than their female counterparts in mathe-
matics and science subjects in elementary school. However, if we look at the perfor-
mance of each gender in science and the liberal arts, rather than comparing the
academic ability of males and females, female performance in science is as good
as liberal arts, and their performance in science is not significantly different from
their performance in the liberal arts; males, however, perform better in the sciences
than in the liberal arts (Wang et al., 2013). Valla and Ceci (2014) attribute the lower
proportion of women in STEM careers to the fact that women excel in a wide range
of disciplines and therefore invest more time in different fields than domen, who tend
to excel in the sciences, resulting in men who focus on the sciences outperforming
women in terms of bothmathematical and science ability and representation in STEM
careers.

On the other hand, research has pointed out that female confidence inmathematics
and science is generally lower than that of males at the beginning of the school
year, not because of poor academic performance but because females often attribute
setbacks in STEM fields to an innate lack of ability rather than to a lack of effort
(Chen & Moons, 2015; Ellis et al., 2016; LaCosse et al., 2016). This attribution
affects girls’ tendency to avoid difficulties when faced with problems in related fields
(Dweck, 2007). However, the underlying gender bias that causes females to think
this way is related to society’s perception that females are generally better at liberal
arts than at science. Therefore, it is considered common for females to underperform
in the sciences (Jackson et al., 2014).

In terms of career choices, women are generally more inclined towards and inter-
ested in careers related to “people” and are therefore less willing to enter STEM
fields than are men, who are generally more interested in “things” (Su et al., 2009).
Moreover, when choosing their profession, women will often consider whether they
can contribute to society and help others; that is, women generally prefer altruism to
the pursuit of utilitarianism (Diekman et al., 2015, 2017). As for the choice of work
environment, women are generally more likely to choose a workplace in which they
can work with others, and are generally more likely to choose a career in which they
feel a greater sense of belonging. Thus, women are more likely to choose careers
such as teaching and nursing rather than STEM-related careers, which are considered
less interactive (Su & Rounds, 2015). A lower sense of belonging and the unfriendly
environment can apply to STEM-related classrooms andworkplaces: the term “chilly
climate,” coined by Seaton (2011), refers to the fact that women in STEM-related
careers and classes must face gender discrimination, prejudice, and differential treat-
ment. In other words, womenmay not be treated equally or fairly in this environment,
which can be a critical reason for women’s reluctance to enter STEM fields.

Finally, gender stereotypes and sexism are among the most significant factors
influencing women’s choice to enter STEM fields or careers (Moss-Racusin et al.,
2015; Ryan, 2014). Although gender discrimination is generally less prevalent than
in the past, it is still strongly in evidence, especially in STEM-related fields, where
women are exclusively the victims (Jackson et al., 2014). As mentioned above,
women tend to attribute their failure or poor performance in science to a lack of ability
rather than to a lack of effort. This attribution stems from the common perception in
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society that when men do not perform well in STEM subjects, they do not try hard
enough, whereas it is common for women not to do well in the same subjects (Tiede-
mann, 2000). Moreover, women who are adept at science are more likely to defy
public expectations, which makes women more reluctant to choose STEM-related
disciplines and industries because of their fear of going against social expectations
(Cheryan et al., 2017; Jones et al., 2013).

Given the various findings presented above, increasing the proportion of women
in STEM fields is a significant challenge. Fortunately, many studies have found that
science courses with more open-ended discussion in high school can increase girls’
willingness to choose STEM fields (Morgan et al., 2013; Redmond-Sanogo et al.,
2016). Therefore, it is expected that the proportion of women in STEM fields will
increase if the relevant STEM courses can be designed to attract greater female
participation.

Dancstep and Sindorf (2018) compiled and identified four pedagogical strategies
to develop female-friendly courses through reviewing prior research: enabling social
interaction and collaboration, creating a low-pressure setting, providing meaningful
connections, and representing females and their interests.

First, enabling social interaction and collaboration recognizes that women gener-
ally prefer to cooperate with others to accomplish goals or interact with others during
course activities. Conversely, women generally exhibit negative emotions if course
activities are competitive. Second, creating a low-pressure setting requires that the
course difficulty is moderate. Making the course too difficult will lead to science
anxiety and render students less interested and less confident. Setting the course diffi-
culty to moderate, and using open-ended questions and topics will help to reduce
the pressure girls feel in the classroom. Third, providing meaningful connections
involves ensuring that the topics and products explored in the course are meaningful;
that is, course content should relate to solving social problems, improving quality
of life, or solving environmental issues. These types of meaningful connections can
encourage girls to become more engaged with and interested in the course. Lastly,
with regard to girls and their interests, females are generally more interested than
males in aesthetics and creativity. Thus, if the course includes these elements, the
interest of girls may also increase.

The four strategies for girl-friendly courses align with the findings presented
earlier that identified barriers and opportunities for engaging girls in STEM educa-
tion and future STEM careers. That the course should be cooperative rather than
competitive aligns with findings that women generally tend to choose careers that
involve getting along with others and working together. That the course should be
conducted in a low-stress environment reflects the fact that when girls face science-
related setbacks, they often blame their ability rather than a lack of effort, resulting
in their unwillingness to accept challenges and setbacks and in their giving up. Thus,
setting the appropriate level of difficulty can help increase girls’ interest in STEM
programmes. The subject of the course should also benefit society and reflect the
altruism of women, who tend to prioritize helping others when choosing their career.
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Although boys generally out-perform girls in mathematics and science, girls’
critical thinking, teamwork, and problem-solving abilities are better than those of
boys (Gurski & Hammrich, 2017). Developing STEM courses for women that suit
their interests is important to increase their willingness to engage in related fields (Su
et al., 2009; Wang et al., 2015) and to balance the gender gap in STEM fields. This
will enable Taiwan to leverage different kinds of expertise to solve social problems,
as well as creative ideas to develop innovative industries.

The Context of This Study

The STEM curriculum in this study was designed on the basis of the characteris-
tics of female-friendly curriculum design introduced above. First, the focus of the
curriculum was the creation of the innovative flat speakers. The goal was to improve
traditional stereo speakers, which are bulky and take up much space. The innovative
flat speakers would be able to be integrated with artwork, such as oil paintings, and
with everyday items such as pillows, helmets, and car surround-sound systems. This
project would ensure that the curriculum helps solve problems, improves people’s
quality of life, and involves artistic elements, in which girls are generally interested,
thus increasing their engagement.

Second, this STEM curriculum requires students to work collaboratively in
groups. Individuals would discuss their own flat speaker designs with their team
members, observe the advantages of each other’s designs, and collaborate on the
final design of the flat speaker. The team would then work together to produce the
speaker, discuss its limitations, and consider methods to improve it. Students would
discover that they needed mutual assistance and collaboration to complete the course
activity; this is in line with the characteristics of course activities that girls tend to
prefer, that is, involving interaction with others rather than competition.

Third, assessment of students’ learning progress involves an open-ended engi-
neering structure drawing. The assessment requires students to design and draw a
series of structures of a flat speaker that can emit the maximum volume. Students
are required to identify the required components, describe the scientific principles of
how the components work, and explain why their flat speaker can emit the loudest
sound. In order to verify whether their structural drawings meet the desired outcome,
students discuss their designs with their peers, analyse the drawings using scientific
knowledge, actually make the speaker, and then further revise it on the basis of their
findings. In other words, the activity is arranged in such a way that students evaluate
their structural drawings andmakemodifications rather than simply have their output
judged as right or wrong. This was intended to reduce the pressure felt by girls to be
‘successful’ in the learning environment.
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Fourth, the enrichment stage of this course involved applying what is learned
in the classroom to designing a holiday card with a flat speaker that can emit the
maximum volume, allowing students to reflect on and apply what they have learned
and to add creative and artistic elements in the creation of holiday cards. The activity
combined applicability, aesthetic creativity, and open-ended assessment to reduce
pressure in the learning environment and therefore to appeal to girls, increase their
engagement, and potentially increase their long-term interest in STEM fields.

Accordingly, this study describes a STEM curriculum designed to integrate inter-
disciplinary knowledge with consideration of female-friendly topics and teaching
strategies in order to enhance bothmale and female students’ engineering design abil-
ities and their learning attitudes. The purpose of the study was to investigate whether
this experimental STEM curriculum could enhance male and female students’ engi-
neering design abilities and their attitudes towards science, technology, engineering,
and the learning environment.

Methodology

This study was aimed at exploring the effects of a STEM curriculum on the engi-
neering design and affective attitudes of male and female students. The curriculum
was designed on the basis of the 6E framework. During the curriculum, we conducted
a series of assessments to evaluate students’ progress in their ability to design engi-
neering products. We also assessed their attitudes before and after the curriculum to
shed light on changes in their perceptions of the STEM field and STEM courses.

Participants

The research participants were grade 10 students from seven high schools in central
Taiwan. A total of 54 students, including 30males and 24 females, participated in the
study.Theparticipantswere recruited to the course throughvoluntary sign-ups,which
they were informed about through an announcement from their schools. This STEM
curriculum was run outside of school hours, and the students were all in one class
despite attending different schools. Therefore, the participants showed considerable
interest in physics, and all studied topics that included electromagnetism and the
relationship between electricity and magnetism in middle school.

Learning Activities

The study monitored whether the participants demonstrated improvements in their
abilities in engineering design through learning activities in a STEM curriculum.We
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chose the design of a new and emerging technology—flat speakers—as the focus for
the course, and the project involved the application of electromagnetism. The course
was designed using the 6E model proposed by Burke (2014). During the 3-hour
course (Activities 1~3 took 1 hour; Activities 4~5 took 1 hour; Activities 6~7 took
1 hour), the participants studied physics concepts, designed andmodified flat speaker
model designs, and built actual models after observing stereo speakers, designing
prototypes, conducting laboratory experiments, and discussing their ideas.

Relevant learning was included for each of the underpinning STEM domains. For
science, we included theories related to the generation of sound, the form of sound
transmitted through conducting wires, and models of electromagnetic induction. For
technology, we covered the construction of a flat speaker that features maximized
volume and application in daily life, such as pillows, paintings, or cards. For engi-
neering, we delved into creating structure diagrams, constructing flat speakers, and
modifying and improving the products. The difference between engineering and
technology was that engineering emphasized the process of design, construction,
and modification of the products, while technology focused on the products and
applications. For mathematics, topics such as measuring decibels and transforming
data into graphs were covered. The activities in each phase of the 6E curriculum are
listed in Table 7.2. In activities 1, 2, 3, and 7, students drew and recorded their flat
speaker structure diagrams individually. However, in activities 4 and 6, students were
asked to discuss their ideas with their group members and to create a flat speaker,
and then further examined the factors affecting speaker volume in their own groups.

Instruments

Evaluating the impact of the course was divided into two stages: the assessment of
the students’ engineering design, and the administration of a questionnaire regarding
the students’ attitudes towards STEM.

Assessment of Students’ Engineering Designs. To keep track of the students’
learning progress during the engineering design, they were asked to record their
structural drawings of volume-maximized flat speakers in their learning journals in
four activities: brainstorming on the structure of flat speakers (activity 1), disassem-
bling a real stereo speaker (activity 2), explaining the magnetic effect of an electric
current (activity 3), and designing a holiday card with flat speakers playing sound at
maximum volume (activity 7). Analysis of these drawings enabled the researchers
to investigate changes in the students’ design skills as they progressed through the
course.

SurveyofStudents’Attitudes towardsSTEMand theLearningEnvironment.
The students completed an attitudinal survey before and after the STEM course to
investigate any changes in their attitudes with regard to technology, engineering,
science, and the STEM learning environment. Since the mathematics part in this
STEM course only included drawing graphs of functions, the dimension of mathe-
matics was not included in the attitude survey. Accordingly, survey questions were
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selected to serve this aim. The 19-question survey, which was adapted from Han and
Carpenter (2014) andUnfried et al. (2015), required the participants to rate items on a
5-point Likert scale (strongly agree, agree, neutral, disagree, and strongly disagree).
Each item included a description of a particular attitude, and each participant was
instructed to select only one response informed by their own situation. The relia-
bility of each scale ranged from 0.71 to 0.90. Example attitudinal survey items for
the engineering dimension are given in Table 7.3.

Table 7.2 Flat speaker design using the 6E teaching model

Teaching activities 6E Model stages Tasks

Activity 1: Brainstorming about the
structure of the flat speaker

Engage 1. A video about innovative
technologies involving flat speakers
was played to arouse the students’
learning motivation
2. Students independently pondered
how to create a flat speaker that can
produce maximum volume and then
visualized and recorded their ideas
via structure diagrams

Activity 2: Disassembling a real
stereo speaker

Explore 1. The students were asked to
reverse engineer real stereo speakers
and observe their internal structure
2. Once again, the students were
instructed to think about how to
create a flat speaker that could
produce the maximum volume, and
to visualize their ideas in the form
of structural drawings

Activity 3: Explaining the magnetic
effect of an electric current

Explain 1. The teacher explained the
principle of sound generation from
vibration, the magnetic effect of an
electric current, and the application
of these principles to the design of a
stereo speaker
2. Students thought about how to
create a flat speaker that could
produce the maximum volume and
visualized their ideas in the form of
structure diagrams on the basis of
what they had learned about stereo
speakers

(continued)
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Table 7.2 (continued)

Teaching activities 6E Model stages Tasks

Activity 4: Creating a flat speaker Engineer
and
evaluate

1. Group members shared their
individual flat speaker designs and
discussed how to construct their
speakers on the grounds of the
engineering model of a speaker and
scientific models of sound and
electromagnetic force
2. Limited materials were provided
to enable the teams to construct flat
speakers on their own
3. Group members examined
whether the finished products could
operate successfully and evaluated
the volume of their flat speakers
4. Each group presented the
difficulties and findings that arose
during the flat speaker production in
front of the entire class, with
reflections on the engineering model
of a speaker and scientific models
underpinning the operation of a
speaker

Activity 5: Explaining the factors
that affect speaker volume

Explain 1. The teacher led the class in a
discussion of the factors and
principles that relate to speaker
volume, with the scientific model of
electromagnetic force as a reference

Activity 6: Discussing and testing
the factors affecting speaker volume
through experimentation

Engineer
and
evaluate

1. Each group discussed how they
could improve the volume of the flat
speakers they had developed in
Activity 4 by examining the factors
that affect the strength of an
electromagnet, with the scientific
model of electromagnetic force as a
reference
2. During the group discussion,
group members designed an
experiment using several flat
speakers with different designs to
explore the relationship between the
modified variables and volume
3. The entire class investigated the
differences in speaker volume using
various variables and compared
their findings with predictions they
had made based on the scientific
model of electromagnetic force

(continued)
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Table 7.2 (continued)

Teaching activities 6E Model stages Tasks

Activity 7: Designing a holiday card
with flat speakers playing sound at
maximum volume

Enrich and evaluate 1. The students were asked to use
what they had learned in the course,
along with their creative ideas, to
design a flat speaker holiday card
that could emit maximum volume
2. During the design process, the
students were asked to evaluate
whether their design products could
operate successfully at maximum
volume in accordance with what
they had learned about the
engineering model of a speaker and
the scientific models relating to how
a speaker works

Table 7.3 Attitudinal survey for the engineering dimension

Thanks to engineering, there will be greater opportunities for future generations

I like to imagine creating new products

If I learn engineering, then I can improve things that people use every day

I am interested in what makes machines work

Knowing how to use math and science together will allow me to invent useful things

Data Analysis

Assessment of Students’ Engineering Designs. The students’ engineering designs
were classified into four levels (low to high) on the basis of the structure diagrams
that they drew in their learning journals (Table 7.4).

Table 7.4 Classification of students’ engineering designs into four levels

Level Description

Level 1 The design does not reflect the major sound-producing components of the speaker and
includes only unrelated components or duplicates the appearance of the original

Level 2 The design is informed by the correct selection of components and includes an
appropriate description of the sound-producing structure and relative placements

Level 3 The design reflects and illustrates the principles and mechanisms related to how
components interact with one another and comprises appropriate explanations

Level 4 The design not only features the components required and their mechanisms but also
reflects how components in their diagrams can maximize speaker volume. These
enhanced components proposed by students may include the number or position of the
magnets or the shape or diameter of the coil
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(Five magnets)

(Connected to the wire in the back)

(Sweet potato shape)

(Picture frame)

Fig. 7.1 An example of a level 4 flat speaker design

A Level 4 example of an engineering design from one of the students is shown in
Fig. 7.1. In this design, the student indicated the main components and mechanisms
and reflected on how the components can make the speaker as loud as possible.
The coil and five magnets are the main components of the speaker. The principle
underlying the design of the coil is that, through the audio source, the coil will
produce a magnetic effect of an electric current. The reason for making the speaker
as loud as possible is that the circular coils comprise many loops and the inner loop
is close to the magnet. The design of the five magnets is based on the principle that
magnets will enable the current-carrying coils to vibrate and produce sound waves.
The student’s experiments show that the speaker will produce the maximum sound
with five magnets.

Due to the ordinal scale of the assessment and the small sample size, we performed
Mann–Whitney U tests on the four activity stages to compare the levels achieved
by the students and to examine how the males and females differed in terms of
engineering design abilities before, during, and after the STEMclass.We then carried
out Wilcoxon signed-rank tests to compare the progression of the male and female
students’ engineering designs at different stages of the course, and to explore whether
the different activities impacted male and female students’ design development in a
similar or different manner.

Evaluation of Student Attitudes. To investigate changes in the male and female
students’ attitudes towards technology, engineering, and science as well as classroom
performance, we analysed the responses to the attitudinal surveys using Wilcoxon
signed-rank tests for the pre- and post-course surveys. We also conducted Mann–
Whitney U tests on the students’ attitudes in the pre- and post-course surveys to
identify whether there were gender disparities.
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Results

Gender Gap in Engineering Design

As can be seen from Table 7.5, there were no significant differences between male
and female students’ performance in engineering design in each stage of the STEM
curriculum, and their performance gradually but significantly improved throughout
the different stages of the course. Thus, through the systematic guidance of the STEM
curriculum, students’ abilities to develop, evaluate, and revise their engineering
designs improved, regardless of gender.

Through this curriculum,male students’ abilities in engineering design progressed
from the lower mean score of 1.36 to the higher mean score of 3.61, and female
students’ abilities in engineering design progressed from the lower mean score of
1.27 to the higher mean score of 3.64 (Table 7.5).Wilcoxon signed-rank tests showed
significant improvement in bothmale students’ abilities (z =−4.50, p < 0.001) with a
large effect size (r = 0.60) and female students’ abilities (z =−4.20, p < 0.001) with
a large effect size (r = 0.63) in engineering design between activity 1 and activity 7.

In Table 7.5, the Mann–Whitney U tests indicated that there was no significant
difference in the engineering design performance of the two genders in each activity.
The continuous increase in themean scores of male and female students’ engineering
design from Activity 1 to Activity 7 revealed that the engineering design abilities of
both genders gradually and continuously improved through the course.

To examinewhethermale and female students’ performance in engineering design
progressed differently across the different activities, aWilcoxon signed-rank test was
conducted between different activities (Table 7.6).

According to Table 7.6, Activities 1 to 2 had an impact for both genders (z for
males = −3.70, p < 0.01, r = 0.49; z for females = −4.14, p < 0.01, r = 0.62)
with a medium and a large effect size respectively, but Activities 2 to 3 and 3 to 7
had an impact only for males. Therefore, Activity 2 is the most impactful activity
among all activities, additional impacts being cumulative throughout the course. The

Table 7.5 Mann–whitney U Tests for the differences between male and female performance of
engineering design in different activities

Variable Groups N M SD U z p r

Activity 1 Male 28 1.36 0.87 299.00 −0.252 0.801 0.04

Female 22 1.27 0.55

Activity 2 Male 28 2.71 0.98 254.00 −1.113 0.266 0.16

Female 22 3.00 0.76

Activity 3 Male 28 3.21 0.79 307.00 −0.021 0.983 0.00

Female 22 3.23 0.75

Activity 7 Male 28 3.61 0.74 301.50 −0.170 0.865 0.02

Female 22 3.64 0.73
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Table 7.6 Wilcoxon signed-rank tests of themale and female students’ performance of engineering
design in different activities

Stages between the activities Gender N M z p r

Activity 1 to Activity 2 Male 28 1.36 −3.70*** 0 0.49

Female 22 1.73 −4.14*** 0 0.62

Activity 2 to Activity 3 Male 28 0.5 −2.25* 0.025 0.3

Female 22 0.23 −1.18 0.236 0.18

Activity 3 to Activity 7 Male 28 0.39 −2.31* 0.021 0.31

Female 22 0.41 −1.83 0.067 0.27

Activity 1 to Activity 7 Male 28 2.25 −4.50*** 0 0.6

Female 22 2.36 −4.20*** 0 0.63

Note * p < 0.05; ** p < 0.01; *** p < 0.001

assessment inActivity 2 asked students to revise their original design drawing of a flat
speaker after they had disassembled the actual speakers. The assessment in Activity
3 required students to revise their drawing of a flat speaker after they had discussed
and clarified the scientific principles underlying the workings of a stereo speaker.
Next, in Activities 4 to 6, students constructed their flat speakers and discussed the
factors related to speaker volume based on the scientific model of electromagnetic
force. Then, they selected and tested the factors that might affect the speaker volume.
The assessment in Activity 7 required students to reflect on and employ what they
had learned about the engineering model of a speaker and the scientific principles
of the workings of a speaker and, taking the model of electromagnetic force as their
reference, to create a flat speaker holiday card that could emit the maximum volume.

Hence, Activity 2 (disassembling a real stereo speaker) enabled male students’
engineering design to progress from average level 1.36–2.71 and female students’
engineering design to progress from average level 1.27–3.00, as shown in Table 7.5.
Both female and male students’ engineering designs made significant progress from
around Level 1 to around Level 3. It appears that Activity 2 (disassembling a real
stereo speaker) not only enabled students to start considering the essential sound-
producing components of the flat speaker but also encouraged them to start associ-
ating their design with relevant scientific models through observation and analysis
of the structure of the stereo speaker.

Gender Gaps in Attitude Towards STEM and STEM Learning
Environments

In this study, a Wilcoxon signed-rank test was conducted on four major dimensions
for meanmale and female responses to the attitudinal survey. The results for the male
students are shown in Table 7.7, and the results for the female students are shown in
Table 7.8.
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Table 7.7 Mean scores and wilcoxon signed-rank tests for male students’ responses to the
attitudinal survey before and after the course

Variable Pre-test Post-test z p r

M SD M SD

Technology 4.34 0.51 4.54 0.46 −3.16** 0.002 0.42

Engineering 4.28 0.54 4.58 0.51 −3.91*** 0.000 0.52

Science 4.14 0.54 4.50 0.49 −4.12*** 0.000 0.55

Classroom environment 3.99 0.78 4.54 0.66 −3.35** 0.001 0.45

Note ** p < 0.01; *** p < 0.001

Table 7.8 Mean scores and wilcoxon signed-rank tests for female students’ responses to the
attitudinal survey before and after the course

Variable Pre-test Post-test z p r

M SD M SD

Technology 4.05 0.42 4.42 0.40 −4.02*** 0.000 0.61

Engineering 4.35 0.40 4.66 0.40 −3.38** 0.001 0.51

Science 4.05 0.39 4.38 0.52 −2.98** 0.003 0.45

Classroom environment 4.07 0.65 4.77 0.44 −3.41** 0.001 0.51

Note ** p < 0.01; *** p < 0.001

Tables 7.7 and 7.8 show that the results indicated that the post-course scores of
the four major dimensions are significantly higher than the pre-course scores for
both genders with the effect sizes between the medium and large ranges. The results
therefore indicate that participating in the STEM curriculum developed by this study
increased the positive attitudes of both male and female students towards STEM
and STEM learning. Although one of the objectives of the course was to develop
a female-friendly course, the attitude for male students also improved significantly
over the course.

Moreover, this study analysed the responses to the attitudinal surveys before (Table
7.9) and after (Table 7.10) the course for both genders, and conducted a Mann–
Whitney U Test for the four major dimensions to compare the differences in male
and female students’ attitudes towards each dimension.

In the attitudinal survey before the STEM course, male students only had a signif-
icantly more positive attitude than female students in relation to the technology
dimension (see Table 7.9, z = −2.31, p < 0.05, r = 0.33) with a medium effect
size. However, there were no statistically significant differences between males and
females after the course (Table 7.10, z =−1.32 p > 0.05). Tables 7.7 and 7.8 suggest
that the STEM course improved the positive attitudes for male and female students
(male students’ technology dimension in Table 7.7, z = −3.16, p < 0.01; female
students’ technology dimension in Table 7.8, z = −4.02, p < 0.001). Therefore, the
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Table 7.9 Mann–whitney U test analysis of the attitudinal survey for the male and female groups
before participating in the STEM curriculum

Variable Groups M SD U z p r

Technology Male 4.34 0.51 311.50 −2.31* 0.021 0.33

Female 4.05 0.42

Engineering Male 4.28 0.54 449.50 −0.323 0.742 0.05

Female 4.35 0.40

Science Male 4.14 0.54 423.50 −0.70 0.482 0.09

Female 4.05 0.39

Classroom performance Male 3.99 0.78 336.50 −0.15 0.878 0.02

Female 4.07 0.65

Note * p < 0.05

Table 7.10 Mann–whitney U test analysis of the attitudinal survey for the male and female groups
after participating in the STEM curriculum

Variable Groups M SD U z p r

Technology Male 4.54 0.46 381.00 −1.32 0.186 0.19

Female 4.42 0.40

Engineering Male 4.58 0.51 451.50 −0.31 0.757 0.04

Female 4.66 0.40

Science Male 4.50 0.49 401.50 −1.03 0.305 0.15

Female 4.38 0.52

Classroom performance Male 4.54 0.66 266.50 −1.55 0.120 0.21

Female 4.77 0.44

STEM course not only significantly increased the positive attitudes of both genders
in the technology dimension, it also reduced the attitude gap between the two genders
seen before the course in the technology dimension.

Discussion

This experimental STEM curriculum emphasizes the teaching methods of continu-
ously guiding students to consider the engineering models of a stereo speaker and
the scientific models of sound and electromagnetic force to develop, evaluate, and
revise their designs of an innovative flat speaker. This teaching strategy was found to
significantly help enhance the engineering designs of both male and female students.
The learning process included thinking about the structure of a flat speaker from
the students’ own experience, disassembling an existing stereo speaker, and using
scientific principles first to design a flat speaker and then to revise and depict the
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design of the speaker on a holiday card. There was no significant difference between
the two genders in terms of the quality of the engineering designs.

However, in terms of the improvement in engineering design ability, female
students did not improvewhereas theirmale counterparts did, between activities 3 and
7. In these activities, students were encouraged to integrate scientific models in their
engineering designs. A possible explanation is that the female students may have
already incorporated the scientific principles in their original engineering design,
once they had done the reverse engineering of the product. For example, a study by
Lou et al. (2011) observed that females have an advantage of integrating engineering
and science. Hence, females’ abilities in this area are worthy of future research in
relation to designing and implementing STEM curricula.

In addition, the study investigated gender differences in attitudes towards STEM.
In the attitudinal survey before the course, male students’ attitudes in technology
were significantly more positive than those of female students. There was no signif-
icant difference between the two genders in the science, engineering, and learning
environment dimensions. This is consistent with the results of a previous study by
American scholars on differences in attitudes of the two genders towards STEM
subjects (Chen & Moons, 2015; LaCosse et al., 2016). However, after they partici-
pated in the STEM course described in this chapter, the attitudes of male and female
students had no significant difference in any of these four dimensions. Additionally,
the attitudes of both genders were significantly more positive in all four dimensions.
Taken together, the STEM curriculum appeared to effectively reduce the gender gap
in female and male attitudes towards technology.

Although many previous studies have investigated the differences in attitudes
betweenmales and females in relation toSTEM, andhave suggested design directions
for female-friendly courses (e.g., Dancstep & Sindorf, 2018), few have proposed
complete STEM courses and detailed activities that demonstrably address the gap
in attitudes between genders. This study proposed detailed STEM course content
and teaching methods that reduced the gender gap in relation to students’ attitudes
towards technology, namely, a gender-friendly STEM course.

In the past, the content of ‘female-friendly courses’ centred on the activities of
women’s daily lives, such as kitchen science, hoping to attract female participation.
In contrast, the theme of this STEM curriculum was flat speakers, which empha-
sized the practical application of emerging technologies. This theme was not chosen
based on gender stereotypes. However, the course design drew on Dancstep and
Sindorf’s (2018) strategies for female-friendly courses: (1) enable social interaction
and collaboration, (2) create a low-pressure setting, (3) provide a meaningful appli-
cation to solve daily life issues or improve life quality, and (4) include aesthetic and
creative elements. Our course demonstrated a successful application of these strate-
gies in the creation of a STEM course. The resulting course successfully enhanced
not only male but also female students’ attitudes and engineering design ability.

In summary, this research showed that the design and implementation of a STEM
curriculum with gender-friendly and integrated cross-disciplinary learning not only
enhanced both male and female students’ engineering designs and attitude towards
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STEM but also reduced the gender gap between male and female students’ STEM
learning.
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Chapter 8
Online Experiments for STEM
Education in Hong Kong and Mainland
China: Pilot Implementation
and Evaluation of a Feasible Approach
in Secondary Schools

Yau Yuen Yeung , Parbat Dhungana , and Siew Wei Tho

Abstract In many disciplines of STEM education, online experiments (OEs),
commonly called remote-controlled experiments, become an emerging practice in
technology-enhanced learning because of their manymerits perceived in educational
research. We recently formulated an innovative, low-cost, and open-source approach
to developing new OEs rapidly. It won a gold medal and a special prize in an inter-
national innovation and invention competition in 2018. Using this new approach,
teachers and students can easily access OEs with a lightweight web browser using
anyhardware and anyoperating systemwithout installing additional software or apps.
They can observe and/or control the experiments and collect authentic data (over a
very short or long time) for further analysis by plotting graphs and/or conducting
calculations to obtain important results. Somewell-accepted instructional approaches
or pedagogies have been integrated into online science/STEM experiments, which
can also be aligned with school-based curricula to provide self-contained course-
ware for students’ online self-regulated learning. In this chapter, we will focus on
whether OEs could really and effectively provide the essential elements of experi-
mental learning to ‘school students’ as expected in traditional laboratory work. From
our pilot implementation in four Hong Kong (HK) and Mainland China (CHINA)
secondary schools with a total of 172 participants, we explored the OE experiences
of different experiments and cognitive performance among students from different
regions andgenders using the conventionalmixedmethods research anddesign-based
research. Students’ feedback and suggestions for improvement of the OEs were also
analysed together with some specific implications for science/STEM education.
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Introduction

A remote laboratory (also known as remote-controlled, remotely accessed, web-
based, or online experiment or laboratory) refers to a learning environment in which
students can control, observe, manipulate, and interact with physical experiments
from a distance (Abrahams & Reiss, 2012; Crippen et al., 2012; Di Paolo et al.,
2003; Tho & Yeung, 2016, 2018). Its main advantage is that it enables students to
conduct real-time and real-world experiments anywhere and at any time, extending
their laboratory practice beyond the school setting and hours (Scanlon et al., 2004).
Other advantages include cost savings and global access to laboratory facilities,
space, and technical support and management of resources as well as the elimination
of many safety issues for students (Grout, 2017; Lowe et al., 2013; Tho & Yeung,
2016, 2018).

Conducting a Google Scholar search for the phrases ‘remote labs’ and ‘remote
experiments’, Dintsios et al. (2018) found 2,890 and 3,200 results, respectively, for
the years between 2010 and 2018. The figures are nearly triple those for the previous
2 decades combined, showing the growing importance of this field and the rapid rise
in the number of research and development projects and publications. The reasons are
likely to be theworldwide popularity of the Internet, lower costs for the required facil-
ities, and easier and more diverse methods of system development for applications
in various subject disciplines. For example, National Instruments’ expensive propri-
etary software LabVIEW (Ertugrul, 2000) and related hardware have dominated the
development of remote laboratories for around three decades. However, in the last
decade, a number of open-source or alternative platforms have become available for
educational use, such as (i) VISIR (Virtual Instrument Systems inReality), developed
by the Blekinge Institute of Technology for experiments in electric circuits (Tawfik
et al., 2013); (ii) the OLAREX (Open Learning Approach with Remote Experi-
ments) project consortium, established to apply ICT-based learning materials and
methodologies together with remote laboratories in secondary schools (Dziabenko
et al., 2013); (iii) FARLABS (Freely Accessible Remote Labs) for school students to
control and interact with equipment located at three Australian universities (Hoxley
et al., 2014); and (iv) iLab,which supports Internet-accessible laboratories for sharing
among schools and universities (Harward et al., 2008). Many remote laboratories,
such as iLabs, WebLab-Deusto, NetLab, Remote Labs, LabShare, and UNILABS,
have also been developed by individual universities (Grout, 2017).

Currently, learning through experiments is a standalone learning strategy for
STEM subjects; not all schools may have the capacity to give their learners this
experience, and school students may not be able to perform experiments in person at
laboratories for various reasons, such as the school closures caused by the COVID-
19 pandemic (United Nations Educational, Scientific and Cultural Organization
[UNESCO], 2021). However, technology-enhanced learning processes via remote
laboratories can help to overcome these barriers (Tho &Yeung, 2016). Online exper-
iments (OEs) (the design will be elucidated later) do not replace physical laboratory
work but rather become an alternative way to conduct experiments, enabling students
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to experience real-time practical learning at their convenience (time and place) via the
Internet. Students are able to follow all the steps of experimental learning via OEs,
including initiating a real experiment, making peer observations, taking technical
readings, plotting graphs automatically, analysing the data, and drawing conclusions.
These process engagements and their responses before and after their participation
in OEs will provide reliable data to answer the basic educational research question:
How do students experience and evaluate the use of OEs in STEM/science learning?

Literature Review

Educational Research on Remote Laboratories

How popular are the educational use of remote laboratories and the relevant research
on their educational effectiveness and impacts? To answer this basic question, Lowe
et al. (2013) examined around 400 peer-reviewed publications on the educational
use of remote laboratories over the previous decade and found that a great majority
targeted students in tertiary education,many focused on engineering education (espe-
cially control and electrical engineering), and a fewwere on physics (including topics
on mechanics, optics, and electronics). Their literature review showed that 85%
of reviewed articles focused on the technical aspects (design and implementation)
of remote laboratories, while the remaining 15% dealt with the conceptualization
and evaluation aspects. Using several well-known papers in this field, we looked
at their citations on the Google Scholar site and retrieved 167 journals, confer-
ence proceedings, or doctoral thesis publications from the period 2013–2018 that
contained substantial components on educational research or the evaluation of remote
laboratories (rather than the pure design and development of experiments). Around
14%were related to the use of remote laboratories in schools (two articles on primary
education and 22 on secondary education), and many simply applied their original
undergraduate physics or electrical experiments for use in high schools with few or
no pedagogical modifications.

