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Chapter 1
Opportunities and Challenges of STEM
Education

Ying-Shao Hsu and Su-Chi Fang

1.1 Introduction

STEM (science, technology, engineering, and mathematics) education has emerged
in educational reforms in the past yearsworldwide. STEMeducation can be viewed as
an instructional approach inwhich the contents of theSTEMdisciplines are addressed
as a cluster of individual science, technology, engineering, and mathematics ideas
(multidisciplinary) or as integrated ideas (interdisciplinary and transdisciplinary) into
the engineering design process and open-ended inquiry into real-world issues and
problems. It is believed that STEM education has the potential to motivate students
to study and engage in future STEM fields. More importantly, STEM education can
prepare students to tackle multidisciplinary and increasingly complex problems in a
global society.

In recent years, the ubiquitous calls for STEM education have encouraged educa-
tors and policymakers to promote STEM practices in classrooms for the next genera-
tion of citizens. However, there seems to be no consensus on the definition of STEM.
Some researchers define STEM as a broad area encompassing many disciplines and
epistemological practices (Lamb, Akmal, & Petrie, 2015). Others regard it as apply-
ing transdisciplinary knowledge and skills in solving real-world problems (Breiner,
Harkness, Johnson, & Koehler, 2012). The definitions do not consistently address
whether STEM is an umbrella label for a cluster of scientific/mathematical-oriented
economic opportunities and careers or an integrated discipline with potential syner-
gies not found in the separate disciplines. Shernoff, Sinha, Bressler, and Ginsburg
(2017) suggested that STEM education is to create student-centered learning envi-
ronments in which students construct evidence-based explanations of phenomena
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and then generate solutions to real-world problems through applying science, tech-
nology, engineering,mathematics, and associated practices.While students construct
explanations about the world and seek solutions for problems, they are given oppor-
tunities to develop critical thinking, collaborative approaches, and communicative
skills. Furthermore, such student-centered learning environments allow more space
for their creative and innovative skills development.

The number of STEM education studies reported in science education journals
and other publications has grown in parallel with the calls for STEM education from
national policies and promotions by various layers of the educational system. This
chapter is intended to present a vision of STEM education based on the review of and
reflection on these studies. From these insights into STEM research, we identify and
address the challenges faced by teachers and educators.We also point out possibilities
by proposing a comprehensive, multifaceted, and coherent STEM education vision
for teachers and teacher educators.

1.2 Conceptualizing STEM Education in the Field
of Science Education

We collected and reviewed the studies relevant to integrated STEM education in the
five key science education journals: Journal of Research in Science Teaching, Sci-
ence Education, International Journal of Science Education, International Journal
of Science and Mathematics Education, and Research in Science Education. The
analysis attempted to understand how STEM education is conceptualized in the field
of science education by considering these studies’ research foci, goals of the STEM
programs, and how STEM education was integrated, designed, and implemented.

The first database (N = 165 articles) was formed using the keyword STEM to
search in the five journals from1995 through 2018.After eliminating research studies
that were not related to designing, implementing, and evaluating integrated STEM
curricula, 26 articles (identified by * inReferences) were retained for the final content
review. The following sections of this chapter report on the trends revealed from the
review regarding the foci of STEM education research, the intended goals of these
STEM programs, the nature of STEM integration, and implementation supports.

1.2.1 The Foci of STEM Education Research

Two major research themes were found in the reviewed studies. The first research
theme was concerned with the effects of integrated STEM curricula on student learn-
ing and achievement; the second research theme focused on how integrated STEM
curricula might impact students’ engagement, interests, identity, and career choices
toward STEM.
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1.2.1.1 Learning and Achievement

The review adopted different levels of achievement assessment (Ruiz-Primo, Shavel-
son,Hamilton,&Klein, 2002) to evaluate the effects of integrated STEMcurricula on
students’ learning outcomes and to determine the factors that influenced the STEM
learning experiences.

Some studies used the assessments at the proximal level (Ruiz-Primo et al., 2002)
such as unit tests to evaluate student content knowledge gains on specific scien-
tific topics after experiencing a short-term STEM curriculum. Korur, Efe, Erdogan,
and Tunç (2017) showed that using a scaffolded, design-based approach (to create
a toy crane) increased middle school students’ conceptual understanding of sim-
ple machines and their creative attitude. Park, Park, and Bates (2018) reported that
engineering design practices in a STEM activity (create a clay boat) could enhance
young children’s understandings about the concept of volume. King and English
(2016) explored how students applied STEM concepts in an optical engineering
design process rather than simply focusing on content knowledge. Chien and Chu
(2017) analyzed students’ worksheets, design drafts, and group discussions after a
CO2-car engineering design unit in order to understand how they applied scientific
knowledge in the design process and how their creativity might be improved.

Another group of researchers investigated to what extent long-term STEM expe-
riences might impact students’ knowledge gains. Guzey, Ring-Whalen, Harwell,
and Peralta (2019) reported that a 3-year, design-focused, life science curriculum
resulted in higher student science and engineering learning gains. Means, Wang,
Young, Peters, and Lynch (2016) compared the achievement of northern California
students from inclusive STEM high schools (ISHSs) and non-STEM comparison
high schools in terms of grade point average (GPA) and American College Testing
scores. Their findings indicated that attending ISHSs had positive impacts on GPA
scores. Similarly, their second study also showed positive relationships between
ISHSs attendance and GPA scores in two samples from different places: North Car-
olina and Texas (Means, Wang, Young et al., 2017).

Apart from examining the effects of STEM experiences on the overall student
achievement, several studies explored how different (e.g., gender, ethnicity, achieve-
ment level) groups of students responded to STEM curricula differently and led to
diverse learning outcomes. Han, Capraro, and Capraro (2015) employed a state-wide
accountability assessment to measure student mathematics achievement; they found
that, compared to middle and high achievers, STEM project-based learning (PBL)
activities benefited low-performing students the most. Dickerson, Eckhoff, Stewart,
Chappell, and Hathcock (2014) pointed out that a pullout STEM program was able
to close the achievement gap in terms of standardized test scores between Black and
White students. It was also reported elsewhere that grouping students with diverse
academic preparedness was highly associated with positive learning outcomes and
benefited less-prepared students (Micari, Van Winkle, & Pazos, 2016).

The overall findings indicated that STEMprogramswere promising for enhancing
students’ science learning achievement and especially helpful for underrepresented
populations in STEM fields. Nevertheless, as the studies did not provide critical
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information about long-term STEM programs—such as to what extent the goals
of the STEM programs are aligned with state-level examinations and how those
integrated STEM curricula were designed, implemented, and evaluated in a school-
wide manner—little can be concluded from the findings about what ways the STEM
programs supported student learning.

1.2.1.2 Engagement, Interest, Identity, and Careers Toward STEM

The impact of integrated STEM curricula on students’ affective learning outcomes,
self-related constructs, and career options was the other major theme being studied
in this review. Generally, long-term STEM experiences appear to raise high school
and university students’ interest in science and technology and encourage them to
pursue a STEM career. Two studies by the Means’ research group revealed that the
3-year ISHSs experiences raised the tendency that a student will complete calculus
and chemistry in high school, participate in STEM-related extracurricular activities,
study for higher degrees, and pursue science careers (Means, Wang, Wei et al., 2017;
Means, Wang, Young et al., 2016). Moreover, female and underrepresented minority
students in ISHSsweremore likely to undertake STEM coursework and express their
career interest in scientific areas. Similar positive effects on STEM career aspirations
were found for students who participated in high school STEM summer programs:
theNational Science Foundation’s STEMTalent Expansion Programs (Kitchen, Son-
nert, & Sadler, 2018) and an 8-week, college-level, environmental science program
(Romine&Sadler, 2016). Relatively shorter STEMprograms, such as a 5-day pullout
primary STEMprogram (Dickerson et al., 2014), and Science Olympiad competition
experiences (Sahin, Gulacar, & Stuessy, 2015), were found to be helpful for boosting
student interest in learning science and STEM careers.

It is worth noting that the effects of STEM programs on students’ science achieve-
ment, interest, self-efficacy, and career orientation are intertwined. Lamb et al. (2015)
used a survey and state-created tests to explore the interplay among student science
content, cognitive, and affective outcomes. They concluded that affective traits (i.e.,
science interest and self-efficacy) had positive, direct, and recursive effects on sci-
ence content scores,whereas cognitive attributes (i.e., spatial visualization andmental
rotation) had positive, direct, and linear effects on science content scores. Adedokun,
Bessenbacher, Parker, Kirkham, and Burgess (2013) studied students participating in
a long-term, faculty-mentored interdisciplinary STEM research program and found
that their research skills and research self-efficacy were good predictors for their
aspirations for research careers.

Despite the many promising outcomes, there were research findings related to
secondary students that showed conflicting results. Guzey et al. (2019) indicated
that, although the middle school students had significant learning gains after a 3-
year design-focused course, their interest in science and engineering did not change.
Schütte and Köller (2015) found that a 2-year intervention program implemented as
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an elective course did not increase secondary students’ science motivation to pursue
a science career. One possible explanation is a ceiling effect in that the students in the
elective course were already considerably more motivated than their counterparts.

The studies interested in exploring the influence of STEM experiences on the for-
mation of students’ science or STEM identity tended to use a mentorship or appren-
ticeship approach implemented in informal learning environments. Their findings
showed that providing role models and authentic research activities could improve
secondary students’ STEM identities (Burgin,McConnell,&Flowers, 2015;Hughes,
Nzekwe, & Molyneaux, 2013), and this effect was particularly found for girls
(Hughes et al., 2013; Todd&Zvoch, 2017). Krogh and Andersen (2013) investigated
students’ trajectories toward science majors and careers and found that four factors
(i.e., general identity process orientation, personal values, subject self-concept, and
subject interest) interact with each other and set students’ future education and career
search directions.

1.2.2 STEM Program Goals

The goals of a STEM program are important as they guide instructional design and
drive intended educational interventions. We found in this review that some of the
research did not explicitly identify the goals of the STEMprogram (e.g., Guzey et al.,
2019; Krogh & Andersen, 2013), nor did it explain how the goals are interpreted
and transformed into instructional design and approaches. It should be noted that,
without considering the goals, the interpretation of the findings in terms of the impact
of the STEM program on certain aspects of student learning performance might be
problematic and misleading.

Two frequently cited goals of a STEM program are to raise student interest and
engagement in the STEM subjects and to increase and develop a STEM-capable
workforce. Schütte and Köller (2015) introduced a program that was implemented as
an elective course aiming to increase and sustain student interest in science and tech-
nology. The ISHSs (MeansWang,Wei et al., 2017;Means,Wang, Young et al., 2016)
and the summer science camp (Todd & Zvoch, 2017) emphasized student interest in
STEM fields. These intensive STEM programs and informal learning environments
were intended to engage more students from traditionally under-represented groups
(e.g., girls or students from low socioeconomic status backgrounds) into STEM learn-
ing areas and prepare them for college and STEM careers. Other studies explored
different approaches (e.g., providing scientific literature-based learning experiences,
engaging in university laboratories, and exposure to authentic experiences about
STEM careers) to encourage high school or undergraduate students to pursue STEM
careers (Adedokun et al., 2013; Burgin et al., 2015; Hughes et al., 2013; Kitchen
et al., 2018; Romine & Sadler, 2016).

The other common goal set by STEMprograms is relevant to the promotion of stu-
dent learning of STEM subject content. In addition to enhancing student understand-
ing of fundamental concepts, STEM programs emphasize the connections across
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STEM subjects and the applications of STEM concepts. Two approaches were fre-
quently used: having students solve complex, authentic real-world (Lambet al., 2015)
or advanced, conceptually rich (Micari & Light, 2009; Micari et al., 2016) problems
and engaging students in engineering design tasks (Chien & Chu, 2017; King &
English, 2016; Park et al., 2018; Schnittka, Evans, Won, & Drape, 2016). Some
teacher professional development (PD) programs related to STEM adopted similar
foci and approaches as their program goals (Brown&Bogiages, 2019). A few STEM
programs focused on rather specific goals, for example, to facilitate the learning of
target scientific or mathematical concepts in STEM contexts (Korur et al., 2017;
Prieto & Dugar, 2017) or to raise and heighten student awareness of sustainability
challenges (Sahin et al., 2015).

1.2.3 Integrated STEM Education

Integrated (interdisciplinary or transdisciplinary) curricula is one significant feature
of STEM education. This section analyzes and reports the type of connections pre-
sented in the STEM curricula and the instructional approaches used to illustrate the
nature of integration implemented in and the challenges flowing from the research
studies reviewed.

1.2.3.1 Nature of STEM Integration: Type of Connections, Disciplines
Emphasized, and Instructional Approaches

K–12
In general, the research studies revealed diverse ways to connect STEM sub-
jects, placed emphases on different disciplines, and employed multiple instructional
approaches. Lamb et al. (2015) developed a long-term, whole-school STEM pro-
gram that explicitly embedded STEM concepts into and across the curriculum using
design-based, project-based, problem-based, and inquiry learning approaches. Apart
from school-based experiences, the program also created opportunities to engage stu-
dents in hands-on laboratory and experimental learning with STEM professionals.
Han, Capraro et al. (2015) created a STEM PBL curriculum that included all of the
STEM disciplines but put emphasis on science and mathematics content.

A few studies used engineering design as a learning context to integrate STEM
subject content (Chien & Chu, 2017; King & English, 2016). Chien and Chu (2017)
engaged students in CO2-car engineering design activities using handmade, laser-
cut, and 3D-printing skills. King and English (2016) designed engineering-based
activities (i.e., aerospace, civil, and materials engineering) with the intention of com-
plementing and building on existing mathematics, science, and technology curric-
ula. Guzey et al. (2019) utilized the Next Generation Science Standards (National
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Research Council, 2013) science and engineering practices to construct engineer-
ing design challenges focused on life science concepts rather than all of the STEM
subjects.

Other studies adopted various transdisciplinary topics, such as forensics (Todd &
Zvoch, 2017) and weather and human impact on the environment (Dickerson et al.,
2014), or scenarios, such as Save the Penguins (Schnittka et al., 2016), to create inte-
grated STEM learning environments for classrooms. The use of transdisciplinary
topics was also extended to informal educational settings. Burgin et al. (2015) and
Hughes et al. (2013) used research apprenticeship programswith practicing scientists
to provide students genuine laboratory experiences and to engage them in solving
real-world environmental or engineering problems. Sahin et al. (2015) used stu-
dent participation in various competitions on international sustainable world energy,
engineering, and environmental projects as STEM learning experiences.

Among the reviewed studies focused on K–12 levels, about one-third of the stud-
ies (6/17) did not specify how different disciplines were integrated or what type of
instructional approach was adopted in the curriculum design. Two large-scale studies
(Means, Wang, Wai et al., 2017; Means, Wang, Young et al., 2016) involved partic-
ipants from more than ten ISHSs. Although four key ISHS features were presented,
the nature and the scope of the STEM curriculum implemented in these ISHSs were
not specified. In some cases, the curriculum seemed to be individualized, providing
students the freedom to develop individual projects they found interesting (Schütte
& Köller, 2015) or to select a university mentorship program for aspiring scientists
(Krogh & Andersen, 2013). There were also cases that involved students in a sci-
ence or engineering design-based process without explaining how and to what extent
different disciplines were integrated (Korur et al., 2017; Park et al., 2018).
College and University Level
There were five studies (5/26) that explored STEM learning at the postsecondary
level, where most of these STEM programs were set in informal learning environ-
ments. The STEMcurricula involved in these programswere not structured and heav-
ily depended on individual situations. Both the Undergraduate Research Experiences
Program (Adedokun et al., 2013) and the STEMTalent Expansion Program (Kitchen
et al., 2018) involved students in interdisciplinary STEM research laboratories and
provided science and mathematics education beyond the high school level. Simi-
larly, the Gateway Science Workshop Program (Micari & Light, 2009; Micari et al.,
2016) engaged undergraduate participants in conceptual-rich problems created by
facultymembers in five STEMdisciplines: biology, physics, chemistry,mathematics,
and engineering. Students were required to apply various conceptual knowledge in
real-world situations through the peer-led, small-group, problem-solving processes.
Romine and Sadler (2016) designed literature interventions that supported students
to read and analyze academic articles on environmental science through the scientific
practice approach.
Teacher Education
Two studies explored preservice teacher education and PD programs. Brown and
Bogiages (2019) appeared to stress science, mathematics, and engineering instruc-
tional methods separately instead of an integrated approach. Carrier, Whitehead,
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Walkowiak, Luginbuhl, and Thomson (2017) held PD workshops aiming to engage
teachers in integrated STEM tasks and to exemplify connections between mathemat-
ics practices and science and engineering practices.

1.2.4 Implementation Supports

Successful development and implementation of integrated STEMcurriculamust sup-
port classroom teachers in overcoming the traditions of separated school disciplines.
It is critical to provide educators opportunities to experience and practice subject-
matter integration and to improve their expanded pedagogical practices. Among the
22 studies at the K–12 and college levels, nearly half (9/22) did not mention if
the STEM program provided support to teachers (Adedokun et al., 2013; Hughes
et al., 2013; Kitchen et al., 2018; Korur et al., 2017; Means, Wang, Wei et al., 2017;
Means,Wang, Young et al., 2016; Romine& Sadler, 2016; Sahin et al., 2015; Schütte
& Köller, 2015).

However, three different types of implementation support were identified in the
remaining studies. Collaborating with universities was one common approach. Uni-
versity faculty members and teachers formed a partnership to design and implement
STEM curricula in some studies (Chien &Chu, 2017; Dickerson et al., 2014; King&
English, 2016; Krogh & Andersen, 2013; Tippett &Milford, 2017). Others involved
educational researchers or STEM center staff conducting workshops to improve
the instructional practices of teachers, group leaders, or peer leaders (Han, Capraro
et al., 2015; Micari & Light, 2009; Micari et al., 2016; Park et al., 2018; Schnittka
et al., 2016; Todd & Zvoch, 2017) or to facilitate their instructional design abili-
ties to integrate engineering into science teaching (Guzey et al., 2019). Lamb et al.
(2015) adopted a team-teaching model that recruited a STEM coordinator to engage
teachers in PD and curriculum development. This whole-school STEM program
exploited varied resources (e.g., university laboratories, science centers, and muse-
ums) to enrich students’ STEM learning experiences. Burgin et al. (2015) employed
a mentorship approach that engaged professional scientists or engineers and their
laboratory research groups to support student learning.

1.2.5 Summary of the Review

The reviewed research on integrated STEM in science education appeared to focus
on two themes: the impact of STEM curricula on students’ academic achievements
and the impact on students’ interests in learning and perusing careers in STEMfields.
Thoughmost of the researchfindings showedpromising effects, there is limited diver-
sity in the influence of integrated STEM. For instance, little is known about how and
to what extent integrated STEM learning experiences may foster student creativity,
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support the development of higher order thinking skills, or impact their epistemologi-
cal beliefs and views about science learning. Because the nature of STEM integration
in terms of the type of connections, the disciplines being emphasized, and highly
diverse instructional approaches, little can be concluded from the research about
the effectiveness of various teaching practices (e.g., instructional design, teaching
strategies, etc.). Moreover, the review indicated that only a few studies looked into
the issues about the preparation of STEM teachers—initial teacher education and PD
programs—on integrated STEM. More research is needed to help preservice and in-
service teachers develop expertise for teaching integrated STEM. Based on the gaps
identified in this review, the next section will identify the challenges encountered in
developing and implementing integrated STEM.

1.3 Challenges

The current STEM education debates on integration across disciplines and teacher
preparation have identified some barriers to the advancement of STEM education as
an interdisciplinary approach in K–12 including the shortage of qualified teachers,
lack of PD for teachers, poormotivation of students, weak connectionwith individual
learners, little support from the school system, poor content without integration
across disciplines, lack of quality assessments, poor facilities, and lack of hands-
on experiences for students (Ejiwale, 2013). Furthermore, opinions on how STEM
education should be enacted vary across school contexts, curricula, and educational
policies (English, 2017). These challenges led us to consider the following important
issues in STEM education:

• perspectives on the nature of STEM education,
• approaches to STEM integration,
• pedagogies for integrated STEM, and
• preparation of teachers’ STEM pedagogical content knowledge (PCK).

The nature of STEM education varies in scope and specificity (English, 2017).
STEM education might be referenced as a collective of four disciplines but where
only one discipline is emphasized (e.g., Chien & Chu, 2017) or four disciplines are
presumed to be separate but equal (e.g., King & English, 2016). Some researchers
and educators highlight one or two specific disciplines within the STEM space
(Shaughnessy, 2013); others define STEM education as a holistic integration of the
four disciplines (National Academy of Engineering & National Research Council,
2014).Within these various definitions, STEM integration appears to be increasingly
emphasized for the interdisciplinary solution of real-world problems (Bryan, Moore,
Johnson, & Roehrig, 2016; English, 2016). Therefore, it is necessary to identify the
fundamental content and processes of the respective disciplines for students’ core
competencies in STEM learning (English, 2017). The core STEM competencies for
students can be identified as essential abilities for solving problems (Shaughnessy,
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2013). Shaughnessy’s definition refers to the procedures of solving problems while
incorporating teamwork, application of concepts and skills in science and mathemat-
ics, design methodology of engineering, and utilization of appropriate technology.

One big challenge for STEM educators and researchers is how multiple disci-
plines should be integrated into a curriculum as a whole and implemented without
losing disciplinary integrity (English, 2017). Numerous frameworks for implement-
ing STEM integration have been proposed (e.g., Bryan et al., 2016; Vasquez, Sneider,
& Comer, 2013). This can be seen as a continuum from multidisciplinary, interdis-
ciplinary to transdisciplinary approaches not only involving concepts and skills in
each discipline but also knowledge and skills that can be learned from two or more
disciplines and applied to real-world problems (English, 2017; King & English,
2016). The activities associated with integrated STEM problems (e.g., construct-
ing an earthquake-proof building, applying engineering techniques to slow coastline
erosion, constructing a bridge) are essential for consolidating and shaping transdis-
ciplinary learning experiences and facilitating learners’ STEM-related core compe-
tencies—conceptual understanding, attitude, and practices.

Another challenge for successful STEM education is how to strengthen teachers’
beliefs and nurture their knowledge of integrated STEM. Possible considerations
include how to

• provide opportunities for teachers to construct perspectives and a vision of STEM
education;

• enhance teaching skills of engaging and motivating learners to solve integrated
STEM problems;

• develop appropriate pedagogical tools (e.g., analogies, models);
• provide sustained support to STEM education communities.

The educational system needs to create an atmosphere for supporting the imple-
mentation of STEM education in schools, to hold PD workshops, to seek resources
from government and industry, and to help establish communities across various
disciplines.

Teachers struggle to become facilitators for STEM education without being
equipped with STEM PCK. Enhancing teachers’ STEM PCK—defined as teach-
ers’ knowledge of students’ thinking about STEM topics, knowledge of curricu-
lum, teaching and assessment strategies, and knowledge of real-world STEM-related
issues and their complexity (Allen, Webb, & Matthews, 2016)—can effectively pro-
mote integrated STEM education. Teachers’ STEM PCK needs to be cultivated
through authentic practices in PD workshops and classrooms.

1.4 Design Framework of STEM Curricula

STEM education aims to help students develop their problem-solving competen-
cies and computational thinking (e.g., English, 2017) through the use of science,
technology, engineering, and mathematics and their associated practices to solve a



1 Opportunities and Challenges of STEM Education 11

real-world problem (e.g., Schnittka et al., 2016). During STEM learning, students act
as an autonomous learner to self-regulate their problem-solving process and transfer
their knowledge and skills to new real-world contexts. Therefore, a pressing issue is:
how do teachers prepare a student-centered learning environment that helps students
develop STEM literacy, specifically, their inquiry, critical thinking, creative, collab-
orative, and communication skills. We propose the following 5-step framework for
developing STEM curricula:

1. Identify core competencies.
2. Select a real-world context or problem.
3. Prepare supporting resources and tools.
4. Design a series of activities to engage students.
5. Develop an evaluation rubric for assessing the selected core competencies.

This framework ensures curriculum experiences in which students gain the neces-
sary support from teachers and resources. For example, students need to select proper
tools for a certain situation: students need to apply a statistical tool to estimate the
probability of an event or occasion for their decision-making or evaluating the level
of fit for a model. In addition, students are required to apply computational thinking
to analyze the complexity of the real-world situation through identifying compo-
nents within it and the relationship between the components and, then, to develop
the several alternative solutions of the real-world situation through investigation,
evidence-based explanation, and evaluation of outcomes.

The following example illustrates the process of using the 5-stepdesign framework
to develop an integrated STEM learning module. We used the idea of “building
functional models: designing an elbow” (Penner, Giles, Lehrer, & Schauble, 1997)
to develop an integrated STEM learning module as an example for illustrating the
framework (Fig. 1.1). In the first step, we select three core competencies for this
integrated STEM lesson including analogical reasoning, quantitative thinking, and
reflective ability. In the second step, a real-world problem—how to design an artificial
elbow for injured patients—is chosen to promote these three core competencies
among the students. The goals of this lesson are to support students to learn how
to build a model that can work like a human elbow and how to test the quality of
their model for the better solution. In the third step, teachers provide resources (e.g.,
websites, materials for building the model) and tools (e.g., software of drawing their
model, mathematics software for calculation, and 3D printers). In the fourth step,
teachers design a series of activities to engage and motivate students to complete
their tasks and apply specific competencies (indicated by colored dots in Fig. 1.1),
including

• identifying the problem and breaking down the problem into a few tasks for a
possible solution;

• finding an analogy for the model and drawing a design diagram of the model
(analogical reasoning);

• making a plan with material selections and calculations (quantitative thinking);
• building an artificial elbow;
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Fig. 1.1 A lesson plan of a 5-step STEM curriculum design framework

• testing how the artificial elbow works;
• adjusting or modifying the design and testing it again (reflective ability);
• writing reflections in a journal on STEM learning (reflective ability);
• demonstrating the artifact of the model.

When students attempt to bring their previous experiences to design an elbow,
they need to apply analogical reasoning to think about the function of the elbow as
that of a door hinge. The design diagram requires students to select the materials and
calculate the strength of each part of the model in order to make the model work well.
Then, students are required to find a way to test the model and make judgments about
the model quality. Finally, they write a learning journal and demonstrate the model
to their peers. Teachers guide students to look back at their design and facilitate peer
discussions and feedback for reflective learning. In the fifth step, teachers provide
comments across different model designs and summarize some possible issues for
students’ further thoughts about this integrated STEM lesson. This 5-step lesson plan
should be conducted under teamwork contexts to cultivate (i.e., induce, develop,
reinforce) students’ three STEM-related core competencies.

1.5 Professional Preparation for STEM Education

Integrated STEM lessons need to engage students in real-world situations and nurture
their interest in developing the necessary competencies and practical skills of STEM
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professions. Teachers’ preparation is the key to unlocking the gate to STEM liter-
acy. Therefore, teachers need help to frame and reframe their practical knowledge
for STEM teaching, which is central to STEM teacher education and professional
development.

In order to enact integrated STEM education, teachers need to change their pro-
fessional practice, improve their understanding of STEM content, and increase their
STEM PCK (Saxton et al., 2014). Successful STEM education requires teachers to
adjust their instruction in productive ways through developing the necessary knowl-
edge to recognize and support their students’ STEM-related conceptual develop-
ment, inquiry and thinking processes, and understanding of disciplinary connections
and real-world complexity. (More discussions about STEM PCK are addressed in
Chaps. 3, 4, and 5 of this book.)

Teachers struggle to enact effective learner-centered approaches of integrated
STEM education even after demonstrating a conceptual understanding of STEM
instruction (Han, Yalvac, Capraro, & Capraro, 2015). Therefore, we adopted a model
of Synthesize Qualitative Data for preparing preservice teachers for technology use.
Tondeur et al. (2012) outlined a promising model to enhance teachers’ STEM PCK.
Theirmodel includes six key connected themes: rolemodels, reflection, (re)designing
instruction, collaboration, authentic experiences, and feedback. First, a teacher edu-
cator must serve as a role model to show examples of STEM curriculum and instruc-
tional designs and then guide preservice and in-service teachers to observe, discuss,
and reflect upon the integration of STEM curriculum and successful teaching strate-
gies. After reviews of these examples, teachers need to (re)design STEM curricu-
lum through collaboration. Then, teachers need to enact their STEM curriculum in
authentic settings in order to develop their STEMPCK through ongoing and process-
oriented feedback from student performance and peer suggestions.

1.6 Conclusion

This review of science education research on integrated STEM experiences iden-
tified promising approaches for promoting learning in and across STEM subjects
and enhancing students’ interest and identity related to STEM. Additionally, it high-
lighted that more research is needed for enriching our understanding of various
aspects of STEM education such as instructional design, teaching practices, out-
come measures, and teacher education and PD. To address the issues identified in
the review, we proposed an instructional design framework for developing integrated
STEM curricula and a PD model for preparing and elevating teachers’ professional
attributes and growth. The 5-step design framework stresses that it is important to
identify and decide the core competencies and to generate activities aligned with
the development of these core competencies. The teacher preparation model draws
attention to the cultivation of teachers’ STEM PCK through presenting role models
and creating a learning environment to engage preservice teachers in an iterative



14 Y.-S. Hsu and S.-C. Fang

process of designing, teaching, and reflecting. By which, they can appreciate the
value of integrated STEM and gradually develop and consolidate their beliefs about
and identities toward STEM education.
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Chapter 2
The Potential of Arts-Integrated STEM
Approaches to Promote Students’ Science
Knowledge Construction and a Positive
Perception of Science Learning

Hye-Eun Chu, Yeon-A. Son, Hyoung-Kyu Koo, Sonya N. Martin
and David F. Treagust

2.1 Introduction

This chapter presents an account of how the integration of the arts in the teach-
ing of science, technology, engineering, and mathematics education (STEM) was
conceptualized and implemented in a research project involving teachers and stu-
dents in Australia and South Korea. It sets out the project’s social constructivist
framework and inquiry-based pedagogy, before giving some details of how arts- and
culture-related content was integrated into teaching/learning activities in primary
and secondary science classrooms. The project’s outcomes provide grounds to not
only argue for the beneficial effects of the science, technology, engineering, arts, and
mathematics (STEAM) approach on student learning and perception of science but
also indicate that there are some challenges.

The traditional approach to teaching science in schools has focused more on
the transmission and accurate recall of scientific facts and theories than on student
understanding of scientific concepts and their application in the real world. Science
was—and still is—taught in isolation fromother subjects, includingmathematics; the
emphasis in each subject was on knowledge acquisition and problem-solving (Song,
2004). Documented declines in student interest for studying science and increasingly
negative student attitudes toward science are potential outcomes of this emphasis on
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the acquisition of isolated science and mathematics knowledge. The 1999 TIMMS
Index of Students’ Positive Attitude toward the Sciences indicates that only 10% of
South Korean students and 27% of Australian students had a high level of positive
attitude to science, compared to the international average of 40% (Martin et al.,
2000). A similar picture emerges in the 2011 TIMSS survey of students’ perceptions
of science study: where only 11% of South Korean students and 25% of Australian
students reported they enjoyed learning science (Martin, Mullis, Foy, & Stanco,
2012).

The aversion to science subjects has also been noted in national reports in South
Korea where the number of applications to study STEM subjects at university in
2002 dropped to 27% from 43% in 1997 (Cho, Lee, & Park, 2003), indicating that
the emphasis on knowledge transmission in traditional science classrooms has led
to students perceiving science as difficult and uninteresting (Cho et al., 2003; Hong,
2016; Jon & Chung, 2013). In Australia, there is similar concern over the low num-
ber of students studying engineering, manufacturing, and STEM-related subjects
at university, with about 8% of graduates in these fields compared to an OECD
average of 14% (Singhai, 2017). The low interest among students in science and
other STEM subjects is a particularly urgent problem when one considers the role of
STEM-qualified, creative thinking scientists in maintaining a nation’s technological
competitiveness.

The trend in industry in developed countries today is a move from manufacturing
to technology requiring human resources equipped with a combination of STEM
knowledge, creativity, and critical thinking. These capabilities are needed to work
toward building the industries of the twenty-first century that involve innovations
such as artificial intelligence capability and 3D printing. In Australia, awareness of
the need to equip citizens with new skills for new industries led to the government
aiming to increase the “proportion of Australia’s STEMexperts that work in industry,
business and the public sector outside of universities” (Department of Industry, Inno-
vation& Science, 2015, p. 9). To achieve this aim, more students must be encouraged
to study STEM subjects and build careers in STEM-related work. However, the Chief
Scientist of Australia expressed concern at the decline in Australian schools “in the
rates of participation in science subjects to the lowest level in 20 years” (Office of
Chief Scientist, 2014, p. 11). There have been calls from previous chief scientists
for STEM educators to “better engage students on STEM-related career pathways”
(Taylor, 2016, p. 89). At the university level, the number of domestic undergradu-
ates enrolled in science subjects in 2014 accounted for approximately 8% of total
enrolments compared to 22% enrolled in arts subjects (Norton & Cakitaki, 2016).

Since the 1970s, South Korea’s industry leaders have been aware that the nation
needs scientists and engineers who are not only highly qualified in STEM areas
but also capable of creative thinking and innovation because the country’s manufac-
turing, shipbuilding, electronics, and semiconductor industries are competing with
other technologically advanced countries in the world market (Cho et al., 2003; Lee,
Jang, & Han, 1999). It became apparent that the school curriculum for science and
other STEMsubjects needed to be changed to respond to the call for a new-generation
workforce knowledgeable in STEMand also capable of creative and critical thinking.
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At the beginning of the twenty-first century, South Korea’s Ministry of Education
also became aware of the shortcomings in STEM education, particularly of the dis-
connect between the content knowledge taught in science and mathematics classes
and students’ interests as related to their real-life contexts (Ministry of Education,
Science, and Technology [MEST], 2010). Another shortcoming noted was the lim-
ited opportunity in the school STEM curriculum for students to engage in creative
design and problem-solving (MEST, 2010). Consequently, a changed approach to
STEM education, particularly science education, was necessary.

Responding to the need to invigorate school STEM lessons with relevance to
everyday life and provide scope for developing creative thinking, in 2009 MEST
policy-makers and science educators revised theNational ScienceCurriculum to inte-
grate elements of the arts, technology, and/or engineering with the teaching/learning
of science (MEST, 2009). The belief was that such integration would promote stu-
dents’ better understanding of science concepts and their appreciation of the connec-
tions between science knowledge and other school subjects. This concept of inte-
grating the teaching/learning of science with other subjects came to be known as the
STEAMapproach. STEAMwas a science education termoriginally used byYakman,
a teacher educator, in her thesis (2006). Yakman was the first to propose a frame-
work for integrating the arts—visual arts, photography, performance, literature, and
history—with STEM lessons (2008). The South Korean STEAM approach, which
is implemented “without diluting content” (Marginson, Tytler, Freeman, & Roberts,
2013, p. 16), is informed by a theoretical framework comprising three principles:
situating the teaching/learning of science in real-life problems/events, encouraging
students to exercise creativity in devising their own solutions to a problem, and
generating enthusiasm and positive attitudes toward doing science among students
(Korean Foundation for the Advancement of Science & Creativity [KOFAC], 2012).

The shared goal ofmaking science study attractive and relevant to students brought
Australian andSouthKorean science educators together to collaborate on the creation
of a STEAM program that would engage students and produce positive attitudes
toward science.

2.2 The Australian–Korean STEAM Project

With a grant secured from the Australia–Korea Foundation, the researchers devel-
oped a STEAM program grounded in a social constructivist theory of learning and
inquiry-based pedagogy. Applying a social constructivist perspective of learning,
science concepts are presented in situations in which the concept plays a role in
solving a problem or explaining a phenomenon. The theory holds that construction
of knowledge by the students themselves is assisted by interaction with their peers
and the teacher (Vygotsky, 1978, 1986); the teacher does not deliver knowledge to
them. In a typical classroom situation, the social interaction that influences students’
construction of knowledge takes the form of classroom and small-group discus-
sions or synchronous and asynchronous online forums. Construction of knowledge
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is manifested in explanatory models (e.g., diagrams, written explanations) generated
by students to articulate their pre- and post-instruction understanding of the target
science concepts.

2.2.1 An Inquiry-Based Learning Process

Knowledge construction in the STEAM framework is guided by an inquiry-based
teaching/learning process, which is rooted in social constructivism (Walker & Shore,
2015). In our program, the students begin with asking questions triggered by an expe-
rience in their social-cultural life—after which the teacher presents (e.g., a video clip
of a light show) and students attempt to generate an explanation or solution to answer
the questions. Students then engage in a hands-on or information and communication
technology-mediated teaching/learning activity designed by the teacher to address
incomplete or alternative conceptions manifested in the students’ initial expositions.
Research has indicated that a hands-on approach is more desirable than a teacher-talk
methodology (Saunders, 1992). The experience gained from the hands-on teach-
ing/learning activity enables students to collaboratively evaluate and revise their
previous concepts, which were derived from prior unexamined experiences and may
be incomplete or inaccurate (Saunders-Stewart, Gyles, Shore, & Bracewell, 2015),
thus furthering their knowledge construction to arrive at a scientifically acceptable
concept.

An arts-integrated STEM curriculum situates the teaching and learning of science
concepts in a social-cultural context familiar to students, with the ultimate goal of
showing them the relevance of science to their everyday life. An arts-related event or
a social-cultural issue in a community’s conversation, such as climate change (Jeong
&Kim, 2015), can provide the context for inquiry into and exploration of the science
that accounts for the experiential features of the event or issue. For example, the
festival known as Vivid Sydney features a light show projected on the Sydney Opera
House, which is an ideal cultural event for Australian students to inquire into and
thus learn about light refraction and the mechanism by which eyes perceive images.
Arts-related activities can also be a means for students to apply and deepen their
understanding of a science concept. In the case of light refraction and the perception
of light in the act of seeing, the arts-related activity may be the design and creation of
quasi-holograms that engage students in applying the concepts of the angle of light
refraction and the best location of the eye in relation to the refracted light.

Integration of the arts into science lessons delivered through an inquiry-based
methodology provides opportunities for students to engage in problem-solving and
the exercise of creative thinking (Aulls & Shore, 2008; Marginson et al., 2013). In
producing an artifact (e.g., a quasi-hologram), students have to solve problems such
as appropriately positioning the image to be projected in the hologram and choosing
colors that will enhance the visibility of the image. The problem-solving involved in
the production of an arts-related artifact requires students to construct knowledge as
they attempt to apply the target science concepts (e.g., light refraction). At the same
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Creativity: South Korean and USA flags 

superimposed on the shape of the Aus-

tralian continent in a quasi-hologram. 

Fig. 2.1 Creative thinking in a STEAM learning activity

time, creative thinking is called into play because art generally communicates the
creator’s personal message or projects the creator’s uniquely personal perspective.
For example, one student designed a hologram that superimposed parts of the South
Korean and USA flags on the shape of the Australian continent as a symbol of her
multicultural background: born in South Korea, she had studied in the US and was
now living in Australia (Fig. 2.1).

2.2.2 Group Knowledge Construction via Successive
Explanatory Models

Knowledge construction through interaction with the teacher and with fellow stu-
dents is an ongoing process during a STEAM lesson and even after the lesson through
asynchronous interaction on an online platform where students post their artwork.
The knowledge construction process in science learning consists of generating, eval-
uating, andmodifyingmentalmodels that target the science concept (Clement&Rea-
Ramirez, 2008; Windschitl, 2004). A student’s articulation of his/her initial mental
model of a science concept is facilitated through social interaction by listening to
classmates’ perceptions and exploring prior knowledge related to the concept. This
process encourages the student to express his/her prior knowledge and experience.
The initial model is generally the student’s explanation of a scientific phenomenon
or an answer to a question about the phenomenon (e.g., Why are there different
seasons?). Students then engage in a group hands-on activity that the teacher has
designed to address inaccuracies in students’ initial models. Observations and new
learning from the hands-on activity usually create some awareness in students of
the inadequacy of their initial model, which then leads to its revision. The ensuing
group discussion allows students to present their revised models and then negotiate a
group model by either selecting one group member’s creation or jointly constructing
a revised model with what they consider desirable features from the models of other
group members. Guided by the teacher and using equipment or knowledge resources
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available to them, each group evaluates its model for how well it explains a scien-
tific phenomenon or answers satisfactorily the question posed at the beginning of
the lesson. The group evaluation and modification of the model are effected through
students questioning each other, sharing ideas, and using evidence from the hands-on
activity to support their views. Throughout the process of teaching/learning, students
are engaged in joint knowledge construction through social interaction.

The process of joint evaluation and modification of students’ explanatory models
leads to growth of understanding of the science concept (Clement, 2000; Koo, Chu,
Martin, & Choe, 2017) and movement toward an acceptable scientific model. As
evidence of such conceptual growth, this study presents three versions of a model
(Fig. 2.2) explaining why different parts of the world (Australia & South Korea)
have opposite seasons (winter & summer) at the same time of the year. Figure 2.2a,
produced by an individual student after group sharing of ideas on seasons in different
countries, accounts for the different seasons by attributing it to the Earth’s rotation
on its axis. This student then engaged in a group hands-on activity in which students
shining a torch over a globe to represent the Sun saw the effect of the tilting of the

Explanatory model Students’ explanation 

(a) Initial model. 

When Earth receives 2/3, 1/3, 1 and 0 of sunlight, 

it is spring, autumn, summer, and winter, respec-

tively. The amount of sunlight received by Earth 

is different in each season because of Earth’s ro-

tation. 

(b) Model revised after learning activity.

When the Earth revolves around the axis of rota-

tion, there is a change in the altitude of the Sun. 

However, if the Earth revolves without the axis 

of rotation, the altitude of the Sun is the same and 

the seasons are the same. Thus, the seasonal 

changes vary along the axis of rotation. 

(c) Final model after testing of previous

model and group discussion.

When the Earth revolves around the Sun, its tilt-

ed axis causes changes in the angle between the 

Sun and the surface of the Earth and affects the 

strength of the Sun reaching the surface of the 

Earth. Also, the seasons of South Korea and Aus-

tralia, which are located in the northern and 

southern hemisphere respectively, are opposite at 

the same time of year. 

Fig. 2.2 Development of conceptual understanding in successive explanatory models



2 The Potential of Arts-Integrated STEM Approaches … 23

Earth’s axis on the Sun’s altitude in two different parts of the Earth (Australia &
South Korea). The ensuing group discussion led the student and group members to
produce the model in Fig. 2.2b. The model now attributed the occurrence of different
seasons to the Earth’s revolution, the Earth’s tilted axis (the students’ drawing shows
revolution around the Sun and the Earth’s axis tilted), and changes in the altitude
of the Sun. Although the drawing represents the concept correctly, the students’
explanatory notes indicate an incomplete grasp of the concept. Assisted by prompts
from the teacher, the group next tested the validity of the model in Fig. 2.2b by first
measuring the length of the shadow of a short stick placed on the globe’s northern
hemisphere and then on the southern hemisphere; the group worked out that the
temperature in a location in each hemisphere is influenced by the altitude of the
Sun. After this test and group discussion of the results, the group modified Fig. 2.2b
to produce their final model in Fig. 2.2c. The improvement in Fig. 2.2c lies in the
accuracy of the explanation of seasonal change. Figure 2.2b strings together words
representing bits of the whole concept (e.g., axis of rotation, altitude of the Sun); in
Fig. 2.2c, the concept of why there are different seasons in different parts of the world
at the same time of year is accurately explained: When the Earth revolves around the
Sun, its tilted axis causes changes in the angle between the sunlight and the surface
of the Earth. Through social interaction and joint construction of knowledge, these
science learners developed increasingly accurate mental models of science concepts.

2.2.3 STEAM as the Teacher’s Aid

Aside from enabling students to jointly construct models of science concepts through
social interaction, the STEAM approach provides the means by which teachers can
identify alternative conceptions and track students’ progress in developing scientifi-
cally acceptable concepts so that subsequent lessons can be planned to address gaps in
students’ understanding. Teachers’ analysis of students’ explanatory models, written
explanations, and learning artifacts can reveal missing elements in a student’s mental
model or a fragmented understanding in which relations between the components of
a concept have not been correctly worked out.