Comparing the learning effectiveness of remote laboratories and traditional hands-
on laboratories, Ma and Nickerson (2006) found that they were equivalent to the
examination of four relevant research papers involving 12–40 participants each. Their
review also suggested that a mixture of approaches (e.g. remote and hands-on labo-
ratories) might be superior to any single approach. Corter et al. (2011) reported a
large-scale and multi-year study (with 458 students) involving two experiments in
mechanics and found that a remote laboratorywas better for individual data collection
than group or individual hands-on experiments. Recently, Brinson (2015) carried out
a review of the empirical research on learning outcomes in non-traditional (virtual
and remote) versus traditional hands-on laboratories (2005–2015). He concluded
that, in most studies (89%), students in virtual or remote laboratories demonstrated
equal or higher achievement than those in hands-on laboratories across all categories
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of learning outcomes. However, most of the studies (95%) were related to content
knowledge only. Another large-scale study (with 471 students) on the educational
impact of a remote laboratory called VISIR was recently carried out by Viegas et al.
(2018) on some undergraduate engineering courses. They found that their remote
laboratory was more useful for basic courses than advanced ones, and that students
with more learning needs could benefit more from VISIR.

Research Gaps and Research Questions

From our recent (as summarized above) and past (Tho et al., 2017) literature
reviews, we identified the following major gaps in educational research into remote
laboratories:

(G1) Insufficient studies have been performed on school students as most have
targeted university students;

(G2) Few publications have evaluated learning effectiveness as most have focused
on the technical issues arising from the design and development of OEs;

(G3) Far fewer OEs and related evaluations have been devoted to biology and
chemistry than to physics or engineering subjects;

(G4) Most evaluations have been restricted to the assessment of students’ content
knowledge or cognitive understanding, with few findings on particular
students’ skills and attitudes.

To fill some of the above research gaps, this chapter sets out to provide answers
to the following research questions:

• What are students’ prior experiences of, current views on, and receptivity towards
OEs?

• What is their cognitive development as induced by OE activities?

The findings are part of a larger study which also looked into whether there are
significant differences between male and female students and between students from
Hong Kong and Mainland China in their views on and receptivity towards OEs,
and the likely reasons for those differences, if any. Due to the word limitation, the
complete set of findings will be presented in a journal paper.

Learning Materials and Research Methods

This research study adopted a mixed methods approach to gain broader perspec-
tives (Creswell, 2003; Johnson & Onwuegbuzie, 2004). The study followed diverse
approaches of nomothetic and ideographic tasks in a sequence (Morse, 1991). It used
two basic designs in its two distinct stages; the first stage adopted the design-based
research (DBR) framework (see e.g. Amiel & Reeves, 2008; Anderson & Shattuck,
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2012; Kong et al., 2009). The second stage followed a quasi-experimental design,
collecting responses through a survey as well as interviews (Campbell & Stanley,
1963) after students had conducted the (two) newly designed OEs.

Framework for Design and Learning Material Preparation

The design and set-up process for OEs followed the design-based research (DBR)
protocol for science education, as suggested by Tho and Yeung (2016), for designing
and developing the hardware, software, and courseware of the relevant OEs as well
as studying the context, identification, design, and development for school STEM
learning. This DBR framework embraces cycles of design, enactment, analysis, and
redesign (Collins, 1992; Collins et al., 2004; Tho & Yeung, 2016), and we iterated
several cycles of pilot trials for the collection of data to redesign and refine the
hardware, software, and courseware of the OEs. The experimental hardware and
courseware delivery server were located at the Education University of Hong Kong
(EdUHK). The present approach has unmatched advantages over other research
designs for science education to address the gap between research and praxis in
science education (Juuti&Lavonen, 2006). It was based on a newly formulated, inno-
vative, low-cost, and open-source approach to developing new OEs (see Fig. 8.1 for
the core ideas). It led the first author towin a goldmedal and a special prize in the 2018
International Invention Innovation Competition in Canada, confirming the STEM
nature of our DBR work. We labelled our laboratory ‘online’ rather than ‘remote’
to highlight the almost exclusive use of open-source internet (or web-based) tech-
nology in its development and delivery. In this new approach, teachers and students
can easily access OEs with a lightweight web browser using any hardware (personal
computer, notebook, tablet, or smartphone) and any operating system (Windows,
Linux, Unix, Android, iOS, etc.) without the need to install any additional software
or apps. Learners can observe and/or control the experiments, collecting authentic
data (over a very short or long time) for further analysis by plotting graphs and/or
conducting calculations to obtain important results. The study started with the iden-
tification of relevant OE topics and activities for secondary school students as found
in the national science curricula and trends of education reform (Curriculum Devel-
opment Council [CDC] & Hong Kong Examinations and Assessment Authority
[HKEAA], 2015, 2018; Lu & Liu, 2012; Ministry of Education [MOE], 2018a,
2018b;Wei, 2020). The crystallization and effect of light on the CO2 uptake of plants
were selected as relevant OEs for secondary students in both regionswho should have
some preconceptions of these topics from their early grades. The design of these OEs
was different from that of conventional experiments conducted in schools as repeating
the same experiments would not build a fresh experience of OEs. Controlling the
experiment, making observations, noticing changes over time, and discussing exper-
imental learning contributed to higher cognition, raising students’ understanding
of science to a new level (Havu-Nuutinen, 2005). The OE platform was installed
with these steps and concepts for the development of the hardware, software, and
courseware.
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For the delivery of theOEs for students’ learning, we constructed the experimental
set-up and placed it in a laboratory on the EdUHK campus (the left-most step in
Fig. 8.1). Students control these experiments with their own computing devices at
home/school (the right-most step in Fig. 8.1) using any browser with internet access.
Of course, only one learner is allowed to control one set of OEs at a particular time.
The information is mediated online (as indicated by the arrows in Fig. 8.1), whereas
actions are initiated by the Arduino platform and the corresponding sensor, forming
an ‘online experiment’. The Arduino platform consists of an Arduino Mega board,
a LAN shield, some relays, and an electrical power supply with a general-purpose
operating program for the following actions:

• taking measurements from sensors at specific time intervals
• controlling the relays for the power supply to the individual apparatus
• receiving and executing commands from the server
• returning and automatically uploading data to the server.

Different sensors can be incorporated into this platform for measuring specific
physical properties, like temperature, humidity, pH level, light intensity, electrical
current and voltage, concentration of gases, and so on. Besides, servo motors,
step motors, pumps, and switches could be installed in this system for control
purposes, such as powering on or off different coloured lights and electrical ovens,
raising/lowering test tubes, and so on.

An open-source Apache web server was installed to function as a secure agent
for the internal experimental set-up and Internet protocol (IP) camera and to relieve
the workload and memory/storage requirement for the Arduino board. The EdUHK
Intranet ensured maximal security and data transfer speed. The server also delivered
all the learning activities, managed by several thousand lines of HTML and php
codes, which were also specifically written by the project leader for each courseware.
A learner with a PC or mobile device can use an ordinary web browser to access
and control the Arduino system via the above-mentioned server for observing and
analysing data from this OE anytime and anywhere.

The two OEs used in this study follow the same principle of design and similar
ways of development as worked out by two master’s degree students as part of their
research projects under the supervision of the first author, who was also responsible
for all the programming tasks. Besides, a research assistant helped the first author to
carry out the initial testing of the OE idea and the final refinement of the experimental
set-up. A brief description of each OE will be elaborated below.

Learner's PC or 
Mobile DeviceServerEquipment 

Setup

Fig. 8.1 Aschematic diagramof the common framework of delivering anonline experiment (Yeung
et al., 2019)



8 Online Experiments for STEM Education in Hong Kong and Mainland China … 145

Crystallization OE

The crystallization process from a supersaturated solution for sodium acetate is an
exothermic process with the possibly of giving learners different experiences from
most crystallization experiments that they know of (CDC & HKEAA, 2018; MOE,
2018b; Wei, 2020). The OE set-up followed the same architecture (Fig. 8.1). The
set-up for the crystallization process OE is shown in Fig. 8.2.

In each experimental set-up, sodium acetate is put into the right-hand-side test
tubes, while two types of control solution (saturated copper sulphate and brown
sugar) are placed into the left-hand-side test tubes. Through remote control of the
servomotors and relays, all the test tubes can be lowered into their respective beakers
of water, which will be heated up by the heater underneath. When the test tubes are
raised above the beakers, the two adjacent electric fans can be switched on to cool
them further. A temperature sensor that takes a reading every 10 s is immersed into
both (sodium acetate and control) solutions to record the change in their temperature.
IP cameras capture photos of the ongoing experiment and make it available for the
students to view the phenomenal results instantaneously and to help control/conduct
the experiment (Tho & Yeung, 2015).

Effect of Light on the CO2 Uptake of Plants

The participating students had a basic understanding of life processes in living entities
before they entered secondary school (CDC&HKEAA, 2015;Lu&Liu, 2012;MOE,

Fig. 8.2 Photo of two sets of OEs for investigating exothermic crystallization of sodium acetate
from its supersaturated solution
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2018a). This experiment aims to demonstrate the effect of different colours of light
on the carbon dioxide (CO2) absorption rates of plants. The set-up for this experiment
is shown in Fig. 8.3, in which there are five LED lamps (red, green, blue, and white).
Plants with green leaves and red leaves are placed inside individual jars. For direct
comparison, two plants with the same leaf colour are housed in each set but one
experimental jar is illuminated with a chosen colour of light (red, green, or blue) or
no light while its counterpart for control receives white light. The results of the two
set-ups can further be compared to investigate whether the colour of the leaves has
any significant effect on the rate of CO2 uptake.

To confirm that the OE set-up performed smoothly, a number of trials were
undertaken by asking EdUHK undergraduate students to carry out experiments and
give feedback based on their experiences. This helped to improve the OE settings.
Multiple set-ups for each OE were added to facilitate more student participation in
the experiment at the same time.

Research Instruments and Data Collection

A total of 172 students from four secondary schools (two from Mainland China
and two from Hong Kong) participated in the research. The two public secondary
schools from Mainland China are located in Zhejiang Province in the coastal region
of EasternChina. They both completed theOE activitieswithin 2weeks in June 2019.

Fig. 8.3 Photo of two sets of OEs for investigating the effects of different coloured lights on the
uptake of CO2 by plants with green and red leaves
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One of them is a key provincial high school in a first-tier city, and it often follows
the roadmap of educational reform by piloting small-class teaching. The participants
came from a class of 35 science students in Grade 10. The other one is an ordinary
middle school in a second-tier city, and 37 students from a Grade 8 class participated
in this study. Of the two participating secondary schools in Hong Kong, one is a band
one co-educational school from which the participants consisted of 55 students from
two Grade 8 classes (in August 2019) and 20 students from a Grade 10 class (in
Nov 2019). The other one is a band two girls’ school from which there were a total
of 25 participants from different classes from Grade 7 to Grade 11 (in July 2019).
Before conducting any OE activities, the aspects of integrity regarding voluntary
participation as well as easy withdrawal of participation were communicated to the
schools, facilitating the involvement of science teachers, students, and their parents.
Then, students or their parents were required to complete and sign a consent form
to confirm their voluntary participation in this study. Students participating in OEs
undertook a sequence of tasks to conduct the OE activities and a related educational
evaluation of their learning outcomes (see Fig. 8.4).

A short set of pre-quiz and post-quiz questions on the participants’ conceptual
understandingof the relevant science topicwere specifically embedded into the online
courseware for the participants to attempt before and after performing the core OE
activities. The question set was adapted from an early study to contextualize under-
graduate students’ experiences for school students (Yeung et al., 2019). The original
questionnaire was developed for evaluating students’ technology-enhanced learning
outcomes in science education, including the responses of the undergraduate students
participating (Garfield, 1998) in the iteration cycle of OE development. The revised
questionnaire instrument is composed of four sections. Section A was used to collect
some basic information about the participants, such as their school or region, gender,
and grade level. Sections B and C were key sections (two main constructs) of this
study tomeasure participants’ prior learning experiences/perceptions of and attitudes
towards science or OE and their current learning experiences of OE, respectively.
To represent students’ responses for subsequent quantitative analysis, 5-point Likert
scales (1—strongly disagree, 2—disagree, 3—neutral, 4—agree, and 5—strongly
agree) were used for the items. Section D comprised two open-ended questions for
the participants to give their views on the improvement of the OEs and an open
remarks option. As part of the quantitative and qualitative research steps (McKenzie

Obtain consent 
from teachers 
and students
/their parents

Perform 
OEs

Quiz on pre-
conceptual 

knowledge and 
understanding

Quiz on post-
conceptual 

knowledge and 
understanding

Questionnaire 
survey 

Interview with
selected 
students

Fig. 8.4 Sequence of tasks for students to complete during the pilot implementation
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et al., 1999), the authors and a few research project students in a Master of Educa-
tion program formed a jury of experts in science education to review and ensure the
face validity of the questionnaire instrument. The research tool had also undergone
pilot studies in a teacher education university and a few secondary schools. We had
employed the factor analysis method and Cronbach’s alpha reliability to check the
data as collected in the previous studies, and found that both the factor structure and
internal consistency of the data were highly satisfactory.

All these data (Fig. 8.4) were collected through the OE learning platform.
Randomly selected students (15 from Hong Kong and 13 from Mainland China)
were invited to an interview after they had performed their OE. The interviews
were conducted either face to face or through voice/video call over internet protocol
applications (using either WeChat or WhatsApp) depending on the student’s choice.
Microsoft Excel was used to compute some basic statistical measures and to group
the qualitative data. For advanced statistical analysis (such as principal component
factor analysis, Cronbach’s reliability, the test of normality, and the Mann–Whitney
U test) and basic descriptive statistics, the SPSS (Version 25) softwarewas employed.

Findings

Survey Responses: General Profile

The study measured two constructs through self-administered online question-
naires, namely students’ prior learning experiences and related attitudes (B) before
conducting the OE and their learning experience with the OE (C) after the experi-
ment. Before moving to the main constructs, Table 8.1 provides a general profile (A)
summary of the participating students.

The majority of the students were female (55.2%), and more students participated
in the biology (the effect of light on the uptake of CO2) experiment (55.7%) than in
the chemistry (crystallization) experiment (only 44.3%). There were 210 instances of
participation from the secondary levels (as requested, participation and confirmation
were communicated via schools). The majority of the students were from Secondary

Table 8.1 General profile of the participating students

Demographic distribution and experiment type taken by the participants

Region Gender of participants Type of experiment

CHINA* HK* Total Male Female Total Crystallization CO2 uptake Total

123 87 210 94 116 210 93 117 210

58.6% 41.4% 100% 44.8% 55.2% 100% 44.3% 55.7% 100%

* Remark Two schools each from Mainland China (CHINA) and Hong Kong (HK) participated in
the study, and there were 72 and 100 students from Mainland China and Hong Kong, respectively,
each of whom might carry out one or more OEs as indistinguishable participants. The figures in
this table actually refer to the participation in different OEs rather than to individual students
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2 (Grade 8) and Secondary 4 (Grade 10). A number of them had completed all the
activities (including the questionnaire survey) of the two OEs and counted as two
participants.

The Cronbach’s alpha reliability for items in Sections B and C is 0.72 and 0.94,
respectively.As shown inTable 8.2, the first construct aimed tomeasure prior learning
experiences and was related to respondents’ attitude towards or prior experience of
five items (referred to as B1 to B5 later in this section). The study received 184 valid
responses (Table 8.3) for the first construct. The mean value range, from 3.77 to
3.92, for B1, B2, and B4 indicated agreement with these item statements. For B3
and B5, the mean values were 3.10 and 2.92, respectively, so they indicated a neutral
response to these item statements.

Table 8.2 Students’ prior learning experience and attitude towards science and OEs

N M Md Mo SD

B1: I like science more than other subjects 204 3.77 4 3 0.967

B2: I like to do scientific investigation activities 205 3.92 4 4 0.941

B3: I have rich experience of conducting scientific experiments
before

203 3.10 3 3 0.972

B4: I have little or no prior experience of conducting OEs by
myself

203 3.83 4 4 1.058

B5: I am familiar with the science topic related to this OE 186 2.92 3 3 0.873

Valid N (listwise) 184

N—valid responses for each item, M—mean, Md—median, Mo—mode, SD—standard deviation
from the mean

Table 8.3 Students’ experience of science learning with OEs

N M Md Mo SD

C1: I can conduct the OE activities smoothly, as I expected 203 3.61 4 4 0.970

C2: The objectives and the instructions of the tasks are clear 204 3.85 4 4 0.921

C3: The flexibility of conducting the OE anytime and anywhere
is beneficial to me

200 3.91 4 4 0.906

C4: Without spending time on the experimental setup, I could
focus my time and efforts on conducting more meaningful
activities, such as the collection and analysis of the experimental
data

203 3.74 4 4 0.977

C5: It is helpful that the system can plot the graphs for me
automatically

203 4.19 4 5 0.887

C6: The OE can deepen my understanding of the science topic
concerned

202 4.01 4 4 0.875

C7: I would like to have OEs offered in different courses 199 4.04 4 5 0.958

Valid N (listwise) 195

N—valid responses for each item, M—mean, Md—median, Mo—mode, SD—standard deviation
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The participating students in general have a high level of interest in science (B1;
M = 3.77); more specifically, learners like engaging in investigation activities (B3;
M = 3.92, Mo = 4) even though they have had limited exposure to experiments,
including OEs (B4; M = 3.83, Mo = 4).

Students’ experiences with OEs were the second and most important construct of
the study. The construct had seven items (referred to as C1 to C7 below). Learners
responded after conducting the OEs, and the responses are shown in Table 8.3.

The participating students in general considered the OEs to be highly supportive,
fostering conceptual clarity and scientific observation skills (C6; M = 4.01). Inter-
estingly, the feature of the OEs that the students most enjoyed was the automated
graph summarizing the experiment (C5; M = 4.19, Mo = 5). This is consistent with
the previous finding that manual graph plotting is actually a heavy burden and a great
challenge for many students as they need to exert three to four times as much effort
on their laboratory work to plot the graphs manually without using a computer, and
they often make the wrong choice of coordinates and scale of coordinates (Barton,
2004).

The students clearly reported their interest in studying more lessons through OEs
(C7; M = 4.04, Mo = 5). Factors like flexibility (C3; M = 3.91), instructional
clarity (C2; M = 3.85), and the ready-to-operate experimental set-up (C4; M =
3.74), in decreasing order, still enriched their experiences positively, showing that
this exposure helped them to develop their confidence (C1; M = 3.61) in OEs. A
further discussion of these findings is presented in the discussion section.

Survey Responses: Comparative Statistics of OE Experiences

Besides looking for the general perspectives and learning experiences of students,
we focused on the comparative perspectives among students of two different regions,
students performing different OEs, and different genders’ experiences of OEs.
Normality tests (Ghasemi & Zahediasl, 2012) were conducted on the data collected
and showed a non-normal distribution, largely due to the high degree of skewness
found in the data. Therefore, a non-parametric Mann–Whitney U test was applied to
compare the regions and genders (rather than the usual t test for bypassing the normal
distribution assumption) in accordance with Ghasemi and Zahediasl’s (2012) state-
ment that ‘assessing the normality assumption should be taken into account for using
parametric statistical tests’ (p. 489). The detailed results of the quantitative analysis
will be presented in another journal paper which will also discuss the comparative
perspectives for the two constructs: students’ prior learning experiences and related
attitudes and their learning experiences.

There are no significant differences, when students engaged in the two OEs, in
their responses regarding their prior learning experience and attitude (construct B) or
in their experiences (construct C) of OEs. The segregation by region and gender also
does not show significant differences in prior and post experiences of conducting
these two OEs. We carried out the relevant Mann–Whitney U test for equality of
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means, but the findings of null differences were not informative for presentation in
this chapter.

Cognitive Performance in the Pre-quiz and Post-quiz

This study did not have a major focus on determining whether there had been any
addition to content learning as it was conducted across a wide range of secondary
level (Secondary 1–6) students. A short pre- and post-quiz on students’ conceptual
understanding of the science concepts related to the topic (four to five questions for
each quiz) were available online for voluntary responses. Almost all the students
attempted them, but there were just one to two questions for each OE that we could
use to compare the overall knowledge gain of the participants. For the other questions,
the content of the questions and their level of difficultywere so different that we could
not make direct comparisons. The three questions for which we could compare the
students’ knowledge gain and the reduction in their lack of knowledge are presented
in Table 8.4.

Question A was set for the OE on CO2 uptake in plants, and in fact two separate
questions were set in the pre-quiz, one for the green plants and another for the red
plants.However, only one post-quiz questionwas posed to the respondents depending
on the colour of the plants actually used in their OE activities. QuestionsB andCwere
used in both the pre-quiz and the post-quiz (with minor rephrasing of the sentences)
of the OE on crystallization. The detailed findings on how the regional and gender

Table 8.4 Questions selected from the pre-quiz and post-quiz of the twoOEs for direct comparison
of students’ cognitive performance

Q# Question Answer choices

A When four different colours of lights (red,
green, blue, and white) are separately
shining on green (or red) plants, the largest
decrease in the carbon dioxide level is due
to:

a. Red light
b. Green light
c. Blue light
d. White light
e. I don’t know

B The temperature change during the
crystallization of the supersaturated sodium
acetate solution can be described as:

a. Liquid turned into solid ‘condensation’
due to the decrease in temperature
b. Liquid turned into solid with the increase
in temperature
c. No way to predict the temperature change,
which can increase or decrease
d. I don’t know

C What is the reaction during the
crystallization of the supersaturated sodium
acetate solution?

a. Endothermic reaction
b. Exothermic reaction
c. No way to predict
d. I don’t know



152 Y. Y. Yeung et al.

factors affected the students’ cognitive performance will be presented in a journal
paper.

Qualitative Responses

Two instruments (open-ended questions in the online questionnaire survey and a
semi-structured interview) were used to collect the qualitative responses of the
students after the OEs. Open-ended questions were purposively designed to receive
comments and feedback from the students with the aim of improving the experi-
ment. Besides, two open-ended questions (Section D) were incorporated to elicit the
students’ view immediately following the set of post-OE experience items.While the
interview data will be presented in a journal paper, the findings of the two open-ended
questions are summarized below.

Open-Ended Questions

Many students gave a variety of feedback and comments on their experiences as well
as suggestions for enhancing the learning effectiveness of the OEs. The responses
of the students were thematically grouped (coded) under the following 10 codes,
disaggregated by region and OE (Table 8.5).

Many of the students who responded to this open-ended section started their
responses with compliments about their OE experiences. The responses indicated
that improvements in the instructions (37%) with attractive and clear visuals (18%)
on a user-friendly web interface (11%) would address most of the issues. They
also suggested giving more and clearer information or instructions in the course-
ware. In addition to the identification of some technical problems, the students also
complained of long waiting times (12%) as well as conflicts of time (1%) in their
negative feedback.

Discussion

There are no controversies among teachers and students regarding laboratories as an
effective venue and experiments as an appropriate tool for science teaching (Solomon,
1988). The use of technologies can provide ways to upgrade our existing educational
models and bring innovation to pedagogy (Laurillard, 2008). OEs are a form of
experimental learning strategy facilitated by innovative technology (Tho & Yeung,
2018; Tho et al., 2017). OEs can be an exciting learning opportunity at schools
where the school curriculum time cannot accommodate all the learning domains of
conventional experimental learning due to a wide variety of experiments covered
in individual science subject curricula. From an educator’s point of view, it is very
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important to identify the most effective strategies that facilitate students’ learning
with OEs. Students prefer biology to chemistry OEs, which follows the sequence
in which science is introduced in schools from biology to other (physics, chemistry,
etc.) sub-disciplines of science (CDC & HKEAA, 2015, 2018). This substantiates
that learning comfort, along with prior knowledge, is important to proceed further
in teaching and learning (Garner, 2008). To stimulate students’ interest in science, a
feasible approach is to focus on the experimental designs and scientific explanations,
including subject-specific interest, irrespective of students’ prior exposure (Krapp &
Prenzel, 2011; Tho et al., 2015). This could be one of the reasons for the mixed
responses from the learners.

Based on the present findings, the OEs were a new experience for most school
students as they learned both the science concepts and the design of new experiments
in a newmode of learning—a remote laboratory. The findings also indicated that OEs
can enhance students’ self-learning confidence as they helped them to construct their
own understandings of the science concepts underlying the OEs, rendering OEs an
effective pedagogical method in STEM education for secondary students.

Looking at the comparative perspectives, Hong Kong students gained richer
learning experiences from conducting scientific experiments. Many studies and
comparisons of scientific achievements, such as PISA 2018 (Organisation for
Economic Co-operation and Development [OECD], 2019) on ‘scientific literacy’,
have elucidated thatHongKong students have performedwell ‘above the average’ for
a long time.The attitude ofHongKong learners remains consistentwith this (Yeung&
Cheng, 2018). There is insufficient information to make a temporal comparison of
science attitude and interest for students from Mainland China (Yeung, 2015). The
OE exposure for Chinese students was a new experience, and it showed a greater and
more favourable experience than for the Hong Kong students. Experimental learning
remains an efficient way to learn science, as discussed in relation to the theoretical
perspectives, so OEs could help to maintain this mode of learning during the class
suspension resulting from the Covid-19 pandemic.

The gender comparison in general showed no difference in the attitude towards
and experience of OEs. The regional segregation showed that the male students in
Mainland China had better experience with OEs, whereas the reverse was found in
Hong Kong. Besides, the learning experiences of the genders among Hong Kong
students remained the same, as supported by a previous study about applying an
innovative approach to science learning in a thematic park (Tho et al., 2015). This
learning experience did not differ between genders in Mainland China either.

Regarding the cognitive development induced by the OEs, the students’ knowl-
edge gain was substantial and the reduction in students’ lack of concepts in the
OE topics was amazing. Hong Kong students often had a much better academic
performance in the pre-quizzes as they might have had more chances to conduct
experiments. However, there was no statistically significant difference in the knowl-
edge gain between Hong Kong and Mainland China students, while Hong Kong
students had a slightly larger reduction in lack of concepts than that of Mainland
China students. Regarding the gender difference, girls seem to have acquired much
more knowledge than boys in the chemistry OE, while the reverse situation holds for
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the biology OE. A likely reason is that the chemistry OE involved some complicated
procedures and instructions, and boys were often not patient enough to complete the
experiment with careful observation of the changes in the temperature. However,
further study will be required to confirm whether patience is a likely reason. On the
other hand, there was some variation in the students’ change in lack of concepts, but
the gender difference was not significant.

Limitations

The study captured the scenarios of only four schools (two in each region) and thus
has limited generalizability. A scaled-up and/or context-based study will produce
more research findings to further define OEs’ types, forms, and compatibility for
different levels of secondary school students across different regions. Besides, the
cognitive questions set in the pre-quiz and post-quiz did not match well and had
different levels of difficulty. Consequently, we could not use all the questions from
the quizzes of each OE to evaluate the students’ knowledge gain and reduction in the
lack of science concepts related to the OE topic concerned.

Conclusions and Implications

The application of technology in science education is advancing so rapidly that it
has become an essential tool for improving the quality of science/STEM education.
Various traditional scientific experimental tools are being replaced by digital auto-
mated tools, and one of their forms is OEs, which already had a fairly widespread
level of acceptance in higher education (Yeung, 2020). The design and development
of OEs obviously require an intensive integration of various knowledge and skills
in various STEM disciplines and so the OEs themselves could effectively induce
students to appreciate and understand the integrative nature of STEM education.
OEs’ processes may differ from those of virtual experiments and real experiments.
This study profoundly showed that secondary students accepted theOEs and received
good learning experiences from them; for instance, the instructional clarity, inter-
active web interface, and legible images are the most important factors to boost
students’ interest inOEs.Additionally, themain assets are no set-up hassles, auto data
recording and archiving, and safety assurance, which were also well recognized by
many students. The present study revealed that OEs are especially suitable for exper-
iments that require extra precautions; take a long time for completion; are expensive
to conduct in multiple settings; are being conducted in times of crisis, like the Covid-
19 pandemic, when laboratory access is restricted; and for schools that are unable to
offer laboratory practice for students’ learning. The study substantiates experimental
learning as an effective strategy in STEM learning (as the above discussion section
showed). This study also considered the level of the students when designing the
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OEs, such as the curriculum, medium of instruction, OE platform design, pedagogic
culture, pupils’ pre-conceptual knowledge, and so on. Students’ cognitive develop-
ment in the relevant science topic was clearly enhanced, with significant knowledge
gain and a great reduction in the lack of concepts.DespiteOEs taking learners through
the engagement and reasoning in science and STEM learning, not all experiments
may be compatible with OEs to facilitate the same level of learning. Educational
communities are required to develop further and extend research on OEs for school
education, which would undoubtedly make OEs an alternative learning strategy for
STEM education at the secondary level. Furthermore, the study must be scaled up
for generalizability and to outline the list of experiments (for coursework) that can
be undertaken as OEs within the aim of the curriculum.
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Chapter 9
Enhancing STEM Education in Malaysia
through Scientist–Teacher–Student
Partnerships (STSP)

Rohaida Mohd Saat and Hidayah Mohd Fadzil

Abstract Malaysia is envisioned to become a developed nation and emphasizing
science, technology, engineering, and mathematics (STEM) workforce, to meet the
challenges and demands of a STEM-driven economy. However, STEM education
is facing a great challenge as students are no longer interested in STEM-related
subjects. This is apparent in the decrease in the number of students enrolled in
STEM-related fields. Our professional responsibility as educators is to ensure that
we offer students the knowledge they need to be effective in the future. A change in
the education setting is essential to address the emerging demands of the information
age. To keep abreast of the changing times as well as to mitigate the issues in STEM-
related fields, STEM education needs to be re-evaluated so that students will be more
receptive attitude towards STEM-related subjects. An alternative is to demonstrate
‘real’ or ‘authentic’ science to students through Scientist–Teacher–Student Partner-
ships (STSP), where teachers, as well as students, acquire skills in ‘real’ scientific
investigations. In this chapter, STSP refers to collaboration among upper secondary
science students, teachers, and university scientists, and involves mutual learning
via a partnership. This chapter will discuss the collaboration and contributing factors
to the effective implementation of STSP in the Malaysian context. This innovative
approach has demonstrated that the interest in STEM education could be enhanced
by establishingmore effective communication and understanding between scientists,
students, and teachers, thus promoting better articulation of STSP as an innovative
mechanism for education reform in STEM-related fields.
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Introduction

As Malaysia enters the Twelfth Malaysian Plan (2021–2025), more emphasis has
been placed on the science, technology, engineering, and mathematics (STEM)
workforce, under one of the three dimensions, specifically the economic empow-
erment dimension. This is to ensure more inclusive socioeconomic development and
a more prosperous society, but one that needs to meet the demands of a STEM-driven
economy. It is predicted that 50% of the current jobs with skill shortages are in the
STEM fields, and the demand for professional, scientific, and technical services will
also rise in the next 5 years (Department of Education, Government of Western
Australia, n.d.).

However, STEM education in Malaysia is facing a great challenge as students are
no longer interested in STEM-related subjects. This is apparent in the decreasing
number of students enrolled in STEM-related disciplines at secondary schools (refer
Table 9.1). Among the possible factors that have contributed to this issue are a
decline in interest in science that has contributed toSTEMtalent depletion, ineffective
teaching methodology, ad-hoc changes in policies, and a low level of awareness of
the demand for specialized talent in STEM. Despite the government’s commitment
to various STEM initiatives, student attitudes toward STEM still vary. Thus, it is not
only important to understand how to spark student interest in these fields, but also
how to sustain such interest.

One of the ways to address the issue is to design effective teaching methodologies
and strategies for use in the classroom. STEM educators need to initiate innova-
tive and challenging teaching strategies. A number of teaching and learning strate-
gies have been introduced such as inquiry-based learning, problem-based learning,
project-based learning, and scenario-based learning. The main focus of these strate-
gies is to make STEM instruction engaging and interesting as well as to make STEM
lessons real and authentic.

Table 9.1 Percentage of students in the STEM streams in grade 10 (2013–2020)

Year Science stream Technical & vocational stream Percentage
60:40

2013 31.80 10.79 42.59

2014 31.15 9.34 40.49

2015 26.84 14.31 41.15

2016 26.59 13.99 40.58

2017 25.18 13.80 38.98

2018 26.85 14.51 41.36

2019 25.30 14.80 40.10

2020 STEM stream 34.70
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STEM Education in Malaysia

STEM education has received a great deal of attention all around the world (Fadzil
et al., 2019; Roehrig et al., 2021). Malaysia, like other countries, places a high
value on STEM education in order to meet the challenges and demands of a science
and technology-based economy. Despite the growing popularity of the term STEM
education, there is still some confusion about what it entails and what it means in
terms of curriculum and student outcomes, as discussed by previous researchers (e.g.
Bybee, 2013; Holmlund et al., 2018; Lamberg & Trzynadlowski, 2015). According
to Vasquez et al. (2013), STEM education is an interdisciplinary approach to learning
that eliminates the traditional barriers separating the four disciplines of science, tech-
nology, engineering, and mathematics, and integrates them into real-world, rigorous,
and relevant learning experiences for students. STEM education can be viewed as a
single or multi-disciplinary field, and in the latter case, there is no clear agreement
on the nature of the content and pedagogical interplay among the STEM fields.

Integrated STEM education can be defined as an approach to teaching STEM
content within an authentic context for the purpose of connecting these subjects to
enhance student learning (Kelley & Knowles, 2016). It includes effort to combine
some or all of the four disciplines of science, technology, engineering, and math-
ematics into a related set of activities that is based on connections between the
subjects and real-world problems (Moore et al., 2014). In the context of Malaysia,
integrated STEM education usually addresses at least two of the four STEM disci-
plines (e.g. science and mathematics; science and engineering). For an integrated
STEM approach, it is important to determine how to help students both build knowl-
edge in individual disciplines and learn to make connections among them (English,
2016; Marginson et al., 2013).

STEM in Malaysia is reflected through education policies and school curriculum
choices in an effort to increase competitiveness in science and technology for
students. It encompasses three aspects, namely (i) areas of learning, (ii) STEM
streaming, and (iii) teaching and learning approaches. The first aspect is STEM
as an area or field of learning in schools, and a field of study at tertiary level. Exam-
ples of STEM subject areas are Science, Chemistry, Mathematics, and Computer
Science. Examples of STEMcourses at the tertiary level areMechanical Engineering,
Medicine, Bio-Chemistry, and Computing and Information Systems.