Figure 2.3 shows an example of students’ developing understanding of the concept
of the role of the Earth’s revolution in the occurrence of different seasons in the
northern and southern hemispheres at the same time of year. The alternative concept
in Fig. 2.3a is that the Earth’s rotation on its axis is a contributory cause of the
seasons in different places (South Korea & Australia). This drawing of the Earth’s
path around the Sun shows the Earth’s axis tilting in different directions, indicating
an absence of the concept that seasons are caused by the Earth’s axis tilting in an
unchanging direction during the Earth’s revolution around the Sun. Following the
production of individual initial models like Fig. 2.3a, the students viewed a video
of the Earth’s revolution around the Sun, listened to the teacher’s explanation of the
difference between the Earth’s rotation and its revolution, participated in an activity
in which the strength of the Sun’s rays on different parts of the Earth was simulated
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Explanatory model Students’ explanation 

(a) Initial model (individual model). 

Seasons are probably related to Earth’s rotation 

and revolution around the Sun. When the Earth 

rotates, the amount of heat and light it receives 

from the Sun is changeable. On the other hand, as 

the Earth revolves, the position of the places (e.g.,

South Korea and Australia) on Earth changes. 

Therefore, the degree of light and heat received 

from the Sun differs for each place.

(b) Revised model (after learning activity).

Seasons are related to the Earth’s revolution 

around the Sun and its axis of rotation. Because 

the Earth’s axis is tilted, the direction of the tilt 

changes when the Earth revolves around the Sun. 

In other words, South Korea is located at the back

of the axis; so even if the Sun is closer to the 

Earth, it is winter because the Earth is not receiv-

ing the sunlight. 

But in summer, South Korea is located in front of

the axis so we can receive the light directly, even 

though the Earth is further away from the Sun. 

Therefore, the distance between the Sun and the 

Earth does not affect seasonal changes.

(c) Revised model (group testing and discus-

sion of the model in 3b). 

1. First diagram: in South Korea, it is summer be-

cause the sunlight strikes the Earth directly but it 

is winter in Australia because the sunlight strikes 

the Earth at an angle and so shines with a slant

[student offered indirect explanations of the angle 

between the Sun and the Earth]. 

2. Second diagram: here the Earth revolves 

around the Sun and now it is summer in Australia 

due to sunlight reaching the Earth more directly

from a higher altitude.

Fig. 2.3 Tracking students’ concept development

with a torch, and engaged in a class discussion of their new learning. The student
who created the model in Fig. 2.3a produced Fig. 2.3b, thus demonstrating that he no
longer believed in the Earth’s rotation as one of the causes of seasonal change. The
student’s diagram in Fig. 2.3b reflects a revised mental model in which the Earth’s
revolution around the Sun is the reason for the occurrence of winter or summer in
the two hemispheres at different times of the year. However, the model in Fig. 2.3b
retains the alternative conception: the belief that the tilt of the Earth’s axis changes
direction as the Earth revolves around the Sun—an erroneous concept that invalidates



2 The Potential of Arts-Integrated STEM Approaches … 25

themodel that the Earth’s tilted axis causes varying amounts of sunlight to be received
at different locations on the planet as it revolves.

The inconsistent direction of tilt is rectified in Fig. 2.3c, indicating that in their
group discussion the students have learnt that the tilt in the Earth’s axis remains
unchangedduring theEarth’s revolution and that this iswhat causes the angle between
the Sun’s rays and the Earth to be smaller or larger, depending on whether a country
is located in the northern or southern hemisphere. But the curved lines representing
the Sun’s rays in Fig. 2.3c may indicate a concept still to be acquired: that of sunlight
reaching the Earth as rays that are almost completely parallel because the Sun is 109
times larger than the Earth and nearly 150 million kilometers away. The incremental
gains in the students’ explanatory models in Fig. 2.3 illustrate how the STEAM
approach allows teachers to identify students’ alternative or incomplete concepts
and provides teachers with cues to the planning of subsequent lessons designed to
address the gaps in students’ conceptual understanding.

2.2.4 STEAM as an Approach for Promoting Students’
Science Learning and Interests

The STEAM approach developed in this study applied an inquiry-based teaching
methodology, amode of instruction that research studies have confirmed as conducive
to better science learning (Chang & Mao, 2010; Furtak, Seidel, Iverson, & Briggs,
2012). One key practice of inquiry-based teaching is to start fromquestions generated
by students, which they then investigate to find the answers. In integrating arts-related
events or products into science lessons, the STEAM approach provides a context
that awakens interest and curiosity in students, naturally leading them to inquiry
questions (e.g., How do they make the colors in Vivid Sydney appear so bright on
the Sydney Opera House?). Since the students themselves generate the questions,
they feel a sense of ownership and are motivated to work at investigation and joint
knowledge construction (Bevins&Price, 2016) as they create and critique successive
explanatory models. In one of the STEAM lessons, after the students had viewed
video clips of Vivid Sydney and a South Korean light festival at Gyeongbokgun
Palace, they observed that the projected images created by light in Vivid Sydney
were brighter than those at Gyeongbokgun Palace. Further discussion, guided by the
teacher, led to the two student-generated inquiry questions below with the related
science concept in parentheses.

• What is the connection between the brightness of light and the type and nature of
the materials used to construct the building at Sydney Opera House/South Korea’s
Gyeongbokgun Palace? (Refraction of light depends on smoothness, reflective-
ness, and color.)

• Why do we have light festivals only at night? (The human eye’s perception of a
light source is affected by ambient light.)
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These inquiry questions directed the teacher’s planning of investigative activities
that guided students to construct the science concepts shown in parentheses and
answer the questions. The marrying of the STEAM approach and inquiry-based
teaching methodology makes science teaching/learning more relevant to students
and thus more effective than a pedagogy that treats subjects as “silo disciplines”
(Yakman & Lee, 2012, p. 4).

In addition to engaging students in problem-solving and joint knowledge construc-
tion with their peers and enabling teachers to monitor students’ conceptual devel-
opment, the STEAM approach appears to have had a positive effect on students’
perceptions about science and science study. The first type of attitudinal change
found in our study was the perception of the relevance of science to everyday social-
cultural life, including arts-related experiences like light festivals. One Australian
student (L), interviewed after a program of STEAM lessons, said, “I actually never
thought that this stuff, for example, light festivals, holograms, have anything to do
with science. It’s impressive how science can be used for art.” What Student L has
learnt from the STEAM activities is that science is not merely content knowledge
confined to textbooks and science laboratories but plays a role in the creation and
enjoyment of the arts. More than 90% (32/35) of interviewed students expressed
similar sentiments, indicating a departure from a segregated perception of STEM
courses (Brown, Brown, Reardon, & Merrill, 2011) and a growing realization of the
connection between scientific concepts and the students’ life experiences outside the
science classroom and laboratory.

The second type of attitudinal change observed in the studentswas fromperceiving
science as a difficult subject to perceiving it as engaging. Student L admitted to tuning
out in previous science lessons because the content was “very complicated, [but] this
STEAM program is exciting [because] you realize how light works” (referring to
the six lessons on light). Student K said, “I thought it [light] was just a unit to
learn and pass, but after this lesson I became very interested in light.” Furthermore,
Student K’s pre-STEAM perception of science was that it was a subject in which
students are taught what to know (Morrison, 2006) andwhat to correctly reproduce to
pass a course. After participating in collaborative attempts to apply a group-created
explanatory model of how human eyes perceive objects to the production of an
artistic artifact (a quasi-hologram), Student K began to see science as intrinsically
interesting and engaging. More than 94% (33/35) of interviewed students reported
that the STEAM lessons impacted similarly on their perception of science and/or
science learning.

2.3 Concerns and Challenges

Notwithstanding the benefits presented above, concerns have surfaced about the
feasibility of implementing STEAM in school as part of a regular science curriculum.
In South Korea, where STEAM has been implemented nationwide in primary and
secondary schools since 2011 (MEST, 2011a; MEST, 2011b), teachers have reported
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challenges relating to integrating the arts with science and mathematics lessons. The
main challenges that have surfaced or are evident from the literature are as follows:

1. The difficulty STEAM teachers face in integrating arts-related content with the
teaching of core science concepts (Choi, Lee, & Noh, 2015; Sim, Lee, & Kim,
2015; Son, Jung, Kwon, Kim, & Kim, 2012);

2. An incomplete understanding among teachers of the underlying principles and
goals of STEAM (Park, Byun, Sim, Baek, & Jeong, 2016);

3. Insufficient curriculum time for the teaching of core science concepts alongside
integration of the arts into the lessons (KOFAC, 2012); and

4. Themismatch in the national examinations between the creative problem-solving
encouraged in STEAMlessons (Noh&Paik, 2014) and the examination’s empha-
sis on accurate recall of science knowledge (Ministry of Education, 2015).

Integrating arts-related content with the teaching of core science concepts poses
a number of challenges for STEM teachers applying the STEAM approach for the
first time. The foremost challenge is the selection of arts- or culture-related content
(artifact or event) that could be used to help students develop an understanding of
the core science concept (Chu, Martin, & Park, 2018; Lim, 2012). Next, having
selected the arts or culture content, there is the question of how to use the arts/culture
event in teaching/learning activities so that students appreciate the role and relevance
of the science concept in a familiar social-cultural experience (Chu et al., 2018;
KOFAC, 2018). The lack of experience and skill among teachers when it comes to
incorporating arts activities that can develop students’ understanding of a science
concept has led to teachers including arts-related activities simply for their own
sake, without them playing any part in demonstrating the target science concept (Park
et al., 2012; Park et al., 2016). The problem is particularly acute for secondary school
science teachers, the majority of whommajored in science at university and may feel
inadequate in their knowledge of non-science fields such as literature, visual arts,
and history. Collaboration between science and non-science teachers, which could
solve the problem, has been very low according to a survey of 300 South Korean
STEAM teachers (KOFAC, 2012), probably due to time and structural constraints.

One factor contributing to teachers’ uncertainty about how to meaningfully inte-
grate the arts with science lessons is that they do not fully understand the underlying
principles and goals of STEAM. What may be missing in many teachers’ conceptu-
alization of STEAM is its goal to enable students to answer cross-cutting questions
(Lee, 2012; Lee, Kim, & Lee, 2013) that are answered by applying knowledge and
skills from the arts, STEM, and other non-science disciplines. The underlying prin-
ciple of STEAM is the use of experiences and knowledge from non-STEM subjects
(i.e., visual arts, literature, history, social studies) as a medium and/or a context
for developing understanding of science concepts (Chu et al., 2018; Korea Edu-
cational & Development Institute, 2012; Sim et al., 2015). Ideally, the integration
of science and non-science disciplines should be understood as focused on help-
ing students to construct new knowledge without being restricted by the boundaries
between disciplines, such as those separating science and the visual arts (Park &
Shin, 2015; Rennie, Venville, &Wallace, 2012). Some teachers understand STEAM
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as the inclusion of an arts/culture-related activity purely for the purpose of engaging
student interest at the beginning of a lesson (Park, Chu, & Martin, 2017). But this
approach does not achieve the goal of STEAM because it does not engage students
in applying knowledge from science and non-science disciplines, including the arts,
to solve or understand real-world problems (e.g., how to solve the global epidemic
of overweight and obesity, see https://www.who.int/nutrition/topics/obesity/en/, that
involves the interplay of biochemistry, social studies, and psychology).

The third challenge in implementing STEAM successfully is the perception that
the time consumed by the teaching of core science concepts in the typical science
curriculum leaves little time left for arts/culture-related content and learning activities
(Lee & Shin, 2014; Lim, Kim, & Lee, 2014; Shin & Han, 2011). Science teachers
believe that there is already a heavy load of science content to teachwithout including
the arts in science lessons (Park et al., 2017; Yoo, Hwang, & Han, 2016). This
concern suggests a dichotomous view of science and the arts, pointing perhaps to an
incomplete understanding of the principle of STEAM. There is also the concern that
integrating the arts with science lessons spells an additional demand on the teacher’s
lessonpreparation time (Im,Kim,&Lee, 2014; Park et al., 2014) since teacherswould
need to source relevant content from other disciplines and plan teaching/learning
activities that involve students in applying science concepts when explaining an
arts/culture-related event or in creating an artistic artifact.

The fourth constraint in the implementation of STEAM is the mismatch between
the creative arts/culture-situated problem-solving in STEAM lessons and the empha-
sis on accurate recall of science knowledge in the national examinations in countries
like South Korea. In STEAM lessons, classroom activities engage students in the cre-
ative design of possible solutions they generate in response to a real-world problem as
well as the testing of solutions to find the most suitable solution (Baek et al., 2011).
But science examination questions in national examinations (e.g., South Korea’s
College Scholastic Ability Test) tend to require students to demonstrate knowledge
of scientific terms and facts by selecting the correct response in multiple-choice
questions. Teachers could, therefore, be conflicted about whether to teach for the
examination or to engage students in creative problem-solving through the STEAM
approach. Teachers who have reason to be anxious about their students’ performance
in the national examinationsmight be reluctant to spend class time on STEAMactivi-
ties, even though, in the case of South Korea, theMinistry of Education hasmandated
that 20% of curriculum time be allocated to STEAM (KOFAC, 2012).

2.3.1 Addressing the Challenges

Although the challenges presented above are understandable, given the social
and educational structures that have supported the traditional teacher-centered,
knowledge-focused approach to teaching science, there are ways to overcome the
barriers to wider acceptance of STEAM and its successful implementation. The edu-
cational literature and the practices from this STEAM project serve as a basis to

https://www.who.int/nutrition/topics/obesity/en/
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propose some ways of overcoming the difficulties implicit in the widespread imple-
mentation of STEAM.

The difficulty teachers face regarding how they should integrate the arts and
which aspects of the arts into science lessons is rooted in the multifaceted references
encased in the term art/arts from a restricted definition encompassing only the visual
arts (i.e., painting, drawing, photography, sculpture) to a more inclusive definition
covering the performing arts (i.e., dance, music, theater) and the liberal arts and
humanities (Herro & Quigley, 2017; Quigley, Herro, & Jamil, 2017). Teachers who
have not studied art/arts in the above senses are quite lost as to what form arts
integration could take. Even non-arts graduate teachers who recognize the benefits
of arts-based learning may struggle to find effective strategies for integrating the
arts with other subjects (Rabkin & Hedberg, 2011). Furthermore, many teachers
think of arts integration as the inclusion of an arts product in the science lesson
rather than engaging students in the process of artistic inquiry (Sullivan, 2006),
which includes exploration, risk-taking, flexible thinking, and learning frommistakes
(Hetland, 2013;Hetland,Winner,Veenema,&Sheridan, 2007; Sawyer, 2006; Sawyer
& DeZutter, 2009). Integrating the arts with science teaching/learning requires an
understanding of the role of an artistic inquiry process in building conceptualizations
of science and appreciation of the relevance of science in social-cultural life.

What could help teachers to select arts/culture-related content for integration in
science lessons would be professional development (PD) programs in which teachers
collaborate in exploring and selecting arts content (events/artifacts) that can be used
to demonstrate the working or application of particular science concepts. A problem-
solving approach might be adopted with posing questions such as: What arts/culture
event(s) would involve students in explaining and/or applying the concept of light
refraction and the human perception of light? The next step would be to discuss,
and perhaps practice, strategies to steer student discussion of an arts/cultural event
to the asking of questions that would lead to an inquiry into the science underlying a
phenomenon students have observed in the arts/cultural event. The STEAM project
reported here involved teacher-guided students’ comments on video clips of light
shows toward asking questions like: Where is the light coming from? The PD pro-
gram should focus on teachers discussing strategies to encourage students to propose
models to answer their inquiry question and account for the phenomenon they have
just viewed, and then to test and revise the models.

The following example illustrates such a PD activity. Suppose students are shown
visual images (e.g., photographs, paintings, video clips) of Christmas cards in Eng-
land (with the traditionally attiredSanta) and inAustralia (Santa in shorts and thongs).
The teachers would discuss and practice strategies to direct students’ attention to the
differences in the two images, which should then trigger the question to start the sci-
entific inquiry (i.e., Why is Christmas happening in different seasons?). The inquiry
questions arising from students’ observations of phenomena would lead to conjec-
tures based on students’ existing knowledge when the teacher asks them to attempt
an explanation of the phenomenon they have observed (i.e., Christmas occurring in
two different types of climatic conditions in two countries on the same day). The PD
session would show teachers how to plan hands-on teaching/learning activities that
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address the deficits, as indicated in students’ initial models, in students’ conceptual-
ization of the core science concept that accounts for the phenomenon, and then how
to guide students to test the validity of their explanatory model and to revise it after
they have engaged in the hands-on activity.

This example encapsulates the process of doing science: observing, model con-
struction, investigating (more observing), analyzing results, model testing/revising,
and drawing conclusions (Clement, 2000; Miller, 1989). The teachers would collab-
orate to design an arts-integrated teaching/learning activity to help students acquire
the concept of the Earth’s revolution with reference to different seasons in the two
hemispheres. For example, they might show students in classrooms in the southern
hemisphere advice from a real estate website that north-facing houses are the most
desirable, a cultural practice that allows more sunlight into the house in winter when
the Sun is at its lowest. Teachers would then help students to work out the science
underlying this advice by having students measure the angle of the Sun’s rays in
winter/summer to observe the low altitude of the rays in winter. The PD process of
collaborating in selecting arts content and planning ways of arts integration to fulfill
the purpose of teaching a core science concept would start teachers on developing
their own expertise in arts integration.

The challenge posed by teachers’ partial understanding of the meaning and pur-
pose of STEAM is addressed in the PD program proposed above. When teachers use
a cultural practice (e.g., the preference for north-facing homes) as a context for inves-
tigating the effect of the Earth’s revolution and the Earth’s tilted axis on the angle
of the Sun’s rays at particular times of the year, they see the role of the arts/culture
component in students’ construction of new knowledge (in our example, knowledge
of why different seasons occur in the northern/southern hemispheres at the same time
of year). In this STEAM project, teachers were shown how to use a quasi-hologram
designing activity (the arts component) to engage students in applying the science
concepts of light refraction and the human eyes’ and brain’s perception of images cre-
ated by light refraction. This activity helped teachers to understand the role of the arts
(e.g., hologram design, choice of design/colors) in developing students’ conceptual
understanding of science.

The PD programs might also be designed for teachers to experience the process
of exploring answers to a cross-cutting question (Lee, 2012) by investigating the
question from the perspective of a few disciplines, science, and non-science. For
instance, in the topic of food and digestion in the New South Wales science syllabus
for Years 7–8 (New South Wales Education Standards Authority, 2018), a cross-
cutting inquiry question can be: How can the problem of obesity, widespread inmany
countries, be tackled? Teachers might explore answers to this question by looking
into the attractiveness of refined or junk foods (e.g., marketing strategies, creative
filmed advertising), the physiological effects of these foods on the human body
(e.g., biology, biochemistry), and evidence of the harm from abandoning traditional
diets for refined, packaged foods (e.g., sociology, anthropology). The process of
seeking answers to a real-world problem by applying interdisciplinary knowledge
and practices would demonstrate to teachers how arts- and culture-related knowledge
and experiences could bemade an integral part of the teaching of science. Theywould
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then see the potential of STEAM to enrich and expand the scope of STEM education
(Korean Educational Development Institute, 2012; Taylor, 2016).

The time entailed in teachers’ preparation of STEAM teaching/learning activities
and in conducting the activities in the classroom has been described as a burden by
teachers who have taught in a STEAM program (Cho, Kim, & Huh, 2012). Many
studies of STEAM teachers’ experiences in South Korea, where STEAM has been
implemented in 20% of the science curriculum in most schools since 2011, mention
insufficient time as an obstacle to its effective implementation (Lee & Shin, 2014;
Lim et al., 2014; Shin&Han, 2011). The burden of lesson preparation time and effort
might be alleviated to some extent through collaboration between science teachers
and colleagues teaching other subjects, a solution that has been attempted in South
Korean schools, but collaboration has proved to be difficult because differences in
disciplinary culture and discourse interfere with communication (Han & Lee, 2012;
Noh & Paik, 2014). In primary schools, where the general practice is for one teacher
to teach all or most subjects, the integration of the arts and other non-science subjects
in science lessons may be easier. The primary school teachers in this STEAM project
were more open to the idea of arts integration compared to their secondary school
counterparts, possibly because the education of primary school teachers involves
exposure to pedagogy across subjects.

Beyond the primary school, it must be acknowledged that it is unrealistic to ask
teachers to teach their own subject and, on top of that, require them to provide input
into the teaching of a colleague’s subject. One approach to addressing this problem
is to restructure the school curriculum to remove or blur the boundaries between
subjects and create a curriculum organized around real-world problems or issues. In
an interdisciplinary, problem-centered curriculum, students would process and apply
knowledge and methods from two or more disciplines to solve a problem (e.g., how
to resolve widespread obesity), explain a phenomenon (e.g., why is Christmas in
winter/summer in the northern/southern hemisphere?), or view a situation or issue
from different perspectives so as to “raise a new question in ways that would have
been unlikely through a single discipline” (International Baccalaureate Organization,
2005–2019, para. 2). From the perspective of the science teacher, instead of planning
a science lesson and then seeking help from busy colleagues teaching other subjects
on the content and method of integrating arts/culture-related activities into the les-
son, the science teacher can plan and teach a lesson collaboratively with colleagues
from different disciplines. The number of disciplines involved would depend on the
nature of the problem/situation or phenomenon. Versions of the type of synthesized
curriculum proposed here are practiced in some schools, for example, the Liverpool
Girls’ High School (2019) and International Baccalaureate (2005–2019) schools.

Anotherway of organizing an integrated curriculum,which has been implemented
in Daeyeon High School in South Korea, is to select STEAM-relevant subjects (e.g.,
home economics, art, and music—subjects that can be integrated into the teaching
of science, mathematics, and technology) and allocate a maximum of 20% of each
subject’s curriculum to STEAM (Im & Lee, 2012). For STEAM lessons, teachers
select key topics from science, mathematics, or technology that hold concepts that
are applicable in one or more non-STEM subject. For example, the science topic
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of neutralization reaction has relevance in home economics because it can explain
why certain household substances (e.g., salt) are recommended for removing stains
(e.g., wine) from fabric. Science and home economics teachers collaboratively plan
the STEAM lesson to enable students to understand the science underlying the use
of different cleaning agents in the topic of cleaning in home economics. Lesson
delivery may involve the two subject teachers co-teaching one or more lessons, or
teaching consecutive lessons, with the science teacher conducting learning activi-
ties to demonstrate neutralization reaction, followed by the home economics teacher
engaging students in a problem-solving activity requiring students to select effec-
tive cleaning agents in a laundry scenario. This integrated curriculum can, to some
extent, reduce the stress science teachers experience at having sole responsibility for
selecting and integrating arts/culture-related content in the STEAM approach.

The mismatch between creative arts/culture-situated problem-solving in STEAM
and the emphasis on accurate reproduction of science knowledge might be addressed
with school-based assessment tasks such as projects that involve the application of
core science concepts to find answers to an inquiry question or creating a solu-
tion for a problem. School-based assessment in the form of projects or small-scale
investigations can situate inquiry questions or the problem to be solved in students’
social-cultural experience and environment, and provide scope for students to engage
in systems thinking (Arnold & Wade, 2015). Systems-thinking is a way of thinking
that takes into account the interconnectivity between knowledge in different disci-
plines and develops an understanding of the complexity of situations and problems.
In this STEAM project, formative assessment provided students with opportunities
to create, review, and revise explanatory models to account for phenomena in their
social-cultural life (e.g., celebrating Christmas in winter/summer). There is no rea-
son to think that the same testing strategy cannot be used for summative assessment.
But assessment that engages students in the process of posing questions; generating,
testing, and revising tentative solutions or explanatory models; and exploring com-
plexity requires work over a period of time and is not feasible in traditional 2- or
3-h written examinations. School-based assessment is already a feature in the assess-
ment programs at South Korean schools implementing the STEAM approach in 20%
of the curriculum (KOFAC, 2019). However, in countries like Singapore and South
Korea where there is time-honored trust in national examination scores as the fairest
method of selecting students for university courses, school-based assessments are
regarded with a skepticism that is difficult to overcome (Shin, Ahn, & Kim, 2017).
To raise stakeholders’ trust in the validity of school-based assessment, a nationally
recognized assessment audit of school-based assessment tasks and students’ products
can be established such as the School-based Assessment Audit used in the Australian
state of Victoria. This School-based Assessment Audit aims to protect the integrity
of the Victorian Certificate of Education, which comprises school-based assessment
and state-level examinations. The annual audit checks the assessment information
given in a school to its students, its marking schemes and criteria, and samples of
student work to determine whether the principles and standards set by the Victorian
Curriculum and Assessment Authority (n.d.) have been met. A similar system of
audit could assure parents and university admission authorities that school-based
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assessment STEAM tasks have been set, administered, and evaluated according to
the principles and standards of a national assessment board.

The concerns and challenges raised by teachers, teacher educators, education
department/ministry officers, and education policy-makers are valid and deserve
attention. But they are not insurmountable if there is commitment from teachers,
teacher educators, and education policy-makers to understand the pedagogical pur-
pose of STEAM and act to achieve that purpose—to help science learners appreciate
the role and relevance of science and other STEM subjects in their social-cultural
life. There is a need for time and STEAM-experienced personnel to be allocated to
PD programs that are designed to equip teachers with an understanding of the prin-
ciples of STEAM and the strategies for integrating arts-/culture-related events with
science teaching. There is also a need for willingness among teachers and curriculum
designers of all subjects to blur or remove the boundaries between subjects so that
interdisciplinary inquiry and teaching can occur in schools. Finally, there is a need
for measures to develop trust in school-based assessments such that the results from
such assessments are regarded on a par with those of national examinations for the
purpose of selection for university study.

2.4 Conclusion

This chapter has provided some evidence of the potential of the STEAM approach to
help students to construct science concepts, acquire scientific ways of thinking, and
build a positive perception of science and science study. It began with an account
of the theoretical grounding of the Australian–South Korean STEAM project and
the inquiry-based pedagogy applied in the STEAM lessons. The social constructivist
theoretical framework and the inquiry-based teaching methodology were illustrated
with examples of topics used for the project and of students’ work. This material also
evidenced the beneficial effects of the STEAM approach on the teaching/learning
process and on students’ perceptions of science and learning science.

As acknowledged in the preceding section, concerns and challenges that throw
doubt on the feasibility of the widespread implementation of STEAM have emerged
in countries where STEAM has been adopted as an alternative science curriculum.
The challenges, such as the difficulty faced by science teachers in selecting and inte-
grating arts- and culture-related content with science lessons, can be managed with
effort and willingness on the part of teachers and curriculum designers to challenge
and change traditional mindsets about the boundaries between science and non-
science disciplines. The potential benefits of STEAM on student science learning
would outweigh the intensive effort to bring about mindset and curricular changes.
A firm belief in the potential of STEAM to improve outcomes in science education
is an important reason the South Korean Ministry of Education has recommended
that schools implement STEAM in the science curriculum.
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Chapter 3
A Framework for Examining Teachers’
Practical Knowledge for STEM Teaching

Kennedy Kam Ho Chan, Yi-Fen Yeh and Ying-Shao Hsu

3.1 Introduction

Around the world, there is an increasing call for providing K–12 students with qual-
ity science, technology, engineering, and mathematics (STEM) education to ensure
that students will be able to engage and pursue STEM-related issues and careers
(Metcalf, 2010; National Academy of Engineering & National Research Council,
2014). STEM education calls for new ways of teaching that go beyond the teaching
of a particular discipline to teaching that involves an integration of different disci-
plines (Kelly & Knowles, 2016; Wang, Moore, Roehrig, & Park, 2011). Although
what a teacher needs to know and be able to do in general for effective teaching
and learning has been a subject of scholarly research (e.g., Cochran-Smith & Lytle,
1999; Guerriero, 2017; Verloop, van Driel, &Meijer, 2001), relatively less effort has
been put into articulating the knowledge teachers need for effective STEM teach-
ing (see exceptions: Allen, Webb, & Matthews, 2016; Saxton et al., 2014; Srikoom,
Faikhamta, & Hanuscin, 2018). This leads to the central question: What knowledge
does a teacher need for effective STEM teaching that leads to the valued student
outcomes in STEM education? In this chapter, we pursue this question and propose
a theoretical framework for examining and analyzing teachers’ knowledge of STEM
teaching. To achieve this goal, we first review the literature on STEM education to
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identify STEM literacy and elements of effective STEM teaching. We then review
the teacher knowledge literature to identify facets of knowledge needed for effective
STEM teaching.

3.2 Integrated STEM Education

Around the globe, policy-makers, educators, industrial leaders, and business
entrepreneurs have highlighted the critical importance of expanding and improv-
ing STEM education at the K–12 level. The call for STEM education goes beyond
merely studying the four STEM subjects in isolated silos to tightening the con-
nections within, between, and among these subjects in an integrated way that (a)
reflects the nature of the work of most STEM professionals and (b) engages the
interdisciplinary nature of most STEM issues. STEM education is advocated not
only for workforce demands in science or engineering fields but also for the pursuit
of informed citizenship: STEM Literacy for All. Unlike conventional approaches for
developing talents in the science or engineering fields, STEMeducation focusesmore
on integrative learning experiences (Sanders, 2009) and soft skills development such
as communication and teamwork (Hobbs, Clark, & Plant, 2018). It is worth pointing
out that STEM should be viewed as a distinctive subject that is underpinned with
some disciplinary features from each of the constituent disciplines. Yet, STEM is
not a mere assembly of the four separate disciplines; rather, it should be viewed as
a meta-discipline—a new discipline that is formed from the integration of other dis-
ciplines (Kennedy & Odell, 2014). As a meta-discipline, STEM is a cohesive entity
that is greater than the sum of its parts, that is, the four respective disciplines.

3.2.1 STEM Literacy

STEM literacy can be conceptualized as comprising “the conceptual understanding
and procedural skills and abilities for individuals to address STEM-related personal,
social, and global issues” (Bybee, 2010, p. 31). Following PISA’s framework for
science, reading, and mathematical literacy, Bybee proposed that STEM compe-
tencies include three aspects, namely, identifying STEM issues, explaining issues
from STEM perspectives, and using STEM information. These competencies reflect
features of STEM projects like context-dependent, practice-based (i.e., meaningful
implication of knowledge and skills in practices), creativity pursued as well as both
the disciplinary knowledge and generic thinking abilities involved. STEM-related
issues can be real-life situations or problems to solve, which explains why STEM
literacy should be viewed as educational outcomes most students should achieve.

A meta-level STEM literacy is also worthy of pursuit, especially when real-life
situations and problems are so complicated that there is often no single or easy
solution. Viewed from this perspective, STEM literacy should not be merely viewed
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as a composite of S, T, E, and M literacies. Rather, core competence should entail
learners developing literacy in terms of how problem-solvers activate what has been
learned from various disciplines and then create feasible solutions in the context
of problem-solving. Yeh, Hsu, Wu, Yang, and Lin (under review) proposed five
competencies that are critical to problem-solving but are primitively incubated in
separate disciplines. These competencies are analogical reasoning, contextualization,
quantitative thinking, prediction, and reflective ability. Taking contextualization as
an example, problem solvers first need to decontextualize problems into what is
familiar such as processing calculation. The solution prototypes then need to be
recontextualized using the right languages for the audience targeted for the follow-
up mass production or marketing. Contextualization and decontextualization can
involve problem definition and rationale expression of design in the engineering
field (Atman et al., 2007). However, it should be noted that transfer of learning
is not easily or automatically achieved (Dixon & Brown, 2012; Johnson, Dixon,
Daugherty, & Lawanto, 2011). It is believed that these meta-level competencies
can be greatly nurtured in STEM-related or problem-solving tasks if they can be
purposefully emphasized with disciplinary connections.

Zollman (2012) added nuances to the idea of STEM literacy when he urged that
three domains of STEM literacy be strengthened, under the ultimate goal of “STEM
literacy for learning [rather than] learning for STEM literacy” (p. 12). Apart from
knowledge and skills to address STEM issues, he contends that reflection helps learn-
ers improve their solutions as well as become quicker and better thinkers for any new
challenges in the future. The ability to self-regulate determines how efficient students
may be in strategic problem-solving (e.g., making plans or collaboratingwith others),
which allows them to better understand themselves and build their self-identity from
exploration. Finally, students’ STEM literacy elaborates the stages of thinking of
actions, linking between movements, and automatically refining performance. The
three domains (i.e., cognition, affection, and psychomotor) contribute to the ultimate
objectives for STEM education: STEM literacy for continual learning (Zollman,
2012). Therefore, STEM literacy encompasses not only knowledge and skills req-
uisite for problem-solving but also a set of generic skills and learning dispositions
that enable life-long learning. Students who attain and keep enhancing their meta-
disciplinary STEM literacy will be the successful candidates to fulfill the STEM
pipeline demands and future careers.

In summary, STEM literacy builds on S, T, E, andM literacies—but what matters
the most is how students use and integrate their related knowledge and competencies
from the respective disciplines adequately andflexibly to solve problems encountered
or create products to satisfy needs. To develop such an interdisciplinary (or trans-
disciplinary) literacy demands not just knowledge or competency development, it is
critical that students develop interdisciplinary ways of thinking as well as persistent
but sustainable ways of learning.
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3.2.2 Effective STEM Teaching

Vasquez, Sneider, and Comer (2013) identified a continuum of levels of STEM
integration in terms of interconnection between the respective STEM disciplines.
Multidisciplinary involves learning the core concepts and skills separately in each
discipline but situating them in a common theme. Interdisciplinary entails learning
closely-linked concepts and skills from two or more disciplines for deepening the
learning of those concepts and skills. Transdisciplinary involves the application of
concepts or skills from more than two disciplines to real-life problems or projects.
Despite the varied perspectives of STEM integration, there appear to be common-
alities in effective STEM teaching. First, effective STEM teaching should have an
explicit focus on content integration across the disciplines (e.g., Ring, Dare, Crotty,
& Roehrig, 2017). Second, effective STEM teaching should not only focus on the
development of content knowledge but also foster skills development such as innova-
tive problem-solving and inquiry skills (e.g., Wang et al., 2011). It logically follows
that effective STEM teaching foregrounds the use of student-centered pedagogies
such as inquiry and problem-based learning approaches (e.g., Breiner, Harkness,
Johnson, & Koehler, 2012; Sanders, 2009) and the use of real-life contexts (Breiner
et al., 2012). Moore, Johnson, Peters-Burton, and Guzey (2015) developed a STEM
integration framework for effective teaching that succinctly identifies six essential
elements: a personally meaningful, motivating, and engaging context; engineering
design challenges; learning from failure through redesign; embedding mathemat-
ics and/or science content; use of student-centered pedagogies; and an emphasis on
teamwork and communication.

The above review suggests that effective STEM teaching demands that teachers
teach in a completely new way from traditional, teacher-directed, content teaching.
What teacher knowledge is required to support this new way of teaching? The fol-
lowing sections address this question by first reviewing teacher knowledge literature
and then proposing the nature and composition of knowledge required for effective
STEM teaching.

3.2.3 Teacher Knowledge for Effective Teaching

What teachers need to know for effective teaching has attracted scholarly attention
formany decades (e.g., Cochran-Smith&Lytle, 1999; Shulman, 1986; Verloop et al.,
2001).We define teacher knowledge as the sumof knowledge a teacher possesses that
guides his/her actions (Carter, 1990). A teacher may consciously or unconsciously
use or refrain from using some of his/her knowledge of teaching.

Shulman (1986, 1987) proposed that teacher professional knowledge is comprised
of seven categories: content knowledge, general pedagogical knowledge, curriculum
knowledge, pedagogical content knowledge (PCK), knowledge of learners and their
characteristics, knowledge of educational contexts, and knowledge of educational
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ends, purposes, and values. Shulman’s work is influential for at least two reasons.
First, it reinforces the notion that teachers are professionals with a unique province of
professional knowledge that is not shared by others (i.e., content specialists). Second,
it highlights that teachers’ knowledge comprises not only knowledge that is generic
in nature (i.e., applicable to different subject domains) but also the knowledge that
is specific to the teaching of a particular body of content.

Although Shulman’s ideas were well received, many debates about the nature and
composition of teacher knowledge continue to exist in the field (e.g., Chan & Hume,
2019). A group of researchers working in the area of science teacher knowledge met
in 2012 to propose a consensus model for teacher professional knowledge and skills
(Gess-Newsome, 2015). The model (Fig. 3.1) makes explicit several characteris-
tics of teacher professional knowledge. First, this model differentiates two different
facets of teacher knowledge: general knowledge bases for teaching and topic-specific
professional knowledge. The former is generic across topics and includes knowl-
edge categories such as assessment knowledge, pedagogical knowledge, etc. The

Fig. 3.1 Adapted from “A Model of Teacher Professional Knowledge and Skill including PCK”
by J. Gess-Newsome, 2015, in Reexamining pedagogical content knowledge in science education
(p. 31). Copyright 2015 by Routledge Publishing
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latter includes topic-specific knowledge for teaching a particular topic. Second, the
model distinguishes between canonical and personal knowledge. Canonical knowl-
edge is generated by research or best practice, which can have a normative function
while personal knowledge is private and idiosyncratic in nature, which is developed
from a teacher’s classroom experience. Cochran-Smith and Lytle (1999) indicated
that canonical knowledge can be regarded as knowledge for practice whereas per-
sonal knowledge is knowledge of the practice. Moreover, the consensus model high-
lights that a teacher’s classroom practices are informed by topic-specific professional
knowledge and general knowledge bases for teaching and that the teacher’s beliefs
serve as a filter or amplifier that mediates the translation of knowledge into classroom
practices.

3.3 Teacher Knowledge for Effective STEM Teaching

We see effective STEM teaching as comprising a set of teaching practices (e.g.,
engaging students in motivating contexts, use of student-centered pedagogies)
informed by teachers’ knowledge. We assert that the knowledge required for effec-
tive STEM teaching is broad and multifaceted. Different types of teacher knowledge
integrate to inform a teacher’s decisions for planning, enactment, and reflection on
his/her STEM instruction. In other words, teachers’ knowledge informs teachers’
planning, real-time monitoring, and adjustment as well as post hoc reflection. Teach-
ers’ beliefs about STEM integration (e.g., Wang et al., 2011), for example, can serve
as a filter or amplifier to mediate the translation of knowledge into the teachers’
practices.

We are interested in using the consensus model for characterizing teachers’ per-
sonal knowledge, which we call teachers’ practical knowledge for STEM teach-
ing. Teachers’ practical knowledge is personal, context-bound, and guides teachers’
action in concrete and specific situations (van Driel, Beijaard, & Verloop, 2001).
Therefore, teachers are generators of their own practical knowledge through reflec-
tion on their classroompractices—STEMteaching is supported byboth topic-specific
and generic teacher knowledge. Like others (e.g., Davis &Krajcik, 2005), we believe
that teachers need discipline-specific knowledge to be able to “help students under-
stand the authentic activities of a discipline, the ways knowledge is developed in a
particular field, and the beliefs that represent a sophisticated understanding of how
the field works” (p. 5). Hence, teachers need different types of knowledge that may
be topic-specific (i.e., specific to teaching a particular concept), discipline-specific
(i.e., specific to teaching STEM discipline or a particular S, T, E, M discipline), or
domain-general (i.e., general knowledge about teaching) for effective STEM teach-
ing. Although some scholars have conceptualized teacher knowledge for STEM
teaching as STEM PCK or PCK for STEM (e.g., Allen et al., 2016; Saxton et al.,
2014; Srikoom et al., 2018), we are reluctant to using this label because we believe
that knowledge required for effective STEM teaching embraces (a) some elements
that are related to student skills development (e.g., teaching of problem-solving
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skills) and (b) other elements that are content-specific (e.g., teaching of disciplinary
content). We also argue that STEM teaching goes beyond aiming at merely teach-
ing students a particular body of content to concepts from different disciplines and
their interconnections. Hence, we prefer the term Practical Knowledge for STEM
Teaching.

To conceptualize the composition of teachers’ knowledge for teaching STEM, we
drew on the consensus model and prior work (e.g., Allen et al., 2016, Magnusson
et al., 1999; Saxton et al., 2014). Our analysis suggests that, apart from content
knowledge, there are four important knowledge components, namely, assessment,
pedagogy, curriculum, and students (Fig. 3.2). These knowledge components may
be topic-specific, domain-specific, or domain-general in nature.

We envisage that the quality of teachers’ knowledge also differs as a result of
several factors, such as teachers’ years of STEM teaching experience and their formal
education. Expert teachers are characterized by a rich and elaborated knowledge
base (Borko & Livingston, 1989; Leinhardt & Greeno, 1986). Moreover, experts are
known to have a flexible knowledge base that allows rapid retrieval of knowledge for
teaching performance. Their knowledge goes beyond knowing that to knowing how
and knowing why. In other words, experts do not adhere to context-free rules but are

Fig. 3.2 Teacher knowledge for effective STEM teaching
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able to apply the principles in practices based on the situations (Dreyfus & Dreyfus,
1986). As such, expert STEM teachers would not only have knowledge for teaching
STEM that is greater in quantity but also of higher quality. The knowledge is more
detailed, more contextualized, and situated in different teaching cases and real-life
teaching examples.

To summarize, our conceptualization of teachers’ practical knowledge for effec-
tive STEM teaching (details in Fig. 3.2) takes into account the major components
of teacher knowledge and acknowledges that the knowledge may exist in varying
degrees of specificity (i.e., topic-specific, domain-specific, generic), quantity, and
quality (i.e., concreteness). The four components are knowledge about assessment,
knowledge of pedagogy, knowledge about curricula, and knowledge about students.
It is noteworthy that the components of knowledge serve only for analytic purposes. In
reality, the boundaries between knowledge components are fuzzy and teachers draw
on these knowledge components as a whole in an integrated fashion to inform their
planning, enactment, and reflection on their STEM instruction. Teachers’ beliefs
(e.g., their beliefs about STEM integration) may mediate the translation of their
knowledge into actual classroom practices.

3.4 Interview Protocols for Investigating Teacher
Knowledge

A variety of tools and strategies have been used to investigate teachers’ professional
knowledge (e.g., Baxter & Lederman, 1999; Black & Halliwell, 2000). Data collec-
tion instruments include questionnaires, surveys, interviews, and classroom observa-
tions (e.g., Chan&Hume, 2019; vanDriel, Berry,&Meirink, 2015). Each instrument
has its own unique affordances and limitations. Acknowledging the inherent chal-
lenges of measuring teachers’ cognition (Kagan, 1990), we propose, as a starting
point, the use of semistructured interviews to elicit teachers’ knowledge for teaching
STEM.

The interview protocol (Table 3.1) is structured into three sections. The first part
elicits teachers’ conceptions about STEM education as well as their beliefs about the
purposes of STEM education. We believe that how a teacher conceptualizes STEM
education greatly influences their STEM instruction. Based on the consensus model,
we see teachers’ beliefs as an important amplifier and filter inmediating teachers’ use
of knowledge. The second part probes the teachers’ knowledge for STEM teaching
in terms of the four teacher knowledge components (i.e., curriculum, assessment,
students, and pedagogy). The questions specifically prompt teachers to differentiate
between teaching that focuses only on disciplinary content from STEM teaching that
entails not only content but also interconnections between/amongst concepts and
skills from different disciplines. Teachers are asked to provide examples to illustrate
their ideas as far as possible. This provides a window into how they draw on their
knowledge to design curriculum and tailor instructions in classrooms. The third
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Table 3.1 Interview protocol to elicit a teacher’s knowledge for STEM teaching

Part 1: Teacher’s views about STEM education and purposes of STEM education
1. What are the first words or phrases that come to your mind when you hear the word “STEM”?
2. How do you define “STEM”?
3. Why do you want to implement STEM education?
4. What do you think are the important elements for STEM literacy?