The second aspect is STEM as subject packages or streaming where upper
secondary students in the school system are given the opportunity to choose pack-
ages or streams according to their inclinations. Starting from 2020, students have
the option of choosing STEM Core Subject Packages and Arts and Humanities Core
Subject packages beginning in Grade 10. In addition to the core and compulsory
subjects, students are able to choose subjects from either the STEM electives or the
Arts and Humanities electives. Students are considered as being in the STEM stream
when they choose to take at least one subject from the STEM elective subjects or
any two subjects from the Applied Science and Technology subjects or Vocational
subjects (refer to Fig. 9.1).
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Fig. 9.1 List of upper secondary STEM elective subject groups

STEM in Malaysia can also be defined as a teaching and learning approach that
involves the application of STEM knowledge, skills, and values to solve problems
in everyday life, society, and the environment. This can be done by using teaching
and learning strategies such as inquiry-based, problem-solving, and project-based
learning. Students are encouraged to ask questions and investigate their surround-
ings through inquiry and problem solving in the real world. STEM in the primary and
secondary school encompasses the three domains of (i) knowledge, (ii) skills, and
(iii) scientific attitudes and values in all STEM-related subjects. STEM knowledge
refers to the ideas, concepts, beliefs, and understandings in the STEM field that are
formulated in the curricula of all STEM-related subjects. STEM skills, on the other
hand, are the abilities to investigate, solve problems, design, and produce products.
These abilities can be learned through events, tasks, or assignments that are part of
the curriculum of any STEM subject. STEM ethics are positive morals and rules
that STEM students must adhere to. STEM ethics are critical in developing students
who are not only intelligent and professional, but also have strong personalities. In
order to enhance the students’ knowledge, skills, and value in STEM education in
Malaysia, teachers are expected to have the capabilities to deepen students’ under-
standing in STEM disciplines by contextualizing scientific concepts, to broaden
student understanding of STEM disciplines by exposing students to socially and
culturally appropriate STEM contexts, and to increase student engagement in STEM
disciplines.

Initiatives to Enhance STEM Education in Malaysia

Among the efforts made by the Ministry of Education Malaysia (MOE) to increase
the resources of skilled manpower and experts in the field of research and industry
is the strengthening of STEM education. This has been done through various
policies and initiatives. Accordingly, the Malaysian government established the
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60:40 Science/Technical: Arts Education policy in 1967. The strategy refers to
the Ministry’s goal regarding the ratio of students with major science education
to those in the arts stream. The policy was implemented in 1970. However, due
to different factors such as a content-heavy curriculum, inconsistent teaching and
learning quality, and minimal and obsolete infrastructure, this policy goal has never
been achieved (Fadzil et al., 2019). Thus, the government is very committed to
strengthening STEM education through the formulation of the Malaysian Education
Development Plan (PPPM) 2013–2025. This development plan outlines the policies,
strategies, and initiatives.

Three waves have been proposed in the Malaysian Education Development Plan
(PPPM)2013–2025 to improve the delivery ofSTEMthrough the educational system.
The first wave focuses on improving the foundations of current programmes and
promoting students from upper secondary and post-secondary schools to participate
in the Science Stream. The second wave builds on these foundations by engaging in
the support of a wider group of stakeholders, including those in the informal learning
sector. To build a roadmap for more innovation, the third wave will see the review
of such initiatives (MOE, 2013). Based on the development plan, actions have been
taken that include raising the interest of students through new learning approaches
and an improved curriculum, incorporating higher order thinking skills (HOTS),
expanding the use of hands-on teaching tools, and increasing interest by making the
science contentmore relevant to daily life. Besides that, intensive training for teachers
to sharpen their skills and abilities in teaching science has also been highlighted in
the policy. Passive teaching methods in the classroom need to be transformed into
active learning that emphasizes creative ideas.

The MOE has also collaborated and worked together with other ministries and
organizations to ensure that Malaysia has a sufficient number of trained STEM
graduates to meet the workforce needs of the industries that power its economy.
For example, there is a special committee that includes representatives of the
Ministry of Higher Education and Ministry of Science, Technology, and Innovation
(MOSTI) to implement a STEM Education Development Plan that is more holistic
and inclusive by focusing on eight key areas. The key areas are policy, teaching
and learning, facilities, career awareness programmes, strategic cooperation, data
and research, commercialization, and innovation (MOE, 2016). The Academy of
Sciences Malaysia (ASM) is a statutory body that works hand-in-hand with the
ministries with the aim of pursuing excellence, and fosters development in the fields
of science, engineering, and technology for the benefit of all. Among the initiatives
are joint research and development (R&D) projects between researchers in Malaysia
and collaborators from other countries, and expansion and enhancement of research
capacity. The Ministry of Higher Education (MOHE) also provides special schol-
arships related to STEM fields such as the Malaysia International Scholarship and
MyBrainSc Scholarships that cover levels of study from First Degree to PhD to meet
the needs of the field of Pure Science. Despite various government efforts to promote
STEM education in Malaysia, STEM education still faces issues such as being an
unpopular field of study, which will affect the nation’s agenda of addressing the
challenges and demands of a science and technology-driven economy.



166 R. M. Saat and H. M. Fadzil

The Scientist–Teacher–Student Partnership (STSP)
Approach to Enhancing STEM Education

Although the idea of STEM education has been widely implemented in Malaysia,
only a few teachers seem to know how to operationalize STEM education. One of
the most recent issues recognized is the problem of the lack of coherent effort and
training for teachers in conceptualizing STEM integration in science classrooms.
According to Bybee (2018), only a small number of STEM activities have been
designed to help students make and demonstrate connections between ideas across
disciplines. Thus, the scientist–teacher–student partnership (STSP) is proposed as
one of the innovative teaching and learning approaches to move STEM educators
forward by creating a learning experience of STEM integration for research and
practice, through the development of STEM content by scientists and teachers.

Previous findings (e.g. Fadzil et al., 2019; Shein & Tsai, 2015; Ufnar & Shep-
herd, 2019) regarding Scientist–Teacher–Students Partnerships (STSP) showed that
students appeared to learn more as a result of having hands-on experience as they had
more opportunities for authentic learning with scientists. Collaboration or partner-
ship between the scientific community and science educators has grown in popularity
as a strategy for science education reform and is widely implemented in devel-
oped countries such as the United States and Australia (e.g. Maina et al., 2021;
McClusky & Farland-Smith, 2021; Munson et al., 2013; Rushton, 2021). Scientist–
Teacher–Student Partnership (STSP) in this context refers to a collaboration among
upper secondary science teachers and university scientists which involves mutual
learning via a partnership. This partnership might offer the flexibility to provide
students with opportunities to explore science topics that encourage the development
of students’ interest and skills. Thus, extensive knowledge on how this partnership
works is essential.

Previous studies on STSP (e.g. Fadzil et al., 2019; Hasanah & Tsutaoka, 2019;
Saat et al., 2021) found that students’ conceptions changed in a positive direction
after the students had the opportunity to be involved in a scientists–teachers part-
nership programme. Students who were given the opportunity to learn from the
scientists became more motivated to learn STEM-related subjects. As a result, the
significance of this collaboration in our efforts to reform science education should
not be underestimated. While this mutual learning appears to be ideal for science
and STEM education, there are only a few mechanisms in place to support this
cross-institutional collaboration. The majority of the studies have focused on the
collaboration of scientists and teachers, whereas little work has been done to under-
stand how such partnerships influence science learning and themechanisms to ensure
effective partnerships in science/STEM learning.

Further research in this area may provide information to STEM educators on
how to best help students learn integrated STEM with understanding and make
connections across STEM-related disciplines, as this partnership might offer the
flexibility to provide students with opportunities to explore integrated STEM topics
that encourage the development of students’ interest and to focus on the development
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of scientific skills in science. The following sectionwill elaborate the factors that need
to be taken into consideration in ensuring that scientist–teacher–student partnerships
are implemented within the Malaysian context.

Collaboration Factors: The Roles of Teachers, Scientists,
and Students

Previous studies (e.g. McClusky & Farland-Smith, 2021; Munson et al., 2013;
Rushton, 2021; Saat et al., 2022) have shown that the tripartite collaboration brings
educational benefits to all groups. For teachers, this partnership provides insights
into the scientific inquiry process, extending their content knowledge and peda-
gogical strategies, and renewing their teaching. The term “scientist-educator” has
been proposed to represent science teachers who have experience in both profes-
sional cultures, that is, science and science education, with better understanding and
conceptualization of the cutting-edge of STEM knowledge. Specifically, the teachers
in the partnership played their roles as (i) mediators, (ii) instructional designers, and
(iii) synchronizers of scientific concepts and terminologies with the scientists and
students (Fadzil et al., 2019; Saat et al., 2022).

According to Fadzil et al. (2019), the teachers view their role as mediators to
enhance the communication of knowledge between the scientist and students. This
can happen while conducting the STEM activities and also when designing the
teaching and learning materials with the scientists. With their experience of teaching
students, teachers mediate the scientists’ knowledge by linking new knowledge to
the students’ prior knowledge. Teachers also serve as instructional designers who
design the instructional materials as well as the lessons. They work together with the
scientists to plan appropriate activities for the students and also to synchronize the
relevant scientific concepts and terminologies so that they will be comprehensible to
the secondary school level students. For example, scientists may find it difficult to
explain certain Chemistry concepts. It is the role of teachers to explain the concepts
using familiar terminology as well as making the explanation simpler so that it is
comprehensible for secondary school students.

In the partnership, scientists are seen as role models to the teachers, as well as to
the students. They also act as trainers to teachers and students, as well as mentors to
the teachers and students. They are regarded as experts in terms of scientific content
and skills. The students see the scientists as their icons who motivate them to be
more interested in pursuing their study and careers in STEM-related fields. From the
perspective of the teachers, scientists serve as the trainer and coach, particularly for
transferring scientific skills and knowledge. After graduating from their pre-service
training, teachers lack the opportunity to update their knowledge and skills. In this
partnership, teachers have the opportunity to upgrade their skills with the scientists at
university including the latest scientific research skills such as extracting stem cells
from specimens and the latest techniques in chromatography.
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The students in this partnership, on the other hand, act as the end receivers of
the skills and knowledge transferred by the teachers and scientists. Students in this
partnership also provide feedback regarding the STEM activities. The partnership
enriches their learning experiences by providing access to the scientific commu-
nity and content knowledge gains, which in turn might highly improve their science
performance. We argue that the students’ role in the professional scientist–teacher–
student partnership can bemaximized by enhancing the appropriate time and commit-
ment of all parties, updating the support system, and creating more resources that
align with the science/STEM-related curriculum content. These contributing factors
influence the scientist–teacher–student partnership and will be further explained in
the following section.

Contributing Factors for Effective Scientist–Teacher–Student
Partnerships

Saat et al. (2022) outlined the contributing factors for an effective partnership. The
three factors are internal factors which consist of two sub-categories, that is, the
suitability of time and commitment; external factors, that is, the support system
and availability of resources; and the institutional factor, that is, the application of
curriculum-related activities. The following (Table 9.2) explains the factors that affect
the partnership, and the sub-categories.

The internal factors include suitability of time and commitment of the scien-
tists, teachers, and students to this partnership. STSP activities with students can
be conducted either during formal or informal classroom sessions. The teachers in
the study by Saat et al. (2021) suggested that simple STEM activities should be
conducted during formal classroom sessions in school. However, it is preferable
to conduct more complex activities that take longer to achieve the teaching and

Table 9.2 Explanation of contributing factors in STSP (Saat et al., 2021)

Contributing factors Sub-categories Explanation

(i) Internal factors Suitability of time Suitability of time of the activities
during formal or informal classroom
sessions

Commitment Commitments of teacher, student,
and scientist

(ii) External factors Supporting system Supporting system at school and
university

Availability of resources Resources such as modules or
guidebook to enhance the transfer of
knowledge

(iii) Institutional factors Curriculum related activities The alignment of the activities to the
science curriculum
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learning objectives during informal classroom sessions. For example, they can be
done after school or on weekends as co-curricular activities. It is easier for teachers
to manage the students during informal sessions. A suitable time for students would
also providemore space for them to investigate the complex tasks involved in STEM-
related activities. According to Hasanah and Tsutaoka (2019) and Shein and Tsai
(2015), in dealing with the STEM education approach, suitability of time is neces-
sary for exploration such as developing a detailed plan and design, and finishing the
prototypes of a project.

For the second sub-category, which is the commitment factor, we acknowledge
that the partnership requires a significant and positive relationship since the teachers’
role in implementing a new pedagogical approach via hands-on learning approaches
is reasonably demanding. Thus, commitment from all the parties in terms of under-
standing their roles in this collaboration are important for ensuring an effective part-
nership. Moreover, most of the teachers and scientists within this partnership recog-
nize the value of commitment of all members in the multifaceted interaction. This
can be achieved during the scientist–teacher interaction such as during the scien-
tist–teacher training session and when designing the STEM activities together. If all
parties are committed, the ongoing exchange of ideas between professional scien-
tists and teachers can be activated, resulting in the development of new professional
knowledge as well as the transformation of values and beliefs.

The second contributing factor is the external factors. These include the support
system at school and university, and the need for resources such as modules or a
guidebook to enhance the transfer of knowledge during and after the partnership. A
support system, such as the management, support staff, and laboratory assistants, is
needed to ensure an effective partnership not only in school but also in the university.
For example, the presence of laboratory assistants could encourage a comprehensive
laboratory experience for the teachers during training sessions at university laborato-
ries with scientists, and also for students in school laboratories. In addition, teachers
need resources to assist them in conducting the activities in laboratories. A typical
Malaysian teacher usually does not have much time to develop their own activities
which are outside the textbooks or activity books. They need some form of guide
to assist them in broadening their teaching scope, compounding ideas of STEM
concepts, and helping mentor students while conducting activities or projects related
to STEM.

The third factor is the institutional factor, that is, the alignment of the activities to
the science curriculum. Compared to previous studies on STSP that were ‘one-off’
in nature (e.g. Maina et al., 2021; Shein & Tsai, 2015; Ufnar & Shepherd, 2019), this
proposed model (Fadzil et al., 2019; Saat et al., 2021) has provided opportunities for
the teachers to engage in the development of learning resources and to be used within
the school setting. Such amodel ismore sustainable in nature. The resources included
the STEM activities that cater for the needs of the students as well as the teachers.
Thus, the strength of this partnership is that it connected teachers and scientists with
the current science curriculum and extension to the content in the curriculum. This is
important especially to the teachers as the teachers in the study admitted that they do
not prefer to conduct STEM-related activities on topics that are not directly related
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Fig. 9.2 Factors affecting Scientist–Teacher–Student partnerships (Saat et al., 2022)

to the school’s science syllabus which therefore will not be asked in the national
examination. Figure 9.2 depicts the collaborating factors and the contributing factors
in the partnership (Saat et al., 2022).

Moving Forward: Integrated STEM

Current practices in STEM education focus on improving STEM subjects as isolated
disciplines with notmuch integration (Breiner et al., 2012; Fadzil et al., 2019; Hoach-
lander & Yanofsky, 2011; Wang et al., 2011). Furthermore, most studies of STEM
learning consider each discipline singly and do not measure students’ ability to
make connections across disciplines (Bybee, 2018). Implementing an integrated
STEM approach in an educational system that has a very established segregated
and discipline-based structure such as in Malaysia requires profound restructuring
of the curriculum and lessons (Nadelson & Seifert, 2017).

Therefore, our current study on scientist–teacher–student partnerships aims to
create integrated STEM instructional materials that involve crosscutting STEM
concepts from theBiology, Chemistry, and Physics fields.According toBybee (2018)
and Kelley andKnowles (2016), most of the crosscutting connections in the practices
in STEM education remain implicit or can be missing all together. Thus, scientists
and teachers in our study work together to decide on the suitable Chemistry, Physics,
and Biology concepts to be integrated and implemented as integrated STEM. It is
important for researchers to come upwithwell-integrated STEM instruction thatmay
provide opportunities for students to learn more relevant and stimulating content
by encouraging the use of higher order thinking skills which may enhance their
problem solving skills, as suggested by Stohlmann et al. (2012). Building a strategic
approach to integrating STEM concepts requires strong conceptual and foundational
understanding of how students learn and apply the integrated STEM content.
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Conclusion

It is well recognized that STEM education is facing a great challenge as students
are no longer interested in STEM-related subjects. This will impact the demands
of a science and technology-driven economy. This chapter introduces readers to the
scientist–teacher–student partnership as an innovative approach to reforming STEM
education, particularly for addressing the low enrolment of students in the secondary
school STEM stream. It aims at making STEM instruction real and authentic.
Through the synergy of the scientists, teachers, and students in this partnership,
each party is aware of its roles. With suitable support from the management and a
proper environment, the STSP can be implemented effectively. Students will become
motivated and interested in pursuing STEM as their career.

STSP is one of the approaches that can be adopted as well as adapted. Other inno-
vative approaches and strategies can be developed and implemented. Furthermore,
this effort must be sustained in order tomeet the needs of the STEMdiscipline, as it is
a dynamic and fast-changing field with uncertainties in order to meet future demand.
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Chapter 10
Mentor–Mentee Outreach Programme:
Promoting University and School
Partnerships to Revitalize STEM
Education in Rural Secondary Schools
in Malaysia

Nyet Moi Siew

Abstract STEM education has drawn increasing attention internationally in recent
years. In Malaysia, efforts to encourage students to take up STEM subjects have
increased, but upper secondary school enrolments in almost every STEM subject
area have continued to fall over the last decade. The situation is even more chal-
lenging in Sabah, an East Malaysian state where 72% of schools are located in rural
areas with basic utilities and limited infrastructure. Therefore, a STEM Mentor–
Mentee outreach programme through a university-school partnership was developed
to increase STEM education attainment in the participating rural secondary schools.
The programme targeted Form Four students (aged 16 years) to help them under-
stand STEMby relating it explicitly to their local environment. STEM activities were
guided by the engineering design process, which takes mentees from identifying a
problem and designing a solution, to developing, creating, testing, and evaluating a
prototype to solve daily life problems in their environment—while harnessing and
developing their twenty-first century skills. Mentors, including in-service and pre-
service teachers, provided guidance, support, and assistance to mentees. Data were
captured through mentees’ responses to a close-ended questionnaire, mentors’ field
notes, focus group observation and interviews, and open-ended questions. A total
of 732 students, 342 in-service and 99 pre-service teachers were involved in the
programme from 2015 to 2019. Findings suggest that the programme was able to
develop creativity, problem solving, critical thinking, and teamwork skills among
rural secondary school students; and to support students in achieving gains in STEM
knowledge or skills, positive attitudes, and practices.
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Challenges in Revitalizing STEM Education in Rural
Schools

STEM (Science, Technology, Engineering, Mathematics) education has been given
priority in many countries in order to produce a young generation that is able to
stand out in the competitive job market. The integration of the disciplines of knowl-
edge related to science (physics, chemistry, and biology) and mathematics with
technology and engineering is known as STEM education (Bybee, 2013). In the
Malaysian Education Development Plan (MEDP) 2013–2025, STEM is mentioned
explicitly as a specific initiative to be implemented by the Kementerian Pendidikan
Malaysia [Ministry of Education Malaysia, MOE], 2016a). The initiative is to
strengthen STEM education so as to produce high quality and sufficient human
capital in STEM who have higher order thinking skills, and who are innovative,
prudent, independent, technologically literate, able to create, as well as being able
to solve problems and make decisions (Kementerian Pendidikan Malaysia, 2016a).

The demand for a STEM-driven workforce in Malaysia has increased as the
economy has evolved from a production-based to a knowledge-based economy. It
has been estimated that Malaysia would need 500,000 scientists and engineers by
2020 to cope with the challenges of the Fourth Industrial Revolution (Academy of
Sciences Malaysia, 2015). However, at that point, it had only 70,000 registered engi-
neers. Undeniably the supply of the STEM-related workforce is highly dependent
on new entrants into STEM-related programmes at upper secondary as well as at
tertiary level. However, reporting has shown that only 22.5% of students enrolled in
the science stream and in technical and vocational secondary school classes in 2017,
which is far from the desired ratio of 60:40 Science/Technical: Arts Policy set in
1970 (Academy of Sciences Malaysia, 2018).

The challenge of achieving the 60:40 Science/Technical: Arts Policy is even
tougher for the vast rural areas of Malaysia, where there is limited infrastructure,
lack of good schools, and a small population (Ling et al., 2015). For example, Sabah,
an East Malaysian state with a relatively high proportion of students in rural schools,
is facing a challenging situation with respect to its efforts to keep pace with STEM
education.Many rural primary and secondary schools are located inwide and isolated
areas with unique topography (Edgeprop, 2011). Some schools, for example, are
located in areas with limited road access and, as is often the case, water transport such
as boats is used. According to the Sabah Development Corridor Blueprint (The Insti-
tute for Development Studies (Sabah), 2007), 72% of Sabah’s schools were located
in rural areas. In terms of infrastructure and basic utilities, most rural primary and
secondary schools in Sabah do not have a 24-h electrical connection or clean water,
and access to good teaching and learning resources, internet, and science laboratories
is very limited. It is apparent that these limited opportunities and facilities impact
negatively on STEM education attainment, with a gap in attainment between rural
and urban schools in Sabah and in Malaysia as a whole.

In its report about Malaysian rural schools, the World Bank (2010) noted that:
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‘Potentially as a result of less favorable conditions in rural schools, students from rural
and remote schools perform significantly worse on tests than their peers in urban areas.
Disparities within states between rural and urban areas are most prevalent in poorer states
like Sabah’ (p. 92).

Specifically, the World Bank (2010) reports a disparity between urban and rural
secondary schools’ achievement in mathematics among students in Grade 9 (aged
15 years). It is clear that many rural school students have lagged behind their peers
from urban schools in academic performance due to inadequate infrastructure, utili-
ties, and learning resources. As a consequence, despite many new initiatives aimed at
transforming rural schools, thiswill be difficult to achieve in the near future. Similarly
challenging is the revitalization of rural secondary schools in STEM education.

In conclusion, the existing limited infrastructure, utilities, and learning resources
in Sabah rural schools have made it difficult to provide new STEM education oppor-
tunities in the rural schools. Thus, innovative strategies need to be sought to fill
this gap by creating after-school programmes that provide engaging STEM learning
experiences for rural school students. In other countries, such as Colombia and the
United States, after-school outreach programmes have been designed to help and
encourage disadvantaged students of rural schools to increase their STEM literacy
and enthusiasm. These after-school STEM outreach programmes aim to improve the
quality of science education (Laursen et al., 2012),motivate school students to choose
STEM subjects in the future, and generate more graduates who have the capacity to
pursue science-based careers (Moskal & Skokan, 2011; Office of the Chief Scientist,
2013).

Brookshire (2014) highlighted that guidance from the right mentor in mentoring
programmes can expand students’ ideas about the possible careers in STEM fields
and can trigger a passion for STEM. Cutucache et al. (2016) proposed a ‘layered’
approach to STEMmentoring programmes, in which senior faculty members super-
vise or mentor undergraduate mentors, who in turn work with high school or adoles-
cent mentees. Cutucache et al. found that these mentor–mentee programmes have the
potential to both spark STEM interest and efficacy in younger students, while also
strengthening the undergraduate experience of STEM majors. These observations
raised crucial questions:

• How would rural secondary school students’ knowledge or skills about, attitudes
towards, and practices in STEM evolve as a result of their participation in a STEM
mentor–mentee outreach programme?

• How would a mentor–mentee outreach programme help students in rural
secondary schools develop their twenty-first century skills related to STEM?

• What challenges would mentees potentially face in implementing a STEM
outreach programme?

Tackling questions such as this, particularly in rural settings, often requires amore
integrated approach to STEM education.

According to Essex (2001), school-college partnerships hold significant promise
for renewal and improvement in education. Essex pointed out that successful part-
nerships allow both the school and the university to work together in an environment
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in which synergy leads to better decision making, thus having a positive effect on
student learning. Therefore, school-university partnerships may havemutual benefits
for all involved in the STEMmentor–mentee outreach programme, andwould enable
the study of what rural school students would learn and what challenges would be
faced during the outreach programme. Information about effective practices could
additionally be used to revitalize STEM education in the future.

To support inclusive and equitable STEM education, a STEM mentor–mentee
outreach programme through a university-school partnership approach was devel-
oped to support disadvantaged and marginalized students in the rural areas of Sabah.
Specifically, this outreach programme aimed to improve the reach of STEM educa-
tion in schools geographically distant from the cities. It was based on the concepts of
contextualization and collaboration. This enabled rural students to understand STEM
by relating it explicitly to their local environment and to increase their twenty-first
century skills. It was intended that exposing students to STEM and giving students
opportunities to explore STEM-related concepts would help them to develop twenty-
first century skills such as critical thinking, problem solving, creativity, collaboration
and communication skills, andvalues and ethical applications as the desired outcomes
of the Ministry of Education Malaysia (Kementerian Pendidikan Malaysia, 2016b).
In an effort to form a Malaysian national identity, values and ethical applications
are included as an added value to the twenty-first century skills framework. Among
these values and ethical applications are: being thankful to God, a spirit of teamwork,
honesty, being diligent and persevering, and responsibility.

As long as an appropriate approach is put in place, the quality of rural secondary
schools can be improved, and the gap in STEM education attainment between rural
schools and their urban counterparts can be reduced. As such, the objectives of the
STEM mentor–mentee outreach programme were:

(1) to improve the knowledge and skills about, attitudes towards, and practices in
STEM among students in rural secondary schools,

(2) to develop twenty-first century skills related to STEM among students in rural
secondary schools, and

(3) to find out the challenges potentially faced by students when implementing a
STEM mentor–mentee outreach programme.

The Design and Development of the STEM Mentor–Mentee
Outreach Programme

TheSTEMmentor–mentee outreach programmewas designed and developed collab-
oratively by a science lecturer as programme coordinator and school science teachers,
and was supported by in-service and pre-service teachers. The pre-service teachers
were second and third-year undergraduates aged between 22 and 23, training in
physics and mathematics education, who had no teaching experience in schools.
However, they were taking courses on pedagogy, including the teaching and learning
of STEM. The in-service teachers were qualified teachers with degrees in science
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and social science education who were undertaking a Master’s course at the time.
Science teachers from the participating secondary schools were consulted to identify
the STEM activities which could accommodate the specific contexts of the students’
daily lives.

Mentors-Mentees Prior to the programme, the faculty recruited mentors among in-
service and pre-service teachers, each of whom signed up voluntarily in exchange for
experience and increased competence. Mentors attended a one-day training course
in peer mentoring arranged by the programme coordinator. Mentors were trained
to conduct in-person facilitation and assessment with their mentees. The mentors
were empowered to carry out their role as motivators, facilitators, and evaluators
during the programme. After completion of their mentor role, mentors were awarded
a Certificate of Contribution by the faculty dean.

The Form Four Science Stream students (aged 16 years) from 16 participating
secondary rural schools were chosen as the mentees of the programme. Mentees
received guidance, support, and assistance from mentors in finding solutions to
problems, using materials, and designing and building prototypes.

Ill-Defined Problems and STEMActivitiesKing and Kitchener (1994) claimed that
an effective technique for developing problem-solving and critical-thinking skills is
to expose students to “ill-defined” problems in their field. Greenwald (2000) charac-
terized an ill-defined problem as one that is unclear and raises questions about what
is known, what needs to be known, and how the answer can be found. Because the
problem is unclear, there are many ways to solve it, and the solutions are influenced
by one’s vantage point and experience (p. 28).

Thus, the problems were designed to be ‘ill-defined’ and were introduced to
students within the context of their daily life. In other words, students were engaged
in connecting their everyday experiences to solving ill-defined problems. Thus, the
problems became better defined and more contextualized as they were worked on.
Students were also asked to consider the constraints of the materials and time; to
think about what they already knew; and to design, plan, construct, test, and evaluate
a physical prototype of their design.

Different STEM activities were introduced in each school, with the local context
used to enhance learning and understanding of the STEM concepts. Examples of
ill-defined problems embedded in STEM activities were:

(1) Ali saw a bird perched on a tree branch. A question arose in Ali’s mind, ‘How
can it perch for such a long period of time?

Your task: Create a balancing toy that can stand stably on your fingers like
a bird. Each student must produce at least one balancing toy that meets the
requirements.

(2) After a year of construction, the Mesilou River bridge that collapsed due to the
earthquake has been completed. This news is quite exciting for the villagers
who want to cross the Mesilou River. But some are wondering: How much
weight can the bridge support? Is it really safe? You and your friends have
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been given the opportunity to show the villagers that the Mesilou bridge is
actually strong enough to support the weight of vehicles crossing it.

Your task: You and your friend are asked to prove it by designing and
building a bridge that crosses a river which is one meter wide. The bridge is
strong enough to hold at least 3 cans of coca cola.

Engineering Design Process

Hynes et al. (2011) noted that an engineering design process (EDP) that focuses on
solutions and construction of prototypes requires students to use creative and critical
thinking as well as problem solving skills. Hence, the engineering design process
would offer an effective route as an instructional framework for fostering twenty-
first century skills among rural secondary school students in the STEM mentor–
mentee outreach programme. The EDP, adapted from theMassachusetts Department
of Education (2006) (Fig. 10.1), was employed to guide the implementation of the
STEM mentor–mentee outreach programme.

Science teachers in previous programmes had noted several potential challenges
while implementing a STEM project-based learning approach in their rural school
classrooms in Sabah (Siew et al., 2015). These included inadequatematerials, limited
facilities, and limited allocation of classroom time. Accordingly, the EDP employed
in this programme removed the ‘redesign’ step proposed by the Massachusetts
Department of Education (2006). This modification was made to ensure that students
could produce workable prototypes that made best use of the materials and time
provided in the programme.

Fig. 10.1 The seven steps of the engineering design process (adapted from Massachusetts
Department of Education, 2006, p. 84)



10 Mentor–Mentee Outreach Programme … 181

TheEDPprovides a flexible process that takesmentees from identifying a problem
and designing a solution, to developing, creating, testing, and evaluating a proto-
type to solve daily life problems in their environment using inexpensive materials.
Students learn important scientific concepts and their application in engineering and
technology, as well as their relationship and application in daily life or real-world
contexts. Students could look for connections by engaging with activities or material
in ‘real-world’ contexts to establish relevance.

The EDP allows students to realize that there are many ways to find solutions, as
they engage in brainstorming to identify problems and propose solutions. The process
of finding the optimal solution based on the constraints requires participants to engage
in critical thinking, creativity, imagination, and collaboration, thus developing their
communication and problem-solving skills.

HigherOrder Thinking (HOT) questionsStudents answeredHigherOrder Thinking
(HOT) questions thatwere not strictly required by the curriculum. In away, answering
HOT questions inspired students to acquire new competencies. Anderson et al.’s
(2001) taxonomy was used as a guide to develop a blueprint for the HOT ques-
tions, which belonged to the ‘Analysis and Evaluation’ category of Anderson et al.’s
cognitive domain. Some samples of HOT questions are:

• In your opinion, if buildings were constructed identical to this prototype, would
they be safe to inhabit? If yes/no, please explain why’ (Evaluation).

• How can your prototype be modified in order to improve its results in the future?
(Analysis).

• Explainwhy there is a difference in the two bottle submarines’ speeds? (Analysis).

The HOT questions were specifically designed to evaluate students’ critical
thinking skills in connecting STEM activities with their daily life.

The University-School Partnership

The Transformational Learning Community (TLC) model proposed by Bernay et al.
(2020) suggests that teaching practices in schools and universities should be extended
into the real-world for children and student teachers to develop skills, knowledge,
and dispositions. The TLC model utilizes perspectives and aspirations from the
wider community as the drivers of future-oriented education programmes. Bernay
et al. argues that TLCs should focus on new solutions, new roles, and new ways
of working together to reinvent schools for transformational learning by involving
children, student teachers, teachers, university lecturers, and the wider community.
Recognizing the advantages of the TLC model as one form of school–university
partnership to cater to the needs and challenges faced by students in rural areas,
the TLC model was adapted in designing the mentor–mentee outreach programme.
A school-university partnership would help to address the needs of rural schools by
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Fig. 10.2 The transformational learning community model adopted by the STEM mentor–mentee
outreach programme (adapted from Bernay et al., 2020, p. 141)

providing adequate support, resources, and funding in the development, delivery, and
implementation of the programme. Figure 10.2 illustrates the range of relationships
and responsibilities in the adapted TLC model.

In order to work in an authentic partnership with rural schools in Sabah, a commu-
nity of practice was created with staff from the University Malaysia Sabah (UMS).
This enabled the programme to draw on the expertise and experience of university
science lecturers and in-service and pre-service teachers who were studying at the
University, alongwith teachers, principals, and parents. In other words, UMS science
lecturers, UMS in-service and pre-service teachers, school heads of science depart-
ments, school principals, and parents worked as a team to implement the programme.
The parents granted permission to allow their children to participate on Saturdays.
School principals andheads of science departments collaborated to provide the school
hall and public address system (PA system) to be used for the activities. The univer-
sity provided a free bus service to transport the mentors and materials to the schools,
which were located 16–216 kms from Kota Kinabalu, Sabah.

The resources used for running the programme were funded by the schools and
university. The University’s Centre for External Education allocated RM50 to each
of its Master’s students to run the programme outside the classroom, which was
used to support the costs needed to buy materials and equipment. The in-service
teachers also sought sponsorship from the local community, such as local businesses,
to support the cost for food anddrink formentees andmentors. The in-service teachers
also borrowed science apparatus from their school laboratory, such as crocodile-
clips, hot glue guns, and glue gun sticks to support the activities. Recycled materials
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such as plastic bottles, empty boxes, newspapers and egg trays were collected by
mentors and school teachers, and were used as the main resources for the activities.
Some tools and materials, such as scissors, rulers, and cutters, could be re-used in
subsequent programmes. Administrative costs were extremely low as free messaging
platforms such as Telegram and WhatsApp were used to facilitate communication
among participants.

Monitoring and Evaluation Tools The monitoring and evaluation were done
through multiple qualitative and quantitative means: a scoring rubric for activities,
participants’ responses to open-ended questions, mentors’ field notes, open-ended
questionnaires, focus group observation, and interviews.

Scoring Rubrics Scoring rubrics were developed for mentors to evaluate the proto-
types produced by the group during their presentation and testing. Aspects assessed
were product functionality, sketches, group collaboration, and understanding and
application of scientific concepts. Scoring rubrics were constructed based on analyt-
ical scoring. The quality of student responses and products was assessed from “Poor”
(lowest level) to “Very Good” (highest level). Appendix 1 shows an example of a
scoring rubric used to assess one of the STEM activities.

Field Notes Mentors wrote their field notes based on observations made during the
STEMactivities, and the semi-structured focus group interviewswithmentees. Focus
group observations were collected using an observation form adapted from scoring
guides developed by Wang et al. (2015). The quality of the students’ responses was
ranked from ‘0’ (lowest level) to ‘3’ (highest level). The interview questions were
open-ended and the students were explicitly encouraged to draw from their learning
experiences of working on the STEM activities. Each focus group interview was
conducted in groups consisting of four to five mentees after the completion of each
STEM activity.