Part 2: Teacher’s knowledge for teaching STEM
5. (a) What learning objectives or goals do you set for your students in STEM education?
(b) What learning objectives or goals do you think your students set for themselves?
6. To achieve the goals, how do you design and implement your courses?
7. What learning difficulties do you think your students have about STEM?
8. How can you know whether your students have achieved the learning objectives in STEM?
9. What are the challenges that you encounter when you do STEM education? How do you deal

with them?
10. What do you think are the differences when you teach disciplinary content and STEM

courses?
(a) Do you use different strategies?
(b) How do students respond to these two types of instruction?
(c) Do you use different assessments?
(d) How is the curriculum different?

Part 3: Teacher’s professional development experience related to STEM
11. What professional development do you think STEM teachers need to be equipped with?
12. How do you build up your professional learning in STEM education?
13. Have you attended any teacher learning communities? Do you think it helpful in equipping

yourself to teach STEM?
14. Is there anything that you think the government, the schools, or the university can do to

improve the quality of STEM education?

part of the interview examines the teachers’ professional development experiences
related to STEM. The questions prompt teachers to reflect on their professional
development experiences to identify perceived needs in their future professional
development. Such information may be useful for professional developers to design
powerful learning environments to promote teachers’ STEM teaching.

It is hoped that through analyses of the voices, stories, and examples shared by
teachers with varying STEM teaching experience, we will be able to elicit, capture,
and document the critical knowledge for STEM teaching. Specifically, we would like
to characterize the nature and content of knowledge for STEM teaching and identify
patterns among teachers that surpass the idiosyncratic level of individual stories and
narratives.

3.5 Conclusion

This chapter has engaged the question of what teacher knowledge is requisite for
effective STEM teaching. We approached this question by reviewing the learning
outcomes (i.e., STEM literacy) advocated in STEM education. We identified several
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key elements of effective STEM teaching and theorized the knowledge that supports
practices conducive to effective STEM teaching through a review of the STEM
education and teacher knowledge literature. We ended by explicating the design of
an interview protocol that serves as a tool to elicit teacher knowledge for STEM
teaching. The proposed teacher knowledge framework can serve as a useful analytic
tool for researchers to characterize the nature and content of teacher knowledge
that informs effective STEM teaching. The interview protocol will also reveal the
professional development needs of teachers for effective STEM teaching from the
voices of the teachers. The chapters that follow will exemplify the findings based on
an empirical investigation of teachers using these tools in different Asian countries.
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Chapter 4
Instructional Knowledge of STEM: The
Voices of STEM Teachers in Taiwan

Yi-Fen Yeh and Ying-Shao Hsu

4.1 Background

Our changingworld is one inwhich education is ever increasingly important.Weneed
our future citizens to be ready for forthcoming challenges; therefore, contemporary
education goals must focus on literacy (e.g., scientific literacy) and the development
of survival skills (e.g., critical thinking, adaptability) that empower students to work,
solve problems, and strive to be lifelong learners (Wagner, 2008). STEM—science,
technology, engineering, and mathematics—education emphasizes interdisciplinary
knowledge and skill development, higher order thinking through problem-solving,
and connections between schooling and the world. As such, it is an area that attracts
educators from a wide variety of academic subjects.

Interdisciplinary education is one of the foremost challenges for today’s teach-
ers. Students have reported that they learn far better from interdisciplinary teaching
and learning rather than when a multidisciplinary pedagogy is employed (Jones,
2009). Teachers commonly receive a discipline-specific education via their aca-
demicmajors, but those teachers who seldom engage in authentic inquirymay be less
adaptable and receptive to interdisciplinary teaching and learning designs. Teaching
interdisciplinary topics demands not only that teachers become proficient in related
fields through self-learning and collaboration with other educators but also that they
cultivate abilities like systemic and cross-linked thinking (Burandt & Barth, 2010).
Teacher qualification is one priority that must be considered if we are to launch
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and sustain quality STEM education. Since various school levels (i.e., primary, mid-
dle, and high) have recruited teachers of science, mathematics, and technology but
not necessarily engineering, we are interested in learning more about how teachers
develop STEM curricula and howwell they have developed their STEM instructional
knowledge.

4.2 Developing Teachers for STEM Education

The emergence of STEMeducation is a response to the needs of a twenty-first-century
workforce that can support cutting-edge industry development and citizens who can
apply what they learned in school to solve life’s problems (Caprile, Palmen, Sanz,
& Dante, 2015; Charette, 2013). STEM literacy, the comprehensive goal of STEM
education, is a composite construct of the knowledge and abilities that individuals rely
on to address complex issues involved with various component topics (Bybee, 2013).
Therefore, preparation of STEM teachers must first clarify the ultimate goals for
STEM learners. Only then will we have a better understanding of (a) the knowledge
and skills with which STEM teachers must be equipped and (b) how that acquisition
can be facilitated.

4.2.1 Development of Instructional Knowledge for STEM

STEM education is an integrative approach that involves science, technology, engi-
neering, and mathematics and also serves as a broader conceptual space not strictly
limited to these four disciplines. Other possible areas may include disciplines such as
the environment, economics, and medicine and creative artistic endeavors (Tarnoff,
2011; Zollman, 2011). Furthermore, scholars have suggested that STEM’s greatest
value is the purposeful integration of these disciplines into solving real-world prob-
lems (Labov, Reid, & Yamamoto, 2010). Bybee (2010) viewed STEM as an integra-
tive subject where discipline-specific ways of thinking are combined and promoted,
such as the identification of STEM issues, explanation of topics from STEM per-
spectives, and use of STEM information to solve problems. The literacy that a STEM
education develops should also loop back to encourage lifelong learning effective-
ness by strengthening learners’ cognition (e.g., reflective abstraction), affection (e.g.,
self-regulation), and psychomotor skills (e.g., being an automatic learner) (Zollman,
2011). We take STEM literacy to be a metadisciplinary collection of knowledge,
skills, and attitudes. Considering that STEM knowledge is usually topic based or
interdisciplinary in nature, it may not be practical to expect the future workforce to
develop full expertise in STEM for every unforeseen issue.

To help students develop this interdisciplinary literacy, teachers must be equipped
with the skills of a particular profession and its related pedagogical skills. Previous
literature has indicated that effective STEM teaching relies on content integration, a
personal ability to solve problems innovatively or by conducting authentic inquiry,
instruction in problem-solving, inquiry based in student-centered approaches, and
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the use of real-life contexts (Breiner, Harkness, Johnson, & Koehler, 2012; Chan,
Yeh, & Hsu, under review; Ring, Dare, Crotty, & Roehrig, 2017; Wang, Moore,
Roehrig, & Park, 2011). However, considering that teachers traditionally develop
their instructional knowledge as domain or topic specific and even as personally
developed, it can be quite difficult to reach a consensus regarding the definition of
STEM pedagogical content knowledge (PCK). Chan et al. (under review) proposed a
generic framework for practical instructional knowledge that is composed of four key
domains: knowledge of assessment, pedagogy, curriculum, and students. Teachers
effective in teaching STEMmust develop related instructional ideas and experiences
of varying degrees of specificity (i.e., domain specific and generic) and quality (i.e.,
quantity and concreteness).

Curriculum integration is ideal because knowledge that is relevant outside of
schools lacks defined disciplinary boundaries. However, this holistic nature is not
necessarily so whenmultiple disciplines are integrated in a contrived fashion (Beane,
1995). STEM education can be a useful solution encouraging cohesive integration
and meaningful learning if “it encompasses real world, problem-based learning that
links the disciplines through cohesive and active teaching and learning approaches”
(English, 2016, p. 2). Developing such a curriculum demands that teachers either
be knowledgeable about the topics being taught or able to communicate and work
successfully with colleagues possessing different areas of expertise. Knowledge gaps
may even appear among teachers of closely integrated disciplines such as science
and mathematics (Stinson, Harkness, Meyer, & Stallworth, 2009).

Inequitable representations of the four STEM subjects involved are quite common
in the literature. Often, curricula are science dominated or only two of the four disci-
plinary categories are emphasized, demonstrating the challenges in designing STEM
curricula and opportunities for instructional knowledge development (Vasquez, Snei-
der, & Comer, 2013). How to encourage teachers to step out of their comfort zone
to develop integrated curricula and sustain their professional development is critical
to STEM teacher development, especially when topics are usually inquiry based and
real-life contextualized. Teachers have to be motivated and willing to explore the
target issues beyond the traditional disciplinary boundaries to develop curricula and
instructional guidance that align with students’ learning needs.

4.2.2 Teacher Community for Teacher Development

Discipline-specific teachers can engage in leading interdisciplinary courses like
STEM by collaborating with educators of different subject specialization or by
engaging in self-learning focused on interdisciplinary issues. Professional learn-
ing communities (PLCs), which are often self-initiated organizations, have become
an excellent resource for teachers seeking to care for and learn from one another,
embrace a vision beyond the scope of individual members, overcome difficulties in
instruction, and induce change in practice and belief (Lambert, 2003; Tam, 2015).
Attributes of successful PLCs include (a) being oriented toward and striving for better
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student learning progress; (b) continuously working together to find better teaching
practices, enhance personal learning development, and encourage school improve-
ment; and (c) aiming for evidence-based learning progress and seeking out areas of
improvement (DuFour, 2004). However, traditional professional development (PD)
efforts are focused on the needs of content area specialists; therefore, many PLCs are
discipline based. In contrast, PLCs for STEM education must be interdisciplinary
and, thus, should focus more on how teachers from different content areas and per-
spectives can be attracted from the greater community and learn to communicate and
work well with other professions.

Project Lead the Way (PLTW), a large nonprofit organization, offers middle
and high school STEM education programs (https://www.pltw.org/). Brophy, Klein,
Portsmore, and Rogers (2008) argued that PLTW courses should engage students
in support topics (e.g., the scientific process, engineering problem-solving, applica-
tions of technology), cross-disciplinary subjects (e.g., understanding how technol-
ogy works with other tools, using mathematical knowledge to solve nonmathemati-
cal problems), and soft skills (e.g., effective communication, working with others).
STEM teachers, whether they adopt an embedded or integrated approach (Roberts
& Cantu, 2012), must step out of their respective comfort zones, teach beyond their
familiar boundaries, and solve the problems that emerge during this process. Avery
andReeve (2013) recommended that PD for STEM teachers should include providing
exemplar engineering design challenges, strengthening teachers’ understanding of
curriculum standards, learning evaluationmethods for students’ group performances,
developing teachers’ STEM PCK as integral to the profession through STEM lesson
design, and engaging STEM concepts in instructional materials. Reynolds, Yazdani,
and Manzur (2013) found that effective PD for STEM should engage teachers in
accomplishing engineering-based research and projects on their own. Inclusion of
these features would enhance the design of PLCs for STEM educators.

4.3 Method

The central focus of this chapter is documenting how subject-specific teachers devel-
oped STEM curricula and their level of instructional knowledge about STEM. Yin
(2003) suggested that case studies are explanatory, exploratory, and descriptive in
nature and are appropriate where a phenomenon within a real-life context or after
an intervention can be investigated in order to reveal how and why the events occur
or variables interact. We selected and documented the case of a PLC that had devel-
oped a series of STEM curricula and interviewed the teachers who comprised its
membership.

https://www.pltw.org/
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4.3.1 Background of the Case

There were several reasons for choosing these teachers to serve as the PLC case
study. First, they had spent at least 1 year developing thematic STEM-related courses
as electives for Grades 11 and 12; two teachers had engaged even longer in related
curriculum planning and implementation.Moreover, this PLCwas formed to develop
a STEM-related curriculum for the High-Scope III Project which aimed to “integrate
emerging S&T [science and technology] of everyday life into their curriculum for
fostering development of innovative S&T” (Ministry of Education, 2018, p. 9). The
High-Scope Project is led by the Taiwan Ministry of Education, which offers grants
to encourage middle schools, high schools, and colleges to develop topic-specific
curricula for several disciplines or areas of study. It should be noted that the high
school in this study had several PLCs; however, the otherswere not focused on STEM
curriculum development.

The six participating teachers interviewed in the STEM PLC studied were all
males and their backgrounds included physics, mathematics, technology, and the
arts. They were teaching in a girls’ high school (Grades 10–12) in the southern part
of Taiwan. Recently, compulsory education in Taiwan has been extended to 12 years.
Ninth graders in middle school have several paths to the high school they would like
to attend. One path is to take the scholastic academic examination and achieve the
required score for the desired school and the other path is a school-based selection
process. Since the case study school was one of the oldest schools in that city andwell
known for its high-level student performance, the students in this school generally
had a high aptitude for academics and most were likely to attend good universities.

4.3.2 Data Collection and Analysis

We used an interview protocol designed to reveal and document teachers’ instruc-
tional knowledge of STEM categorized into four knowledge domains: curricula,
students, instructional strategies, and assessment (Chan et al., under review). Each
knowledge domain had two to three indicators (Table 4.1) from which the interview
questions were developed (see Table 3.1 in Chap. 3).

Table 4.1 Codebook for instructional knowledge of STEM

Knowledge of
curriculum (KC)

Knowledge of
students (KS)

Knowledge of
pedagogy (KP)

Knowledge of
assessment (KA)

• Curriculum goals
• Programs and
materials

• Identification of
salient ideas

• Student abilities
• Affective
characteristics

• Prerequisite
knowledge

• Difficulties or
misconceptions

• Instructional
representations

• Instructional
strategies

• What to assess
• How to assess
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Each interview lasted 30–60 min, prior to which all interviewees completed a
background survey related to academic degrees and teaching experiences. All inter-
view data were transcribed and coded through NVivo (https://www.qsrinternational.
com/nvivo/home). The interview data were coded using the smallest meaningful
episodes that were judged by knowledge indicators and the explicit (either general
or topical) examples they included. Teachers’ proficiency in each knowledge subset
was evaluated using a consistent system where teachers would receive 1 point for
a general example or a topical example. Scores of each knowledge category were
composed of a score of general knowledge and a score of topical knowledge. These
scores were calculated based on the overall response level they achieved for the indi-
cators within a category over the numbers of corresponding indicators. That is, if it
was a four-indicator category like KS, the accumulated score that a teacher might
earn for KS-topical would be 4 at most if she gave many topical examples for each
of the indicators within the KS. Likewise, the maximum score for the KS-general
knowledge would be 4 if she provided 1 or more examples for each indicator. For fair
comparisons across categories with different numbers of indicators, the accumulated
score would be divided by the number of indicators in that category to provide a
category average of general and topical knowledge: The KS-topical would need to
be averaged by its four indicators. For example, a teacher would receive 1 point for a
topical example within the indicator KP-1 (instructional representations) regardless
of the frequency of specific examples she offered. If she did not offer any topical
examples of KP-2 (instructional strategies), her final category score for KP-topical
would be adjusted to 0.5. The comparisons of teachers’ STEM knowledge in this
study weremade on the basis of knowledge categories, instead of indicators. Further-
more, grouping teacher knowledge into STEM-general or STEM-specific knowledge
based on experience exampleswould enrich our discussions of teachers’ instructional
knowledge development.

4.4 Findings

We report the PLC profile from the aspects of the six teachers’ backgrounds and brief
curriculum descriptions, their performance in the four knowledge domains, and the
cross-referenced PD and PLC needs.

4.4.1 Backgrounds of Teachers and Their Curricula

The case PLC was a school-based, curriculum development community, sharing
the comprehensive goal of developing a series of STEM-related courses. The back-
grounds of the six teachers being interviewed (e.g., subjects for which they were

https://www.qsrinternational.com/nvivo/home
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responsible, years of teaching experience) are shown in Table 4.2. When surveyed
about their confidence in STEM teaching, all but T5 felt confident teaching STEM-
related courses. T1was the leader of the PLC and a key person for bringing in external
support (e.g., writing grant proposals to support curriculum development, bringing
in PD support from the university). He won a teaching award in 2018 from the Min-
istry of Education, which is viewed as the highest honor for teachers in Taiwan. The
average amount of teaching experience for these teachers was 13 years, with a range
of 5–21 years.

The PLC had developed a total of eight courses within the four themes (Fig. 4.1).
Six of these eight courses were open to students who were interested in creating
products or making things, whether they were oriented toward science or the liberal
arts. Only two courses were more advanced and were offered solely to students who
had chosen the science-oriented academic track. Taking the quadcopter course as an
example, the teacher introduced aviation principles and related physical concepts,
followed by engaging students to play with paper airplanes and simulate aviation
in mobile phone apps. Students were later guided to manipulate DC electric motors
through programming with Arduino (https://www.arduino.cc/), use 3D modeling to
make simulated bamboo rafts, and control four DC motors’ revolutions per minute
(rpms) using both Arduino and cell phone apps. These activities allowed students
to engage with concepts like transistors in technology, lift and angle of aviation in
physics, rpms of DC motors used for quadcopter aviation, etc. After these intro-
ductory sessions, students physically experienced the application of inertia detectors
on Segways® and small quadcopters, and applied acceleration and angular velocity
to improve their respective quadcopter. Each group needed to remotely control the
quadcopters, fly them through pathways in balanced aviation, and land them at an
appointed location. Last, students visited the aerospace department at the local uni-
versity to learn about different quadcopter applications in real life and gain experience
controlling aerial drones. Their learning was evaluated via worksheets and tests and
they also created an aerial photograph exhibition at the annual school celebration.

4.4.2 Teachers’ Performance of STEM Instructional
Knowledge

We evaluated the six teachers’ STEM instructional knowledge based on their inter-
view responses (Interview questions can be found in Chap. 3, this book). Their
responses regarding the four knowledge domains are illustrated by type (i.e., gen-
eral and specific knowledge) in Fig. 4.2. Certain patterns were identified from these
teachers’ performance.

https://www.arduino.cc/


58 Y.-F. Yeh and Y.-S. Hsu

Ta
bl

e
4.

2
Te
ac
he
rs
’
su
bj
ec
tb

ac
kg
ro
un
ds

an
d
ST

E
M

te
ac
hi
ng

ex
pe
ri
en
ce
s

T
1

T
2

T
3

T
4

T
5

T
6

A
ca
de
m
ic
de
gr
ee

Ph
.D
.

M
as
te
r’
s

M
as
te
r’
s

M
as
te
r’
s

M
as
te
r’
s

M
as
te
r’
s

Su
bj
ec
ta
re
a
(y
ea
rs

of
ex
pe
ri
en
ce
)

M
at
he
m
at
ic
s
(2
1)

Ph
ys
ic
s
(5
)

In
fo
rm

at
io
n
an
d

co
m
pu
te
r

ed
uc
at
io
n
(1
1)

A
rt
s
(9
)

Te
ch
no
lo
gy

(1
9)

M
at
he
m
at
ic
s
(1
3)

ST
E
M

co
ur
se
s

(y
ea
rs
of

ex
pe
ri
en
ce
)

M
at
he
m
at
ic
al

m
od
el
in
g,

cl
ou
d

co
m
pu

tin
g,

sl
ee
p

co
nt
ro
l(
2)

A
rd
ui
no

ci
rc
ui
t

im
pl
em

en
ta
tio

n,
pr
og
ra
m

ph
ys
ic
s

(1
)

G
am

e
ph
ys
ic
s
(1
)

In
cr
ed
ib
le

m
ec
ha
ni
sm

s
(1
)

R
ob

ot
ic
se
ns
in
g

an
d
co
nt
ro
l,
th
eo
ry

of
fli
gh
td

yn
am

ic
s,

co
nt
ro
lo

f
qu
ad
co
pt
er
s
(5
)

A
rt
ifi
ci
al

in
te
lli
ge
nc
e,

tr
ad
em

ar
k
de
si
gn

(3
)

ST
E
M
-r
el
at
ed

pr
oj
ec
te
xp

er
ie
nc
es

H
ig
h-
sc
op
e
II
I

H
ig
h-
sc
op
e
II
I,

ST
E
M

cu
rr
ic
ul
um

de
ve
lo
pm

en
t

G
am

e
ph
ys
ic
s

cu
rr
ic
ul
um

de
ve
lo
pm

en
ti
n

hi
gh
-s
co
pe

II
I

Sc
ho
ol

ac
tu
al
iz
at
io
n,

m
ob

ile
le
ar
ni
ng

,
hi
gh
-s
co
pe

II
I

H
ig
h-
sc
op
e
II
I,

sc
ho
ol

ac
tu
al
iz
at
io
n,

ho
m
og
en
iz
ed

cu
rr
ic
ul
um

de
ve
lo
pm

en
t

A
rt
ifi
ci
al

in
te
lli
ge
nc
e

cu
rr
ic
ul
um

de
ve
lo
pm

en
tf
or

hi
gh
-s
co
pe

II
I

C
on
fid

en
ce

in
of
fe
ri
ng

ST
E
M

co
ur
se
s

C
on
fid

en
t

re
ga
rd
in
g

in
no
va
tio

ns
in

te
ch
no
lo
gy

an
d

to
ol
s,
al
ig
ni
ng

w
ith

ed
uc
at
io
na
l

re
fo
rm

s,
te
ac
he
r

ed
uc
at
io
n,
et
c.

Fa
ir
le
ve
lo

f
co
nfi

de
nc
e
an
d
is

le
ar
ni
ng

to
do

be
tte

r

Se
lf
-a
ss
ur
ed
,d
ue

to
co
nn

ec
tio

ns
w
ith

pe
rs
on

al
di
sc
ip
lin

e
pr
of
es
si
on

an
d

fr
om

w
or
ki
ng

w
ith

in
th
e
PL

C

Se
lf
-a
ss
ur
ed

be
ca
us
e
“S

T
E
M

pl
us

A
rt
s”

is
fu
n

fo
r
st
ud
en
ts

C
ou
ld

do
be
tte

r
w
he
n
m
or
e

ex
pe
ri
en
ce
s
ar
e

ga
in
ed

Se
lf
-a
ss
ur
ed

af
te
r

re
ce
iv
in
g
go
od

re
sp
on

se
s
to

le
ad
er
sh
ip

of
sc
ie
nc
e
fa
ir
s
an
d

ST
E
M

te
ac
hi
ng

ex
pe
ri
en
ce
s

N
ot
es

Te
ac
he
r
A
w
ar
d
in

20
18

(n
at
io
na
l

le
ve
l)

Fr
eq
ue
nt
ly

in
vi
te
d

ST
E
M

ed
uc
at
io
n

le
ct
ur
er



4 Instructional Knowledge of STEM: The Voices of STEM Teachers … 59

Quadcopter
Physics, Mathematics, &

Programming
Infomation & Physics

3D Printing
Technology, Arts, & 

Phyiscs

Robots
Information, Physics, & 

Technology

MAKER 
(Inquiry)

Technology

Fig. 4.1 The four themes of STEM-related courses developed by the professional learning com-
munity

Fig. 4.2 Teachers’ interview performance in STEM instructional knowledge. Note that the vertical
scales are different across the four knowledge components
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4.4.2.1 Knowledge of Curriculum

Among the four domains, teachers’ knowledge of curriculum (KC) seemed to be
better developed in terms of both general and specific knowledge. However, we
attribute the high-level knowledge scores to the teachers’ responses about curriculum
goals. They were the designers and practitioners of the courses, so they were well
suited to explicate what they expected students to achieve, not only with general (G)
but also specific (S) topical examples.

T2: I think students should have the ability to analyze problems and engage in self-learning,
sincewhatwe can teach them is very limited. They raisemore questions under our appropriate
guidance and take an active role in learning from those questions.…We cannot complement
that part of knowledge. [KC-1G]

T3: For this semester, my ultimate goal for students was to let them construct works of kinetic
art. That is, throughout the history of the arts there has been art education, and artwork like
this already exists. It can be found in sculpture. Gear theory has been used to make sculptures
move, but they also have their own aesthetic value and paradigms. Then I started to look
for … a physics teacher to collaborate with, hoping that he could help me take care of the
structural mechanism of gears in physics. Students reviewed what they should have known
and then tried to connect these two things. Therefore, I explicitly told my students that now
that I’m an art teacher, in this course we will eventually get into art. Many sciences are
involved in our art course. [KC-1S]

T1: There could be many sources for projects. For example, I could design a brewer for
coffee cups. The taste of the coffee is determined by the temperature, the warmth it keeps,
and its water flow. [KC-3S]

4.4.2.2 Knowledge of Students and Pedagogy

Knowledge of student (KS) was the teachers’ weakest knowledge domain, especially
at the level of specific knowledge. T5 was the teacher with the highest total scores
from the four domains; furthermore, T5 had developed his practical knowledge about
specific issues across all domains. T2 andT4were the second highest. The quote from
T2 below illustrates his command of instructional knowledge about accommodating
student learning needs with abundant topical knowledge that was transformed from
his physics background and integrated with engineering applications. Based on the
teachers’ background survey, their experience with conducting projects focused on
STEM curriculum development was a powerful indicator of their proficiency level
in STEM instructional knowledge (Table 4.2).

T2: Definitely we need to guide students, without a doubt. For this question [KP-2G], they
came up with many sources for lift, but they only knew that it’s lifting [KS-4S]. Then I
guided them, such as by asking, “Why does it lift when the propellers rotate?” They thought
that it could be wind. Then I continued, asking, “Then why do airplanes and fixed-wing
airplanes lift up without propellers?” They answered, “They had wings.” Then I used an
analogy. “Helicopters have no wings, only propellers, so what’s the correlation between
the propellers and wings of planes?” [KP-2S]. Based on this guidance, they captured the
idea that propellers are like the wings of planes. Planes have wings but they’re fixed, while
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[the rotating] propellers interact with wind [air]. Forces come from these interactions. So, I
prompted them to consider whether the wind [air movement] was one reason contributing to
lift [KP-2S]. They then started to draw a force diagramofwings andwind [airmovement] and
analyzed the pushing power [KP-2S]. After that, I asked them if the angles of the propellers
were related or if angles could be another variable. [KP-2S]

4.4.2.3 Knowledge of Students and Assessment

Almost all of the teachers were experienced in teaching their respective subjects (i.e.,
the component STEM subjects) but were still developing their knowledge about and
experience with STEM teaching. Therefore, it made sense that they had better levels
of performance in terms of general knowledge. By comparison, knowledge of stu-
dents (KS) and knowledge of assessment (KA) are types of instructional knowledge
usually developed later along the PCK development continuum. KC andKP aremore
teacher-initiated anticipatory domains, while KS demands more reflective teaching
experiences (e.g., noticing students’ needs and cognitive development). Assessment
is usually where teachers reflect and develop after they have the goals and instruc-
tional activities of the curricula designed.

T5: Assessments are the other difficulties for me. In terms of assessment … first, when it
comes to groups, itmakesmewonder how to…should I give thewhole group the same score?
Or how do I give different scores to 2 students in the same group? Of course their scores
were ultimately based on the final results and their worksheets. And sometimes students may
take official leaves and I don’t feel like I can deduct their scores for that. I’m still looking
for a proper way to deal with that. But generally speaking, my assessments were formative
ones, mainly worksheets, since I don’t want to give them any more academic pressure. [KA-
2G]. … For students with special performance, like being my assistant in class or willing to
answer questions frequently, I would offer them extra points. But I don’t deduct students’
points since I don’t know them really well. [KA-1G]

4.4.3 Teachers’ Perspectives Toward PLC

Since the PLC had been operating for 1–2 years for the purpose of curriculum devel-
opment, information regarding how the teachers felt about the PLC offers valuable
information for planning PD. Three strands were identified from their interview data:
operation of the PLC, collaborative teaching, and self-learning (Table 4.3).

The PLC case could be viewed as a success if the shared goals were achieved,
the participants grew in terms of their teaching, and a good working atmosphere
was established among the participating teachers. A culture of co-learning and co-
teaching also contributes to PLC’s success. These six teachers prioritized the impor-
tance of self-learning and self-motivation, implying that they respected the other
participants and were mutually supportive of each other. STEM classrooms that are
open to interested faculty are friendly environments that accommodate both teachers
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Table 4.3 Cross-referenced comments regarding critical aspects of a professional learning com-
munity

PLC Collaborative teaching Self-learning

T1 (M) • Fun to work with
colleagues, which can
be useful for future
interdisciplinary
learning

• We set courses as
electives; I also invite
teachers from different
disciplines to co-teach
courses

• STEM teachers are
highly motivated in this
area

• As an
academics-oriented
school, teachers here
have strong academic
knowledge, which
enables them to design
interesting courses or
activities. It would be
another story if they
were not motivated

T2 (S) • Technology teachers
help solve problems
through practicality

• Most courses are
co-taught by two
teachers, so we do our
best to brainstorm
different potential
projects and enrich
course content

• These courses are
highly demanding with
continuous
problem-solving, so two
teachers are needed. I
may spend 10 min
guiding a student who
has a problem

• The two courses I offer
are not closely related to
my academic area
(physics), so I spend an
extensive amount of
time self-learning

• The most distinctive
feature of STEM
courses is teachers’
self-learning rather than
student learning. We all
feel that we get back to
the era of being
students. We learn
knowledge, solve
problems, and build up
something sufficient.
It’s quite fun during the
process

T3 (T) • We teachers in the PLC
learn from each other
and may consult
previous course
instructors for
instructional ideas

• Better to prepare
courses with colleagues
from different fields
since teachers will
definitely face problems
outside their profession

• Teachers should be
open-minded and like to
learn and try

(continued)
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Table 4.3 (continued)

PLC Collaborative teaching Self-learning

T4 (A) • My colleagues like to
help me when I find
something I am not
good at

• Our current PLC works
well because we are
very close

• Our office is near the
technology teacher’s
office, and we are good
friends

• T5 is a teacher full of
educational idealism
and he invites me to
co-teach with him

• I also work with T6, and
we used GeoGebra to
guide students to design
logos

• STEM teachers should
be interested in making
things

• T1 likes to build robots
with LEGO®

T5 (T) • Easier to learn from our
physics and math
teachers when we
encounter problems in
those areas

• We work with the
professors and graduate
students in the
university’s Maker
Center Graduate
students serve as tutors
in our classes

• The Department of
Aeronautics and
Astronautics offered us
a one-semester course
to take

T6 (M) • We are still developing
courses for Grade 12.
We’ve learned how
others deliver courses
and what concepts are
engaged, which helps
me to design courses

• I’ve co-taught with two
other teachers. I became
a student when the
technology teacher was
teaching programming.
… Now the technology
teacher is teaching with
the art teacher (T3). T3
wants me to guide
students to learn related
math knowledge and
then graphically design
trade logos on
computers. So I go to
T3’s classroom and
learn with the students
while T3 goes to mine

• STEM teachers are
usually self-motivated,
since everything starts
with taking action

and students learningwith one another. It is also important that school authorities sup-
port the co-teaching and co-planning system and establish related policies (e.g., by
reasonably sharing teaching hours, arranging curriculum development hours, etc.).
Successful co-teaching would require the course instructor to be the lead planner,
especially when weekly topics and assessments are mutually conceptualized and
negotiated as well as the teachers’ expertise needs to be properly engaged (Chan-
mugam & Gerlach, 2013).

However, it should be noted that PD may not bring all positive impacts. There are
barriers (e.g., administrative constraints, interpersonal issues, logistical or scheduling
issues) or tensions attendingPLCs (e.g.,work pressure, shared learning, intrapersonal
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growth) in addition to the benefits of interdisciplinary PD (e.g., professional growth,
enhanced trust and respect for colleagues, shared responsibility and collaborative
problem-solving, collaborative research and co-teaching opportunities) (Miller &
Stayton, 1998; Schaap et al., 2018). Both co-learning and co-teaching should be
pursued, especially for interdisciplinary courses like STEM, since STEMknowledge
and abilities are not only topic based but also demand flexibility in order to solve
various problems in the process.

4.5 Final Remarks

This chapter discussed how STEM teachers who were subject specialists originally
developed their instructional knowledge of STEM and how their PLC shaped their
instructional knowledge and enabled them to develop a series of STEM courses.
STEM education encourages students to complete projects or solve problems with
different levels of complexity and difficulty. Teachers should consider if adequate
difficulties are embedded in the STEM projects or problems since these life- and job-
related tasks offer students good opportunities to deepen their knowledge, abilities,
higher order thinking, and even expanding career options. This is why researchers
have suggested that successful STEM education depends on teachers’ pedagogy
rather than content (Tytler, Osborne, Williams, Tytler, & Clarke, 2008) and that
curriculum resources and assessments must be well planned to align with student
needs and program goals (Kennedy & Odell, 2014). The teachers in this study may
have developed good PCK in the specific subjects they teach, but they still need time
to reflect on their STEM teaching experiences in order to transform their discipline-
specific PCK into STEM PCK.

PD and PLC are critical to continuous teacher development—although the focus
and format may be slightly different for teachers of single and interdisciplinary
subjects. In the case examined here, experienced teachers united for the purpose of
developing a series of STEMcurricula. They knew their students and curriculumstan-
dards, so they preferred to develop motivating and inspiring courses. Drawing upon
their mature PCK, they were enthusiastic about attending college-level engineering
courses for a semester, learning with their fellow PLC participants, and collaborating
in course design and teaching. These teachers ensured that they had prepared them-
selves until they were fully ready to deliver the designed STEM courses and able
to guide their students. The leader of this PLC was important since he strategically
brought in necessary resources (e.g., a topic-specific PD course offered by the univer-
sity, curriculum development grants) and encouraged teachers from different fields
to explore different topics and develop curricula collaboratively. To accommodate
the many possibilities in STEM education, a sustainable PLC should have members
with talents from different fields who are striving for a shared goal with full support
from other stakeholders.
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Chapter 5
Teachers’ Conceptions About STEM
and Their Practical Knowledge
for STEM Teaching in Hong Kong

Valerie W. Y. Yip and Kennedy Kam Ho Chan

5.1 Introduction

STEM education has been one of the major reforms in the fields of science, technol-
ogy, and mathematics education since the 1990s. It aims to support students to better
acquire transferrable skills such as problem-solving, critical thinking, and collabora-
tion (Morrison, 2006). Students who are proficient in STEM would be more capable
of (a) apply knowledge and skills in solving real-life problems and (b) engage in
professional dialogues of STEM-related issues (Bybee, 2010).

The importance of STEM education in Hong Kong was highlighted in the Chief
Executive’s 2015 policy address (HKSAR Government, 2015), which resulted in a
policy document by the Education Bureau (2016) on incorporating STEM education
formally into the school curricula through the Science, Technology, andMathematics
Key Learning Areas. The Government also provided one-off financial support to pri-
mary and secondary schools to implement their school-based STEMprograms. Since
then a number of projects and professional development programs have proliferated
to support teachers to implement the new curricula.

Given the inter- or even transdisciplinary nature of STEM, ideal STEM education
should be integrative to resemble out-of-school learning and the professional life of
scientists or engineers. Despite this priority directive, previous research has consis-
tently identified that meaningful connections between the four STEM disciplines are
missing in the curricula (e.g., Dickerson, Cantu, Hathcock, McConnell, & Levin,
2016). Teachers play a gatekeeper role in what happens in the classrooms; therefore,
it is critical that teachers possess informed conceptions and knowledge related to
integrating STEM into the existing curricula and/or developing new curricula. This
chapter aims to examine Hong Kong teachers’ conceptions of integrated STEM edu-
cation and their knowledge of STEM education by focusing on an in-service teacher
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and a preservice teacher who are at different stages of developing their understand-
ing of STEM education. These findings can inform professional development efforts
necessary for STEM teachers to meet the instructional challenges in this reform.

5.1.1 Integrated STEM Education

The Next Generation Science Standards (National Research Council [NRC], 2013)
has put the core ideas, epistemic practices, and interdisciplinarity alongside science
teaching. Science teachers are required to teach science, engineering, and mathe-
matics in an integrated manner. Within the literature, there is evidence suggesting
that mathematics and science integration has proven to have positive influences on
students’ achievement (e.g., Hurley, 2001).

Effective integrated STEM instruction has been examined by a number of studies
(e.g., Berlin & White, 1995; Honey, Pearson, & Schweingruber, 2014; Kennedy &
Odell, 2014; Stohlmann, Moore, & Roehrig, 2012; Zemelman, Daniels, & Hyde,
2005). A synthesis of the literature elicits eight recommended practices informed by
previous research. Some of these practices can be common to general teaching (e.g.,
items 1 and 5), while the others can be more related to integrated STEM instruction
(e.g., items 2 and 3).

1. Understand students’ knowledge, capabilities, and learning difficulties;
2. Include technology and engineering into science and mathematics curricula if

separate STEM courses are not available;
3. Make STEM integration explicit to students, for instance, highlight the knowl-

edge and practices of a particular discipline to students;
4. Focus on big ideas, concepts, processes, and representations and their connec-

tions;
5. Support students to develop disciplinary knowledge to facilitate their application

in integrative contexts;
6. Use a problem-solving approach to situate students in real-life challenges;
7. Facilitate active inquiry, engineering design, reasoning, argumentation, reflec-

tion, and collaboration; and
8. Make use of assessment effectively, for example, use multiple strategies and

different points of data collection to inform future instruction.

By adopting the recommended practices sensibly, students can develop STEM lit-
eracy that is not simply adding the four literacy strands of science, technology, engi-
neering, and mathematics together (Zollman, 2012). With effective STEM teaching,
these four literacies can be integrated to facilitate students’ learning in the cognitive,
psychomotor, and affective domains and hence meet their personal, economic, and
social needs.
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5.1.2 Challenges of Integrated STEM Instruction

Despite the importance of integrating the four disciplines in teaching, STEM edu-
cation from K–12 has been criticized for lacking integration (English, 2016). This
might be explained by two reasons.

First, it has been difficult to define what STEM should encompass because of its
interdisciplinary nature, which is unique to the discipline-specific traditions that his-
torically drive teacher education. There are fundamental differences in the purposes
of studying science and engineering: science aims to account for natural phenomena
and engineering targets to find solutions for daily-life problems. Developing a good
and holistic understanding of STEM can be challenging. For example, technology
may be regarded as the mere application of science (National Academy of Engineer-
ing [NAE] & NRC, 2002), and science comes before technology. Many people also
mistakenly assume that technology emphasizes the products as nouns while a few
people would recognize it as human innovation in the making process (Yore, 2011).
Such conceptual understandings may require a lot of effort to overcome. In addition,
educators have been told the diversified interpretations of the acronym STEM, rang-
ing from simply technical applications (e.g., Keefe, 2010) to more social, cultural,
economic, and political applications that reflect real-world situations (Zeidler, 2016).
These broad differences might influence the pedagogical decisions of STEM teach-
ers; for instance, can the application of technology, which has been quite common in
science and mathematics classrooms, be regarded as STEM teaching? Is it necessary
for students to discuss the social impacts of any STEM innovations all the time?
More importantly, what perspectives do teachers have about STEM?

The second reason for a lack of integration lies within the teacher workforce.
While discussing the need of purposeful design and inquiry in teaching STEM,
Sanders (2009) put forward the following scenario:

Many technology teachers are fond of saying they teach science and math[ematics] in their
technology education programs. In truth, it is exceedingly rare for a technology teacher to
explicitly identify a specific science or mathematics concept or process as a desired learning
outcome and even rare for technology teachers to assess a science or mathematics learning
outcomes. (p. 21)

This scenario can be applicable to science and mathematics teachers when they
teach STEM. While teachers appreciate the value of integration (i.e., fond of), their
practices rarely demonstrate it. Teachers are usually educated as subject special-
ists. The education background of individuals (Kennedy & Odell, 2014) and the
initial teacher education that teachers receive usually focuses on discrete disciplines
(Blackley & Howell, 2015). Although scientific inquiry and the design of techno-
logical artifacts have been implemented in science classes, it is still difficult for
teachers who have deeply rooted beliefs and practices in teaching particular subjects
to move beyond their comfort zone and adopt instructional strategies they might be
less certain about (items 1–8 in the previous section).

The two major challenges of integrated STEM education informed by the liter-
ature include teachers’ (a) diffused concepts of what STEM entails and (b) lack of
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understanding about how teaching multiple disciplines at once would be possible.
Since Hong Kong is new to this educational reform, the following three questions
arise.

1. What conceptions about STEM do Hong Kong teachers hold?
2. What practical knowledge do Hong Kong teachers possess for STEM teaching?
3. How can teachers be supported to teach STEM effectively?

By examining the Hong Kong teachers’ conceptions and knowledge about STEM
at different stages of developing an understanding of STEM instruction, this study
attempts to shed light on how to better support Hong Kong teachers to develop
effective STEM teaching.

5.2 Methods

This qualitative research (Merriam, 2015) is part of a larger study that aimed to
understand Hong Kong teachers’ conceptions and practical knowledge for teaching
STEM. We focused on how the background and learning experiences of the partici-
pants influenced their conceptions on STEM and their knowledge bases. Purposeful
sampling (Patton, 2002) was employed to identify (a) in-service teachers who were
responsible for the planning, implementation, and evaluation of their school-based
STEM curricula and who already had fundamental training in and at least 2 years’
teaching experience with STEM, and (b) preservice teachers who had completed
a 24-h undergraduate, science-related pedagogical course on STEM teaching. This
could ensure that the novices, although without much practical teaching experience,
had a basic understanding of STEM education.

The participants completed a background questionnaire and joined semi-
structured interviews (~1.5 h). The purposes of the interviews were three-folded as
follows: (a) to understand teachers’ conceptions about STEM teaching; (b) to explore
their practical knowledge for STEM teaching; for which the knowledge bases could
be divided into pedagogical knowledge, curricular knowledge, student knowledge,
and assessment knowledge (Gess-Newsome, 2015); and (c) the participants’ profes-
sional development experience and their professional development needs (see Chap.
3, this book). The interviews were transcribed verbatim and analyzed by basic quali-
tative techniques (Patton, 2002). First, we identified the relevant parts of the interview
reflective of the teachers’ conceptions of STEM. Codes were developed to capture
the nature of the teachers’ conceptions. Second, we identified their knowledge of
STEM teaching by analyzing the interview transcripts to identify the four dimen-
sions within teacher professional knowledge bases. To ensure the trustworthiness of
the findings, we employed investigator triangulation (Denzin, 1989). Interpretations
were thoroughly discussed to ensure that an accurate account is presented.
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5.2.1 The Two Cases

Most of the participants, particularly the in-service teachers, had different STEM-
relatedmajors in their academic studies. In this chapter, we focused on a subset of the
larger dataset that is representative of science teachers. The two case teachers reported
in this study primarily had more understanding of science and science education.
Wendy was a secondary school teacher with 8 years’ teaching experience. She had
taught biology, chemistry, and junior secondary science and was the head of the
school’s biology department. Working in a school with socially deprived students,
Wendy took up the team leader role to develop a junior secondary STEM curriculum
that used Maker—a technology-based DIY (do it yourself) strategy that emphasizes
making and creating—to support students in becoming more proficient in generic
skills, takingmore responsibility for self-directed learning, and beingmore confident
in their learning. Within the lessons, the students formed groups to develop products
they found necessary to support the socially disadvantaged groups such as physically
disabled people. AlthoughWendy had the experience to teach science, she had joined
many STEM-related teacher professional development programs as STEM had been
new to her, especially the technology and engineering. At the time of the study,
she was a member of a STEM teachers’ network and had collaborated with several
external agents (e.g., local Maker laboratories such as Making of Loft) to facilitate
her work as a STEM education leader in her school.

Charles was a preservice physics teacher who was studying in an undergraduate
double-degree program that mainly focused on science teaching and learning at the
time of the study. He reported in his questionnaire that he had not had many oppor-
tunities to learn about STEM teaching before joining the core pedagogical course.
The course professor indicated that Charles’ understandings of STEM education
improved substantially after the 24-h course. During the lessons, Charles demon-
strated great interest in the activities.

5.3 Findings

In this section, we briefly discuss the two case teachers’ conceptions about STEM.
Then, we discuss the content and nature of their knowledge for teaching STEM.
We highlight their similarities and differences in the conceptions about STEM as
we present data about their knowledge. Our analysis is based on the excerpts of the
interviews, and the italicized texts represent the key ideas expressed in the interview
quotes.
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5.3.1 Teachers’ Conceptions About STEM

Both Wendy and Charles had been educated as science teachers. Setting against this
background, both put science as the most important component in STEM. Charles
stated:

Everyone can have different interpretations of STEM. As science teachers, we should focus
on [teaching] science. … On the other hand, we need to have some understanding about
technology, engineering, and mathematics so that we know with whom we can collaborate
in planning STEM-related lessons or activities.