Close-Ended Questionnaires and Open-Ended Questions The pre- and post-
programme questionnaires were adapted from Illinois Valley Community College
(2011) and the Knowledge, Attitude and Practices survey (Kaliyaperumal, 2004).
The pre-programme questionnaire consisted of 20 items while the post-programme
questionnaire consisted of 12 items that could be grouped into three different
dimensions:

• Knowledge or skills about STEM—Example: ‘A scientist, technologist, engineer,
or mathematician needs to be creative’ (pre-test); ‘The STEM activities today
improve my ability to generate new ideas’ (post-test).

• Attitudes towards STEM—Example: ‘My parent(s) have suggested that I consider
a career in science, technology, engineering, or mathematics’ (pre-test); ‘After
today’s activity, I would consider a career in science, technology, engineering, or
mathematics’ (post-test).

• Practices in STEM—Example: ‘I was able to complete hands-on tasks with a
team’ (pre-test); ‘I am able to complete hands-on tasks with a team’ (post-test).
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All responses were entered on a 6-point Likert scale: ‘Strongly Agree’, ‘Agree’,
‘Slightly Agree’, ‘Slightly Disagree’, ‘Disagree’, and ‘Strongly Disagree’. The pre-
and post-programme questionnaires measured shifts in mentees’ knowledge or skills
about, attitudes towards, and practices in STEM over the duration of the programme.
Open-ended questions such as ‘Something new I have learned today was…’ were
added to the questionnaire. The open-ended questions offered the respondents an
opportunity to clarify their meaning, and to contribute additional information not
captured by the close-ended questionnaire.

Implementation of the STEM Mentor–Mentee Programme

The mentor–mentee programme was implemented in 16 rural secondary schools in
the districts of Tenom, Tambunan, Ranau, Tuaran, Kota Marudu, Kudat, Penam-
pang, Putatan, Telipok, Sipitang, and Kiulu throughout 2015–2019. The one-day
programme was carried out over a period of 11 h in each school, between the hours
of 7.00 am and 6.00 pm. The mentors and mentees took an hour meal, prayer, and
rest break in the middle of the day. Throughout the 5-year programme, a total of
732 students, 342 in-service, and 99 pre-service teachers were involved in the STEM
mentor–mentee outreach programmes. Table 10.1 shows the details of each STEM
mentor–mentee programme.

In these programmes, mentees worked in teams of four or five to solve an ill-
defined problem by designing and building workable solutions in the form of proto-
types which could be tested in relation to the criteria set in the problem. Mentees
took different approaches, made mistakes, accepted input and learned from group
members, and then tried again. The focus was on communicating and developing
solutions based on the experience and environment of the mentees, enabling them
to integrate their learning experiences inside and outside school. Aspects of science
and mathematical concepts and communication skills were also emphasized and
evaluated during the presentation of prototypes by group members to their peers and
facilitators. A total of three STEM activities were conducted in each school, each
taking about 3 h and 20 min. Appendix 2 shows the mentees participating in the
activities.

Mentoring of each student group involved one or two adult mentors forming a
supportive and caring relationship with four to five mentees. The mentors played the
role of facilitator andmade a commitment to interact with thementees over the period
of the one-day programme. The interactionwas guided by activity worksheets, which
allowed time for two-way discussion of the STEM activities between the mentees
and mentors.
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Table 10.1 The STEM mentor–mentee programme (2015–2019)

School Name of rural
secondary school
(Distance from Kota
Kinabalu in
kilometer)

Implementation
date

No. of students No. of teachers

Pre- service In- service

A SMK Badin,Tuaran
(42.1)

09 May 2015 62 3 19

B SMK Kemabong,
Tenom (216)

23 May 2015 37 9 21

C SMK Mat Salleh,
Ranau (129)

10 Oct 2015 48 14 20

D SMK Abdul Rahim
II, Kudat (178.7)

23 Oct 2015 35 5 27

E SMK Tambunan,
Tambunan (73.3)

23 April 2016 50 17 33

F SMK Kota Marudu,
Kota Marudu (120)

26 April 2016 48 9 26

G SM ST Peter Telipok,
Telipok (23.0)

22 Oct 2016 50 15 18

H SMK Agama Tun
Said, Kota Belud
(64.4)

22 April 2017 50 11 14

I SMK Putatan,
Putatan (16)

28 Oct 2017 48 – 36

J SMK Limbanak,
Penampang (17)

02 Nov 2017 50 – 28

K SMK Mat Salleh,
Ranau (129)

21 April 2018 36 – 27

L SMK Tun Fuad
Stephens, Kiulu
(55.1)

07 Oct. 2018 37 – 20

M SMK Sindumin,
Sipitang (161.4)

20 Oct. 2018 36 – 13

N SMK Matunggong,
Kudat (136)

13 April 2019 45 10 9

O SMK Kanibongan,
Pitas

02 Nov 2019 50 – 20

P SMK Kampung
Contoh, Petagas

09 Nov 2019 50 – 11

Total 732 99 342
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Data Analysis

The analysis of quantitative data used descriptive statistics in the form of frequency,
percentage, andmeanswith the aid of the Statistical Package for Social Sciences. The
difference in the percentage between the pre- and post-programme questionnaires
was computed as a measure of change in participants’ knowledge or skills about,
attitudes towards, and practices in STEM.

Mentors’ field notes and mentees’ responses to open-ended questions were anal-
ysed using thematic analysis. Thematic analysis is a pattern recognition technique
that requires searching through the data for emerging themes.

Outcomes of the Programme

The main outcomes of the mentor–mentee outreach programme in relation to knowl-
edge and skills about, attitudes towards, and practices in STEM, twenty-first century
skills, and challenges encountered are discussed below.

Attainment of Knowledge or Skills about Attitudes Towards,
and Practices in STEM

The questionnaire data revealed gains in knowledge or skills about, attitudes towards,
and practices in STEM after mentees participated in the STEM outreach programme.
Thementees perceived that they became highly knowledgeable about STEM through
the programme (mean difference= 0.48). The programme approach, which focused
on integration of STEM through an engineering design process, was also found to
promote a positive change in mentees’ attitudes towards STEM (mean difference
= 0.20). In addition, the mentees’ participation in the programme contributed to an
increased capability of carrying out practices in STEM (mean difference = 0.49).
With the support of the mentors, mentees were able to understand the underlying
concepts and possible applications of STEM, thus enhancing their knowledge or
skills about, attitudes towards, and practices in STEM.

Application of Scientific Knowledge in Solving Daily Life
Problems

Almost every mentee (98%) noted that they benefitted from the STEM activities
as they were exposed to real-life situations where scientific knowledge was applied
for solving daily life problems. More importantly, STEM activities succeeded in
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providing a platform for them to apply scientific knowledge in solving problems.
The scientific concepts the mentees identified related to water and air pressure, equi-
librium of force, base area, balanced force, surface tension, stability, water density,
and the buoyancy force in a submarine. Mentors from one group confirmed that
interviews with mentees revealed that mentees found the need to apply the concept
of impulse in order to create an innovation that helped to absorb the impact of an egg
being dropped from a high place.

Application of Scientific Knowledge in Answering Higher
Order Thinking (HOT) Questions

A significant number of mentees (88%) reported that a deep understanding of scien-
tific knowledge helped them answer questions that required higher order thinking,
and to be creative in reapplying knowledge learnt in the design and production of
prototypes. Mentors observed that HOT questions provided mentees with an oppor-
tunity to think critically about the answers and make connections with scientific
concepts they had learnt in class.

Connecting STEM Activities with Daily Lives and Scientific
Concepts Learned

A large percentage (93%) of the mentors noted in their field notes that participants
made connections between the STEM activities with their daily life. For example,
mentors observed that mentees could relate how ships or boats function and why
they could float on the surface of water by making comparisons with their own
boat models. Another example related to answering the HOT questions: mentees
could relate the floating needle and paper clip activity with the water strider bug, a
floating log, water lilies, floating ants, and others. Mentors supported these claims.
For example, one noted that:

‘Scientific knowledge is not only for answering exam papers but is also useful in helping
students create connections and explain situations faced in their daily lives. In this case, it
is observed that students applied scientific concepts they learned during physics lessons in
solving problems given to them. Students not only applied the science principles and laws
they learnt but also used them in practical forms.’ (Mentor, School A)

HOT Questions Sparked Critical Thinking

A large percentage (93%) of the mentees expressed through the open questions on
the post-programme questionnaire that they were challenged to think critically when
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answering the HOT questions in the STEM programme. The mentees felt that the
HOT questions were difficult but they tried their best to answer them and to link
them with their prior knowledge.

According to the mentors, mentees were capable of giving rational answers to the
HOT questions. For example, one of the group members gave an excellent answer
and showed that he/she understood the concept and was able to give a suggestion
to improve the existing prototype if given the opportunity to design it with extra
materials. The sharing of answers added knowledge collectively to the group, in
addition to developing students’ critical thinking skills. According to the mentors,
the STEM activities tested and challenged mentees to think “outside the box” using
higher order thinking skills.

Designing and Building Something New and Practical

A large percentage (96%) of the mentees expressed in the open questions that the
STEM activities gave them an opportunity to create many new, interesting and prac-
tical science-related products using everyday materials. They stated that making the
balloon-powered car made from plastic bottles was a new experience for them. They
were fascinated with finding new ways to make a powered car that could be moved
by air, using readily available materials such as glue, bottles, pencils, and so on.
Another activity was making a boat. The mentees said they realized that play dough
can float when shaped into a boat. Others noted that finding the gravity centre through
making the balancing toys was a new activity. A few mentees commented that they
discovered new ways of floating needles and paper clips.

When participantswere askedwhy theywere excited by participating in the STEM
activities, the hands-on approach was highlighted. For example, a typical response
was: ‘Because we got the chance to design and build a newmodel which we only see
in textbooks’. In addition, students showed interest in the STEM activities because
they could become ‘designers’ of their own boat in the future (Mentor, School F).
Mentors observed that the mentees could design egg protection tools and that every
groupmemberworked together thewhole time by contributing ideas and carrying out
the projects as they had planned. Thus, according to mentors, the STEM activities
seemed to provide a very good start to stimulating mentees’ interest in learning
STEM.

Thinking Creatively through the Combination of Ideas

A considerably large percentage (78%) of the mentors noted in their field notes that
mentees exhibited creativity above what they had anticipated. They reported that
the group work seemed to enhance mentees’ ability to produce different kinds of
products using limited materials as a result of the combination of ideas contributed
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by group members. This could be seen during the construction of a bridge using
newspaper. Many new ideas and views were brought up during brainstorming within
the group. With a combination of ideas from group members, students were able
to build a paper bridge that could carry the load of 3 cans of drinks. Thus, mentors
noted that teachers need to acknowledge students’ potential and use the right tools
and mentorship to enhance their hidden potential.

Ill-Defined Problems Inspired Creativity and Thinking

A significant number of mentors (93%) reported that mentees faced complexities
posed by the ill-defined problems in the programme. Developing effective responses
to the challenging tasks inspired creativity and thinking. For example, the mentees
needed to be creative when designing and building a bottle car that was powered by
a balloon. Participants had to figure out ways to move the ‘car’ using only air within
a balloon, and to think of a method of reducing the car’s weight and decreasing its
tyre resistance.

Sketching, Designing, and Constructing Models Fostered
Creative Thinking and Problem-Solving Skills

A considerably large percentage (88%) of the mentees reported that the STEM activ-
ities encouraged creative thinking and also problem-solving skills. This was because
each activity needed them to sketch and designmodels, utilizing the creativity of each
group. Mentees noted that they had to think of a way to design models that worked
and at the same time possessed creative elements. For example, the ‘balancing toys’
activity successfully inspired creativity and imagination within mentees as almost
every one of them was able to build a balancing toy, but with different designs.
Unexpectedly, mentees in one group were able to create nine balancing toys with
different designs. Furthermore, this activity also encouraged mentees to use their
thinking skills. By looking at the other solutions, mentees gained ideas on how to
create toy designs. This was supported by observations made by mentors who noted
that: Besides creating one ‘balancing toy’, students can think of ways to merge a few
‘balancing toys’ in a stable condition.

Another example in which creativity was evident was in the boat making activity.
From the provided materials, mentees designed two different kinds of boats, one
from play dough and another from straws. These new designs increased the number
of marbles carried by the boat, as long as the boat was stable enough to carry them.
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Working Cooperatively

A significant number of mentors (93%) observed that mentees not only came up
with some thoughtful ideas but also showed a spirit of teamwork during the STEM
activities. Mentors described that mutual understanding and cooperation boosted the
confidence of each mentee to do his/her best work in order to construct a workable
prototype. Mentees made attempts to cooperate as a group to solve the problems,
and brainstorming within the group helped mentees to use their critical and creative
thinking. This was proven when a group of five was able to create nine balancing
toys with different designs. In another group, group members divided up some tasks,
such as rolling up a newspaper and stitching together some newspapers, in order to
produce a paper bridge, which in their opinion was a very difficult and challenging
activity.

Solving Problems with a Determined Effort

A large percentage (92%) of thementors reported that the STEMactivities challenged
the mentees to think of many ideas and make many attempts without giving up.
Mentees tested their prototypes through many attempts, and modified and improved
their original ideas through the process of trial and error. For example, mentees made
modifications to the boat several times so that the boat they built could hold up to
26 marbles. They proved their determination to solve the problem despite having to
repeatedly test the boat’s ability to accommodate large quantities of marbles.

Challenges

A number of challenges were faced by mentees participating in the STEM outreach
programme.

Time Constraints Time constraints were a major concern during the programme,
causing some mentees to not complete their prototypes according to plan. Mentees
agreed that it was tough to design and create three prototypes or complete three
activities in one programme. However, mentees also said that their problem-solving
skills were highly stimulated because they had to solve problems in the stipulated
time, including to create a working model out of the materials prepared. For this
reason, the number of activities was reduced from three to two in subsequent outreach
programmes.

Mentees Had Limited Understanding of Relevant Scientific Concepts Mentors
noted in their observations and interviews that the mentees experienced difficulty
in applying scientific and technical knowledge in the implementation of the STEM
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activities. For example, the mentees were weak in mastering physics concepts, and
the mentors needed to put in extra effort to relate physics principles to designing
and building activities. This led the mentees to be less creative in creating something
unique for the STEM activity. For example, in one activity, mentees were unable
to link the scientific concepts such as buoyancy, force, and density to their design.
Mentees faced difficulty in stating and explaining the concept of buoyancy connected
with large ships made out of steel. It was also noted that students chose inappropriate
materials and assembly techniques for the parts of the boat prototypes.

Discussion, Conclusion, and Future Directions

The STEM mentor–mentee outreach programme represented a new idea to address
the specific challenge of supporting STEM education in rural schools in Sabah,
adding value to rural school students, teachers, and the University. The programmes
used a university-school partnership model to reach out to rural schools to improve
the quality of STEM education and make it more relevant to students’ local contexts.
The programmes were executed successfully in a cost-effective way. The personnel
and resources were creatively mobilized through the collaboration of different part-
ners from the university and participating schools. Mentors included in-service and
pre-service teachers, both studying at the University. Schools contributed to the
programme success through the provision of facilities to carry out the activities. The
University provided transport for the mentors to get to the schools. All partners bene-
fited from contributing to and being able to use their knowledge, skills, funds, and
resources effectively in this university-school partnership.

The programme supported the development of participating students’ twenty-
first century skills related to STEM, and supported increases in students’ knowledge
or skills about, positive attitudes towards, and practices in STEM. Evidence from
school students suggests that the programme enabled them to apply STEM knowl-
edge in solving daily life problems, designing and producing everyday products, and
answering HOT questions. Students were also able to connect the STEM activities
with their daily lives and with scientific concepts learned in the classroom, and to
create new and practical products using everyday materials. These findings indicate
that the STEM mentor–mentee outreach programme can help students to relate and
apply STEM knowledge to their real-world problems and contexts.

The STEM mentor–mentee outreach programme not only allowed students to
gain and integrate STEM knowledge, but also provided an avenue to boost their
creativity, critical thinking, problem solving skills, and teamwork. Students’ creative
and critical thinking was sparked through solving HOT questions and responding to
ill-defined problems posed in the STEM activities. In addition, activities such as
sketching, designing, and constructing prototypes helped students to foster their
creative thinking and problem-solving skills. New ideas were generated through the
combination of ideas of group members as well as through trial-and-error. Students
as a group responded effectively even with limited materials and time in terms of
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organizing their thoughts to choose the best possible solution for their prototype
using related scientific concepts.

While the students described many positive learning experiences gained in this
programme, they also pointed out several challenges that influenced their success in
the STEMactivities. The twomost commonlymentioned challengeswere the limited
amount of time, and their need for additional understanding of scientific concepts and
technical knowledge in order to construct prototypes. This was especially evident
when the STEM activities required the use of a wide range of cognitive abilities,
involving higher order thinking skills such as applying, analysing, evaluating, and
creating from Anderson et al.’s (2001) Taxonomy.

Feedback from students and mentors indicated that reducing the time pressure by
negotiating or extending the execution time would help some students complete the
activities. Feedback also highlighted that students who were equipped with sufficient
knowledge of scientific concepts were able to answer the HOT questions. Adequate
classroom opportunities are therefore needed to strengthen students’ scientific and
technical knowledge.

The STEM mentor–mentee outreach programmes opened the eyes of many rural
secondary school students about their potential to pursue careers in STEM such as
engineers, scientists, and technologists. STEMactivities have the potential to develop
a variety of STEM-related twenty-first century skills, including problem solving, crit-
ical thinking problem solving, critical thinking, creativity, communication skills, and
teamwork, which can be used across a range of STEM jobs. The findings confirm the
usefulness of STEMmentor–mentee outreach programmes facilitated by university-
school partnerships in offering a meaningful way to develop twenty-first century
skills among rural high school students.

The STEM mentor–mentee outreach programme described in this chapter is a
cyclic process for promoting the interests and dispositions of students in selecting
STEM-related fields for their future careers. As part of this process, the STEM activ-
ities which were evaluated for their suitability and applicability for rural secondary
schools have been improved and compiled as a learning module for use in other rural
schools. Information about the implementation from this programme can also be
used as a reference to grow the STEM movement in other rural schools. Attributes
such as being able to think and solve problems critically and creatively in the STEM
domains, as addressed in the learning module, could help prepare youth for STEM-
related careers. Efforts have also been made to improve the content of the STEM
activities so that they are relevant to the local conditions of rural school students by
introducing ‘localized’ topics and activities. For example, in later iterations of the
STEM activities, students were engaged to make predictions about and produce new
prototypes that could be available in the future. Some school science teachers have
also begun using the learning module to conduct STEM activities in extra-curricular
Science Clubs. InMalaysia, students are able to choose from three categories of after-
school activity: clubs and associations, uniform bodies (such as Scouts. St. John’s
Ambulance, and Fire Brigade), and sports. Thus, the idea of the STEM mentor–
mentee outreach programme and its activities can be adapted and fine-tuned by any
educators to be delivered to new groups of students based on their local context.
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To ensure the sustainability of the STEMoutreach programmes and the university-
school partnership, efforts have beenmade to expand the programmes to primary rural
schools in the interior of Sabah since 2019. Entrepreneurial thinking skills have been
introduced in the programme so that primary school children could apply these skills
in addressing ‘localized’ problems and issues and turning problems into marketable
products. Therefore, the STEM outreach program can be a holistic programme that
aims to increase the number of students participating in STEM, especially among
rural students. This programme can therefore be considered as a catalyst supporting
various initiatives undertaken by the Malaysian government to achieve developed
country status by 2050.

Appendix 1

Sample of Scoring Rubric for Product Presentation

Criteria Poor Acceptable Good Very good Marks
obtained

2.5 5.0 7.5 10.0

Product
functionality
(1)
Ability of the
water sprinkler
model to
produce a
powerful water
jet

The water
sprinkler does
not emit water
directly

Only a few
water channels
can emit water /
holes are not
drilled properly

The water
sprinkler
squirts water in
a small area/ all
holes can emit
water

The water
sprinkler is
very stable,
squirts water to
a large area/ all
holes squirt
water strongly

Product
functionality
(2)
Ability of the
water sprinkler
model to wet
the soil over a
long distance

Failed to
moisten the
soil

Soil gets wet in
the original
place only
(0.2 m - 0.4 m)

Water wets the
soil covering a
moderate
distance.
(0.5 m- 0.7 m)

Water wets the
soil covering a
long distance.
(0.8 m- 1.0 m)

Group
collaboration

There was no
discussion and
only one
member did the
job

Discussions
between
members only
occurred once
and only 2
members
carried out the
task

Discussions
between
members were
conducted
regularly, but
only 3
members
carried out the
task

Discussions
were
conducted all
the time.
Members
worked well
together and
respected each
other’s ideas

(continued)
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(continued)

Criteria Poor Acceptable Good Very good Marks
obtained

2.5 5.0 7.5 10.0

Understanding
and
explanation of
scientific
concepts

Students are
not confident in
explaining
concepts, and
speak in a way
that is poorly
understood
(stuttering
voice)

Students are
less confident
in explaining
concepts, and
speak in a way
that is poorly
understood
(voice stutters
but still try to
explain)

Students are
very confident
in explaining
concepts, in an
easily
understood
way (clear
voice) but
cannot answer
all questions
posed by the
panel

Students are
very confident
in explaining
the concepts,
in an easily
understood
way (loud
voice) and can
answer
questions
posed by the
panel

Sketch Incomplete
sketch, no label

Semi-complete
sketch, few
labels

Complete
sketch and
some labels

Detailed
sketches, label
statements and
materials used
are detailed
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Appendix 2

Mentees proud to show their balancing 
toys

Mentees presenting and testing their 
paper bridge in front of the judges 

Mentees presenting their sketch of 
a future town in the year 3030

All groups ready to make a presentation 

The judge listening to the presenters 
introducing their green building 

Mentees working together to complete 
the “The Great Green Octa” model

Mentees testing their future boats in a 
pond

Mentees testing their wind mill with 
a milliammeter while observed by 
mentors

STEM activities in action
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Chapter 11
STEAM Education in Korea: Enhancing
Students’ Abilities to Solve Real-World
Problems

Jiyeong Mun and Sung-Won Kim

Abstract The Korea Foundation for the Advancement of Science and Creativity
(KOFAC) funds a valuable programme called STEAMR&E for research and educa-
tion as one of its programmes offered to high school students; the aim of the
programmes is to enhance creative problem-solving ability and peer cooperation
skills through STEM/STEAM education. STEAM R&E consists of student-centred
research tasks that aim to improve students’ real-world problem-solving abilities and
research capabilities. Theprogramme follows the scientific researchprocess: students
make a proposal, apply for a grant, receive consultation from experts, and make final
presentations orally, with poster displays, or both. Through the programme, students
experience for themselves constructing research questions, designing and conducting
experiments, and writing reports, and even failures are allowed. Participants reported
enjoying the presentations and the opportunities to communicate with each other. In
this chapter, we report on the quantitative and qualitative achievements of the partic-
ipating students through, respectively, the gains in cognitive, affective, and practice
domains during the programme and essays the students wrote on their experiences
in the STEAM R&E programme. Drawing on the results of the study, we make
suggestions to improve students’ learning in STEM/STEAM programmes through
student-led research.

Keywords STEAM R&E · Student research task · Creative problem-solving
ability · Peer cooperative competency

Introduction

Background and History of STEAM Education in Korea

In the IEA’s Trends in InternationalMathematics and Science Study, Korean students
are always among the highest achievers in science andmathematics, but they also rank
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among the lowest in interest and self-confidence (IEA, 2011). It is not common for
top-ranked students inKorea to voluntarily show interest in science andmathematics.

In 2011, Korea’s Ministry of Education, Science and Technology (MOEST) put
forth the Second Scientific and Technical Personnel Development Assistance Plan
(2011–2015), the first phase of which strengthens scientific and technical personnel
training by incorporating arts into STEM education, creating STEAM (MOEST,
2011). Systematic approacheswill be needed to secure the supply of trained personnel
who will be able to lead industries of the future, and STEAM education attracted
great interest when it was introduced.

In the second phase of the plan, in 2017, the Ministry of Education (MOE,
2017) announced a mid- to long-term plan for convergence personnel education
(2018–2022). The plan’s vision was the ‘Cultivation of creative and convergent
personnel through internalization of convergence personnel education’, which had
three goals: (1) future-oriented education that fosters students’ and teachers’ conver-
gence capabilities, (2) classroom innovations, and (3) STEAM education with real-
world applicability. The plan included four strategies for achieving these goals:
expanding STEAM education to elementary, middle, and high school students to
‘nurture’ their interest in STEAMcareers through specific strategy; ‘making teachers
happy’ through STEAM, creating ‘STEAM everyone enjoys’, and creating ‘shared
STEAM platforms’. The focus of the MOE’s plan was on establishing a research-
based STEAM support system and strengthening domestic and overseas STEAM
partnerships.

In 2020, theMOE issued the 2ndComprehensive Plan for Convergence Education
(2020–2024),which can be seen as the third phase of the 2017 long-range plan (MOE,
2020). The aim of the most recent plan is to cultivate global creative and conver-
gence personnel, and to transition to a future education system. The main goals are
(1) for convergence education between subjects centred on science, mathematics,
and information education to be settled in the field; (2) to design learning spaces
that enable multidimensional projects and combine cutting-edge technologies and
tools; and (3) to establish an ecosystem for science, mathematics, and information
education based on the linkages and cooperation between individual-school-society.
Moreover, the concrete strategies of the plan are as follows: first, not only achieving
basic subject literacy but also solving real-life problems using that subject knowl-
edge; there should also be subject-oriented project learning that integrates and rein-
forces multiple subjects. The plan also promotes curriculum-linked project classes in
which students choose their own learning topics and design their learning processes.
Second, the phase-three plan supports the development of a teacher convergence
learning community inwhich teachers of various subjects can cooperate and research,
develop, and share convergence education content. Third, the plan aims to establish
spaces and environments where convergence education is realized. By developing
digital textbooks, advanced learning tools (AR/VR, IoT) and online learning envi-
ronments, the government aims to create a future convergence learning space without
textbooks and desks. Finally, the government will work to expand the learning space
by linking various resources and content outside of schools such as libraries and
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research institutes, and to build a convergence education network ecosystem by
establishing cooperative relationships with schools and local communities.

Concept of STEAM Education in Korea

The Korean Ministry of Education defined STEAM as ‘education for increasing
students’ interest and understanding in scientific technology and for growingSTEAM
literacy based on scientific technology and the ability to solve problems in the real
world’ (KOFAC, 2021). The United States (Sanders, 2009) and the United Kingdom
(Bell, 2016;Harrison, 2011) are implementingSTEMeducation for a similar purpose.
The stated goal of STEM is to build a STEM-literate society by developing a general
workforce with 21st-century competencies and an advanced research and develop-
ment workforce focused on innovation (Bybee, 2010, 2013). In Korea, themovement
to enhance creativity by adding the elements of humanities and art to STEM is gaining
attention (Kim, 2015; KOFAC, 2021). It is recognized nowadays that arts can be the
backbone of real-world problem solving through design, expression, and student
inquiry and expression across disciplines (Quigley & Herro, 2019).

STEAM classes cannot be guided solely by students’ interest levels. Instruction
must focus on helping students understand the principles of scientific technology
and reach the achievement standards of science and mathematics. When students
realize the meaning and purpose of their learning, they become better equipped to
solve real-world problems through having designed, explored, and tested solutions
for themselves. STEAM has introduced technological and engineering elements to
connect the real world to classroom teaching and to increase students’ science and
mathematics understanding (Jeong et al., 2020; Kim et al., 2012).

Organizations Supporting STEAM and Education
Programmes in Korea

The government is the main organization for enhancing STEAM education. The
MOE creates new policies and supports municipal offices of education, and KOFAC
manages STEAM initiatives financially and administratively. Municipal education
offices are responsible for encouraging teachers and schools to implement STEAM
programmes as regular or after-school classes.

KOFAC supports many STEAM education programmes both inside and outside
the school. There are three categories of inside-school programmes: school
programmes, teacher programmes, and student programmes, and the school
programmes are STEAM Leader School and Infinite Imagination Maker Rooms
in School. The former programme is the model for broad application of STEAM
education according to the school curriculum, and the latter is to build spaces for
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students to realize their creative ideas and cultivate self-directed learning skills. The
student programme is STEAM R&E for high school students, as discussed below.

STEAM R&E

Among the STEAM education programmes, STEAM R&E is the most suitable for
enhancing students’ ability to solve problems in the real world. The programme
has supported student R&E activities since 2015 and awarded students who were
outstanding in integrating their knowledge and experiences of different subjects to
solve real-life problems on their own (KOFAC, 2021). Students select their own
research topics and conduct real investigations that follow the procedures real-world
scientists follow:write a proposal, apply for a grant, begin the research, communicate
through progress reports incorporating reflections and expert feedback, prepare the
final report, etc.

EveryApril, KOFACusually announces that STEAMR&E is open to applications
from high school students, and selects 130 teams (120 teams in 2021 due to the
pandemic) from among the applicants. Each team consists of three to seven students
(usually in grade 10or 11) and a teacher or teachers.KOFACsupports all teamsduring
the progress of the research as well as with financial and administrative matters.

Start-up workshops for the participating teachers improve their research ethics
and leadership skills and help them develop student leadership skills. In addition,
professionalism is enhanced through special lectures on career guidance and research
competence. Students are guided throughworkshops, camps, and lectures on research
methods and research ethics. During the research process, each team receives blended
research consultation via either online or face-to-face mode from an assigned expert
who checks their progress and makes suggestions for improving presentations. At
the end of each programme cycle, a professional evaluation team judges the students’
final presentations.

In this chapter, we report on the students’ experiences throughout the project. We
collected survey data and also analysed the students’ responses in their individual
essays. Finally, we examined the students’ experiences against whether STEAM
R&E had achieved the programme goals.

Research Method

Developing the Performance Indicators

We developed the STEAM R&E performance indicators to attempt to measure
the students’ performance. We developed the indicators according to the following
process: First, we conducted a perception survey to identify indicators that teachers



11 STEAM Education in Korea: Enhancing Students’ Abilities … 203

reported following the 2019 programme wave, and we were able to categorize what
the teachers considered important into three areas: affective, cognitive, and practical
competence. Second, to identify outcome indicators, we conducted a Delphi survey
with eight professors, researchers, and teachers with R&E and STEAM expertise to
investigate the suitability, determining the factor weights using analytic hierarchy
processing. Based on the weights, we composed an initial set of performance indi-
cators including names and definitions, and revised these based on comments from
the experts.

As we noted above, we could categorize the indicators as affective, cogni-
tive, or practical competence. A total of eight items measured affective compe-
tence, divided into two subdomains: science and technology-related self-efficacy and
science and technology-related job interests. The cognitive competence subdomains
were creative problem-solving ability–divergent thinking, creative problem-solving
ability–critical thinking, and inquiry subject exploration ability; we measured cogni-
tive competence with 12 questions. The practical competence subdomain consisted
of 10 questions, and the relevant subdomains were inquiry performance ability,
collaboration ability, and communication ability.

Participants

We administered the developed STEAM R&E performance indicators to students
whoparticipated in STEAMR&E2020using an online survey.A total of 174 students
completed the pretest survey, and 148 responded to the posttest survey; for the data
analysis, we selected the 100 students who had completed both surveys, and we
excluded all non-responses. As demographic information, students were asked about
their school type (57 general high school, 41 science core HS/science HS/gifted HS,
and 2 schools listed as “etc.”), gender (71 males and 29 females), and grade (34 10th
graders and 66 11th graders).

Data Collection and Analysis

Quantitative Data

The students rated all STEAM R&E survey items on 6-point Likert scales (1 =
strongly disagree, 2 = disagree, 3 = somewhat disagree, 4 = somewhat agree, 5
= agree, 6 = strongly agree) as 6-point scales have shown greater reliability and
discrimination than 5-point Likert scales (Chomeya, 2010). For the reliability of
the subdomain indicators across the pre- and posttests, Cronbach’s alphas ranged
from 0.850 to 0.903 (see Table 11.1). We conducted paired-sample t tests to identify
significant differences between the pre- and posttest survey responses, and we ran
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Table 11.1 Cronbach’s alphas for pre- and posttest subdomain scores

Subdomain†

a b c d e f g h

Pretest 0.870 0.880 0.818 0.841 0.869 0.844 0.895 0.841

Posttest 0.922 0.926 0.900 0.859 0.874 0.899 0.845 0.902

Total 0.896 0.903 0.859 0.850 0.872 0.872 0.870 0.872
†a: science and technology-related self-efficacy; b: science and technology-related job interests;
c: creative problem-solving ability-divergent thinking; d: creative problem-solving ability-critical
thinking; e: inquiry subject exploration ability; f: inquiry performance ability; g: collaboration
ability; h: communication ability.

independent t tests to check for differences by school type.1 We used the Shapiro–
Wilk test and Levene’s test to examine the differences between the students’ pre- and
posttest scores. We analysed all the pre- and posttest survey data using SPSS 21.0
and set significance at 5%.

Qualitative Data

We collected and analysed qualitative data in addition to the survey data to capture
what students experienced and learned through participating in the STEAM R&E
project. We announced that we were collecting essays on the STEAM R&E experi-
ence and invited students and teachers to submit at the end of the project; we received
a total of 66 individual essays (43 students’ and 23 teachers’) from 2018 to 2020.
We asked respondents to describe their experiences such as difficulties, feelings, and
new knowledge related to the STEAM R&E activities. Using qualitative analysis
methods, the analysis was to reveal the meaning of participating in the STEAM
R&E for the students. We focused on how the students felt and experienced the
project-based inquiry activities, looking for and analysing the evidence (Yin, 2009),
and finally explored what the STEAM R&E activities meant for the students. The
keywords in the sentences were found and categorized into several concepts.

Results

Quantitative Research by Performance Indicators

Table 11.2 presents the paired-sample t-test results for the students’ STEAM R&E
performance indicators; all overall mean scores were higher at the end of the STEAM
R&E activities.

1 For the school type analysis, we only compared general high schools and the science core, science,
and gifted schools. Only two students attended schools we classified as etc., and we excluded their
data owing to the small sample size.
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Table 11.2 Paired-sample T-test results for STEAM R&E performance indicators

Area† Subdomain Questionnaire Mean t

A
(8)

Science and
technology-related
self-efficacy (5)

1. I believe in getting good
grades in science and
technology
2. I am confident that I will do
well in science and technology
exams
3. I believe that I will be able to
acquire knowledge and skills in
science and technology
4. I am confident that I can
understand science and
technology
5. I am confident that I will do
well in science and technology
lab classes

Pre 4.82 2.391*

Post 5.04

Science and
technology-related job
interest (3)

6. I am interested in a career in
science and technology
7. I am interested in a career in
science and technology
8. I will enjoy working in
science and technology related
professions

Pre 5.27 1.729

Post 5.44

B
(12)

Creative problem-solving
ability-divergent thinking (4)

9. I can solve a problem in a
new way that is different from
what is already known
10. I am able to express new and
unique ideas
11. I am able to generate diverse
and abundant ideas to solve
problems
12. I can make connections
between seemingly unrelated
things

Pre 4.31 4.894***

Post 4.78

(continued)

The students’ total mean score increased significantly from 4.89 on the pretest to
5.11 on the posttest (t = 3.914, p < 0.01). There were also statistically significant
differences in the subdomains between before and after the project: science and tech-
nology related self-efficacy, p = 0.019; creative problem-solving ability-divergent
thinking, p = 0.000; creative problem-solving ability-critical thinking, p = 0.022;
inquiry subject exploration ability, p = 0.017; and inquiry performance ability, p
= 0.000. The findings show that students’ competence in all three areas – affective,
cognitive, and practical – improved through the STEAMR&E project. The cognitive
competence subdomains showed the most significant differences.

By individual items, 13 of the total of 30 items showed statistically significant
increases at p < 0.01: 1, 9, 10, 11, 12, 16, 20, 21, 23, and 24, which includes all
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Table 11.2 (continued)

Area† Subdomain Questionnaire Mean t

Creative problem-solving
ability-critical thinking (4)

13. I am able to distinguish
between reality and imagination
14. I am able to refine my ideas
or conclusions carefully
15. I can judge whether what
others are saying is right or
wrong in performing inquiry
16. Based on the evidence
exchanged with colleagues, I
can draw conclusions for
solving problems on my own

Pre 4.87 2.325*

Post 5.07

Inquiry subject exploration
ability (4)

17. I am able to explore research
topics in collaborating
18. I am able to discuss ideas
about inquiry with my
colleagues
19. I am able to explore inquiry
ideas through literature review
20. I am able to construct
research questions

Pre 4.89 2.426*

Post 5.09

C
(10)

Inquiry performance ability
(4)

21. I am able to design
experiments aligned with an
inquiry theme
22. I am able to construct proper
inquiry hypotheses
23. I am able to clarify the
research range based on the
literature
24. I am able to evaluate
published papers in terms of the
design or analysis methods

Pre 4.64 3.798***

Post 4.97

Collaboration ability (3) 25. When I collaborate with
others, I try to consider the
position or the situation of
others first
26. When I collaborate with
others, I try to respect others’
opinion as well as my own
27. For the team, I try to allow
and encourage others’ mistakes
or new attempts

Pre 5.30 0.162

Post 5.29

(continued)
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Table 11.2 (continued)

Area† Subdomain Questionnaire Mean t

Communication ability (3) 28. I am able to communicate
with team members aligned to
the purpose of the research
29. I am able to lead the
conversation to develop the
ideas
30. When I collaborate with
others, I try to resolve conflicts
in a reasonable way (e.g.,
discussion or consensus)

Pre 5.30 1.035

Post 5.39

*p < 0.05, **p < 0.01, ***p < 0.001
† A: Affective; B: Cognitive; C: Practical

four items in the creative problem-solving ability-divergent thinking subdomain. For
example, for item 10, ‘I am able to express new and unique ideas’, themean increased
from 4.35 preintervention to 4.81 after the project (p = 0.000). Item 10 relates to
coming upwith creative ideas for problem solving, and we infer that scores increased
because STEAM R&E gave students opportunities to brainstorm creative solutions
to real-world problems; indeed, the project emphasizes that students should actively
identify the problem to solve on their own. Other items that showed high mean score
differences were item 20, ‘I am able to construct research questions’ (Mpre-test =
4.67, Mpost-test = 4.99, p = 0.005) under inquiry subject exploration ability, and
item 23, ‘I am able to clarify the research range based on the literature’ (Mpre-test
= 4.29, Mpost-test = 4.74, p = 0.001) under inquiry performance ability. Item 20
is about the ability to explore and construct a research theme on one’s own, and
item 23 is about the ability to clearly set a research scope as part of the experiment
design. Both are necessary competences for conducting an inquiry, and therefore, we
interpret these findings as indicating positive impacts of the STEAMR&E project on
students’ inquiry competences such as constructing research questions or designing
experiments. Furthermore, STEAMR&E includes expert feedback for each research
team, and we believe that this continuous feedback contributed to the increases in
the students’ inquiry competences.

Meanwhile, therewere no significant increases in themeans for the subdomains of
science and technology related job interest, collaboration ability, and communication
ability, although we note that their preintervention scores were already high at over 5
points. Table 11.3 shows the mean independent t-test scores for differences between
the pre- and postintervention scores by school type; there were no significant pre-
/post- score differences for the two school type groups.

As seen above, there was a significant positive change in only one subdomain:
science and technology-related self-efficacy (t = 2.600, p = 0.011). The students
from the science HS, science core HS, and gifted HS (M = 5.27, SD = 0.688)
showed significant improvement in self-efficacy, in contrast with the general high
school students (M = 4.87, SD= 0.788) following the STEAMR&Eproject. Among
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Table 11.3 Independent T-test pre-/post- scores between general HS and science core, science,
and gifted HS

Area Subdomain† Type of school N Mean Standard deviation t

Affective a Science HS, science
core HS, gifted HS

41 5.27 0.688 2.600*

General HS 57 4.87 0.788

b Science HS, science
core HS, gifted HS

41 5.46 0.756 0.164

General HS 57 5.44 0.730

Cognitive c Science HS, Science
core HS, gifted HS

41 4.95 0.783 1.694

General HS 57 4.64 0.948

d Science HS, science
core HS, gifted HS

41 5.15 0.760 0.971

General HS 57 5.00 0.718

e Science HS, science
core HS, gifted HS

41 5.21 0.679 1.567

General HS 57 4.97 0.814

Practical f Science HS, science
core HS, gifted HS

41 5.11 0.696 1.675

General HS 57 4.85 0.857

g Science HS, science
core HS, gifted HS

41 5.34 0.709 0.729

General HS 57 5.23 0.729

h Science HS, science
core HS, gifted HS

41 5.41 0.717 0.187

General HS 57 5.38 0.668

* p < 0.05; † a-h: same subdomains as in Table 11.1

the 30 items, there were significant differences in mean scores for five items: 2, 4, 5,
11, and 20, with the largest difference for item 5: ‘I am confident that I will do well in
science and technology lab classes’ (Mgeneral, n=57 = 4.89,Metc., n=41= 5.44, t= 3.269,
p = 0.002); this item is about confidence in science and technology experiments in
classes. The item with the second highest mean difference was item 20, ‘I am able to
construct research questions’ (Mgeneral, n=57 = 4.79,Metc., n=41 = 5.22, t = 2.358, p=
0.020). We consider that the experience of conducting research through the STEAM
R&Eprojectmight have had greater influence on the science and technology research
confidence among the students from the specialized schools than among the general
high school students. Table 11.4 shows the mean score comparisons in the science
and technology-related self-efficacy subdomain of the students from general versus
specialized schools before and after STEAM R&E.

The table shows that the mean postintervention scores for the students from the
science, science core, and gifted schools were higher than those for the general high
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Table 11.4 Comparison of the mean scores

Subdomain School type N Mean t

Science and technology-related
self-efficacy

Science HS, science core HS,
gifted HS

41 Pre 4.91 3.055**

Post 5.27

General HS 57 Pre 4.76 0.374

post 4.87

** p < 0.01

school students’ scores, and the general high schoolmeanwas not significant. Briefly,
the findings indicate that the STEAM R&E project had a particularly educational
effect on the science and technology self-efficacy of students from specialized high
schools.

The STEAM R&E Experience Essays

We identified threemain themes from the collected essays: (1) experience conducting
research, (2) increased interest in STEM fields, and (3) learning from achievements
and failures.

Experience Conducting Research as a Future Scientist

Improved Research Skills

Participants wrote that the greatest advantage of participating in the STEAM R&E
was being able to experience designing and conducting research on their own. The
students did not have access to similar opportunities for research design outside of
the programme. In addition, the students felt that the programme had cultivated their
skills by making public presentations before experts and receiving their feedback:

‘While writing the research results as a report, we learned how to organize our research
report by organizing our contents into motives, processes, results, and conclusions. As
we prepared for our interim presentation, we learned how to effectively communicate our
work within a short period of time. STEAM R&E has made me voluntarily experience
what I have not done before and what I have not experienced before.’ (S22)

‘Even if we want to conduct biological research, there are many restrictions because we are
students. There was no funding for research, and there were no opportunities to conduct
research and publish its results. Even if there was a hypothesis that I wanted to test,
it was always regrettable that I could only complete the literature review process
such as preceding theories and thesis search. However, I was really happy to have
the opportunity to conduct the biological research that I wanted.’ (S2)

Authentic Experience of Scientific Research

STEAMR&E gave students opportunities to explore new areas of interest, and many
reported that being able to investigate content they were not learning about in class
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had not only aroused their interest in science but also instilled in them new levels of
research confidence. For example, S14 studied making filters related to biomimetics,
and he was impressed with his opportunity to conduct real-world inquiry related to
the theoretical knowledge he had been learning about biomimetics in class. Following
is another student’s reflections on new STEAM experiences:

‘I have always wanted to improvemy programming skills by learning and applying program-
ming methods. [Through the research projects] I designed new trapping machines and
unmanned surveillance systems. I coded and programmed by myself during the process.
The experiences I’ve had on my own are the most impressive.

STEAM R&E allows students to study the subjects they are curious about outside of
lessons. It is meaningful to explore a truly unique, diverse, and extraordinary subject.
… Also, since there is no burden of evaluation, I do not have the compulsion to be
perfect, so it is one of the joys of school life.’ (S18)

Improving Collaboration and Communication Skills

Many students mentioned that the STEAM R&E process was difficult but that they
were proud of having improved their cooperation and collaboration skills. The
students on some teams were already familiar with each other, but other teams
comprised students who fit the interests of the research subject but were not close
with each other. Some of these students reported difficulties collaborating with their
colleagues during the project:

‘Even if I just got angry, it would not improve at all. From that moment, I desperately
realized that harmony with team members is really important, above all, and that it is
important to communicate well so that there is no friction no matter what happens.’
(S34)

‘Wemet several times a week for research, and even during vacations, we came to the science
lab at our school to conduct research. And we became closer with team members who were
not very close. Rather, the disagreement of opinion during the research served as a
facilitator to devise and try a number of different methods.’ (S28)

One of the goals of the STEAMR&Eproject is to cultivate students’ collaboration
and communication skills, and we established that the participating students came
to realize the importance and necessity of coordinating and collaborating with other
students to complete assignments even when it is difficult.

Growing Interest in a Career Path in STEM Fields

Career Interests as Future Scientists

Students reported that participating in the STEAM R&E project had strengthened
their existing career interest in science and engineering fields, but others reported
gaining new interests from participating in the project. For instance, S1 reported
feeling pleasure from conducting an experiment he had designed himself, and the
process helped him thinkmore clearly about his career path. Other student comments
are given below:
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‘Even before I participated in STEAM R&E, I had thought that my learning ability and
problem-solving ability as a future engineer was not bad, but when I actually conducted
the research, I felt that I was like a frog in a well. Through this activity, the career of a
researcher in science and engineering was further clarified, and I had a desire to conduct
professional research in the field.’ (S8)

‘While participating in this project, I learned about my attitude as a biologist in the future.
While planning and conducting research on my own, I realized what meaningful research
was in the process of drawing out research results.’ (S2)

Students who participated in STEAM R&E were able to experience aspects of
being engineers or other scientists by designing research studies and conducting the
research, and the activity stimulated them to think about or rethink careers in science
and engineering.

Enhanced Interest in Science

Students grew interested or more interested in careers in science and engineering
through participating in the self-directed STEAM R&E research activities. Many
students chose topics they had been interested in or for which they had prior expe-
rience conducting research, but there were also students who gradually became
interested in previously unfamiliar research topics:

‘Before participating in the STEAM activity, I thought that biotechnology was a very
far-off science from us, which is conducted only in the laboratory. However, an advisor
professor gave us various examples of biotechnology being used in our real life. And he
explained how close biotechnology is to real life. His explanation cleared my preju-
dices against biotechnology, and this was a great opportunity to take my interest in
biotechnology one step further.’ (S26)

‘STEAMR&E has influenced not only my general interest in science, but also my interest in
various subjects such as information science. … I was interested in not only life science,
which I was usually interested in, but also physics and chemistry through the STEAM
R&E project, so I studied harder.’ (S41)

Experiences of Achievement and Lessons from Failure

Experience of Achievement

STEAMR&E is a rather long-term project in terms of students’ activity. Conducting
collaborative research and generating results gave the project participants a sense of
accomplishment. We confirmed from the students’ essays that this sense of achieve-
ment not only aroused their interest in STEAM careers but also served as drivers of
their own personal development:

‘It feels like stuffing things one by one into an empty boxwith ‘I’ written on it. From planning
to recording results, there were many failures, but I feel like I have become the ‘me’ who
has grown even more than before, by continuing to accumulate what I have gained
from it.’ (S9)

‘Considering so many points, it was the first time I had crossed my limits. Before STEAM
R&E, I had made only small models or models used for decoration purposes. However,
when I made a large outer frame that was not even a small part of a robot in such a
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large project, it was burdensome at first, and I thought deeply about how to make it
well. But it meant a lot to me.’ (S38)

The students’ sense of accomplishment from completing a systematic research
project to solve a real-world issue they themselves had come up with helped reduce
their fear of research and increased their confidence.

Lessons Learned from Failure Experiences

Students’ STEAM R&E activities are not always successful. The research topic
can change, problems can arise, and the expected results might not be what the
study findings reveal. For instance, one team had difficulties completing the research
because they could not communicate with each other. Overall, the students’ failures
were difficult to get through, but overcoming the difficulties inspired in them a spirit
of challenge and confidence:

‘We have had successes and achievements from doing these activities, but we have failed
and suffered so much. Whenever that happened, our team tried to improve it. I can bet
it was a very valuable experience for us. … I thought about jumping over the wall and
going back when it hit a wall.’ (S23)

‘I have been doing various research activities so far, but it seems that trials and errors
were rare like this. I changed the target theme twice, practiced experimentation, and was
clumsy in many ways, but unexpected situations soon happened, and I was busy. … But
it was both difficult and fun. It was more fun than any other exploration I had done before.’
(S16)

The students experiencedmultiple difficulties related to the research process itself.
Some students lacked research experience and were confused by the experiment
process, some were attempting to tackle subjects that had not been specified for
the subject, and a number of participants reported poor communication among team
members. One student, S42, reported that he had learned the importance of the ability
to face any situation and the importance of research design as his team revised their
research plan through trial and error.

Conclusion

In this chapter, we have examined Korea’s STEAM policy over the past 10 years.
The first step was the conceptualization of STEAM education in Korea. In the second
phase, relevant organizations and science educators tried to implement STEAM
education as a national curriculum and expand it nationwide. The third phase began
in 2020with a comprehensive plan of science, mathematics, and information science.
Thekeywords in the plan are artificial intelligence, high technology, and space outside
the school.

In every phase, the goal of STEAM/STEM education is always to enhance
problem-solving ability in the real world. A good example of pursuing this goal is the
STEAMR&E programme supported by KOFAC. The programme is a project-based
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research activity for high school students that mimics real-world science research
processes, and it increases students’ research competencies based on analysis of
their responses on a quantitative survey. Specifically, we collected data from partic-
ipants in the 2020 wave of STEAM R&E using a performance indicator survey that
we developed through a Delphi survey with experts incorporating previous teacher
participants’ opinions. We also collected and analysed semi-structured essays from
students and teachers.

In 2020, because of the unprecedented circumstances surrounding the COVID-
19 pandemic and related measures, students began research in July and conducted
intensive research during a short period of about 4months. In the analysis of the statis-
tical data, specifically the differences between the students’ scores on a number of
STEAM subdomains before and after they participated in the project, STEAM R&E
stimulated students’ science and technology-related self-efficacy, reflecting affec-
tive competence; creative problem-solving and inquiry subject exploration ability,
reflecting cognitive competence; and inquiry performance ability, which reflected
practical competence. STEAM encompasses these three areas of competence, and
the means in all subdomains of these areas increased significantly based on post-
intervention indicators. In particular, the item with the highest mean score increase
was about the ability to construct research questions and determine the scope of
the research. We therefore concluded that STEAM R&E as a project gave students
opportunities to direct their own research themes and processes in ways that they
could not learn in class.

Second, the quantitative results showed no significant increases in science and
technology-related career interest, communication ability, or collaboration ability.
For career interest, it was possible that students who wanted to participate in this
project already had at least some interest in science and technology, so the project
itself would not have made drastic changes to their interest. However, analysis of
the essay responses showed that participating in the project had further developed
students’ interest in the field of science and technology. Meanwhile, in terms of
collaboration, STEAMR&E is a long-term teamproject that requires communication
and cooperation among students, and some of the essays highlighted difficulties in
working with unfamiliar team members including conflicts and their resolutions;
students reported, however, that the process had increased their communication skills,
providing “an opportunity for [them] to mature mentally as well as academically.”
Participating in the project appeared to have provided students with opportunities
to collaborate and communicate with team members, although in the quantitative
results, the findings were not statistically significant. It is possible that quantitatively,
the changes were not significant because the mean pre-intervention scores for both
interest in STEM careers and communication and collaboration ability were already
high at 5.30.

Third, there were significant differences by school type between the mean indi-
cator scores for the general high school students and those for students from special-
ized science and gifted schools in the STEM-related self-efficacy subdomain. In
Korea, the science core high school curriculum can comprisemore than 45% science-
related subjects in general, whereas the percentage is only around 30% in general high
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school and, conversely, around 60% for the science high schools.Given these percent-
ages, it is possible that students from the specialty high schools already have some
science-related confidence that the programme only enhanced rather than creating,
and hence the lack of significant changes after the project. Regardless of school type,
we conclude that STEAM R&E activities improved students’ inquiry competence.

Fourth, the students’ essays reflected that the students had made meaningful gains
in the science-related competences throughparticipation in theSTEAMR&Eproject.
Students reported that their research abilities and their career interest in STEM
fields had increased and that they had learned from both their achievements and
their failures. Students said they benefited from the direct research experience they
had acquired including applying classroom concepts in practice, which increased
their grasp of these concepts. Separately, according to the essays, participating in
the project in teams improved the students’ cooperative spirit and communication
skills. Although there were no significant increases in the performance indicators
for STEM career interest or collaboration ability, we still found that participation in
STEAM R&E could affect students’ STEM-related career interests and their ability
to collaborate with colleagues.

Despite the pandemic conditions, the intensive four-month project period showed
increases in six of nine subdomains of affective, cognitive, and practical competence,
and we conclude that STEAMR&E as a long-term project cultivated students’ affec-
tive, cognitive, and practical inquiry capabilities. Even for students with little R&E
experience, participating in STEAM R&E gave them opportunities to improve their
inquiry skills.

Further investigations on the construct validity of the questionnaire items could be
pursued. Moreover, in the future, statistical confirmation of the relationships among
the domains and subdomains could guide the development of effective STEAM
education programmes that develop students’ confidence and multifaceted compe-
tence. Future studies may look into the role of teachers in the programme as we do
note that the project could not succeed without the professionalism of teachers to
guide the students through complicated research tasks and conflict resolution with
other students.
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Chapter 12
Arts-Integrated STEM in Korean Schools

Hye-Eun Chu , Sonya Martin , Ei Seul Kim, and Hyeong Moon Lee

Abstract This chapter addresses the theme of innovative teaching approaches,
reporting on three funded studies investigating the effects of a STEAM teaching
approach where the arts are integrated into STEM teaching/learning activities. ‘Arts’
is defined as any event or product that reflects a community’s sociocultural prac-
tices and values, for example, paintings, architecture, literature, leisure activities,
and festivals. The STEAM approach has been adopted into Korea’s national science
curriculum. The chapter describes the STEAM teaching/learning process, including
classroom activities: encouraging students to ask inquiry questions and hypothe-
size answers; engaging students in activities aimed at verifying their hypotheses;
and inviting peer collaboration in testing, applying, and evaluating their hypotheses.
Throughout the teaching/learning process, arts-related sociocultural events (e.g. a
light festival) and/or products (e.g. 3D quasi holograms) are used to demonstrate to
students how science concepts (e.g. light propagation) create or explain a sociocul-
tural experience. Samples of students’ work provide evidence of their developing
understanding of science concepts. The chapter also reports on the effect of the
STEAM approach on students’ perceptions of and attitudes towards science and
studying science, and presents some evidence of scientific creativity in STEAM
lessons. The chapter concludes with a discussion of the potential benefits and
challenges of the STEAM approach.
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Introduction

This chapter reports on the STEAMapproach implemented inKorea that incorporates
the arts into teaching/learning activities. The STEAM approach has been defined in
the literature (Paik et al., 2012; Park et al., 2012; Yakman & Lee, 2012), with the
letter ‘A’ standing for the integration of the arts into STEM lessons. The STEAM
approach presented in this chapter integrated science, technology, engineering, and
mathematics (STEM) with the arts or culture to afford students the experience of
seeing science concepts operating in real-world contexts. In the sections that follow,
we provide examples from three STEAM projects implemented in Korea to provide
some evidence of the potential of STEAM education to develop students’ under-
standing of science concepts in the context of sociocultural environments familiar to
the students. We also present evidence that these STEAM learning experiences can
support positive attitudes towards and perceptions of science and science learning,
besides promoting scientific creativity in the science classroom. TheKorean evidence
was collected in an Australia-Korea Foundation funded project involving intercul-
tural interactions between students in STEAM classes in Korean and Australian
schools. A total of eight schools in Korea and Australia participated in this project
from 2016 to 2020. In this chapter, however, only data from the Korean classrooms
will be reported.

What is STEAM?

What distinguishes STEAM from STEM is the intentional use of the arts in the
teaching/learning process. The term ‘arts’ refers to non-STEM school subjects such
as art, history, and literature (Yakman&Lee, 2012), as well as sociocultural products
and events familiar to students (e.g. photography, traditional foods, and musical
instruments). In STEAM lessons, the arts activity or product is integral to the process
of guiding students’ understanding of STEM.

The theoretical framework underlying many STEAM initiatives is that of social
constructivist theory (Chu et al., 2019; Chu et al., 2019; Holbrook et al., 2020).
The social constructivist model of learning holds that learners construct knowledge
and concepts through interaction with others and with their environment (Duit &
Treagust, 1998; Ernest, 1998). Applied to the STEAM classroom, this means that
science concepts and scientific ways of thinking, speaking, and reasoning about
the world are learned through interacting with teachers and peers, and interacting
with the environment, such as objects, sociocultural events, natural phenomena, and
experimental results.

Through these interactions, learners verbalize their questions and nascent under-
standing and, in the process, formmental approximations of the science concept, and
finally arrive at a scientifically acceptable concept. In the context of STEAM lessons,
interaction with the environment includes asking questions and talking about the arts
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or any other sociocultural activity that occurs in the student’s community. Integrating
sociocultural elements with the teaching and learning of science allows students to
see the role of science concepts in a sociocultural activity or product, for example,
Korean science students investigating the working of the Korean flute (daegeum).
Observing how science concepts help to explain phenomena in their sociocultural
life can create in students’ minds the perception that science is relevant to real life
(Chu et al., 2019; Chu et al., 2019).

STEAM in Korean Schools

The initial inclusion of STEAM in Korean schools was in response to PISA and
TIMSS reports about students’ negative attitudes towards learning science. Although
Korean students consistently ranked in the top achievement category (with an average
science score of 561 in the 1999 TIMSS assessment), since 1999 fewKorean students
have displayed positive attitudes towards science (below 20%) (Mullis et al., 2020),
and this has not changed substantially as of 2019. In these assessments, many Korean
students disagreewith statements such as, ‘I enjoy learning science’ and ‘I learnmany
interesting things in science’.

In response to the substantial difference between students’ high achievement in
science and the lack of positive attitudes towards science, the Korean Foundation for
the Advancement of Science and Creativity (KOFAC) and the Ministry of Educa-
tion, Science, and Technology (MOEST) proposed modifications to the way science
was being taught. Their proposals included the integration of non-science subjects
into the teaching of science and mathematics, an approach known as ‘STEAM’ in
the United States (MOEST, 2010; MOEST & KOFAC, 2012). Through STEAM
lessons, KOFAC aimed to encourage students’ curiosity about phenomena, engage-
ment in inquiry, and participation in creative experiences to build an awareness of the
connection between science and the students’ real-world sociocultural lives (KOFAC,
n.d.).

The STEAM approach is currently practised in many schools in Korea. A survey
in 2015 revealed that of about 6,551 schools which responded to the survey, 54%
of elementary schools, 47% of middle schools, and 32% of high schools offered
STEAM lessons (Park et al., 2016). The STEAM programs generally take the form
of integrating science lessons with students’ out-of-school experiences, discussing
socioscientific issues, and student-initiated projects in which students pose questions
or define problems, and seek solutions. It is likely that more schools will adopt a
STEAM approach to science teaching as the Korean Ministry of Education (MOE,
2020) has announced that from 2024 schools can choose to replace some parts of
the national curriculum with school-designed integrated lessons, including STEAM
lessons.
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Three STEAM Research Projects

This section reports on the trial implementation of three STEAMprograms inKorean
schoolswith about 100 students in grades 5, 8, and 10 between 2016 and 2020. Project
1, which was related to the teaching of seasonal change to Year 5 students, illustrates
the four-phase design based on a social constructivist view, and offers examples of
teaching materials and activities. Project 2, which was implemented with the topic of
light reflection for Year 8 students, shows how STEAM lessons differ from regular
science classes and highlights the impact on student learning. Both projects describe
STEAM lesson design and impact on students’ concept development and attitudes
towards and perceptions of science learning. Project 3, which focused on Year 10
lessons on the topic of thermal energy and energy efficiency, describes the impact
on students’ scientific creativity and critical thinking.

Project 1: A Four-Phased Design Adopting the STEAM
Approach

Project 1 relates to the teaching of seasonal change with Year 5 (9–10 year-olds) and
took place in 2016–2017. There were 23–25 students in each class from two schools.
Arts-related elements were specifically incorporated throughout the STEAM lessons
using a four-phased design: engagement, collaborative exploration, elaboration, and
communication, and peer evaluation of revised explanations. Students paid attention
to the design (colour, choice of symbols, visual representations, and organization
of information) of their explanatory models about what causes seasonal change.
Creating visual depictions of explanatory models has been recognized as not simply
a passive communication tool, but also a generative reasoning process that helps
students actively shape their knowledge (Tytler et al., 2020).

Engagement: Students are presented with a situation or phenomenon that invites
them to be curious and to pose questions (why?/how?/what consequences?). Korean
Year 5 students discovered through Skype conversations with Australian students
that Christmas celebrations occur in winter in Korea but in summer in Australia.
The different seasons occurring at the same time of the year triggered questions such
as, ‘Why is it winter in Seoul but summer in Sydney?’ The teacher steered students
to questions likely to lead to scientific inquiry, explaining that scientists observe the
world around them, get curious about phenomena, and ask questions to start a process
of investigation and discovery (Driver et al., 1996; Windschitl et al., 2008). The use
of a sociocultural event (in this case, Christmas in summer/winter) was intended to
show students that science can explain phenomena observed in our daily life.

Collaborative exploration: Group activities enhance construction of knowledge
through social interaction. Students were asked to produce an explanatory model in
the form of a drawing to explain why it was winter in one country but summer in
the other at the same time of year (see Fig. 12.1). By getting the students to verbally
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Written explanation:

The Earth's rotation axis is tilted, and this 
causes the different seasons in Korea and 
Australia at the same time of the year. In the 
diagram, the Earth revolves around the sun. 
When Korea is closer to the sun [see (a)], it is 
summer in Korea. When Australia is closer to 
the sun, it is summer in Australia [see (b)].

Fig. 12.1 An example of a group’s initial model explaining seasonal differences in two countries
at the same time of the year

present their hypothesized group answers or submit their written answers, the teacher
can identify gaps in students’ knowledge and/or alternative conceptions. This enables
the teacher to prepare a learning activity to guide students towards building more
accurate understandings of the targeted science concept.

Figure 12.1 shows that some students initially thought themain reason for seasonal
change was the differential distance between different places of the Earth and the
sun, caused by the tilt of the Earth’s axis. To invite students to question this view, the
teacher provided students with an experiment using two heat lamps, each directed
at a tray of soil. One lamp was angled at 75 degrees and the other at 40 degrees,
with both lamps positioned at the same distance from the soil. Using a thermometer,
students measured the temperature of the soil in each tray, leading them to observe
that the soil in the tray with the lamp positioned at 75 degrees above it was hotter
than the soil in the other tray. This learning activity engaged students in the scientific
practice of experimenting, together with observing, and collecting data. The aimwas
to help them to understand the importance of the angle of the sun on the temperature
of the Earth.

Next, the teacher helped students interpret the data with reference to their previous
models to help students develop a more complete scientific explanation. To do this,
the teacher reminded students of a concept they learnt in Year 4 by measuring the
shadow of a stick: that the angle at which the sun’s rays strikes the earth changes from
sunrise to sunset, andwith the change the intensity of the sun’s light (heat energy)will
become stronger or weaker. Through guided discussion, the teacher showed students
that when the heat lamp, representing the sun, is at a 75-degree angle to the tray
of soil, the soil is hotter due to the higher intensity of heat reaching it. The teacher
related this observation to the difference in the sun’s altitude (the solar elevation angle
relative to the horizon, for example, the elevation is 0 degrees at sunrise and sunset)
in summer and winter, higher in summer and lower in winter. Students reviewed
their hypothesized answers to the initial Engagement phase question and were able
to revise their explanations (Chu et al., 2019; Chu et al., 2019).



222 H.-E. Chu et al.

Elaboration: From the students’ revised answers, the teacher noted the shortcom-
ings in the students’ construction of the target science concept. The teacher planned
another learning experience (e.g. a demonstration, an additional experiment, or a
video clip) aimed at enabling students to make observations that could lead to their
construction of a more scientifically accurate science concept. Students reviewed
their revised answer, further refining it with the new understanding gained from the
Elaboration activity. The teacher noted that the students seemed to have difficulty
integrating the two phenomena that cause the seasons: the Earth’s tilted axis, which
affects the altitude of the sun, and the Earth’s revolution around the sun.

The teacher demonstrated the effect of the Earth’s tilted axis on the intensity of
heat at two different locations (Korea and the south-eastern part of Australia) on
a globe, using a lamp to represent the sun as the Earth moved around it (see ➁ in
Fig. 12.2). Affixed to each of the two locations was a disc with a scale for measuring
the length of the shadow of a pin one centimetre high planted in the middle of the
disc (see ➀ in Fig. 12.2). The length of the shadow enabled students to observe the
sun’s altitude changing as the earth moved around the sun.

The teacher instructed the students to observe the sun’s altitude at the two locations
and drew their attention to the effect of the Earth’s tilted axis on the angle at which
the sun’s rays reach the earth which determines the intensity of light received at each
location. Next, to demonstrate the effect of the Earth’s revolution around the sun,
the teacher positioned the globe in two opposing locations with respect to the lamp
(sun). Through questioning and guided discussion, students were led to see that the
Earth’s revolution and its tilted axis affect the number of hours of daylight and the
altitude of the sun relative to the earth in each country, resulting in summer when
there are more daylight hours and a greater intensity of light.

After the demonstration, students reviewed their group answer to the inquiry
question a second time, integrating into their explanatory model the effect of the
Earth’s tilted axis and revolution on the sun’s distance and altitude. They then checked
whether their model was correct by performing tests using equipment similar to that

Fig. 12.2 Demonstrating the
effect of the Earth’s tilted
axis on the sun’s altitude and
therefore the intensity of the
heat from the sunlight
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which the teacher had used. In doing so, the students moved gradually towards a
closer approximation to the scientific concepts that account for seasonal change.

Communication and peer evaluation of revised explanations: Student groups
next presented to each other and the teacher their final responses to the inquiry
question. Students and the teacher asked questions to clarify their understanding.
The teacher also pointed out limitations or alternative conceptions and corrected
them. Students then selected the best presentation after appraising each presentation
using rubrics provided by the teacher.

The rubrics related to the accuracy of the science concepts (e.g. Does the model
include the role of the Earth’s tilted axis?). Peer evaluation offered an additional
opportunity to reflect on the students’ current understanding of the science concepts
(e.g. factors causing seasonal change) and to revise understandings with the aim of
developing more accurate construction of those concepts.

The arts and culture element in the Project 1 STEAM lessons lies in the social
interaction the students experienced in three video conferences over Skype with
Australian students studying the same topic in Sydney. Despite some language diffi-
culty, meeting with and talking to fellow students of a different culture heightened
and sustained the Korean students’ motivation in the science learning activities.
They were thrilled to see the Australians dressed in summer clothes in December
and to hear them speak about school and out-of-school activities. Excited to be
engaging in the same science learning activities, they were driven to work enthusi-
astically so as to have learning artefacts (drawings, models) to show the Australian
students via the project’s online platform. At the conclusion of the project the Korean
students described the intercultural sessions as “great” (Student, p. 201) and “helpful”
(Student, p. 202).

Project 2: Promoting Students’ Conceptual Understandings
of Science, and Attitudes Towards and Perceptions of Learning
Science through STEAM

The context for project 2 is a Year 8 class (12–13 year-olds) doing a unit on light in
the 2016–2017 academic year. There were 30 students in the class. Here, we focus
on the design of a quasi-3D hologram, with students using their mobile phones/iPads
and a pyramid made of four trapezoid-shaped pieces of clear plastic placed over the
phone (see Fig. 12.3).

The goal was to create an image (e.g. a butterfly or a cultural symbol) appearing
to float above the phone or iPad screen in the middle of the pyramid. To achieve
this effect, students needed to synthesize two concepts: light from the mobile phone
travels through the pyramid and reflects into the eye, and the brain’s interpretation of
the pattern of reflected light as an image hovering above the phone. Whereas a tradi-
tional science lesson introducing these concepts is likely to deliver a teacher’s expla-
nation of the link between light reflection and seeing, the STEAM lesson engages
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iPad screen

Pyramid-shaped clear plastic 

Student-designed symbol 
presenting student’s identity

A quasi-3D hologram image

Fig. 12.3 Quasi-3D hologram using iPad and pyramid-shaped clear plastic

students in the experience of positioning the eye so that the created image can be
clearly observed. The hologram creating activity took place in art classes with the
science teacher present to provide guidance on the scientific aspects of how to make
the image visible to the observer.