Similarly, Wendy emphasized science as the prerequisite for STEM. Without the
scientific principles, the other components of STEMmight become less meaningful.
She stated:

As science teacher, I always put “S” [for science] at the first place. STEM becomes complete
with S. For example, to make a vehicle move, engineers need to build different parts. The
building [process] has to be backed up by scientific principles.

By saying “should focus on science” and “becomes complete with S,” both teach-
ers showed how they interpreted STEM. Science is used to support technology and
engineering, and STEM education aims to facilitate students to better understand
how scientific concepts are applied to develop a STEM product. It is worth pointing
out that the teachers might hold a common misconception that technologies must be
produced with an understanding of the underlying science concepts (NAE & NRC,
2002). Indeed,many technologies historically have been producedwithout the under-
standing of the underlying science concepts, such as the inclusion of a keystone in
an arch. At this point, the STEM conceptions of the two teachers looked strikingly
similar, but later analysis revealed that their understandings of STEM education were
very different.

5.3.2 Knowledge for Teaching STEM

Wendy’s and Charles’ knowledge for teaching STEM is compared in this section
according to the four knowledge domains: knowledge of instructional strategies,
students, curriculum, and assessment. We infer their conceptions of the teacher’s
role in STEM education from their interview accounts.

5.3.2.1 Instructional Strategies for Teaching STEM

STEM education emphasizes collaboration as individual students may have differ-
ent interests, expertise, and experiences. Charles regarded collaborative learning as
important in STEM classrooms. Likewise, Wendy explained the importance in a
more elaborated manner using the Maker program in her school as an example. She
said:
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Our Maker program involves students developing different products in groups [that met the
social needs]. They have to collaborate since we believe every student has his/her talents.
Everyone can contribute to the project.

While describing the collaborative opportunities offered by her school-based
STEM program, Wendy actually wished to help her socially deprived students with
low self-confidence to realize their potential inmaking their own products that should
involve scientific and/or design principles. She stressed the importance of student-
centeredness in her STEM curriculum by stating:

It must be student-centered. I won’t spoon-feed the students; neither did I prepare for them
the ingredients and ask them to cook with me [which was an analogy]. My goal [of STEM
instruction] is to broaden their learning as much as possible. I have to be hands-off.

Wendy was alluding to the undesirability of teacher as a knowledge transmitter
using a traditional, teacher-directed cookbook approach. Her students could decide
on the products they wished to develop and change their mind within a time frame.
Wendy did not wish to set a boundary with prescribed ingredients and cooking
methods for students to carry out their projects. She alsomentioned that therewere no
right or wrong approaches and solutions to the problems students were experiencing.
Her hands-off, open approach provided a lot of space for students to nurture their
creativity and exploratory mind.

Wendy brought this instructional approach to her disciplinary teaching by stating:

I have provided more space for student discussion in my biology lessons. I purposely let
them brainstorm and argue based on the “no right or wrong” principle. For example, the
biology topic of ecology covers a lot of news media where students can find information
on their own. I can ask my students to find the reasons why many fish are found dead on a
beach. They can propose whatever they like, and their ideas are then evaluated by the others.
My students actually like this way of learning.

Wendy’s experience with the junior secondary STEM curriculum transformed
her teaching in senior biology classes to a certain extent. Despite acknowledging the
constraints of the senior secondary curriculum (e.g., the tight teaching schedule and
high-stakes examinations), she aimed to be a learning facilitator and support students
to explore the more advanced scientific principles.

Charles stressed a similar role for STEM teachers, as learning facilitators who
were more lenient and open-minded. He stated:

In STEM education projects, the students should lead the projects and the teacher can be
their consultant. For example, the teacher can prompt the students to identify some problems
[within their projects] and/or the possibility to modify [the designs]. … Otherwise, the
meaning of project-based or design-based learning will be lost.

What made Charles as a preservice teacher different from Wendy was his per-
sistence in guiding students to link their STEM practices with scientific principles.
From the start of the interview, Charles mentioned at least four times that such an
approach is necessary to make STEM instruction effective. This was illustrated when
he discussed the STEM lesson design:
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You need to guide them to think about the relationship between the theories and their product
designs. For example, you can require them to present their design principles and question
about the [scientific] theories, no matter if it is simple or complex, that can support their
argument. This will make it easier to focus their attention back to the linkage between the
two.

An important feature of Charles’ statements on the link between theories and
students is the close reference between his understanding of STEM and STEM peda-
gogies. With a strong emphasis on his role as a science teacher who should primarily
focus on teaching science (discussed in the previous section), Charles consistently
put himself as a learning facilitator within a boundary; that is, his lessons should aim
to scaffold students’ understanding of scientific concepts at the end. His instructional
approaches, when compared with Wendy’s, were less open and had a more definite
sense of what concepts are right.

In summary, both teachers identified some features of STEM teaching that
included collaborative learning, student-centered classrooms, problem-solving, inte-
grating design-and-make, and active inquiry into the scientific principles. The major
differences between the experienced and novice teachers were how they interpreted
the meaning of learning facilitators and the richness in their elaborated answers.

5.3.2.2 Knowledge of STEM Curriculum

Charles’ perceived role of STEM teachers not only had an impact on his knowledge
of instructional strategies but also affected his interpretation of the goals of the STEM
curriculum. His perceived learning objectives were closely bound with disciplinary
learning.

I guess in the attitudes domain [of the learning objectives] STEM lessons can help students
to realize that they are acquiring subject matter knowledge that would be useful to solve real-
life problems. Second, their understanding of the theories can be more solid. …When they
make the products, they will understand how different actions such as changing a parameter
would bring different results. … Finally, if science is not the emphasis, STEM activities will
let students recognize how to use the technology.

Charles regarded understanding and application of scientific principles as of
paramount importance in teaching STEM. STEM was more like a tool or a con-
text that would be useful for science teaching. Although STEM involves technology,
an understanding of the technological applications still dominates in his concep-
tions. He defines technology as a product or a noun, and not a process or verb. More
importantly, Charles started his explanations by saying “I guess,” which demon-
strated how a lack of STEM teaching experience restricted his understanding of the
new objectives of the reformed curriculum.

Wendy had the experience to develop the Maker program in her school. Although
she prioritized science learning as did Charles, Wendy clearly identified learning
generic skills as crucial in STEM education. She envisaged that to survive, students
in the twenty-first century need to acquire certain skills and capabilities that include
self-learning so that they can continue to learn outside the classroom, the capabilities
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to cope with adversity even if they fail the public examinations, and creativity to
innovate so that humans will not be replaced by artificial intelligence in the future.

According to Wendy’s experience in planning the STEM curriculum, she was
different from Charles in that she could put forward a blueprint of the curriculum by
considering her students’ prior knowledge and skills. For example, she pointed out
that her Grade 7 STEM lessons should focus on the skills and attitudes necessary
for making the products, that Grade 8 should be a reinforcement stage on what
students had experienced previously, and that Grade 9 needs to aim at nurturing
entrepreneurship.

In the interview, Wendy noted the remarkable curricular differences between
STEM and science. She used a “two world” analogy when comparing them:

The biology curriculum and school-basedMaker curriculum are really different. The biology
curriculum was proposed by the Education Bureau, and the learning in the Maker program
is decided by my students and me. I define the framework [e.g., project- and design-based].
Then my students decide on what they want to learn from the projects. I try to accommodate
their requests. Therefore, the two [curricula] are two worlds.

In summary, Wendy’s engagement in real-world STEM education had shaped her
understanding of the STEM curriculum. STEMwas not simply supporting the learn-
ing of science as opined by Charles. STEM, by its nature, provides more flexibility
and room for students to take charge of their learning, that is, what and how they
learn. Not only knowledge but also practices and habits of mind are the learning
objectives of STEM. The school-based STEM curriculum should suit the specific
needs of particular students. The drastically different conceptions of STEM curricu-
lum held byWendy and Charles are further evident from their knowledge of students
in the next section.

5.3.2.3 Knowledge of Students

Wendy’s practices in STEM education were grounded in her understanding of stu-
dents and then further developed from her practical knowledge gained from running
theMaker program.Most of her students came from socially deprived families and/or
were new immigrants living in the same district. Their learning motivation was quite
low. As a result, only a small proportion of students could enter university after
Grade 12. Many would go into vocational training programs or even enter work
without a clear career plan. Therefore, the Maker program aimed to improve their
generic skills and attitudes. Wendy stated:

My aspiration is to help students develop self-learning and cope with adverse conditions.
These soft skillswould benefit them in the long term. I reallywish to use experiential learning,
or guide the students in hands-on activities, so that they can find it appealing to learn.

Wendy’s precise understanding of the weaknesses of her students had shaped
her conception of how the STEM program should look in the school. By focusing
on generic skills and less on scientific concepts and process skills, the weak stu-
dents would find the environment conducive and comfortable to learning what they
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wished to learn. As a result, some students exceeded Wendy’s expectations on their
motivation to learn. She cited two examples:

A group of students did not let me know that they had made an appointment with the external
Maker laboratory so that they could continuously work on their product. Another example
was the students read all the online information about wheelchair designs I had sent to them.
They took the initiative reporting to me! Actually, I had never read the information before!
[Wendy laughed]

When talking about her students,Wendy always used an affirmative tone. She was
positive toward the students’ successes, frustrations, and failures in the process of
learning. Even when the students said it was impossible to use very limited resources
to make the products (similar to most of the schools having STEM programs), she
presented this as one of the task’s design challenges. Students are expected to find
solutions instead of making complaints to the teacher.

On the contrary, Charles provided a very limited discussion on students’ learning
in the interview. The only occasion was to express his concerns about the problems
brought by a different mode of learning, that is, the impacts of having a student-
centered STEM classroom. Charles said:

Although many people encourage student-centered learning, our students are generally
knowledge recipients due to the tight teaching schedule. They do not have many oppor-
tunities to develop problem-solving, critical thinking, or creativity. The students might be
confused if they suddenly have to carry out design projects [STEM projects]. Therefore, the
feasibility [of STEM teaching] is dependent on the capabilities and interests of the students.

Although putting himself as a learning facilitator (within a boundary), Charles’s
pessimistic view of making the classroom more student-centered was actually con-
tradictory to what he had said. In his opinion, students would find it difficult or disin-
terested in taking active roles in learning if they wish to stay as knowledge recipients.
As a result, teachers should regard themselves as knowledge dispensers instead of
being facilitators of learning. Charles’ perspective suggested that students’ disposi-
tions to learn would remain static and indifferent toward any changes in curriculum
and instruction. Once again, this reveals Charles’s narrow purposes for STEM edu-
cation. Rather than the practices and attitudes, STEM teaching wasmerely to support
students in learning scientific concepts for the sake of better academic performance.
He stated:

STEM education would be meaningful if it can help students develop understanding of
scientific concepts, or increase their learning motivation in science, so that they would
succeed in examinations.

Charles’ predominant focus on learning scientific conceptions as the STEM cur-
riculum goal was made clear.

5.3.2.4 Knowledge of Assessment

In theory, teachers’ knowledge of assessment has a close relationship with the other
knowledge bases. Their knowledge of curriculum, students, and instruction should
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interact and be consistent with their knowledge of assessment. Interestingly, both
teachers shared similar views on STEM assessment although Charles and Wendy
had considerable differences in their other knowledge bases.

Charles identified that formative assessment should be adopted in STEM teaching.
In his opinion, the assessment needs to evaluate students’ skills for their STEM
projects. A paper-and-pen assessmentwould be inappropriate as thewhole evaluation
can have only one or two questions on solving problems. Charles’s focus on assessing
students’ practices in STEMwas contradictory to his expressed emphasis on content
knowledge. This inconsistency may be accounted by Charles’ limited experience in
teaching STEM. He also did not suggest any specific examples of assessment for
STEM.

Wendy had similar ideas as Charles to opt for formative assessment that focuses
on the learning process and less on the final product. She provided more elaborations
on what and how to assess in herMaker program. In line with the learning objectives,
she assessed students’ creativity, self-learning ability, capability to combat adversity,
development of entrepreneurship, and being empathetic to those in need. A variety
of assessment tools were employed. First, students kept portfolios that comprised all
their designs, prototypes, and reflection reports. Teachers would review these portfo-
lios at least twice a year. Second, a questionnaire was completed by the students three
times per year. The questionnaire items were developed by taking items or tasks from
currently available assessment tools (e.g., those on creativity), and some questions
were specific for the school-based program. Third, teachers observed student learn-
ing progress regularly from the weekly lessons that were part of the school’s formal
timetable. Finally, students had to give group presentations after the completion of
the project. Wendy regarded the first three assessment methods to be stress-free as
students’ performance in STEM would not be counted in their academic reports.
The final presentation could be more stressful, but it remained as a platform for
the students to demonstrate their work. In summary, Wendy’s knowledge of STEM
assessment was richer and more consistent than Charles from nurturing the students
to evaluating their learning, and from providing less stressful, low-stakes assessment
to increasing students’ motivation to learn.

5.4 Discussion

This chapter examines the conceptions of a preservice teacher and an in-service
teacher of STEM and their practical knowledge for STEM teaching. It clearly reveals
how their perceived roles of STEM teachers and their experiences—in the midst
of implementing a curriculum reform initiative—shaped the development of their
knowledge for teaching STEM. Teachers’ strong science background undoubtedly
affected their conceptions about STEM, for which science always guides the devel-
opment of technology and engineering.

The findings show that preservice science teachers, like Charles who had limited
exposure to STEM teaching except from a course, could still point out some domains
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in developing STEM literacy (Zollman, 2012), for example, the cognitive domain
(e.g., knowledge and processes). Although Wendy seemed to stress more on the
understanding of scientific concepts at the beginning of the interview, her latter
account revealed that psychomotor goals (e.g., collaboration and communication)
and affective objectives (e.g., students’ persistence and attitudes toward difficult
situations) were actually the ultimate objectives of the STEM programs. On the
contrary, Charles consistently saw the goal of learning scientific concepts through
STEM education and less on the other domains of STEM literacy. In other words,
Charles appeared to hold an instrumental view about STEM education in which the
other disciplines provide a context for learning of canonical science ideas.

Similar to previous studies on the development of teacher professional knowledge
(e.g., Verloop, van Driel, &Meijer, 2001), teachers’ experience in disciplinary teach-
ing and STEMeducation is inevitably an influential factor affecting their conceptions
and understanding of STEM.Being a biology teacher,Wendy tended to recognize liv-
ing systems as interdisciplinary science. Her experience to teach junior grades might
have predisposed her to emphasize processes and practices and de-emphasized the
content outcomes. As a result, Wendy repeatedly stressed the importance of looking
after the long-term needs of her students (e.g., my aspiration is to help students). She
was able to illustrate the learning progress of her students with two specific examples
(e.g., students approached the Maker laboratory on their own). Her understanding
of students, in return, had made the school-based STEM program a stress-free and
another world from the formal curricula as set out by the Education Bureau (i.e.,
the two-world analogy). Wendy’s student-centered approach was featured by high
flexibility and openness, which not only allowed her junior secondary students to
decide on what and how to learn but also led to a revamp of her strategies in teach-
ing senior secondary classes—even though it had a high-stakes assessment. Wendy
clearly demonstrated that her knowledge was more specific to her students, more
contextualized (e.g., the Maker program involving all junior secondary students is
a unique case in Hong Kong), and more detailed (e.g., what and how the learning
goals could be achieved).

It is worth pointing out that it is not our intention to identify Charles as an insuf-
ficient teacher since he was still at an early stage of exploration of what STEM
teaching actually means. As a physics (and physics education) student, Charles had
strong deductive strength that made him believe an individual could not innovate in
technologies and engineering if s/he could not provide appropriate reasons and prin-
ciples. His continuous emphasis on having STEM as a platform to teach scientific
concepts (and less on the other aspects of science learning), when compared with
Wendy’s focuses of STEM education, was apparent. With his use of words (i.e., I
guess) and a wobbling perceived the role of STEM teachers (i.e., from learning facil-
itator to knowledge dispenser and vice versa) in discussing his knowledge bases,
Charles signified that the sources and nature of professional development should be
different between preservice and in-service STEM teachers.

Charles relied on his undergraduate program to develop his understanding of
STEM education including its purposes, effective pedagogies, and assessment strate-
gies. Since novice science teachers with discipline-specific background may lack the
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necessary understanding of and learning experiences in some areas, particularly engi-
neering designs, it is essential to equip themwith the interdisciplinary content knowl-
edge (Stohlmann et al., 2012). They need to learn how integrated STEM teaching
would be possible from their university courses (Kelly & Knowles, 2016). Opportu-
nities to talk andworkwith real engineers and technologists and related entrepreneurs
would be useful. At the same time, these teachers should be given opportunities to
practice what they have learned in classrooms, for instance, holding microteaching
sessions in their courses and STEM workshops in their teaching practicum. In other
words, the features of high-quality STEM education for school students (Kennedy
& Odell, 2014) should also be found in the professional development of preservice
teachers.

The learning needs of experienced STEM teachers can be different from the
novices. Wendy was a more experienced STEM teacher with some basic training.
However, she was still quite new to the STEM curriculum as the STEM movement
had only been in place for 2 years at the time of the present study. She sometimes had
questions and worries that she really wished to seek support from more knowledge-
able others. Without much guidance, Wendy needed to explore on her own. Other
than learning from various online courses, she sought help from professional consul-
tants and connected herself with the broader STEM communities, in particular with
those schools that had school-based STEMcurricula. Through building networks and
partnerships, the teacher learning communities became her major source of learning
and support. Based onWendy’s experiences, supporting in-service teachers in estab-
lishing STEM communities and becoming self-directed learners could be a direction
for future teacher professional development.

5.5 Future Work

To conclude, this study examined two science teachers’ conceptions of STEM and
their practical knowledge for teaching STEM. Our studies revealed that even though
both teachers appeared to hold similar STEM conceptions, they indeed held very
different nature and content of practical knowledge for STEM teaching. Further
analysis of more STEM teachers, especially those in-service teachers with different
disciplinary backgrounds, will be necessary for identifying the distinctive concep-
tions and knowledge of STEM teachers.

Another direction of research is to explore how the professional knowledge of
preservice teachers can be improved for integrated STEM education. For example,
what types of courses and course content would be necessary to strengthen their
scientific, technological, engineering, and mathematical literacies as a whole? What
learning experiences can help preservice teachers better bridge their understanding
with practices? How can they become curricular leaders in STEM education in the
future? Answers to these questions are imperative in raising the competency of teach-
ers to teach STEM and, hence, to realize the reform goals of supporting students in
developing STEM literacy.
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Chapter 6
Teacher Professional Development
for STEM Education: Adaptations
for Students with Intellectual Disabilities

Winnie Wing Mui So, Jia Li and Qianwen He

6.1 Introduction

Science, technology, engineering, andmathematics (STEM) education has received a
great deal of attention; it has been positioned in many countries’ development strate-
gies (e.g., China, Singapore, South Korea, UK, USA), which are equally important
to all learners regardless of their identity or ability. Hence, it is imperative to develop
strategies that overcome barriers to ensure all students can achieve STEM literacy.
This research aims to provide professional development (PD) support to teachers
in the special school context to equip them with strategies in STEM education to
help their students with special educational needs (SEN) so that they will not be
deprived of STEM education opportunities. The term special educational needs has
a legal definition in Hong Kong; it refers to children who have learning problems
or disabilities that make it harder for them to learn than most children of that age
(Education Bureau, 2014). Under the prevailing government policy, children with
severe or multiple disabilities attend special schools where they are provided with
intensive support services. The following sections discuss recent trends in STEM
education including the importance of STEM education to all learners, the need to
engage students with an intellectual disability (ID) in STEM education, teachers’
roles in supporting ID students in STEM education, and professional development
needs of special school teachers in STEM education.
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6.2 Importance of STEM Education for All Learners

STEM is important as it has become part of everyday life, regardless of race or ethnic-
ity, level of ability, language spoken, gender, neighborhood, or geographic location
(U.S. Department of Education&Office of Innovation and Improvement, 2016). The
Ministry of Education in China has declared that adding STEM education into pri-
mary school curricula will ensure that every Chinese student has STEM literacy and
is able to adapt to the future development of society (GET China Insight, 2017). In
Hong Kong, the Education Bureau advocates that school STEM education is critical
in ensuring that all young people are equippedwith the skills and knowledge theywill
need to succeed (Education Council, 2015). Singapore’s Prime Minister has empha-
sized the importance of STEM education because the skills are crucial to Singapore
for the next 50 years (Lee, 2015). The South Korean Ministry of Education, Science,
and Technology (2011) launched STEM education as a main policy for reorganizing
the national curriculum and formulated strategies in promoting STEM education in
primary and secondary schools. Hence, it is apparent that STEM education is equally
important to all learners, irrespective of their identity or ability.

6.3 The Need to Engage Students with ID in STEM
Education

The call for STEM education for all makes it imperative to develop strategies for
children to overcome barriers and ensure that all students benefit from a good sci-
ence education and achieve science literacy (National Science Teachers Association,
2017). Researchers have also suggested that STEM education is valuable for enhanc-
ing the quality of daily life for students, especially for those with disabilities (Hwang
& Taylor, 2016; Obi, 2014).

Special schools in many parts of the world, including the US (Wehmeyer, Lattin,
& Agran, 2001) and Hong Kong (Curriculum Development Council, 2001), are
implementing the concept of One Curriculum for All, which includes ID students.
The Hong Kong school curriculum for General Studies, which integrates science
education, technology education, and personal, social, and health education, has an
adapted version for students with ID (Education Bureau & Hong Kong Institute of
Education, 2013).

However, STEM education is mostly designed for mainstream students. There is
a concern that ID students might feel frustrated and, therefore, develop negative atti-
tudes toward STEM learning, thus reducing their ability to access and comprehend
scientific information as they progress through school (Davis, 2014; Lee & Erdo-
gan, 2007). Moreover, students with disabilities are often discouraged from taking
mathematics and science courses in middle and high school. Even when students
with disabilities are enrolled in these classes, they are often not fully included in the
rigorous work required to be successful in the classes and beyond (Obi, 2014). This
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may possibly be due to the lack of sufficient STEM education in the early years of
schooling.