In this project, we collected students’ learning artefacts, conducted a survey of
30 students, and interviewed four groups of three to four students before and after
the project. The findings suggest that the STEAM approach appeared to facilitate
students’ movement from basic, and sometimes incorrect, understanding of science
concepts, to more scientifically acceptable understanding. Interview responses
revealed the development of students’ favourable attitudes towards studying science
and positive perceptions of science.

Songer and Linn (1991) posited that the development of scientific understanding
is evidenced when science concepts are used to explain what might be viewed as
unrelated events. In this case, the two seemingly unrelated events of seeing things,
and light bouncing off the surface of objects was difficult to understand as over 70%
of students failed to recognize that we see objects due to light being reflected off the
objects with some of the light entering our eyes. After the STEAM lessons, students
understood the concept.

The transcripts of the post-project interviews showed that students were appre-
ciative of the teaching/learning methods of STEAM, such as arts integration, and the
small-group collaboration that they reported helped them to ‘think better’. Indicative
comments, translated fromKorean andmade in the post-project interviews, included:

‘It is amazing to learn science in this way, with knowledge from non-science
subjects included.’ (Student, p. 201)
‘These science lessons taught me to think, to see other things besides science.’
(Student, p. 205)
‘We were not interested in the topic of light before but now I am, after observing
its connection to light festivals.’ (Student, p. 206)

Negative statements were markedly reduced in the post-project interviews, from
five comments made pre-project to just one comment made post-project, with one
student reporting that some members in her group had not participated fully.
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The transcripts of the post-project interviews showed students’ positive percep-
tions that when science is differently presented, it can be better understood:

‘This program is very different from usual science programs. These subjects seem
new to me. We realized that science is involved in many different aspects in our
life and culture.’ (Student, p. 201)
‘We apply the same science concepts and theories to explain …. We could easily
communicate our science explanations even though our languages are different.’
(Student, p. 202)
‘Science could be fun and not so difficult if we learn science related to cultural
events or everyday life phenomena, like in this program.’ (Student, p. 206)

The arts and cultural dimension integrated in the Project 2 lessons lay in the
students’ efforts to design the image for their hologram. For instance, the image
in Fig. 12.3, consisting of an outline of the Australian continent holding elements
of the Korean and United States flags, was created by Student p211 to express the
multiple facets of her identity. She was Korean by birth but had lived in the US
before her family moved to Australia. Expression of personal identity through art is
one aspect of creativity in art recognized by art authorities such as the Museum of
Modern Art in New York (https://www.moma.org/learn/moma_learning/themes/inv
estigating-identity/). Other students in Project 3 designed or chose images expressing
their thoughts and feelings about their world (e.g. traditional Korean costumes). It
must be reiterated that the students’ artistic expression of themselves in the making
of the hologram involved them in learning the science concept of light and how we
see.

Project 3: STEAM Learning and Creativity

Project 3 took place in 2020 in a Year 10 class in Korea, with 27 students aged
14–15 years. It focused on whether STEAM learning had any effect on scientific
creativity. Scientific creativity is defined as a combination of divergent thinking,
which is the ability to explore multiple possible solutions to generate creative ideas
from an initial problem or reference point (de Vries & Lubart, 2017). Convergent
thinking is the application of logical reasoning to deduce a solution from known
information (de Vries & Lubart, 2017). In convergent thinking, the solution to prob-
lems must be preceded by the process of defining the problem space (de Vries &
Lubart, 2017; Kocabas, 1993), which is a practice integral to the culture of science.
To be creative in science, students must experience viewing things from different
perspectives and then be able to generate new possibilities or alternatives (Franken,
1994).

In Project 3, scientific creativity was encouraged by engaging students in solving
a problem that required them to apply their knowledge of science in the context
of exploring the traditional architecture of houses in the two cultures of Korea and
Australia. TheKorean students’ problemwas to design a zero-energy school building

https://www.moma.org/learn/moma_learning/themes/investigating-identity/
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for students in Sydney. The Korean students met a class of Australian students over
Skype to exchange knowledge about the design of buildings in their respective coun-
tries. The conversationwas directed at discoveringwhat architectural features in each
community’s house were designed to accommodate the climate of the region. The
Korean students learnt that many traditional Australian houses have high ceilings so
that hot air will rise and rooms will be cooler in contexts where air conditioning is
not available. In designing a zero-energy school, the science that the students had to
consider was related to conduction of building materials and insulation/heat transfer
via convection, radiation, and conduction.

The learning activities gave students scope to practise divergent and convergent
thinking. One activity requiring divergent thinking had students examining how the
structure of a traditional Korean house (hanok) allowed for energy efficiency. Using
knowledge from the teacher’s explanation of energy efficiency in house design, the
students explored different characteristics of hanoks to work out how each feature
facilitated heat conservation in winter and/or free flow of cooler air into the house in
summer. Students discovered that heat channelling tunnels (gorae) were constructed
so that smoke was prevented from escaping rapidly through the chimney, keeping
the house warm long after the fire had died out.

Students were engaged in deductive logical reasoning (convergent thinking) by
investigating the effect of roof overhangs on the amount of sunlight entering a house.
Students cut windows in a box representing a house. The teacher gave the students
the sun’s altitude at noon in winter (39.5 degrees) and in summer (76.5 degrees). The
students used a lamp, representing the sun, to simulate these altitudes and used a
light meter app on a mobile phone to measure the amount of light entering the house
through the windows. Then the students attached a cardboard overhang to the roof of
the house and measured the amount of light entering the house again. Studying the
data they collected, and using logical reasoning and deductive thinking, the students
learnt that overhangs block some sunlight from streaming into a house in summer
while still allowing low -angle winter sun to enter.

Students deployed divergent thinking when they explored strategies for reducing
energy transfer between the interior of the building and its exterior, and maximizing
the use of natural methods for cooling and heating. The different strategies students
discussed included the use of double-glazed glass for windows, the choice of insu-
lating material with reference to heat transfer, the direction of the windows with
reference to whether the building is in the northern or southern hemisphere, and
whether window location would maximize the entry of sunlight in winter and maxi-
mize airflow in summer. They also considered the L-shaped layout of the hanok.
Students’ discussion of these strategies was targeted to find the best solution: the
design of an energy-efficient school building for students in a country situated in a
different hemisphere from their own. Their discussion exemplified divergent thinking
leading to creativity (Harvey, 2014).

The students’ school building designs also showed thinking processes character-
istic of scientific creativity. One group of students reasoned that an L-shaped building
would allowwindows to be placed on opposite walls, therebymaximizing air circula-
tion in summer, reducing reliance on non-renewable energy for air conditioning (see
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The temperature of the soil in the yard 
rises due to solar heat. 

The air in the yard is heated and forms 
an upward airflow.

Cool wind flows from the backyard of the 
hanok due to differences in air pressure.

The backyard of the hanok is set facing
a mountain or covered with trees and plants 
to provide cool air. 

Fig. 12.4 L-shaped hanok and air movement in/out

Fig. 12.4). Thus, through evaluations and logical reasoning in convergent thinking
(Brophy, 2001), the students were able to synthesize knowledge and ideas from
different sources to generate a creative solution to an architectural problem.

Scientific creativity includes the ability to recognize the existence of a problem
(Sternberg et al., 2020). In the case of the L-shaped design, the students realized that
windows in summer would let sunlight in. The solar heat-reduction solution they
arrived at was to plant trees near the west-facing windows, which, they reasoned
would provide shade and reduce solar radiation onto the windows.

The thinkingprocesses used in theseSTEAMlessons have the potential to promote
students’ scientific creativity. Three features of the STEAM method appear to play
a role in encouraging scientific creativity. The first is presenting students with a
situation and problem that interests them and which they perceive to be relevant
to their lives. The second feature is the integration of arts- and culture-related
elements in science teaching/learning activities. By bringing these areas together in
the school curriculum, the STEAMapproach opens students’ minds to the generation
of new possibilities (Franken, 1994). The third feature is group collaboration when
discussing problems and working out solutions. Collaboration involves conversa-
tions in which students must articulate ideas to contribute to the group’s endeavours.
Communication and cooperation-oriented climates are significant factors in scientific
inquiry leading to creativity (Hong & Song, 2020).

Discussion

Impacts of STEAM Approaches on Student Learning

STEAM teaching/learning has the potential to enhance students’ attitudes towards
science learning by helping them to experience the application of science in real-life
contexts. Millar (1991) suggested that the abstract nature of science was a reason for
students’ perceptions of science as being difficult. STEAM learning activities engage
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students in constructing and applying their understanding of abstract concepts in real-
life situations. For example, Project 3 challenged students to learn how to keep the
interior of a building warm during winter and cool during summer by using natural
systems rather than fossil fuel. When students focus on concrete issues (e.g. would
eaves keep the inside of the building cooler in summer? How?), the science concepts
involved do not seem as difficult as memorizing the definition of heat transfer and
listening to a lecture on the different types of heat transfer. Having students consider
the arts dimension of Korean traditional house design added to their appreciation of
how an ancient method of achieving energy efficiency can be explainedwithmodern-
day science concepts. By demonstrating science concepts in real-life contexts and
incorporating the arts into science learning, STEAM makes science interesting and
relevant, countering the view that science is difficult.

In the ‘learn to think’ study (Hu et al., 2013), learning activities also incorporate
daily life experiences. Hu et al. believe that requiring students to apply their learning
to daily life accelerates the development of scientific creativity. In the STEAM
approach, events or products from the students’ sociocultural life provide not only
the context for the application of science concepts but also form the context for
identifying problems, hypothesizing initial explanations, and synthesizing disparate
pieces of science knowledge in problem solving. As Project 3 demonstrates, the
incorporation of a sociocultural product (e.g. a traditional Korean house) can have
the effect of developing scientific creativity.

Another factor that appears to play a role in promoting scientific creativity is the
classroom environment. Hu and colleagues (2013) argue that “a free, open, democrat-
ic…environment is a key factor for the development of students’ scientific creativity”
(p. 7). A collaborative, high-trust learning environment was created in their study
by allowing students to make mistakes and take risks without fear of censure and by
encouraging them to explore learning strategies by themselves. Similarly, STEAM
approaches generally provide students with the space to verbalize their thoughts,
prior knowledge, and hypothesized explanations or solutions without fear of correc-
tion from a teacher. The STEAMmethod also allows students the freedom to choose
the form their explanation or solution will take (e.g. the colours, image, and symbols
in a quasi-hologram).

Challenges of STEAM Implementation in Korean Schools

As with all innovations in pedagogy, there are challenges to address in the imple-
mentation of STEAM. The first is the gulf between the objectives and methods of
STEAMand the traditional formsof assessing science learning in schools. Traditional
pen-and-paper tests assess students’ recall of facts, theories, or problem-solving solu-
tions, and there is generally only one correct answer. Because the STEAM approach
engages students in learning science in the context of real-life problems, assess-
ment must evaluate students’ application of science to sociocultural issues. There
may not be a single correct answer. Rather, students are required to demonstrate
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understanding of the target science concepts with reference to the context in which
those concepts are applied. In Project 3, a good answer would demonstrate students’
understanding of the concepts of heat transfer and solar altitude, with reference to
aspects of the design of a zero-energy school building. Until science examinations,
especially national examinations, are aligned with the philosophy of the STEAM
approach, teachers may hesitate to implement STEAM for fear of disadvantaging
their students in classes preparing for a public examination.

Secondly, arts-science integration is challenging, as it requires science and non-
science subject teachers to collaborate to plan what and how arts/culture-related
content will be employed in science lessons, or vice versa. For example, in Project
2, the hologram creation activity occurred in art classes but required the science
teacher to also be present to engage students in applying the principles of the science
of light and vision when problems arose (e.g. the hologram image was not visible).
The solution may be co-teaching, with science and non-science teachers planning
and delivering integrated lessons in the same classroom. However, most Korean
schools do not have a culture of team teaching, and the traditional structure of school
timetables is an obstacle.

A third challenge for teachers is managing classroom discourse to provide as
many opportunities as possible for students to think for themselves and to have
some freedom in exploring alternative solutions for problems. The familiar tradi-
tional scenario of teacher-centred classrooms with teachers seeking correct answers
must be replaced with teacher-student and student-to-student dialogue that encour-
ages students to explore and question ideas, and to express their thoughts, however
nascent. To maintain an encouraging learning environment in STEAM lessons,
teachers’ responses to students’ contributions need to be affirming rather than deficit-
focused. Teachers who are used to the teacher-centred classroom models may need
professional development and support to shift away from prescriptive talk to a more
affirming tone that opens up further dialogue and thinking.

In summary, teachers need help to guide classroom talk towards dialogic discourse
between students and between students and the teacher, instead of the conventional
IRE (initiate, respond, and evaluate) model typical of the traditional science class-
room. It should also be noted that, in the quasi-3D hologram creation activity, there
were times when students were so absorbed in making their hologram image visible
to their classmates that there was no discussion of the science involved. The image
was supposed to appear to be floating over the surface of their phone inside a trans-
parent plastic pyramid with its sides at a 45-degree angle to the phone. The teacher
had to constantly direct the discussion to the science concept of the angle of light
reflection in relation to the eyes of the viewer. Dialogic discourse creates an environ-
ment in which teachers can exploit opportunities for students to probe each other’s
ideas, evaluate arguments relating to their ideas and evidence (Duschl & Osborne,
2002), and articulate dissenting views (Kelly et al., 2001). The importance of dialogic
discourse in advancing knowledge construction in science has also been acknowl-
edged by Ritchie (2001). Developing the skill of engendering dialogic discourse
with and among students is a challenge STEAM teachers must address. Not surpris-
ingly, there are ongoing challenges for Korean teachers and students to successfully
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bridge the gap between traditional science examinations that value the single correct
answer and the focus in STEAMon demonstrating understanding of science concepts
through their application in real-life sociocultural contexts. In response to this chal-
lenge, initiatives have begun in Korea to allow schools to opt for project-based
assessment more aligned with the goals and methods of STEAM.

Conclusions

This chapter has reported the experiences of an arts-integrated approach (STEAM)
in Korean schools. The trial implementation of three STEAM programs revealed
positive impacts on students’ conceptual understanding of the science concepts
taught, attitudes towards and perceptions of science and the study of science, and
indications of improved scientific creativity. The projects reported in this chapter
showcase the potential advantages of moving away from the traditional teacher-
fronted science classroom towards a collaborative student-centred teaching/learning
approach. STEAM offers a path to promoting STEM learning in Asian science
classrooms, which may translate to creative innovations in Asian industry and
technology.

In 2022, the Korean education system began moving towards a theme-centred
convergence model (MOE, 2021) so that school subjects like science and home
economics can be thematically integrated so that students can learn about a topic like
the science of cooking. The aim of the integration of STEM and non-STEM subjects
in the Korean convergence model is to develop school graduates who are creative and
able to respond flexibly to rapid social changes (MOE, 2021; Song et al., 2019) and
to environmental and other problems of the twenty-first century. The outcomes of
the STEAM projects presented here provide reason to believe that the convergence
model may support positive attitudes towards learning, including science learning,
and would encourage creativity in the next generation of citizens.

The authors acknowledge the support of the Australia-Korean Foundation (AKF),
which provided funding for the design and implementation of Projects 1, 2, and 3
(AKF Grant 20,150,098 and AKF Grant 2,018,040).
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Towards Integrating STEM Education
into Science Teacher Preparation
Programmes in Indonesia: A Challenging
Journey
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Abstract The science teacher preparation programme is vital as the early stage
of developing science teacher competency. While the needs of STEM education are
identified, it is challenging to adopt thismovement to the programme.The complexity
of the science teacher preparation program is intertwined with the context of each
country. In this chapter, the context of Indonesia as one of the most populated coun-
tries in Asia with around 184 science teacher education programmes is introduced.
The discussions start with the organization of science teacher education programmes,
how STEM education is integrated, challenges and strategies that observable in
Indonesia. The data was collected from university websites, programme curricula,
observations of classes, interviews with key informants, and personal reflections.
While the programmes require students to choose one specialty from the begin-
ning, the challenge of integrating that subject with other STEM subjects was iden-
tified. We found several strategies to address this challenge, such as designing a
new compulsory course in STEM education, integrating STEM into other peda-
gogical courses, elective courses, and extra-curricular activities. However, more
significant efforts are needed to develop STEM PCK in Indonesia’s science teacher
preparation programmes. Integrating STEM education in pre-service science teacher
programmes should be seen as aligned with the national goal of science education
at the school system level and the needs of common goals of educational policy
regarding STEM education among the programmes.
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Introduction

This chapter provides a description of the current science teacher preparation
programmes in Indonesia, and the challenges of integrating STEM education into
these programmes. While science education in Indonesia requires school students
to engage in problem-solving and to explore integrated STEM issues, the science
teacher preparation programmes face challenges in adapting to these goals. At
present, no programme explicitly prepares pre-service science teachers to be STEM
teachers. This chapter begins with a brief overview of Indonesia’s context, goals of
K-12 science education, the science teacher preparation programmes, and challenges
of integrating STEM education into these programmes. Although all programmes
follow the Indonesian national qualification framework implemented in 2012, some
aspects of the programmes have developed differently in various universities. In this
chapter, we discuss some of these variations. Our analysis focuses on general trends
identified from a variety of sources. These include university websites, programme
curricula, observations of classes, interviews with key informants, and personal
reflections. The findings indicate that science teacher education in Indonesia gener-
ally follows the national standard. A pre-service science teacher should choose one
specialty in integrated science, biology, physics, or chemistry. Pre-service teachers
must attain a minimum of 144 credits during the 4-year curriculum, equal to around
216 in the European Credit Transfer and Accumulation System (ECTS), to build
their pedagogical content knowledge (PCK) in science. The programmes prepare
science teachers to teach at junior and senior high school levels. Various additional
courses are offered, influenced by local needs and international trends. While the
programmes require students to choose one specific subject (for example, biology
education) from the beginning, the challenge of integrating that subject with other
STEM subjects was identified. We found several strategies to address this chal-
lenge, such as designing a new compulsory course in STEM education and inte-
grating STEM into other pedagogical courses, elective courses, and extra-curricular
activities. However, more significant efforts are needed to develop STEM PCK in
Indonesia’s science teacher preparation programmes. Integrating STEM education
in pre-service science teacher programmes should be seen as being aligned with the
national goal of science education at the school system level and the needs of common
goals of educational policy regarding STEM education among the programmes.

Background

Since 2012, the education system in Indonesia has been reformed to clarify
the national qualification framework from elementary school up to post-graduate
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programmes (Directorate General of Higher Education, 2012). This framework clar-
ifies the set of qualifications that should be achieved at each education level. Within
the nine levels of qualification, Teacher Education Institutions (TEIs) are categorized
as being at levels 6 and 7. The science teacher education programme involves a 4-year
course-based programme (Level 6) plus a 1-year teaching practice-based programme
(Level 7) followedby a national qualification framework. From the outset, pre-service
teachers need to choose one subject as their major: physics, biology, chemistry, or
integrated science. A teacher with a specialty in integrated science is qualified to be
a science teacher at the junior high school level. A teacher with a specialty in specific
science subjects (such as biology, physics, and chemistry) is qualified for senior high
school level.

Discussions on the preparation of science teachers need to be understood in the
context of the science learning goals in the schooling context of Indonesia. Glob-
ally, more attention is being paid to integrated STEM education, and the Indonesian
science curriculum has adopted this approach as one of the goals of science educa-
tion. However, this change has not been readily implemented by science teachers in
schools (Nugroho et al., 2019; Permanasari et al., 2021). Although science teachers
have stated that STEM education is in line with the science curriculum (Suwarma &
Kumano, 2019), parents and teachers in Indonesia have reported a lack of effort to
educate the youth about 21st-century skills (Nambiar et al., 2019). Understanding
of integrated STEM approaches has also been found to be low among pre-service
science teachers in Indonesia (Putra & Kumano, 2018). The discrepancy between
the science curriculum and science teachers’ implementation of STEM education
could be understood by exploring the science teacher preparation programmes in
more detail. This chapter introduces the pre-service science teacher preparation
programmes in Indonesia, the relation between teacher preparation and the high
school science curriculum, and analysis of STEM education in the teacher prepa-
ration programmes. Building from this discussion, this chapter addresses the chal-
lenges, complexities, and opportunities for enhancing pre-service science teacher
programmes by including integrated STEM education.

The Indonesian Context: Education as a National Government
Responsibility

Indonesia is an archipelagic nation located in Southeast Asia. Currently, 13,466
islands interconnected by straits and seas have been registeredwith valid coordinates.
The five largest islands are Sumatra,Kalimantan, Sulawesi, Jawa, andPapua.Apopu-
lation of around 270 million is spread across the archipelago (Statistics Indonesia,
2021). When discussing Indonesia as a context, it is important to realize that it is
a highly diverse country. Most Indonesians are Muslim, while others are Christian,
Buddhist, orHindu, among others.Moreover, there aremore than 1,000 ethnic groups
speaking nearly 500 different languages (Steinhauer, 1994). The founding fathers of
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Indonesia recognized the need for a spirit of unity. The country’s motto is Bhinneka
Tunggal Ika, or Unity in Diversity, which is a reminder of the unity of all Indonesians.
In every official meeting, including in schools, the language that should be used is
the national language Bahasa Indonesia.

Indonesia’s education system reflects the country’s diverse religious heritage, its
struggle for a national identity, and the challenges of resource allocation (Frederick&
Worden, 2011). The problem of providing access to basic schooling across this huge
archipelago remains the main challenge (Heyward & Sopantini, 2013). Students in
rural areas experience a less supportive learning environment (Wahyudi & Treagust,
2006), including inadequate teacher quality (Sari, 2019) and teacher mismatches,
especially in mathematics and science (Hendayana et al., 2011). To ensure equality
and equity for all Indonesians, the education system in Indonesia is the responsibility
of the national government. This centralized system has received some criticism,
especially regarding the balance of authority between central and local authorities
(Haridza & Irving, 2017). The slogan for education in 2020 was Merdeka Belajar
or The Freedom of Learning. Despite the challenges presented by the archipelagic
structure of Indonesia and its large population, schools are expected to be the accul-
turation place for young Indonesians and to nurture the spirit of innovation and
problem-solving. This slogan strongly empowers the education system to be more
humanist and to appreciate the uniqueness of children. There is massive open recruit-
ment of schools, teachers, lecturers, and researchers who are willing to be part of
this policy. In 2021, there are 2500 schools from 34 provinces participating in this
programme. The main goal is to enhance student literacy (reading, numeric, and
science) to improve teachers’ and schools’ quality.

Schooling in Indonesia is administered through twoparallel systems: TheMinistry
of Education and Culture administers non-religion-based schools, and the Ministry
for Religious Affairs administers religion-based-schools. All Indonesians have to
complete 9 years of compulsory education, including primary school and junior high
school. They can then continue to senior high school (3 years) and an undergraduate
degree (4 or 5 years). The schools are also divided into two main categories: public
and private schools. Some of the private schools are based on a specific religion,
such as Islamic or Christian schools or specific approach such as Montessori school
or international school. All schools follow the national curriculum standards, and all
schools provide equivalent certifications that are valid to be used as an application
to a higher level of education.

Goals of K-12 Science Education in Indonesia

As Indonesia is the fourth most populous country in the world, the educational
movement towards STEM education is both crucial and challenging. Based on PISA
results, Indonesian students show unsatisfactory reading, science, and mathematics
skills compared to other countries (Organisation for Economic Co-operation and
Development [OECD], 2019). The Indonesian government is tasked with effectively
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educating diverse student groups tomeet the country’s changing needs, internally and
internationally. Science education is expected to play an essential role in preparing
students to be leaders in STEM fields and in improving citizens’ scientific literacy
(Faisal & Martin, 2019).

Science is a compulsory subject for students from grades 4 to 12. Students in
grades 1 to 3 study science as a thematic topic in their reading, writing, and math-
ematics subjects. Primary school science is taught by class teachers who graduated
fromprimary teacher preparation programmes. Science in junior high school is taught
as integrated science,while in senior high school, it is taught as single specific subjects
(physics, chemistry, and biology). Earth science is treated as part of Physics. Science
teacher preparation programmes are aimed at those who wish to teach science at the
high school level. The goals of science education have been translated into English
and are presented in Table 13.1.

These goals are achieved through the topics covered in science learning. The
topics are scientific activities and safety, living things, energy, matters and its trans-
formation, earth and space, science-environment-technology-society. Each topic
clarifies the minimum understanding and skills that students should achieve after
the science learning. The goals show an awareness of balance in science learning
between content knowledge, procedural knowledge, and epistemic knowledge, as in
the PISA framework (OECD, 2019). Moreover, the last goal emphasizes the impor-
tance of integrating science concepts with technology, environment, and society. As
a subject at the K-12 level, science is a tool with which students can develop their
problem-solving skills based on scientific considerations.

Table 13.1 Goals of science education in Indonesia

No Specific goals

1 Students live life with a positive attitude, critical thinking, creativity, innovation, and honest
collaboration based on the scientific process and product

2 Students understand the natural phenomena around them based on the result of science
learning through specific science subjects such as physics, chemistry, and biology

3 Students distinguish science and technology products through scientific thinking

4 Students make choices based on scientific considerations

5 Students solve real-life problems based on scientific considerations

6 Students recognize the roles of science in solving the general problems of humanity, such
as food supply, health, and environmental issues

7 Students understand that the development of science leads to technology in the past and
future of society and the environment

(Indonesia Ministry of Education and Culture, 2020)
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The Science Teacher Preparation Programmes in Indonesia

In the following, we describe the pathways for the science teacher preparation
programmes and discuss the challenges of preparing science teachers to teach effec-
tively. The science teacher preparation programmes prepare pre-service teachers for
teaching at the high school level. Science teachers are prepared to teach in junior
high school (grades 7 to 9) or senior high school (grades 10 to 12). Before the senior
high school level, all elementary and junior high school students learn basic science
as an integrated and thematic subject with no distinct separation between physics,
chemistry, and biology content. At the senior high school level, each science subject
is taught separately as compulsory courses. In most schools, engineering and tech-
nology education are additional subjects for students. Engineering and technology
subjects are generally taught as elective classes that students choose.

Structuring a science teacher education programme requires consideration of
what teachers need to know to promote the goals of education (Olson, 2017). In
Indonesia, pre-service science teachers are prepared to achieve the goals of K-12
science education (Table 13.1). National and private universities provide teacher
education programmes. In 2019, 184 programmes (mathematics, science, physics,
biology, and chemistry education) were available. On average, these programmes
accept around 20–60 students each year (IndonesiaMinistry of Education &Culture,
2021). The demography of universities that conduct these programmes on major
Indonesian islands is shown in Fig. 13.1. The majority of the science teacher prepa-
ration programmes are conducted in universities on Jawa island. This island is also the
most populated island in Indonesia and is where the capital city, Jakarta, is located.
Around 5,000 graduates per year are shaped through these programmes, highlighting
the urgency of maintaining and enhancing the programmes’ quality and ensuring that
they are aligned with global challenges.

There are two pathways to becoming a science teacher in Indonesia (see Fig. 13.2).
The most common way is to join a science teacher preparation programme. Students

Fig. 13.1 Distribution of pre-service science teacher programmes in Indonesian universities
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Fig. 13.2 Pathways to becoming a science teacher in Indonesia

are asked to choose one specific subject at the beginning of this programme: inte-
grated science education, physics education, biology education, or chemistry educa-
tion. After completing the programme, students are awarded a Bachelor’s degree
in science education. Graduates from this programme can teach at the high school
level. However, they do not have a professional teaching certificate and do not qualify
for certification remuneration from the Indonesian government. After finishing this
programme, they can continue with a 1-year teacher professional development
programme and become licensed science teachers. The second pathway to becoming
a science teacher in Indonesia is completing a 4-year programmewith a sciencemajor
(such as physics, biology, or chemistry). After finishing this programme, students
are awarded a Bachelor’s degree in science. Graduates from a science major need
to take the 1-year teacher professional development programme before becoming
science teachers.

The Curriculum of the Science Teacher Preparation
Programmes

Following national regulation (Directorate General of Higher Education, 2012), the
higher education programmes (including TEIs) use the model of Outcome-Based
Education (OBE). The science education programmes for teaching in Indonesia
have a similar set of outcomes overall, although the details may vary across universi-
ties. The outcomes are called Programme Learning Outcomes (PLO). The outcomes
consist largely of a knowledge domain and skill domain. To decide the PLOs,
national regulation was discussed through the association for similar programmes.
Several associations are active in Indonesia for science education, such as the Indone-
sian Science Teacher Association or the Physical Society of Indonesia. Moreover,
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insights from the international associations or accreditation boards also influence the
development of PLOs. The PLOs determine the detailed outcomes for each course.

The teacher preparation programmes are divided into 4 years of coursework and
1 year of teacher professional development. The distribution of the credits across the
4 years of the science education programmes is shown in Table 13.2. Courses are
divided into five main categories, with 55% related to content knowledge and 45%
related to pedagogy and general courses. For the physics, biology, and chemistry
education programmes, the content knowledge relates mostly to the subject that
has been chosen. For an integrated science education programme, the content is
integrated from each of the science domains of biology, chemistry, and physics.
It is also common in Indonesia to have several elective courses that pre-service
teachers choose based on their interests. Generally, the curriculum in each similar
programme includes identical courses, and the Indonesian government has opened an
exchange programme among these teacher preparation programmes through several
programmes such asKampus Merdeka or Campus Independency. These programmes
allow pre-service teachers to take courses in different universities. For example, pre-
service biology teachers from University A on Papua Island have opportunities to
take microbiology courses at University B on Jawa island. The universities on Jawa
island tend to have better facilities and quality of lecturers than others. Pre-service
teachers also have opportunities to observe the uniqueness of Indonesian culture on a
different island. The goal of this policy is to reduce the variation among universities
in Indonesia and to nurture a sense of unity in the diversity of the country.

The content knowledge is divided into two types:

(1) Single-subject content knowledge (39 credits); for example, mathematics,
fundamental physics, general biology, mechanics, astronomy

(2) Integrated subject content knowledge (42 credits); for example, biochemistry,
chemical physics, basics of science, applied science, human biology.

Although the information in Table 13.2 is generally found in science education
programmes, some variation can be seen in the name of courses and the number of
credits awarded for each course. Moreover, each university also builds its curriculum

Table 13.2 The typical distribution of the credits in the department of science education

Group of courses Credits Percentage (%)

General courses
(1) Religion and Indonesian nationality

6 4

(2) Language 4 3

Pedagogical knowledge 19 13

Content knowledge 81 55

Subject-specific pedagogy 26 18

Elective courses 10 7

Total 146 100
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based on specific knowledge related to the university’s specific knowledge exper-
tise. Each university in Indonesia is encouraged to set up a centre of excellence
based on its strengths and vision. We observed and analysed several programmes
in science education at five different universities to investigate their provision of
science or STEM teacher education. These programmes were chosen by consid-
ering the representation of national and private universities and the programmes in
integrated science and specific science subjects.

Example A: Science Education Programme, University of Jember, National
University on Jawa Island, Indonesia.

The University of Jember is located in East Jawa, the most populous island in
Indonesia. It has become a centre for agriculture and medicine studies. Besides the
main goals of developing science teachers’ PCK, the teacher training programme
also supports teachers with knowledge of agricultural issues. The curriculum of the
science education programme prepares students to become science teachers in junior
high school. Students must attain 144 credits (216 ECTS) through general courses,
pedagogical knowledge, integrated science content knowledge, and elective courses.
Additional courses that support the university’s research centre are in biotechnology
and agroindustry.

Example B: Physics Education Programme, Mulawarman University, National
University on Kalimantan Island, Indonesia.

As the university is situated in a tropical rainforest area, this university declares
itself the centre of excellence of tropical studies. A 4-year programme with a major
in physics education includes 149 credits (equal to around 223 ECTS) across general
courses, pedagogical knowledge, content knowledge, subject-specific pedagogy, and
elective courses. After completing the minimum number of courses, students can
teach physics at the high school level. The courses that support the university’s centre
of excellence are additional content knowledge courses in environmental physics and
tropical forest environmental sciences.

Example C: Biology Education Programme, Muhamadiyah University, Private
University on Jawa Island, Indonesia.

This programme is offered by a private university that is based on Islamic values.
A 4-year programmewith amajor in biology education includes 161 credits (equal to
241 ECTS) achieved through Islamic courses, general courses, pedagogical knowl-
edge, content knowledge, subject-specific pedagogy, and elective courses. After
completing all of the required courses, students can teach biology at the high school
level. The courses that support the university’s Islamic values include biology and
Islam, and Islam and the development of knowledge.

Teacher Professional Development Programmes

After students graduate from a 4-year science teacher preparation programme, they
take the 1-year programme that prepares them to be teaching professionals. Gener-
ally, students who have graduated from teacher training faculties and those who
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Table 13.3 The typical distribution of credits in the curriculum of the 1-year professional
development programme

Group of courses Credits Percentage (%)

Content knowledge 5 42

Development of instructional design 3 25

Teacher training programme 4 33

Total 12 100

have graduated from engineering or natural science departments are able to join this
programme. Students must complete two tests during the one-year programme: a
comprehensive test and a performance test. The comprehensive test examines the
student’s mastery of content knowledge and pedagogical knowledge. The perfor-
mance test examines the student’s ability to teach science to an actual class of
students. The typical distribution of credits in the curriculum of the 1-year teacher
professional development programme is shown in Table 13.3.

Opportunities for Integration

In the earlier part of this chapter, we discussed the goals of science education at
the school level (Table 13.1), the topics for science at the school level, and the
curriculum for science teacher preparation programmes.While integration of science
with problem-solving skills and other related subjects is emphasized at the school
science level, these issues are not directly addressed in the science teacher prepa-
ration programme provision. This mismatch deserves more attention from universi-
ties. While there is a need to integrate STEM in teacher education to foster essen-
tial skills such as problem solving (Miller & Krajcik, 2019; Priemer et al., 2020),
implementation in the curriculum remains a challenge. The challenge to integrating
STEM education into a single subject context is a significant challenge globally
(National Academy of Engineering & National Research Council, 2014), especially
in the Asian context (Lee et al., 2019). It is commonly found in Asian countries, the
curriculum for school level is fixed. Therefore, infusing new subject is challenging.

Previous research in the United States explained that perspectives on integrating
STEM are varied. The perspectives are: (1) STEM is equal to science; (2) STEM
means both science and mathematics; (3) STEM means science, but incorporates
technology, engineering, and mathematics; (4) STEM equals a quartet of separate
disciplines, (5) STEM means that science and mathematics are connected by either
technology or engineering; (6) STEM means coordination across disciplines; (7)
STEM means combining two or three disciplines; (8) STEM means complementary
overlapping across disciplines; (9) STEM means transdisciplinary courses (Bybee,
2013). Of the nine possible perspectives on STEM education, integrating STEM
with science and incorporating technology, engineering, and mathematics seems the
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Fig. 13.3 Integration of STEM in science teacher preparation programmes in Indonesia

most feasible in the case of science teacher preparation programmes in Indonesia
(Fig. 13.3). The science concepts become a ‘home’ that can provide a basis for the
integration of technology, engineering, and mathematics elements. In the specific
programmes (such as physics education, biology education, and chemistry educa-
tion), the ‘home’ is the specific subject. The engineering component seems to be the
most neglected element. This situation is also found in countries such as the United
States (National Academy of Engineering & National Research Council, 2009) and
Turkey (Asiroglu & Akran, 2018). The engineering element is not explicit in either
the K-12 curriculum or science teacher preparation programmes in Indonesia.

Integrating STEM Education into the Science Teacher
Preparation Programmes

Out of the minimum of 144 credits in the science teacher preparation programmes,
mostly the integration of STEM education is considered as an additional course or
additional topic in some pedagogical courses. These elements of STEM education in
the current programmes should be appreciated as an initial step. However, the number
of credits related to STEMeducation is far from sufficient. Themethods of integrating
STEM education vary across different universities. From our observation in five
programme curricula in different universities, four approaches are currently being
implemented: integrating STEM as compulsory courses, integrating STEM as part
of compulsory courses, integrating STEM in elective courses, and extra-curricular
activities related to STEM education.

Compulsory Courses

Some science teacher preparation programmes had STEM education courses as one
of the compulsory courses. For example, at the Indonesia University of Education,
STEM is a compulsory course (3 credits) that focuses on building the STEM literacy
of pre-service science teachers through an integrative approach and collaborative
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activities. The main topics in this course are energy and new materials. This course
uses inquiry- and problem-based learning in the learning process.

Part of Compulsory Courses

Although STEM education as a specific course is not part of most science teacher
preparation programme curricula, our observation of several programmes revealed
that STEM education topics are part of their science-specific courses. For example,
at the University of Jember, there is a course called Innovative Learning Models.
In this course, STEM education is discussed as an approach to learning. Another
example is Mulawarman University, where STEM education is discussed in the
Physics Teaching and Learning course. This coursemainly examines the approaches,
models, and strategies for teaching physics.

Elective Courses

As an initial process of integrating STEM education, elective courses about STEM
education are offered by several universities in Indonesia. For example, in theDepart-
ment of Science Education at the University of Jember, a STEM course worth two
credits covers the history of the development of STEM, understanding STEM terms,
perceptions of STEM learning, implementation of STEM learning, and pedagogy
in STEM education. As part of this course, students develop a STEM instructional
design suitable for the science curriculum in Indonesia.

STEM Education in Extra-Curricular Activities

Another approach initiated by several universities (such as Syah Kuala University)
is building a research centre in STEM education. Through this centre, various activ-
ities – such as STEM camps, workshops, and seminars – help pre-service and in-
service science teachers and students learn about STEM.This centre also collaborates
with international non-profit organizations. Another example is the National Educa-
tion Museum at the Indonesia University of Education. In this museum, there is a
centre called the 4D Frame STEM Education Centre. In 2020, this centre hosted an
activity called the International Students’ STEM Camp for Pre-Service Teachers.

STEM Education as a Research Topic

During the 4-year programme, science teacher candidates need to conduct a research
project and write up a thesis. STEM education has become a popular research topic
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among science teacher candidates. For example, research has been done on devel-
oping STEM learningmaterial (Gustiani et al., 2017;Hartini et al., 2020), perceptions
of STEM (Widayanti et al., 2019), and students’ achievement towards twenty-first
century skills in STEM education (Mutakinati et al., 2018; Putra et al., 2021). Such
research shows the significant interest of science teacher candidates in exploring
STEM education. After being exposed to integrated STEM during their courses,
they are eager to extend their interest in STEM education to their theses.

Challenges of Integration

With the growing awareness of the complexity of real-life problems, it has become
clear that a problem in physics is not solely a physics problem. Real-life problems
often require the integration of science, technology, mathematics, engineering, and
other related subjects. In Indonesia’s school system, three possibilities for imple-
menting STEM integration have been identified: STEM in the K-12 school system,
building a STEM subject, and integrating STEM into compulsory subject (Arlinwi-
bowo et al., 2020). The possibility to infuse STEM in school is similar to developing a
magnet school that focuses on STEM or on developing STEM schools. In the history
of the Indonesian school system, there is a possibility to develop a specific kind of
school such as an environmental school called Sekolah Adiwiyata (Nomura, 2009;
Parker, 2018). The school could be at the primary or secondary level and infuses
environmental issues into the curriculum. The second possibility is to develop a new
subject at school called STEM. The new subject would be separated from science
or mathematics and would address the integration concept through problem-solving
activities. The third possibility that is observable through the national curriculum is
integrating STEM into the science subject curriculum.

In the science teacher preparation programmes in Indonesia, there are clear bound-
aries among each science subject. Therefore, out of the nine possible perspectives
on STEM education (Bybee, 2013), integrating STEM with science and incorpo-
rating technology, engineering, and mathematics seems to us to be the most feasible.
Here, science is the ‘home’ into which the other components are integrated. There
is currently no possibility of developing a new programme, such as a STEM teacher
programme, within the school and university system regulation.

Even though the requirement to design integrated STEM is found in the school
science education curriculum, different science teacher preparation programmes are
adopting different approaches to address this reform. Among these programmes, the
integration of STEM is often an additional or optional part of the science teacher
preparation programme. The different approaches in each programme need to be
addressed, and a more organized reform towards STEM education is needed. Due to
the different approaches adopted by the science teacher preparation programmes, the
impacts of these changes are difficult tomeasure.We argue for amore comprehensive
reform towards integrated STEM, setting common goals for the integration, and
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including integrated STEM as part of the Programme Learning Outcomes for science
teacher preparation programmes.

Conclusion

Indonesia’s science teacher education follows a centralized curriculum with the
requirement of teaching licenses. An analysis of the curriculum shows that the
programme prepares teachers in terms of pedagogical content knowledge in science.
Various additional courses are offered according to local needs or specific targets or
strengths of the universities. The programmes feature inspiring examples of good
practice in integrating STEM education, such as efforts to initiate STEM centres,
infuse STEM education into some courses (such as a micro-teaching course), and
offer extra-curricular activities, such as an orientation programme. However, lasting
systemic solutions remain elusive. Additionally, there is still much to be done to
develop STEM Pedagogical Content Knowledge in science teacher preparation
programmes in Indonesia. It is important that integrated STEM education is included
in pre-service teacher programmes if these programmes are to align with the national
goals for school science as presented in the school science curriculum.
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Chapter 14
Teacher Professional Development
and Education for STEM Teaching
in Thailand: Challenges
and Recommendations

Witat Fakcharoenphol , Chanyah Dahsah ,
and Tussatrin Wannagatesiri

Abstract STEM education is incorporated as part of the national policies in many
countries due to the belief that it can produce the next generation of citizens with
the necessary skills to raise the country’s economic competitiveness. Thailand
implemented a 5-year STEM Master Plan from 2015 to 2019 to increase trained
personnel to serve its STEM education policies. Currently, in the Thailand Basic
Core Curriculum B.E. 2551 (MOE, 2008) and revised B.E. 2560 (MOE, 2017a,
2017b), STEM Education emphasizes two subjects, science and mathematics.
However, the implementation of STEM education in Thailand is encouraged to
integrate other subjects to promote competencies in the Core Curriculum, for
example, communication, higher-order thinking, problem-solving, and life skills.
Since teachers play a pivotal role in students’ learning, teachers must be able to
integrate STEM into their teaching. However, integrating STEM into the classroom
is a challenge in Thailand. Many studies have explored teachers’ perceptions and
attitudes toward STEM education. In addition, many research studies and profes-
sional development projects launched by the government and private sector have
emphasized promoting teachers’ competencies in STEM teaching. The teacher
preparation programs also provide STEM courses and activities to encourage
pre-service teachers with STEM teaching competencies. This chapter will focus on
the meta-analysis of research on Thai teachers’ perceptions and practices in STEM
teaching and on the current trend of research and professional development projects
on STEM education in Thailand. This will provide recommendations for teacher
education and needed support for integrating STEM for in-service and pre-service
teachers.
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Introduction

STEM education is being incorporated into national education policies in many
countries and educational jurisdictions due to the belief that it is needed to produce
the next generation of citizens with the necessary skills to raise the country’s
economic competitiveness. Since teachers play a pivotal role in students’ learning,
the effectiveness of STEM education relies in part on teachers’ understanding,
perceptions, and implementation of STEM. Thailand implemented a 5-year STEM
Master Plan from 2015 to 2019 to increase the number of trained personnel to
implement its STEM education policies. This included many professional devel-
opment projects launched by the government and private sector to promote
teachers’ competencies in STEM teaching, mostly for in-service teachers. The
teacher education programmes also provide STEM courses and activities to support
pre-service teachers to develop their STEM teaching competencies. However, the
integration of STEM into classrooms is a great challenge in Thailand. This chapter
will focus on how recent research and professional development projects support
STEM teachers in Thailand, in addition to research about teachers’ perceptions of
and practices in STEM teaching and learning. This chapter will also provide rec-
ommendations on how to enhance Thai teacher practices for effectively imple-
menting STEM teaching.

Background

The Thai government has promoted the Thailand 4.0 agenda with an economic
model based on creativity, innovation, new technology, and high-quality services to
raise the quality of life. According to the belief that STEM education can advance
the next generation of citizens with innovative thinking and other necessary work
skills to raise the country’s economic competitiveness, STEM education became a
key educational approach in the revolution of educational policies and educational
research from 2015 to 2019 (Baxter, 2017). The intention is for school students to
experience STEM education which integrates the four disciplines (science, tech-
nology, engineering, and mathematics) and to develop twenty-first century learning
skills, including problem solving, creativity, collaboration, communication, and
critical thinking.

The Thailand Office of the Basic Education Commission, Ministry of Education
(OBEC, MOE) encouraged the implementation of STEM education via the Institute
for the Promotion of Teaching Science and Technology (IPST), National Center for
STEM Education. ‘What is STEM education?’ in Thailand refers to the STEM
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definition conveyed by the IPST that ‘S a tĕm ṣ ụks ʹā khụ x næwthāng kār cạdkār
ṣ ụks ʹā thī  būrṇ ā kār khwām rū ̂ nı 4 s h withyākār dị ̂kæ withyāṣ ās tr ̒ wiṣ wkrrm
thekhnoloyī læa khṇitṣ ās tr̒ doy nên kārnả khwām rū ̂ pị chı̂ kæ ̂ pạỵh ā nı chīwit cring
rwm thậng kār phạtʹhnā krabwnkār h rụ x p hlp hlit h ım  thī  pĕn prayochn ̒ t  x kār dảnein
chīwit læa kār thảngān’ [STEM education is an approach that integrates knowledge
in 4 disciplines: science, engineering, technology, and mathematics, with a focus on
solving real-life problems, including the development of new processes or products
that benefit human life and work] (IPST, 2014). According to this definition, STEM
education infuses the engineering design process into the existing science, mathe-
matics, and technology curricula to enable the utilization of knowledge to solve
actual problems and support students’ future occupational undertakings (www.
stemedthailand.org).

STEM education in Thailand has been strongly driven by many organizations,
such as OBEC, IPST, schools and universities, and large corporations including
Chevron Thailand. These organizations collectively aim to prepare science, math-
ematics, and technology teachers to become STEM teachers across the nation.
Stages of STEM teacher professional development have evolved over the years to
provide teacher with higher STEM expertise and STEM experience.

STEM Education in the Thai Basic Curriculum

Integrated STEM education brings together four disciplines: Science, Technology,
Engineering, and Mathematics. However, when considering the Basic Education
Core Curriculum B.E. 2551 (A.D. 2008) covering primary and secondary levels
from Grade 1 to Grade 12 (7–18 years old), STEM education is directly related to
three learning areas, namely, science, mathematics, and occupation-and-technology
(MOE, 2008). In 2017, the curriculum was revised in mathematics, science, and
geography, and the ‘Design and Technology’ and ‘Information and Communication
Technology’ strands were moved from the occupation-and-technology to the sci-
ence learning area. Thus, in the Basic Education Core Curriculum which is in B.E.
2551 (MOE, 2008) and revised B.E. 2560 (MOE, 2017a, 2017b), STEM education
is only related to two curriculum learning areas: science and mathematics.

In the science learning area, there are four strands: life science, physical science,
earth and space science, and technology. The technology strand includes
design-and-technology, and computational thinking. STEM education is expected
to be included in all strands; however, it is not explicit in most of the learning
indicators. A few indicators clearly state expectations about STEM education, for
example:

• Use separation methods for solving everyday life problems by integrating sci-
ence, mathematics, technology, and engineering (Strand 2: Physical Science,
Strand Sc. 2.1 Grade 8)
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• Design methods to solve problems in daily life using knowledge of chemical
reactions by integrating science, mathematics, technology, and engineering
(Strand 2: Physical Science, Strand Sc. 2.1 Grade 9)

The engineering design process is explicit in the technology strand, since the
indicators in this strand follow the steps of the engineering design process from
Grade 7. For example, the indicators in Strand 4: Technology, Strand Sc. 4.1 for
Grade 8 are:

• Identify problems or needs of the community or locals, summarize the scope of
the problem, collect and analyse data and concepts related to the problem.

• Design problem-solving methods by analysing, comparing, and making deci-
sions about necessary information under specific conditions and available
resources, present problem-solving processes, plan working steps, and solve
problems step by step.

• Test, evaluate, and explain problems or limitations under specific conditions, find
out the ways for improvement, and present solutions for solving the problem.

In the mathematics learning area, there are three strands: number and algebra,
measurement and geometry, and statistics and probability. Similar to science,
STEM education elements are not explicit in the indicators of all the strands in
mathematics. However, there are several indicators requiring the use of knowledge
in mathematics to solve mathematics and real-life problems, for example:

• Understand real numbers and their relationships and use properties of real
numbers to solve mathematics and real-life problems (Strand 1: Number and
Algebra, Strand M. 1.1 Grade 9)

• Understand and use knowledge of proportion and trigonometry to solve math-
ematics and real-life problems (Strand 2: Measurement and Geometry,
Strand M. 2.2 Grade 9)

For learning resources, the IPST developed several STEM lesson plans and
activities for teachers of all grade levels (SciMath, 2016). These aim to support
teachers to implement STEM education in their classrooms, with the intention that
teachers will also use them as guidelines to create additional STEM activities to suit
local contexts and careers. Additionally, many book publishers (e.g. MAC
Education, SE-ED) have developed STEM activities and manuals to support stu-
dents’ STEM learning.

As suggested by STEM education research studies (Chamrat, 2016; Kaewklom
et al., 2018; Ngaewkoodrua & Yuenyong, 2018; Pimthong & Williams, 2020),
STEM education involves the promotion of generic competencies that are included
in the Basic Education Core Curriculum, which emphasizes communication,
thinking, problem-solving, and applying life skills and technology. STEM educa-
tion is therefore clearly on the national education agenda. Thus, the education
system in Thailand requires STEM education to be promoted among Thai students
(National Legislative Assembly, 2014). However, the implementation of STEM
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education is not limited to science and mathematics but can be integrated with other
subjects, such as arts, Thai, English, social sciences, geography, and health and
physical education (STEM Education Thailand, 2014).

Teachers’ Perceptions and Practices of STEM Teaching
and Learning

‘S a tĕm ṣ ụks ʹā khụ x næwthāng kār cạdkār ṣ ụks ʹā thī būrṇ ā kār khwām rū ̂ nı 4 s h 
withyākār dị̂kæ  withyāṣ ās tr ̒ wiṣ wkrrm thekhnoloyī læa khṇitṣ ās tr ̒ doy nên kārnả
khwām rū ̂ pị chı ̂ kæ̂ pạỵh ā nı chīwit cring rwm thậng kār phạtʹhnā krabwnkār h rụ x
p hlp hlit h ım  thī  pĕn prayochn ̒ t  x kār dảnein chīwit læa kār thảngān’ [STEM edu-
cation is an approach that integrates knowledge in 4 disciplines: science, engi-
neering, technology, and mathematics, with a focus on solving real-life problems,
including the development of new processes or products that benefit human life and
work] (IPST, 2014).

The definition of STEM education by the IPST, shown above, is used throughout
Thailand, but its interpretation seems to be restricted and limited in Thai practice.
One interpretation is that STEM needs to integrate all four disciplines in every
lesson and activity, but no one knows the minimum amount of each discipline that
should be integrated. Furthermore, the examples of STEM lessons and activities
usually focus on designing products to solve problems or challenges; STEM lessons
without designing products might not be considered as STEM lessons. With these
untold expectations, it is difficult for teachers to appreciate STEM education as an
approach and then confidently and creatively design their own STEM education
differently to benefit their students’ learning. Initially, STEM education in Thailand
has been implemented with guidance and support provided from different sources.
For example, the science/mathematics learning activities through the engineering
design process introduced by the IPST (Autid, 2017) uses inquiry-based learning by
designing models that include encouraging students to learn relevant concepts
through a hands-on inquiry-based method before drawing the design and then
constructing a product with engineering design challenges. Examples include
Chevron’s Enjoy Science Project (Changtong et al., 2020), and STEM
problem-based learning/project-based learning, which focuses on solving authentic
STEM problems (Roikrong & Bongkotphet, 2019).

Ring et al. (2017) reported that teachers in the United States hold a variety of
conceptions of integrated STEM, and that teachers’ conceptions evolve and can be
influenced by professional development experiences. Further, Holmlund et al.
(2018), again in the United States, showed that although there are commonalities in
understandings and views of STEM concepts among STEM personnel—such as the
importance of interdisciplinary connections, the need for new, ambitious instruc-
tional practices in enacting a STEM approach, and the engagement of students in
real-world problem solving—there are a variety of teaching practices and school
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contexts within which STEM education is enacted. Similar to the United States,
STEM in Ireland seems to lack a unified definition and there are varied imple-
mentations of STEM integration (Hourigan et al., 2021). These findings align with
our concern that STEM education in Thailand seems to be an ‘ideal’ approach to
practice, and that there is a lack of unified practical goals of STEM education.
Without agreement on grounded STEM concepts in practice, it is easy for teachers
to find themselves lost when implementing STEM education in their classrooms.

To support our argument, we provide below a meta-analysis of the research
conducted in Thailand related to in-service and pre-service teachers’ perceptions of
and practices in STEM teaching and learning.

According to the practices in STEM teaching and learning in Thailand, Nadelson
et al. (2013) and Reeve (2015) revealed that many teachers have difficulties making
connections between concepts from different STEM disciplines. They do not know
how to help students see the links between inventions/products and each of the
STEM disciplines, and thus cannot encourage students to learn STEM through
those inventions/products. Kruatong et al. (2018) investigated Thai science student
teachers’ understanding of STEM-related content and found that they had difficulty
identifying not only the technology, mathematics, or other content related to the
given everyday inventions, but also the science content. This study demonstrated
that a gap between science content knowledge and its applications may exist and
could be a significant obstacle for future teaching of STEM by science student
teachers.

STEM teachers first need a deep understanding of the subjects they teach before
exploring the mechanisms for integration across STEM disciplines as suggested by
the following studies. In a study with pre-service science teachers, Vichaidit and
Faikhamta (2017) reported that participating pre-service teachers had partial
understanding of STEM and characteristics of each discipline in STEM education.
In another study by Pimthong and Williams (2020), they found that pre-service
teachers of several majors did not have a deep understanding of STEM, such as the
integration of the disciplinary concepts and skills, and their STEM focus varied
based on their discipline major. In another study focused on the nature of STEM,
participating science teachers and pre-service science teachers had inadequate
understanding of a STEM definition, epistemological perspectives, and the impact
of culture and society on STEM-related disciplines (Faikhamta, 2020; Vichaidit &
Faikhamta, 2021).

Teachers seem to lack the understanding of the engineering design process and
engineering practice. To investigate how teachers understand and view STEM
education, Ladachart et al. (2019) asked 22 teachers who registered for a STEM
education workshop and found that their understanding of STEM education
emphasizing the engineering design process was limited, and that the engineering
design process in some teachers’ view was a fixed and rigid process with one
correct solution. Another study on pre-service science teachers by Faikhamta
(2020) found that their intuitive view of the engineering design process was only
about making artefacts and designing things; it was not thought of as the way
engineers think about and approach solving problems.
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A small-scale case study with six Thai in-service teachers by Srikoom et al.
(2018) investigated salient features of STEM instruction and the variations in Thai
classrooms. Five categories of STEM approaches were used by the participants in
the 28 STEM lessons:

• problem/project-based learning lessons were incorporated through a realistic
context without any connection to other STEM content,

• the lesson addressed science and mathematics content incorporated with the
engineering design process,

• the lesson followed an engineering design process but did not address appro-
priate content,

• the lesson did not follow an engineering design process, but included only
building and testing without having the need to apply content information, for
example building an air rocket without connecting it to the concept of air
pressure differences,

• the lesson is a science activity but misses connections to other disciplines.

Overall, the STEM lessons designed by the participating teachers did not meet
the key features of STEM educational activities.

Supporting teachers to develop a deeper understanding of the definition and key
features of STEM education is needed. There are too many important features that
teachers need to keep in mind as they are designing STEM lessons. From these
findings, it appears that much work is still needed to improve pre-service and
in-service teachers’ capability in STEM education in Thailand.

Teachers’ Attitudes Towards STEM Teaching
and Learning

Positive attitudes can lead to positive behaviours, such as being more motivated and
confident in the implementation of STEM education. Teachers’ mindsets have to be
transformed in order to align with the expected learning outcomes for STEM
education. Many benefits and expected goals from STEM education are repeatedly
mentioned by experts during workshops and by policy makers in the media. In
addition, several studies have revealed that most Thai in-service teachers find the
STEM teaching approach to be very interesting after professional development
(Autid, 2017; Chamrat, 2016; Kaewklom et al., 2018; Nuangchalerm et al., 2020;
Srikoom et al., 2017).

It seems that while teachers have positive attitudes towards STEM education,
they may have a limited understanding of STEM teaching. This gap tends to appear
when teachers start to put STEM education ideas into practice, as reflected by
researchers in Thailand (Chamrat, 2016; Ladachart et al., 2019; Srikoom et al.,
2017). This might be due to the fact that the STEM learning process is a new
innovation for teachers and it comprises various complicated steps which need to be
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followed (Srikoom et al., 2018). Integration between disciplines is difficult, espe-
cially if teachers are still required to cover all the disciplinary content
(Nuangchalerm et al., 2020). In a study by Ladachart et al. (2019), 22 primary and
middle school teachers who enrolled in a professional development workshop
identified that they were unclear on how to create and use STEM activities. To
address these concerns, teachers might need different kinds of support or workshops.

STEM Education and Professional Development
in Thailand

To effectively implement STEM education, in-service teachers and pre-service
teachers need to be engaged in relevant and effective professional development
(PD) or teacher education programmes. STEM PD plays an important role in
preparing STEM teachers to implement STEM education. As teachers in Thailand
come to know more about STEM education, the format of the PD for in-service
teachers will change, from STEM introduction workshops, to coaching and men-
toring workshops and developing STEM professional learning communities (PLC),
lesson study, and action research, as described below.

STEM Education Workshops

Over time, STEM education workshops have been developed and differentiated to
focus on teachers’ different needs and levels of STEM expertise. Thus, a variety of
STEM workshops have been conducted to encourage teachers’ understanding and
implementation of STEM activities in their classrooms. Examples include STEM
challenge and activity examples, STEM learning approach and process,
technology-supported STEM learning, and designing STEM lessons. These are
described in more detail below, based on information that has been recorded and
reported, or were part of research that was published. The details of many other PD
programmes have not been published.

Examples of STEM Challenge and Activity

A three-day STEM education workshop was provided by the upper northern STEM
centre with support from the IPST in 2016. The first session formed an introduction
to STEM education and its relevance for developing students’ twenty-first century
skills via a variety of real-world and mathematical problems. The second session
focused on some demonstrations of STEM classroom activities, for example,
designing a bamboo rice container, tower model, and mini-helicopter; performing
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hands-on STEM learning activities in groups; and presenting and discussing group
projects. A study by Autid (2017) investigated participants’ classroom practice after
the workshop and found that there were variations in STEM implementation due to
teacher beliefs and interpretations of STEM teaching, teaching experiences, student
context, and time available. The study also revealed that the STEM activity pro-
vided by the trainers supported the teachers to directly implement in their class-
rooms the examples that they had experienced in the workshop.

STEM Learning Approach and Process

Through the Coupon for Teacher Development Project supported by OBEC, a
STEM workshop was run that emphasized learning by design in STEM education,
where students learn science through the engineering design processes (Ladachart
et al., 2019). In this workshop, participants designed several products to solve a
challenge using science and mathematics. Through the workshop, the study
revealed that participants lacked understanding of STEM education, specifically in
relation to its definition and goals, and participating teachers’ STEM lessons did not
have a focus on the engineering design process as had been advocated in the
workshop. The STEM smart trainer team (Yuenyong, 2019), organized by the
Thailand Office of Basic Education Commission (OBEC), organized 15 workshops
(for approximately 2,250 teachers) across the nation to enhance teachers’ under-
standing and implementation of STEM education in their classrooms through
communities of practice. These workshops emphasized an engineering design
process comprising nine steps as follows:

• identify the problem
• analyse five capitals (physical, financial, social, human, and natural capitals)
• explore information
• share knowledge
• model a solution
• plan and develop the solution
• test and evaluate the solution
• present the solution
• reflect and revise

The participants generated ideas for developing STEM activities involving
inventing and innovating for solutions related to local problems or issues, such as
animal traps, machines for selecting fruit, recyclable products, watering systems for
farms, and so on. Yuenyong (2019) shared his perspective as a trainer that the
participants perceived STEM education as a single teaching strategy with certain
steps of teaching that should be included explicitly in the national curriculum
standards, and that the PD workshop needed to conceptualize assessment for STEM
education.
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In 2015, inquiry-based learning workshops from the Thailand STEM Education
Project of Chevron, Enjoy Science, emphasized how to design and choose appro-
priate methods in order to enhance inquiry processes, such as think-pair-share,
gallery walks, and formative assessment. Research by Ngaewkoodrua and
Yuenyong (2018) investigated science teachers’ existing ideas of ways of
enhancing students’ inventive thinking skills during the workshop. Their findings
revealed that most of the participating teachers held some understanding of
inquiry-based learning, which could be used as a base for developing ideas for
enhancing students’ inventive thinking skills. They could also design and choose
the appropriate methods to be adopted in the classroom in order to enhance stu-
dents’ inventive thinking skills.

Technology-Supported STEM Learning

Other STEM workshops have emphasized the use of digital technology in class-
rooms to better support STEM instruction, for example, an adaptive personalized
mobile application was used to promote TPACK for 78 in-service teachers
(Kajonmanee et al., 2020). In a tablet-based STEM workshop, the programme
consisted of introducing STEM education (a one-day online meeting), demon-
strating STEM teaching by using iPad applications – a ‘tall tower challenge’ with
the application ‘Book creator’; designing an edible car with ‘Keynote’; and editing
the video when building the instrument to collect ‘Oil spill in the Ocean’ with
‘iMovie’ – and developing STEM-based lessons by integrating the iPad as a
learning tool. After the workshop, 150 of 240 participants (63%) identified that they
had greater confidence in implementing STEM pedagogical approaches
(Pitiporntapin et al., 2018). However, the limitations of time and available tablets
were identified by the participants as issues that would continue to restrict their
STEM instructional practices.

Designing STEM Lesson Plans

A STEM workshop designed based on Bandura’s (1997) self-efficacy theory started
by raising teachers’ awareness of the importance, goals, and challenges of STEM
education, including the meaning and nature of STEM. Then, STEM activities were
demonstrated. Interdisciplinary approaches, engineering education, and learning
assessment were emphasized. Lastly, participants practiced designing STEM les-
sons. A study of the programme (Khumwong et al., 2017) highlighted that the
design of a waste water treatment system in the community, which is a problem
situation connected with a real life context, helped the participating teachers clearly
understand the engineering design process. The teachers’ ability to make connec-
tions between STEM education and real-life contexts could be enhanced by using
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STEM thinking (Reeve, 2015), a way to analyse science, mathematics, technology,
and engineering concepts from the things or problems or situations in daily life.

In 2016, a 3-day face-to-face workshop followed by monthly meetings during
the academic year was organized by the IPST. On the first day, the participants
learned about STEM education, the nature of science, the engineering design
process, integrating scientific inquiry and engineering practices, and applying
mathematics and technology with the STEM approach. The second day focused on
micro-teaching of STEM activities, analysing lessons, and sharing guidelines for
designing STEM lesson plans. On the last day, the participants shared their own
STEM lessons, received feedback, and improved the lessons. Throughout the
academic year, teachers met on a monthly basis to share and reflect on their
implementation and outcomes of their action research. Srikoom et al. (2018) found
that the participants who attempted to teach STEM lessons needed more support
related to asking essential questions, linking STEM activities to careers or life in the
real world, understanding of the engineering design process, and integrating
engineering into the lessons.

Coaching, Mentoring and Developing Professional Learning
Communities (PLCs)

In addition to STEM workshops, teachers need different kinds of support that can
guide them in their own specific contexts. Coaching and mentoring can be helpful
to teachers. Coaches and mentors can give advice on lesson plans and feedback
from class observations. Specific guidance for each classroom may help individual
teachers to improve their STEM lessons. Coaching and mentoring can also improve
the management of STEM lessons (Boonsong et al., 2017).

Another kind of support comes from peer teachers, that is, professional learning
communities (PLCs) or, interchangeably, communities of practice (CoPs).
The STEM smart trainer project has developed a community of practice for STEM
in Thailand, resulting in school partnerships and cooperation among teachers
(Yuenyong, 2019). PLCs can empower teachers to change their understanding of
and beliefs about STEM teaching (Vasinayanuwatana et al., 2021). Intalapaporn
(2019) presented a PLC process that started with participating teachers sharing
problems during the implementation of STEM, brainstorming for developing
STEM classroom activities, trying out the ideas, and providing feedback. Through
the PLC activities, primary teachers’ abilities to design learning activities for STEM
education were enhanced. The PLC activities also increased teacher’s self-efficacy
in teaching science, personal efficacy, and outcome expectancy efficacy (Krainara &
Chatmaneerungcharoen, 2019). Through PLCs, teachers can share their vision for
STEM education, STEM activities, and best practice (Thana et al., 2018). PLCs can
create a friendly and supportive atmosphere for teachers as well as support friendly
learning atmospheres for students (Wetwiriyasakun et al., 2021).
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Lesson Study and Classroom Action Research

To effectively and appropriately implement STEM education in the classroom,
teachers need to understand the reasons behind the implementation of STEM
activities. A lesson study on high school physics teachers was used to design,
implement, critique, and develop good STEM learning activities (Teevasutornsakul
et al., 2015). Teachers can improve their lessons based on reflections of peer
teachers and students’ feedback.

Classroom action research, with a cycle of planning, teaching, and guided
reflection, have also been used to develop STEM lessons: teachers compare and
contrast research articles, design a STEM lesson and receive feedback, and, lastly,
implement the STEM lesson and analyse their students’ learning data (Faikhamta
et al., 2020). Lastly, metacognitive reflections have been used to develop and shape
teachers’ pedagogical reasoning for STEM lessons (Park & Prommas, 2017).
Through reflective writing, teachers can reflect on their teaching practices and
pedagogical reasoning.

Initial Teacher Education

For pre-service teachers, STEM education workshops for both extracurricular
activities and classroom lessons have been included in the Initial Teacher Education
programme. In a study reported by Kruatong et al. (2017), pre-service teachers in a
science method course were provided with 18 hours of learning activities (3 hours
per week) about a 5E inquiry-based STEM education programme. Analysis of the
pre-service teachers’ lesson plans revealed that they were able to create their own
STEM activities (based on their own experiences with STEM activities), for
example, designing and building an earthworm condo and electromagnet door,
designing inventions using local materials, and solving everyday problems.

Saratapan et al. (2019) studied ways to enhance pre-service teachers’ integration
of STEM education into home economics lessons. The programme included an
introduction to STEM, analysing examples of STEM education in classrooms, and
developing lesson plans in STEM education. The lesson can incorporate real-world
experiences and problems, immerse students in hands-on inquiry and open-ended
exploration, and involve students in productive teamwork, which are guided by the
engineering process, integrate content from both mathematics and science courses,
and allow for failure.

A STEM programme for science pre-service teachers based on pedagogical
content knowledge (PCK) was introduced by Srisawasdi (2012). This programme
sought to change the perceptions of the participants regarding STEM education and
the implementation of STEM education. The programme adopted a case-based
learning approach with a series of workshops integrating digital technologies into
teaching in science and mathematics. Findings collected after the programme
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suggested that the pre-service teachers showed positive gains in TPACK
competency.

From the above review of STEM education PD, we found that each PD work-
shop has its own objectives and limitations. Improvements in science teachers’
knowledge and attitudes towards STEM were observed, and teachers were gener-
ally motivated and became more confident in the implementation of STEM edu-
cation after the PD workshops. However, a combination of coaching and
mentoring, lesson study, promoting reflection after implementing STEM lessons,
and PLCs are necessary to sustain changes in instructional practices. These ini-
tiatives helped teachers integrate science with other subjects, design learning
objectives related to twenty-first century skills, and encourage students to apply
knowledge to their daily life (Chatmaneerungcharoen, 2019). Through coaching
and peer support, teachers and teacher communities can develop their own STEM
lessons with more confidence. To deeply understand and be able to design effective
STEM lessons, teachers need to reflect on their teaching. This can be done through
lesson study and classroom action research.

Discussion and Recommendations

With the push for STEM education at the national level in Thailand, a large budget
and workforce has been allocated to preparing in-service teachers through STEM
professional development by the IPST, OBEC, universities, and many other
organizations. With this huge effort, STEM education PD should have a positive
effect on teachers’ performance and on students’ learning. However, to implement
STEM education in a real classroom in Thailand is challenging, and STEM teachers
share many concerns. For example, some research studies have reported that
teachers in STEM workshops cannot design STEM lessons to suit the subject,
context, and students’ potential (Pantu et al., 2019) and that teachers who attended
STEM workshops were not proficient in all of the essential elements of STEM
teaching (Lomarak et al., 2019). Moreover, teachers’ understanding of STEM is
tied to the definitions of the four STEM disciplines. This makes teachers focus too
much on identifying science, technology, engineering, and mathematics in their
activities, or on trying to make clear connections between disciplines. These con-
cerns weigh heavily on teachers and result in them losing focus on the real
emphasis of their STEM activities, that is, to capture students’ interest, and to
evaluate the workability or the design of the invention (examples can be found in
Autid, 2017 and in Pimthong & Williams, 2020).

Similar to other countries, challenges and obstacles of implementing integrated
STEM education include lack of knowledge and lack of time for collaborative
preparation and instruction (Shernoff et al., 2017). For example, it has been shown
that teachers in Hong Kong need articulated professional development, pedagogic
support, and curricular resources for empowering them to implement STEM edu-
cation in practice (Geng et al., 2019). Even within classrooms where integrated
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STEM education is being implemented, it is difficult to sustain the integration of
STEM concepts, and some disciplines seem to disappear during different phases of
learning (Estapa & Tank, 2017). Teachers need support from peers, experts, and
administrators to manage their workloads as well as to reflect on their STEM
education practice.

STEM education is not only concerned with the learning of STEM content
knowledge, but also the development of twenty-first century skills. However,
another concern of teachers is the national standardized examinations, which pri-
oritize subject matter and knowhow over assessing the twenty-first century skills.
Stronger emphasis on authentic assessment of students’ learning outcomes in
STEM education must be included in PD workshops (Chamrat, 2016; Kaewklom
et al., 2018; Nuangchalerm, 2020). Moreover, to further promote the quality of
STEM education in Thailand, more research studies are needed to identify changes
in teacher efficacy, outcome expectancies, and awareness of STEM careers. For
example, research on changes in teacher practices after the adaptation of STEM
education would provide grounded evidence for Thai STEM education reform, as
has been done in Australia by Anderson and Tully (2020) whose study showed a
significant increase in the use of small group problem-solving through inquiry,
engagement, and opportunities for student reasoning.

To support STEM teachers in implementing STEM education in their class-
rooms, STEM materials such as STEM lessons and activities, STEM challenges,
and STEM authentic assessment would be helpful. These materials can be provided
by experts or by peer STEM teachers. However, due to the variety of learning
objectives and different school contexts, there is no STEM material that can fit all
classrooms. After extensive effort and resources have been poured into STEM
education workshops, everyone expects STEM teachers to be able to immediately
and automatically design their own STEM material. However, that is not the case.
STEM teachers require after-workshop support to experiment and to gain experi-
ence before becoming great STEM teachers. PLCs offer scope for providing
ongoing support in terms of developing educative materials and moral support. As
has been demonstrated elsewhere, communities of practice have been shown to
support STEM teachers by learning within the community, engaging in STEM
practices, and using STEM knowledge to solve real-world problems (Kelley et al.,
2020; Weinberg et al., 2021).
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Chapter 15
STEM Teacher Professional
Development for Primary School
Teachers in Hong Kong

May May Hung Cheng and Fang-Yin Yeh

Abstract This study draws on the findings from a STEM education project to
examine Hong Kong in-service primary school teachers’ perceived challenges in
implementing STEM education, the support they received in STEM teacher profes-
sional development (STEM TPD), and their needs for future STEM TPD. The study
engaged teacher professional development through a school-university partnership
and adopted a practitioner research approach that aimed at enhancing primary school
teachers’ professional capacity of designing STEM activities relevant to the Hong
Kong curriculum, with an emphasis on the learning of crosscutting concepts and
inquiry-based teaching. STEM TPD is aimed at collaborative curriculum devel-
opment as an opportunity to foster active learning through co-creating curriculum
materials among teachers and university facilitators. Twelve primary school teachers
from various subject teaching backgrounds were interviewed. Semi-structured inter-
views were carried out to collect the teachers’ experiences with the STEM TPD and
their views on the integration of cross-cutting concepts in designing STEM lessons.
Findings of the study revealed teachers’ perceived challenges during the prepara-
tion and teaching phases related to STEM instruction and lesson planning, limited
resources, and other concerns embedded in broader contextual situations. While
teachers reported to have received different types of support from the STEM TPD
relating to the pedagogical knowledge of STEM, future directions for STEM TPD
were expressed in relation to content components of STEM TPD, opportunities for
authentic learning and first-hand experiences, and coherence. Finally, this chapter
discusses areas that need to be resolved before a further enhancement in terms of
quality and quantity of STEM lessons could be expected.
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Introduction

In Hong Kong, STEM education has become a major policy priority in 2015 after
the CurriculumDevelopment Council (CDC) published the document titled ‘Promo-
tion of STEM Education—Unleashing Potential in Innovation’. In the Hong Kong
curricular context, STEM education is promoted through the science, technology,
and mathematics education key learning areas (KLAs) in secondary schools, and
through mathematics and general studies (GS, which incorporates science, tech-
nology and personal, social, and humanities education) in primary schools. Thus,
GS teachers with non-STEM related backgrounds are sometimes required to teach
STEM in primary schools. Renewing the curricula of the KLAs and GS has been
proposed as one of the main strategies for promoting STEM education, in addition
to organizing STEM co-curricular activities (i.e. education fairs, outside classroom
learning, competitions), enhancing learning and teaching resources, and targeting
the professional development of KLAs and GS curriculum leaders (CDC, 2017).
Based on the directional measures of the CDC (2017), curriculum content for KLAs
and the GS curriculum were updated to foster a shift towards inquiry-based learning,
cross-disciplinary integration, application of knowledge and skills, and hands-on and
minds-on activities.

In 2020, the Task Force on Review of School Curriculum (Task Force School
Curriculum), set up by theHongKongEducationBureau (EDB) to holistically review
the primary and secondary curricula in Hong Kong, further suggested a develop-
mental priority to define STEM education and develop a handbook for school-based
STEM education to clarify expectations across the primary and secondary school
levels. STEM curricular attention shifted from co-curricular activities to the formal
curriculum and co-coordination among related KLAs and GS curricula. Addition-
ally, initiatives for STEM professional development programmes further empha-
sized strengthening the professional capacities of frontline teachers, specifically on
teaching strategies and technological and pedagogical content knowledge of STEM
topics (Task Force School Curriculum, 2020).

Continuous teacher professional development is emphasized and supported by the
Hong Kong government, especially under the ongoing renewal of the curriculum.
The Task Force on Professional Development of Teachers (Task Force Profes-
sional Development) was set up by the EDB in 2017 to further study the devel-
opment, promotion, and implementation of teachers’ professional growth. As part of
teachers’ continuous professional development (CPD) stipulated by the Hong Kong
government, there is a basic requirement for every teacher to complete no less than
150 hours of professional development activities (e.g. overseas visits, exchanges,
learning circles, seminars, workshops, etc.) in a three-year cycle. In addition, to be
eligible for promotion, relevant training courses (e.g. refresher courses and manage-
ment training courses) are also required for teacher CPD, guided by professional
development guidelines, such as the ‘T-standard+’ launched by the Committee on
Professional Development of Teachers and Principals (COTAP) (Task Force Profes-
sional Development, 2019). STEM education has been stipulated as amajor initiative
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for school-based development (Task Force ProfessionalDevelopment, 2019), and has
also been a primary focus of the professional development programmes offered by
the CurriculumDevelopment Institute of the EDB for primary school teachers (espe-
cially for GS teachers), covering topics relating to STEM knowledge, the application
of science process skills in STEM education, STEM curriculum planning and imple-
mentation, STEM teaching and assessment, and coding and computational thinking
(Curriculum Development Institute, 2021).

Research, especiallyAsian-basedSTEMeducation research, is still in an emerging
state (Lee et al., 2019), and there has been less research on Asian teachers’ perceived
readiness to implement STEM (see Margot & Kettler, 2019) and STEM TPD (see
Chai, 2019; Geng et al., 2019). In Hong Kong, only a few and very recent studies
on STEM TPD have examined STEM pedagogy (e.g. project-based learning, robot-
based pedagogy, design-based pedagogy) (Chiu et al., 2021; Kong et al., 2020; Szeto
et al., 2021) and teachers’ attitudes towards designing STEM curriculum activities
(Lin et al., 2021). In their quantitative study of Hong Kong teachers’ responses to
STEM education, Geng et al. (2019) found that only around 6% of school teachers
perceived themselves as being ‘well prepared’ for STEM education, and suggested
further professional development, pedagogical support, and curricular resources
relating to ‘information’ (e.g. how to perform STEM instruction, share informa-
tion through learning circles), ‘management’ (e.g. receiving supports in time-related
concerns, such as administrative tasks, class hours), and ‘consequences’ (e.g. hoping
to optimize STEM pedagogical approaches, access to promoted STEM resources to
further empower STEM teaching).

Against the research background and the nascent STEM education directional
measures in Hong Kong for the STEM curriculum, instruction and teacher profes-
sional development, a STEM TPD project for Hong Kong primary teachers was
conducted.

Engaging Teachers in Practitioner Research as a Form
of Teacher Professional Development

The nature of the recent development of teacher professional development (TPD)
has seen a move away from workshops and courses to workplace and professional
learning communities (Campbell et al., 2004), with school-university partnerships as
one prevalent approach to facilitating teachers’ professional learning (Cheng & So,
2012; Day & Smethen, 2010). One form of the school-university partnership focuses
on the generation of educational knowledge through practitioner research (PR). PR is
a paradigm of educational research that involves teachers’ dual roles as practitioner
and researcher and is considered as a strategy to foster TPD by enhancing teachers’
research skills and teaching effectiveness in their work contexts (Burns, 2009; Cain&
Milovic, 2010; Cheng & Li, 2020).
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In the context of new curriculum directives and reforms, studies have shown that
collaborative curriculum development — as one form of professional development
in which teachers work together with university facilitators to create curriculum
materials— fosters teachers’ active professional learning and provides opportunities
for in-service teachers to examine their beliefs and classroom teaching practices and
to increase their subject matter and content knowledge (Drits-Esser & Stark, 2015;
Handelzalts, 2019).

Literature relating to teacher professional development has recognized the impact
of constructivist learning theory on the conceptions, organization, and structure of
professional development (Cheng et al., 2009; Harfitt & Chan, 2017; Keiny, 1994;
Sparks, 2002), and an array of studies have claimed successful implementation of
curriculum changes involving TPD programmes underpinned by the constructivist
framework (e.g. Fung, 2000; Howe & Stubbs, 1997; Zehetmeier et al., 2015). The
key feature of these programmes is that they helped teachers to construct their own
learning experiences, reflect, and take more responsibility for and control over their
own learning. PR engages practitioners in a ‘systematic and intentional inquiry’
(Cochran-Smith & Lytle, 2009, p. 142) of one’s own professional practices. The
stance of PR, situating teachers as learners, connects PR to constructivist and inquiry-
based approaches, and serves as a way to promote different aspects of teachers’
professional learning through reflective teaching practices and teacher collaboration
(Atay, 2007; Stavroula et al., 2015).

Challenges and the Professional Development Support
Needed by School Teachers to Implement STEM Instruction

International studies on school teachers’ perceived challenges in implementing
STEM education and the professional development needs for STEM education are
limited, especially studies involving primary school teachers (Chai, 2019). However,
the studies have shown that school teachers perceive different challenges in STEM
teaching. Relating to STEM pedagogical content knowledge, the concerns include
insufficient understanding of subject content and integrated STEM instruction (Sher-
noff et al., 2017), concerns on more efficient and optimized STEM pedagogical
approaches (Geng et al., 2019), the need for professional learning in teaching
inquiry-based STEM (Nadelson, et al., 2012, 2013) and knowledge on implementing
engineering-designed based STEM curriculum units in mathematics or science
lessons (Guzey et al., 2016; Guzey et al., 2014).

Other concerns on teaching resources, including the lack of appropriate instruc-
tional materials and technological resources (Shernoff et al., 2017), were also voiced
by teachers when implementing STEM instruction. Additionally, organizational and
contextual-related concerns were also expressed, including the lack of opportunities
for teacher collaboration and development on STEM practices, concerns about addi-
tional workload and time spent on collaboration and administrative issues, and the
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availability of class hours to perform STEM activities (Geng et al., 2019). Students’
lack of understanding or lack of motivation to learn in different ways was also one of
the many classroom challenges encountered by school teachers when implementing
STEM instruction (Shernoff et al., 2017).

Other literature on school teachers’ perceptions of the effective STEM TPD
components highlighted teachers’ needs in terms of content, process, and contexts of
TPD in STEM education. For content, school teachers stressed the practicality and
relevance of the TPD content to directly connect to student STEM learning. STEM
TPD contents would include STEM content knowledge, STEM activities that meet
the curriculum outcomes, pedagogy (e.g. instructions for teaching diverse learners)
and assessment techniques (Goodnough et al., 2014). In terms of the process of STEM
TPD, school teachers emphasized planned opportunities for collaboration and active
learning (Goodnough et al., 2014; Shernoff et al., 2017), opportunities to access
good examples and models (e.g. review video recordings of experienced teachers),
first-hand experiences of structured lesson plans and materials for key pedagogical
approaches (such as project-based learning) (Goodnough et al., 2014; Shernoff et al.,
2017), and space for individualization and autonomy in the application (Goodnough
et al., 2014). For contexts of STEM TPD, concerns about organizational supports
(e.g. release days to collaboration) or programme supports (e.g. specialist supports,
supports within school, technological supports) (Goodnough et al., 2014) were also
expressed.

Broader literature on teacher professional development concluded different core
features that have a powerful effect on learning and changes in classroom practice
(Campbell et al., 2004;Garet et al., 2001;Llinares&Krainer, 2006).Whilst espousing
managerial supports, the studies highlighted TPD core features on subject-matter
knowledge (content), creating opportunities for active learning among teachers
(process), and fostering coherence in relation to individuals’ previous experiences
and alignment with wider curricular framework and assessment (context) to have
significantly affect teacher learning. The few studies reviewed above on school
teachers’ perceptions of the ideal STEM TPD components (e.g. Goodnough et al,
2014; Shernoff et al., 2017) echoed these findings.

Considering the current need for further understanding of Hong Kong primary
school teachers’ perceived challenges, supports, and future directions for STEM
TPD, the following research questions were investigated in this STEM TPD study
in the Hong Kong context:

RQ 1:What are the challenges, as perceived by the primary school teachers, when
implementing STEM education?
RQ 2: What are the supports received in the STEM TPD through the school-
university partnership, as perceived by the primary school teachers?
RQ 3: What are the future directions for STEM TPD, in terms of content and
process of professional development, as perceived by the primary school teachers?
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The Design of the Study

The project engaged teacher professional development through a school-university
partnership that aimed at enhancing primary school teachers’ professional capacity of
designing STEM activities relevant to the Hong Kong curriculum, with an emphasis
on the learning of crosscutting concepts. The study makes reference to the Next
Generation Science Standards (National Research Council [NRC], 2013), a multi-
dimensional standard for STEM learning currently implemented in the United States
forK-12 that emphasizes combining core ideas, practices, and cross-cutting concepts,
and STEM research conducted in Asia suggesting the lack of attention given to
the integration or evaluation of cross-cutting concepts in STEM programmes (see
Cheng & Yeh, Chap. 2). As stated by NRC (2013), cross-cutting concepts are to
‘bridge disciplinary core boundaries’ for explaining the core disciplinary knowledge.
The cross-cutting concepts are observed patterns, cause and effect, the structure of
phenomena, system models, limitations of the system, function (e.g. interaction of
humans and nature), and change (e.g. growth, changes in states of matter, energy)
(NRC, 2013).

Two key cross-cutting concepts of ‘change’ and ‘human and nature’ are the focus
of the construction of the STEM learning framework for STEM TPD for this study.
The two cross-cutting concepts were chosen to reflect the emphasis of the primary
school curriculum in Hong Kong. In particular, ‘human and nature’, a cross-cutting
concept developed by the project team, echoes one of the key strands, ‘People and
Environment’, in the General Studies curriculum for primary schools (CDC, 2017).
Apart from cross-cutting concepts, the 6E teaching cycle was also introduced to the
teachers such that they may consider emphasizing the ‘engineering’ component in
designing STEM lessons. The 6E instructional cycle for STEM (Burke, 2014) is a
modification of the 5E instructionalmodel for science instruction (Bybee et al., 2006)
which comprised the inquiry cycle of engage, explore, explain, expand, and evaluate.
The 6E instructional cycle added a practical element of ‘engineering’ to emphasize
meaning making and the construction of knowledge from hands-on experiences and
learningbydoing.The6E teaching cycle for STEMcomprises themain steps: engage,
explore, explain, engineer, enrich, and evaluate (Burke, 2014).

The research adopted a PR approach toworkingwith primary school teachers. The
two primary investigators of the project are researchers with backgrounds in science
and teacher education from a university in Hong Kong that specializes in teacher
education. A total of 36 primary school teachers from six Hong Kong schools that
follow the local curriculum framework were recruited. Each participating school
involved four to eight primary school teachers in the school-based STEM TPD
(Teachers were identified in the research through an alphabet and number system).

Research members and the participating teachers co-constructed and designed
school-based lessons that demonstrated the integration of cross-cutting concepts,
skills, and attitudes. Additionally, active professional learning was further encour-
aged through purposefully designed opportunities for teachers to provide insights to
improve instructional materials, peer observations, and expert feedback on STEM
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teaching trials during the STEM TPD. Teaching trials were implemented in each
school by one to three teachers, with teaching trial lessons ranging from three to six
class periods depending on the school-based, co-constructed lesson designs. Alto-
gether 12 teachers were involved in conducting the teaching trials. This chapter
reports findings from investigating the STEM TPD experiences of these 12 teachers
from six different local primary schools.

The 12 primary school teachers comprised six male and six female teachers.
Five teachers have bachelor’s degrees in STEM-related majors (computer science,
mathematics, biology), two reported having abackground inGS, four reported neither
a STEM nor a GS background, and one did not specify their academic background.
Participants’ teaching experiences in core STEM-related subjects, that is, in GS and
in mathematics, differed. The majority of the 12 teachers had 3–10 years of teaching
experience in GS, while most participants had either no or 3 to 5 years of experience
of mathematics teaching (see Table 15.1). The more experienced teachers (6 years
experiences and above) that participated in the teaching trials were usually senior
teachers or subject coordinators of the schools. The school-based STEM TPD was
implemented for a duration of one school term (about 4 months).

Semi-structured interviews (Creswell, 2002) with participating teachers were
carried out to examine the effectiveness of STEM TPD on the pedagogical skills
and awareness of the development of cross-cutting concepts, and to collect their
observations on teachers’ professional development and views on the integration
of cross-cutting concepts in designing STEM lessons. Interviews were carried out
in participants’ schools before, during, and after the teaching intervention, which
lasted around 30 min each. The study examined the data set from the 12 teachers’
post teaching intervention interviews.

The audio-recorded interviews were transcribed. When analysing the inter-
view data, teachers’ perceived challenges were categorized with reference to three
aspects of challenges, namely pedagogical content knowledge, resources, and contex-
tual/organizational level concerns. Furthermore, three core features of effective
professional development, that is, content, active professional learning, and coher-
ence, served as a typology to categorize the qualitative interview data related to
teachers’ perceived received support, and future directions for STEM TPD were
examined.

The research team obtained ethical approval from the Human Research Ethics
Committee of the university before the research project began. Informed consent

Table 15.1 Participants’ teaching experiences in general studies and mathematics (N = 12)

No
experience

1–2 years 3–5 years 6–10 years 11–15 years 16–20 years n/a

General
studies

1 1 5 2 1 1 1

Mathematics 4 0 5 1 0 1 1
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was obtained from the teacher and students in the teaching trials. Designated labels
were used for the teachers in reporting the interview findings.

Findings and Discussion

Teachers’ Perceived Challenges

Participating in the project has proved to be a challenging experience for the teachers.
Three main types of challenges were reported, including those during the prepara-
tion and teaching phases, relating to students’ needs, and collaborating with other
teachers. Challenges during the preparation and teaching phases were reported by
10 teachers, including the lack of time as STEM lessons require extra teaching
time and careful preparation, addressing technical issues, conducting trials, teaching
outside textbooks, finding relevant resources and teaching materials, considering
safety precautions and possible safety issues, ensuring a smooth flow of the lesson,
and handling unexpected results during the teaching.

These challenges during the preparation and teaching phases are related to STEM
instruction and lesson planning, limited resources, and other concerns embedded
in broader contextual situations. For example, some teachers talked about the lack
of access to structured lesson plans and instructional materials, and the extra time
needed for lesson preparation.

‘I need to find more extra time for preparation, from curriculum design, to figure out the
relevant scientific principle for teaching. [I] will need to spend extra time … textbooks
provided sufficient information to teach the topic in the past… and with this [STEM] the
publisher [textbooks] may not be providing the information, teachers have to prepare it…’
(T14)

‘The teacher has to put in more effort in lesson preparation. We used to rely on textbooks
and it was a lot easier. I now feel pressure as I have to produce a booklet; being not very
familiar with the topic, I have to find a lot of information.’ (T46)

One teacher reflected on the challenges and opportunities of lesson preparationwithin
the broader concept of integrated STEM lesson planning (i.e. better linkage between
topics and subjects) and collaborative teaching.

‘In this project, I am teaching with Mr Chan (pseudonym) but our teaching topics are differ-
ent…. Each of us has to consider our topic, we know the general direction, but I have to
figure out the details and try… It is better to involve all the teachers at the same level, and
each class can try and improve after the previous class finishes the teaching…The topics can
actually be linked, for example, we can link the discussion of hydrogen vehicles to energy
problems and the environment, etc.’ (T54)

Other teachers expressed concerns about lack of access to adequate space and
environment for experiments (laboratory)-based STEM integration.
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‘There were some safety concerns in conducting experiments. [In the classroom,] it was not
very convenient, for example, having water or hot water, students may hurt themselves.’
(T14)

‘The problem is to find the location.We need to test the parachutes, there are safety concerns.
We have spent a lot of time considering the right timing and location. When will the sports
field not be occupied by PE lessons?’ (T21)

Time-scheduling and completing the curriculum were also challenges perceived by
the teachers, especially with the government guidance on COVID-19 preventions
and social distancing measures for schools.

‘Colleagues who figure out the class timetable arrangement have a hard time. The number
of lessons has been reduced, and we have less time to complete the curriculum. There is
additional challenge due to the half-day school arrangement during COVID-19.’ (T46)

Other than challenges related to resources and contextual limitations, managing
students’ behaviours, learner differences, and engaging students in group learning
were also challenging aspects during the STEM lesson implementation. Two of the
teachers reflected on how to handle students’ behaviour during STEM lessons, such
as ‘managing the difference in responses from the boys and girls’ (T45), ‘young
children having difficulties using scissors and they cannot control the precision,
[and] how to stimulate students to discuss among themselves, work out solutions
instead of waiting for teachers to provide them with answers’ (T23). One of the
teachers found it challenging to engage students to achieve the learning objectives
(in prediction and explanations) during STEM activities,

‘There are differences among students. Some would want to “play and try” as soon as
possible, and were impatient as the teacher said, “you need to predict”, they may think “why
do we need to predict? Can we just try now!” …. We need to strike a balance, this is what
we put importance on and we need to explain; however, too much talking will make them
feel bored.’ (T54)

Teachers’ Perceptions of the Support Received and Their Own
Learning

Teachers participating in the project reflected on having received four main types
of support from the STEM TPD relating to the pedagogical knowledge of STEM
teaching, namely having a clearer idea of planning and implementing STEM lessons;
realizing how cross-cutting concepts may work as a framework; and realizing how
alternative content and ideas could be included in STEM lessons.

Three of the teachers, T23,T21, andT51, found themselves having a clearer idea of
how to plan and implement STEM lessons having received the examples and reading
materials from the project team. They reported ‘knowing what to do’, although the
project team provided flexibility for the teachers to plan their lessons. Pedagogically,
the teachers reported gains as they learned to ‘teach outside the classroom’ (T46),
experienced ‘more systematic lesson preparation, for example, using 2E in Primary 3
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and 6E at the upper primary level’ (T51), ‘knowmore about 6E’ (T63), and realizing
‘the importance of pedagogical theories underpinning the design of the activities,
such that teachers are not “implementing the activities for the sake of doing them’
(T67). The implementation of 6E has benefited student learning, as suggested by one
of the teachers as follows:

‘We used to adopt POE (predict, observation, explain) when we conducted experiments in
the past. This time we are using 6E and I think we learnt more.… 6E has facilitated students’
development of higher order thinking.’ (T32)

Three of the teachers realized ‘the possibility of using cross-cutting concepts to
frame STEM lessons’ (T51), and ‘with this framework, we know how to add new
activities’ (T63). The introduction of cross-cutting concepts in the STEM TPD like
‘nature and people’ has provided teachers with a framework for lesson planning that
is coherent with their previous teaching.

‘When we planned STEM teaching or the curriculum in our school, key words like ‘nature
and people’ never appeared. However, nature is related to other aspects of knowledge, and is
related to the activities covered in our previous STEM curriculum. Realizing this has helped
us to prepare STEM lessons and make the purpose of our activities more explicit.’ (T51)

‘The most obvious difference is the consideration of cross cutting concepts; this impacts on
our preparation, to consider the key concepts and directions, how to guide students to think.
This is very different.’ (T21)

Three teachers, T46, T54, and T14, appreciated the provision of resources and
alternative content and ideas. One of the teachers (T54) felt that the most significant
benefit of participation was having received ‘new ideas and directions’, and ‘an
alternative way of teaching’. Furthermore, two of the teachers realized a different
role for teachers as they reflected,

‘I realized that STEM is not about assembling a simple machine but to adjust [the activity]
to their level, related to daily life experience, let them consider the problem and suggest
solutions. Teachers are there to support the process.’ (T16)

‘This is inquiry teaching. I used to tell them answers, they copy, remember and go to exams.
This time, I explain the objectives, tell them what they have to do, they find out their answers
and there are no standard answers; it is up to them to find out and learn.’ (T45)

With the content support from the STEMTPD programme, teachers also reported
changes in their attitudes towards teaching STEM. The change in teachers’ attitudes
towards STEM were all positive including having ‘a more open attitude towards
teaching STEM’ (T23), agreeing that ‘teaching STEM is a good direction to take’
(T46), and both T54 and T14 found themselves more receptive of or open to new
ideas about STEM teaching.
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Directions for Professional Development

Teachers participating in the project provided six directions as their future profes-
sional development needs. Among these six directions, three are content-focused,
including lesson planning (e.g. template or framework for planning STEM learning),
input related to pedagogical considerations (e.g. relating to cross-cutting concepts,
diverse student needs), and enriching their content knowledge, which in turn supports
their teaching. The fourth direction is related to active professional learning in STEM
TPD, such as engaging teachers in the STEM learning experience. Finally, the fifth
and sixth directions are to further address the coherence of STEM TPD relevant
to teachers’ background (e.g. changing teachers’ conceptions or mindset) and the
STEM curricular context in Hong Kong.

Content Components of STEM TPD: Lesson Planning, Pedagogical
Skills, Content Knowledge

Three teachers mentioned their need for further professional development on lesson
planning. They would like to find ways to organize a STEM lesson, how to handle
previous suggestions on lesson or curriculum planning when they are including new
ideas about STEM and need help to identify focus in lesson planning. For example,

‘How to plan a lesson or the consideration of the organization of a lesson?’ (T14)

‘I would like to have some expert views on how to focus and arrange given there are so
many skills, six thinking hats, etc. How do we change our practice? Does it mean giving up
old practices? Would there be more suggestions on curriculum planning and can they let us
know howmany to focus on? There are many ways related to creative teaching. Professional
Development could provide teachers with a clear direction and how to focus.’ (T54)

The teachers mentioned professional development (PD) needs on specific peda-
gogical skills, including ways to teach the cross-cutting concepts, for example,
‘change’, guiding students through a design cycle, ways to distinguish a ‘good’
STEM lesson, catering for diverse student needs and assessing students’ learning
outcomes/performance. For example,

‘It is particularly useful to find out new ways to teach, especially related to “change” and
“humans and nature”.’ (T14)

‘Teachers need to know how to guide students to go through a design cycle, fair tests, etc.,
not just completing the experiments as instructed.’ (T23)

‘To provide teachers with more lesson examples, how to conduct STEM lessons, and what
is a good STEM lesson.’ (T67)

‘We will need some training related to science concepts, how to assess if students have these
concepts. There is a worry about whether the content is too difficult or too easy, dowe need to
teach them? Some content is not covered in the textbooks, some classes have higher ability,
and do we need to teach them certain concepts?’ (T32)
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There is some confusion as to whether some STEM-related concepts which are
not covered in the textbooks have to be taught, and it is deemed a challenge for
teachers to pitch the content to match students’ ability levels.

Active Professional Learning in STEM TPD: Opportunities
for First-Hand Experiences

Planned opportunities for active learning, specifically opportunities to experience
STEM learning in the STEM TPD was also mentioned. Teachers expressed the
importance of having first-hand STEM learning experience themselves before they
plan lessons for their students. One of the teachers concurred that ‘it will be useful to
let teachers experience STEM learning themselves. We then know how to organize
the lesson’ (T46).

Coherence: Addressing the Challenges Relevant to STEM Curricular,
Instructional Context, and Teachers’ Backgrounds

Teachers expressed their weaknesses in relation to the wider curriculum focus on
coding, experiments, and connecting daily life experiences to the formal curriculum
in theHongKong STEMcontexts.More relevant knowledge and teachers’ own expe-
rience in learning more STEM-related knowledge, technology, coding and updated
knowledge related to daily life experiences will then be translated or incorporated
into their STEM lessons, and the teachers will find themselves more confident in
designing activities for STEM teaching. For example,

‘Teachers are weaker in technology and coding, and do not pay as much attention to data
analysis in the M(mathematics) part.’ (T32)

‘This is new to primary teachers; we didn’t have “Coding” in our curriculum before. There
is a lot of pressure on primary school teachers.’ (T51)

‘To know more about STEM knowledge, which is the experiments that may be suitable and
the new ideas for integrating into the lesson.’ (T63)

‘It is important for teachers to update their STEM knowledge, consider how to introduce it
to the students, relate to daily life experiences and design a good lesson.’ (T16)

In a similar vein, one of the teachers realized a shift in pedagogical practices, for
example, from 5 to 6E: ‘How to lead students to complete STEM activities, linking
STEM lessons. There are a lot of variations for STEM teaching, I would find how to
write lesson plans useful. It used to be 5E and POE when I was a university student
and it is now 6E’ (T45). The need for further input on how to develop linkage between
STEM lessons is reflected.

The coherence of the STEM TPD for primary school teachers was also expressed
in relation to the broader curriculum connection between school levels. Two of
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the teachers found it important to consider the linkage between STEM lessons
and even the linkage or development of a framework describing STEM learning
between primary and secondary levels. The teacher suggested, ‘The linkage and
framework showing the relationship between primary and secondary school. For
example, students may need to learn micro:bit, mBot and Scratch at the primary
school level, and learn Python and coding at the secondary level.’ (T16)

Within the Hong Kong context, teachers with non-STEM related backgrounds are
sometimes required to teach STEM. This means that STEM teaching is very different
from other primary school subjects like Chinese ormathematics, and teaching STEM
means leaving their comfort zone. One direction for coherence in STEM TPD is to
address the needs of teacherswith different subject backgrounds.Achangeofmindset
on the importance of the process as compared with covering the content as planned
was well reflected by one of the teachers as follows:

‘Teachers have different needs, I have a General Studies background, and my preparation
is fine. The situation is different for Math and Chinese teachers…. STEM is different from
traditional subjects, there are no standard answers and many colleagues are not accustomed
to this. Many colleagues hope to see some answers, share with their students and they can
follow the next time. This is a change in mindset and needs a long way to go. This is different
from teaching Chinese and Math. The process is more important for STEM.’ (T21)

Conclusion and Implications

Many efforts were made in the last few years, since the STEM guideline was
published, to offer TPD providing input for teachers to implement STEM lessons in
schools. For example, the Task Force on Review of School Curriculum (2020) set
directions to ‘further enhance STEM-related professional development programmes
and equip teachers with necessary knowledge and skills to further promote STEM
education in schools’ (p. v), and numerous opportunities were provided including
dissemination of good practices. STEM is no longer a new endeavour for primary
school teachers in Hong Kong.

Findings suggest that researchers may need to move away from assuming that
teachers need professional development for STEM because they have little idea of
how to conduct STEM lessons. With the support and guidance provided by the
education community including the government, universities, and other organiza-
tions, primary teachers in Hong Kong have been planning and implementing STEM
lessons. With these experiences, there are some issues to be resolved before a further
enhancement in terms of quality and quantity of STEM lessons could be realized. The
teachers have identified some challenges that need to be addressed including access
to structured lesson plans and instructionalmaterials, extra time involved in preparing
and implementing STEM instruction and teacher collaboration, access to adequate
space and environments for experiments (laboratory)-based STEM integration, and
timetabling issues in schools.
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For future STEM TPD, a few directions are pertinent, including addressing the
needs of the teachers to provide them with authentic STEM learning experiences.
Taking a constructivist point of view forTPD(Zehetmeier et al., 2015), teachers them-
selves need to construct their own successful learning experience, and this experience
will form a basis upon which they can design STEM learning for their students.

As reflected by one of the teachers in the study, teachers need to adopt a ‘more open
attitude’ towards STEM teaching. This may be the most fundamental basis as teacher
educators consider STEM TPD opportunities. Teachers need to reconstruct their
conceptions of teaching, that is, having to provide standard answers, not allowing
failures, covering and following textbooks, and guiding students to a perfect solution.
STEM teaching may be seen as challenging their beliefs and practices which they
have adopted for years in other subjects such as mathematics and languages. STEM
TPD opportunities will have to address these changes in conceptions and work with
the teachers to change their fundamental beliefs.

Teachers participating in this study were keen to improve the quality of their
STEM teaching. There were questions like ‘What does good STEM teaching look
like?’, ‘How can we implement 6E?’, and ‘How can we develop a linkage between
primary and secondary STEM teaching?’. Similar to STEM learning, there are no
fixed or standard answers to these questions. Quality STEM teaching will need to be
adapted to the needs of the students.

In the design of TPD, Llinares and Krainer (2006) underlined ‘reflection’, which
is the attitude towards, and competence in (self-)criticism of one’s own action,
and ‘networking’, which is the attitude towards, and competence in communicative
and cooperative work (p. 12) as key interventions in TPD programmes. The stance
of PR, in the form of school-university partnership, engages teachers in authentic
STEM professional learning through systematic and intentional reflection of their
own professional practices and teacher cooperation and communication. PR which
situates teachers as practitioners, researchers, and learners serves as a way to foster
STEM professional learning. It is, therefore, proposed that future STEM TPD adopt
a practitioner research model and engage teachers in researching into their own
teaching. Teachers will then be able to collect evidence of student learning, analyse
the impact of their teaching, and adjust and re-adjust their teaching strategies to
enhance the quality of their teaching. Promoting active professional learning is crucial
if the STEM education community is keen to ensure the quality of STEM lessons in
classrooms.
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