As stated in the manual published by the American Association on Intellectual
and Developmental Disabilities (Schalock et al., 2010, p. 3), intellectual disabilities
are defined as “significant limitations both in intellectual functioning and in adaptive
behavior as expressed in conceptual, social, and practical adaptive skills” originat-
ing before the age of 18. In Hong Kong, in comparison with their peers, the global
development of students with ID is delayed; they have marked disabilities in cogni-
tive functioning in some areas, for instance, abstract and logical thinking, memory,
short-term memory span, easily distracted, language expression, and other cognitive
abilities/traits (Education Bureau, 2014).

Individuals with disabilities, including ID, are often evaluated and defined by
other people solely based on their limitations and disabilities rather than on their
capabilities, strengths, and broad range of interests and abilities (Obi, 2014). Many
people assume that a disability limits an individual’s ability to be educated; however,
these students have the ability to be productive members of the workforce. It is
suggested that targeting middle school students and developing their interest may
help them acquire sufficient knowledge and confidence in STEM during high school,
which in turnmay help to increase the number of individuals going into further STEM
education and STEM-related careers (Obi, 2014).

6.4 Teachers’ Role in Supporting Students with ID
in STEM Education

The general belief in most countries is that the life functioning of students with ID
will improve if they are provided with appropriate supports. Therefore, teachers in
special schools need to be prepared to teach all students with ID in STEM areas and
adjust their teaching strategies based on students’ needs (Wakeman, Karvonen, &
Ahumada, 2013). In order to provide appropriate supports, it is critical for teachers
to identify the difficulties and needs of ID students in STEM learning. According to
the International Classification of Functioning, Disability, and Health model (World
Health Organization, 2001), ID students’ participation and achievement in STEM
education are closely related to three multidimensional factors.

First, STEM education consists of science topics and interdisciplinary relation-
ships ranging in difficulty, abstractness, and complexity that involve intellectual func-
tions such as reasoning, planning, solving problems, abstract thinking, comprehend-
ing complex ideas, and learning from concrete experiences. ID students could have
varying challenges or impairments in one or more of these cognitive and/or intel-
lectual functions that create barriers to learning content-loaded subjects like science
involving technical vocabularies—which are hard for ID students to understand and
remember the meanings of technical terms and scientific concepts (Lee & So, 2015).
Therefore, curricular adaptations have to enable the teacher to bridge the gap between
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the science curriculum demands and the student’s intellectual disability. Behzad and
Prabha (2017) suggested that effective adaptations could bemade by finding changes
that suit the specific cognitive or intellectual challenge faced by a student in each
step of learning. Therefore, teachers play an important role during lessons. Curricu-
lar adaptations can be applied by modifying each aspect of the curriculum including
goals, instructional materials, teaching methods, and evaluation approaches in such
a way that the changes overcome the obstacles in each step of learning—List your
steps here. For example, for learning objectives, teachers could sequence the objec-
tives from simple to difficult or from single tomultiple.Adaptations such as providing
pictures or a real model and using colors to show similar and different features could
be incorporated in the receiving information step of the lesson. In the processing
information step, strategies such as repetitions or step-by-step presentation of ideas
in the concept after the task or concept analysis phase can be used to help ID students
to remember what they have learned.

Second, effective education should consider adaptive behavior that includes skills
related to language, reading,writing, social responsibility, following rules, etc. Adap-
tive behavior, or adaptive functioning, refers to the skills needed for a person to live
independently. People with ID show limitations in some areas of adaptive behavior
and can find it difficult to cope with the challenges of life. Certain skills are important
for adaptive behavior, and they are summarized into three categories: the learning of
concepts, social skills, and daily living skills (Hong Kong Down Syndrome Associ-
ation, 2016).

Third, the performance of ID students in STEM education can be influenced
by their health and environmental factors, including their supports (Obi, 2014). ID
individuals with weaker intellectual or analytical capability need clear and specific
guidelines and to learn at their own pace, they need more time and opportunities to
learn, and they need encouragement to try so as to build confidence and self-esteem.

An ID label does not “communicate a student’s complete learning profile” (Friend
& Bursuck, 2015, p. 136). The supports needed by ID students can be considered
“fluid, continuous, and changing, depending on the person’s functional limitations
and the supports available within the person’s environment, [rather than being] fixed
[or] dichotomized” (Schalock et al., 2010, p. 110). Thus, themain difficulty in engag-
ing ID students in STEM education is to identify their unfixed support needs. The
support needs for ID students should be considered as arising frommultidimensional
factors including their intellectual functions, adaptive behavior, and the learning envi-
ronment. However, teachers should also keep in mind that ID students are similar to
non-ID students rather than being different from them; therefore, it is essential to see
their strengths (Epstein, 2000; Shaywitz, 2003). Teachers who utilize the strengths of
ID students can help them overcome their learning difficulties (Tomlinson & Jarvis,
2006). Experienced effective teachers in special schools are capable of identifying
and understanding the strengths and needs of ID students in most subject areas. How-
ever, when it comes to STEM education, most teachers in special schools are not
prepared to implement innovative, adaptive education approaches because they are
not familiar with STEM education and have no idea how to design effective STEM
learning activities for their students.
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6.5 Professional Needs of Special School Teachers in STEM
Education

DeJarnette (2012) encouraged exposure of elementary school students to STEM
knowledge as foundational for their early education. Ironically, many elementary
teachers have limited background knowledge, confidence, and efficacy for teaching
STEM, which may hinder their students’ STEM learning. El-Deghaidy andMansour
(2015) indicated all of the teachers in their study expressed concern that they felt
underprepared to use STEM applications in their classroom. Teachers in special
schools were no exception.

The association between teacher preparation to teach STEM and student achieve-
ment in STEM has raised the concern of educators and researchers about provid-
ing teachers’ PD programs. PD is considered a key component in helping teachers
develop knowledge, skills, and attitudes toward interdisciplinary teaching through
the transformation process. Altan and Ercan (2014) found that teacher PD programs
need to provide learning opportunities for teachers themselves in order to deepen
their conceptual understanding, help them engage in scientific and engineering prac-
tices, and develop their appreciation of STEM to be essential in a community of
knowledge builders (National Research Council, 2012). It seems realistic for spe-
cial school teachers to adapt the implementation of STEM education for mainstream
practices to the special school setting, which is similar to the approach used for the
adapted General Studies curriculum learning content and activities, to meet the needs
of ID students in Hong Kong.

6.6 Methods

With an aim to support special school teachers to overcome barriers to ensure stu-
dents with ID can achieve STEM literacy, the methodology of this study included a
specially designed teacher PD program. Teachers’ views in written responses about
their perception of STEM education with ID students and their opinions about adap-
tation of STEM activities for ID students were collected before and after the PD
program.

6.6.1 Teacher Professional Development Program Design

The PD program was designed to equip special school teachers with basic under-
standing of integrated STEM education, activities used in the mainstream schools,
and opportunities to adapt such instruction to the needs of ID students. The concep-
tual framework involved learning theories and pedagogies that lead to achieving key
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learning outcomes for integrated STEM education and an inquiry learning process
that caters for ID students’ learning needs.

Kelley andKnowles (2016) suggested that it is essential to consider science inquiry
and engineering design as basic with technological literacy and mathematical think-
ing as auxiliary in integrated STEM activities. However, since the existing local
school curriculum and subjects focus on the areas of science education and technol-
ogy education, it is more natural for STEM education to center on science inquiry
and the use of technology in making and designing components as the foundation
for the STEM PD program. Furthermore, the PD program in this study was designed
to focus on enriching special school teachers’ understanding of STEM education
and increasing their knowledge and capability in designing STEM activities for their
students with mild ID. For instance, in the STEM activity “exploring the secret of
light,” the focus is on investigating holographic properties and the phenomenon of
light reflection through watching holographic videos featuring 3-dimensional (3D)
images of animals, the earth, and the planets, which are topics in the established
school curriculum. Afterward, the participating teachers are required to perform the
task of designing a do-it-yourself (DIY) hologram pyramid to facilitate watching
a holographic video incorporating the consideration of screen size of the viewing
device—cell phone or computer tablet.

Lee and So (2015) emphasized that introducing inquiry problems using stories is
an effective approach, and Hwang and Taylor (2016) advocated integrating arts into
STEM education to reduce difficulties for ID students. Hence, all activity designs
were related to daily scenarios. Furthermore, model making is a constituent element
of the PD program, such as constructing a model of a bionic butterfly in the inquiry
about butterflies, building a LEGO® model of a sharkwith amoving tail in the inquiry
about ocean pollution, and making a compass in the inquiry about direction.

Table 6.1 provides a summary of the activities designed for the integrated STEM
PDprogramwith consideration of science inquiry, technological literacy, engineering
design, and mathematical thinking. The science inquiry opportunities provided for
teachers included science phenomena, environmental conditions, morphology and
behavior, renewable energy, and earthquake proofing. There were opportunities to
enhance technological literacywith the use of tools for inquiry: coding/programming
devices such asMicro:bit© (https://microbit.org/), App Inventor© (http://appinventor.
mit.edu/explore/), and LEGOEducationWeDo 2.0© (https://education.lego.com/en-
us/elementary/intro/wedo2); measuring tools such as voltmeter and shaker; visual-
related technology such as hologram pyramids and virtual reality (VR) videos; and
3D drawing devices such as Tinkercad™ (https://www.tinkercad.com/) and 3D print-
ers. Engineering design and mathematical thinking as a way of making or creating
products were also involved in the STEM activities, for instance, engineering design
with smart and DIY devices and models that provided opportunities for mathematics
thinking.

https://microbit.org/
http://appinventor.mit.edu/explore/
https://education.lego.com/en-us/elementary/intro/wedo2
https://www.tinkercad.com/
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Table 6.1 Teacher professional development programwith considerations of science inquiry, tech-
nological literacy, engineering design, and mathematical thinking

STEM content Details

Science inquiry Science phenomena including light reflection, sound, directions, and
magnetic field
Environmental condition including water temperature, ambient
temperature, soil moisture, and light intensity
Morphology and behavioral characteristics of butterflies
Renewable energy conversion
Earthquake proofing

Technological literacy Coding/programming devices including Micro:bit, App Inventor, and
LEGO WeDo 2.0
Measuring tools including voltmeter and shaker
Visual-related technology including hologram pyramids and VR
videos
3D drawing devices including Tinkercad and 3D printer

Engineering design Electronic design of a piano app, e-compass, smart garden monitoring
device, and block programming of a bionic shark
Construction including a bionic shark, solar-powered boat, maglev car
model, and quakeproof building model
Tool design including DIY hologram pyramids and making of wind
turbines

Mathematical thinking Size, proportion, shape, weight, temperature, angular degree, gear
ratio, and range of environmental conditions

6.6.2 Research Methodology

A pre/post survey was used to explore participating teachers’ perceptions about the
adaption of STEMeducation to ID students. HowSTEMeducation can be transferred
from the PD program to special school teachers’ teaching greatly depends on (a)
teachers’ perceptions of STEM education and whether they believe that there are
advantages for ID students to engage in STEM and (b) teachers’ readiness to adapt
what was introduced in the PD program to future use in their class.

Twenty teachers participated in the PD program; all were informed of the research
at the beginning of the program, and their informed consent was sought before dis-
tributing the questionnaire consisting of their background information and percep-
tions. These teachers’ teaching experience ranged from a few years to more than
20 years. All participants held the teacher qualification in special education, either
in bachelor, master, and/or postgraduate level university programs. They were sub-
ject area teachers in General Studies—a core subject at the primary level integrating
science education, technology education, and personal, social, and health educa-
tion—which is considered as the most relevant subject for implementing STEM
education.

Data were collected from the participating teachers using a questionnaire involv-
ing written responses about their perceptions of STEM education before and after
the 3-day PD program. The four questions asked were as follows:
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• What are the objectives of STEM education?
• What are the advantages of STEM education for ID students?
• How can teachers help with ID students’ STEM learning?
• How should STEM teaching be designed?

The differences and similarities in the teachers’ perceptions were analyzed to
document their initial perception and determine if teachers changed their perception
of STEM after participating in the PD program. Toward the end of the PD program,
the teachers were invited to identify which STEM activities could be modified and
adapted for their mild ID students. For those more adaptable activities, the teachers
were asked to describe and explain the modifications and adjustments required to
meet the needs of their students with mild ID. They were also asked to identify and
discuss the benefits of STEM learning to the ID students.

Teachers’ responses were analyzed based on the thematic analysis approach
(Braun & Clarke, 2006; Clarke & Braun, 2013). The thematic analysis revealed
that the most frequently occurring items were objectives of STEM education for ID
students, benefits of STEM education for ID students, how to support ID students
with STEM learning, and STEM teaching design for ID students. The strategies pro-
posed to adapt the STEM activities for ID students were coded and summarized to
identify predominant, consistent, and noticeable themes. The coding was done by
one researcher, and the other researchers verified the assertions by a random check
of the codes.

6.7 Findings

6.7.1 Changes in Teachers’ Perceptions of STEM Learning
for ID Students

6.7.1.1 Objectives of STEM Education for ID Students

Teachers who participated in this PD program were asked to write their impression
of STEM education before and after the workshop. About half (55%) of the teachers
were able to list some objectives of STEM education prior to the workshop; however,
all were able to identify the objectives after the workshop. This group of special
school teachers’ initial perception of the STEM education objectives for ID consisted
of four aspects: knowledge understanding, problem-solving, creativity, and interest
cultivation. After the workshop, more teachers indicated problem-solving, which
increased from 25 to 70%; the other three aspects did not have noticeable changes
(Fig. 6.1).

Theworkshop offered teachers a clearer understanding of STEMeducation objec-
tives. For example, Teacher K, who did not have clear ideas about the objectives of
STEM education before the workshop, provided clearer and detailed thoughts after-
ward.
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Fig. 6.1 Percentage of teachers’ views about the objectives of STEM education for ID students
based on responses from 20 teacher participants

STEM education is interesting for students to learn; it is practical and is the general trend of
education. (Teacher K, before workshop, without objectives)

STEM education can cultivate students’ ability to solve problems with creativity and inno-
vations. Interdisciplinary thinking helps students seek different solutions by evaluating the
effectiveness of the solutions and choosing the most appropriate way to achieve better out-
comes. (Teacher K, after workshop, objective: problem-solving)

The workshop also partially changed and enriched some teachers’ understanding
of STEM education, especially about the purposes.

STEM is closely related to our daily life, like the use of some technology products. STEM
products are important and can help students understand the need to learn science and
technology. (Teacher F, before workshop, without objectives)

STEM education can help students gain more understanding of natural phenomena and
people’s needs in daily life and enable them to face the challenges in life. STEM education
can improve the quality of students’ lives. (Teacher F, after workshop, objectives: knowledge
understanding, problem-solving)

Although some teachers had some initial understanding of STEM education, par-
ticipating in the STEM PD helped them articulate the need for STEM education with
ID students.

STEM education can inspire students’ interest in science inquiry and support students to
learn and apply science principles and skills through different forms of activities. (Teacher P,
before workshop, objectives: knowledge understanding, interest cultivating)
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STEMeducation is an approach to assist students in interdisciplinary learning,which can give
students more opportunities to participate in practices and to arouse their interest. (Teacher P,
after workshop, objective: interest cultivating)

6.7.1.2 Benefits of STEM Education for ID Students

After the PD program, the teachers believed that the benefits of STEM education
for ID students include problem-solving, followed by knowledge understanding,
and higher order thinking. Other benefits include arousing interest, building learn-
ing ability, applying knowledge, cultivating creativity, and encouraging teamwork.
Noticeable changes in applying knowledge (from 30 to 40%), problem-solving (from
45 to 65%), higher order thinking (from 10 to 35%), and cultivating interest (from
10 to 25%) were indicated after the program (Fig. 6.2).

Problem-solving was mentioned most frequently; however, some teachers did not
realize this until their participation in the workshop. Also, teachers recognized the
long-term impact of problem-solving ability on ID students’ future life.

STEM education can help students integrate knowledge in different fields, which have life-
long benefits. (Teacher C, before workshop, benefits: knowledge applying)

The advantage of STEM education is that it can assist students to master skills for problem-
solving in daily life, know the relationship between learning and life, live independently,
and have a high-quality life. (Teacher C, after workshop, benefits: problem-solving)

Initially, only 30% of the teachers had a general concept that STEM education
could help students understand knowledge, while more teachers achieved clearer
understanding of this after experiencing the PD on STEM in the workshop.

STEM education fosters students to understand more about the theories or principles and
understand that there are many associations. (Teacher P, before workshop, benefits: knowl-
edge understanding)

Fig. 6.2 Percentage of teachers’ views about the benefits of STEM education for ID students based
on responses from 20 teacher participants
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ID students have fewer opportunities to participate in learning activities, but STEMeducation
can remedy this situation. STEM education can provide situated learning activities that
students can hardly experience in daily life, such as experiments, humanbody structure, space
and other topics, or natural phenomena. (Teacher P, after workshop, benefits: knowledge
understanding)

6.7.1.3 How to Support ID Students with STEM Learning

Before and after the workshop, the teachers were asked whether ID students have the
ability to learn STEM. Surprisingly, all teachers believed the cognitive ability ofmost
ID students enables them to engage in STEM learning. After the workshop, teachers
had more confidence in saying “Definitely yes!” and gave more specific advice on
the design of STEM learning for ID students. The teacher’s role in teaching STEM
for ID students is classified into the following four aspects of teacher support:

• Teachers should attend more STEM training programs to enrich their understand-
ing of what STEM is and how STEM learning can be implemented.

• Teachers need to help students gain prior knowledge of STEM.
• Teachers should provide more practical opportunities for students.
• Teachers should observe the SEN of ID students and provide relevant guidance
and assistance.

The number of teachers who suggested observing the SEN of ID students and
providing guidance and assistance increasedmost obviously (from 25 to 50%), while
the number of teachers who suggested attending more STEM training programs
declined (Fig. 6.3). This implies that the PD program enabled these teachers to be
more confident in teaching and designing STEM curricula.

Fig. 6.3 Percentage of teachers’ views about the teacher’s role in teaching STEM for ID students
based on responses from 20 teacher participants
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It was found that most of the teachers initially did not have specific ideas to help
ID students in STEM education; they only gave short and generalized responses.
More detailed suggestions were given after the PD workshop.

STEM learning needs to be adjusted for ID students and should be provided in different ways.
Teachers should equip themselves with ideas in STEM learning and provide appropriate
learningmaterials to encourage students to participate in STEMactivities. (Teacher L, before
workshop, teachers’ support 1)

We should choose the most suitable teaching materials according to students’ ability. Teach-
ers should consider and design themost appropriate activities, grouping the students properly,
and design effective questions and summaries so that students can constantly reflect on and
optimize their work during the STEM activities. Teachers also need to have a wealth of inter-
disciplinary knowledge to inspire students to think. (Teacher L, after workshop, teachers’
support 1; teachers’ support 4)

Teachers mostly gave suggestions based on their experiences in teaching General
Studies before the workshop; however, they showed more targeted and practical
recommendations for STEM education after the PD.

Teachers should adjust the teaching content for ID students, for example, considering the
situation where students’ weak hand muscles affect their ability to do some work, like
fastening and twisting. (Teacher S, before workshop, teachers’ support 4)

At the beginning of class, teachers should propose a problem close to students’ daily life
for them to think about ways to solve the problem. During the class, considering the limited
time available, ID students can’t finish the tasks only relying on their imagination, teachers
should observe the students and give them necessary guidance and instruction. (Teacher S,
after workshop, teachers’ support 4)

Only a few teachers mentioned the support from teachers to help students gain
prior knowledge of STEM. These responses were in a simple and short manner.

Prepare students well with prior knowledge (Teacher E, before workshop, teachers’ sup-
port 2)

Assist students to build up prior understanding (Teacher R, after workshop, teachers’ sup-
port 2)

Only a few teachers wrote about their opinion of teachers’ support to providemore
practical opportunities for students. TeachersN andH reiterated and emphasized their
views after the PD programwhile Teacher A only mentioned this after the workshop.

Provide ID students with more practical opportunities with STEM, enrich their experiences
with STEM (Teacher N, before workshop, teachers’ support 3)

Give students more opportunities to try and let them master the inquiry cycle through more
hands-on practices. (Teacher N, after workshop, teachers’ support 3)

More demonstrations, more practices, and let students create (Teacher H, before workshop,
teachers’ support 3)

Provide semi-finished products, so that all students can have the opportunity to practice and
finish the products by themselves. (Teacher A, after workshop, teachers’ support 3)
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6.7.1.4 STEM Teaching Design for ID Students

The analysis of teachers’ responses (Fig. 6.4) found that their suggestions about
STEMteaching design involve the followingfive teachingmethod (TM) components:

• The level of difficulty of the content shouldmeet the level of the student’s cognitive
and hands-on ability.

• The STEM tasks should be broken down into smaller tasks for students to master
step by step.

• The teaching content should relate to students’ life experience.
• The teaching should be interesting.
• The preparation of appropriate aids and devices is necessary to cater to students’
deficiencies and to protect them from danger in STEM practices.

The teachers’ support for TM 1 increased from 30 to 40%, with 35% of teachers
supporting TM 2, which was not realized by any of the teachers before this PD
program. The teachers believed that it is easier for ID students to deal with small
problems one by one, rather than one big complex problem. The percentage of
teachers who supported TM 3 increased from 5 to 20%.

Due to the varied abilities of ID students, it is not difficult to comprehend that some
teachers suggested the STEM learning content should meet the level of students’

Fig. 6.4 Percentage of teachers’ views about STEM teaching design for ID students based on
responses from 20 teacher participants
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cognitive and hands-on ability (TM 1). This opinion was mentioned most frequently
both before and after the workshop.

We can select suitable learning content and adjust it for ID students and develop suitable
teaching materials for the ID students. (Teacher N, before workshop, TM 1)

Teachers can design teaching contents according to students’ abilities and explore the teach-
ing effectiveness. (Teacher F, before workshop, TM 1)

Teachers should choose the appropriate theme and design the STEM activities according to
students’ abilities and learning needs. (Teacher M, after workshop, TM 1)

None of the teachers realized that the STEM tasks should be broken into smaller
tasks for students to master step by step (TM 2) before the PD program; however,
35% of the teachers proposed this suggestion after the workshop. This demonstrated
that the PD program helped the teachers gainmore knowledge about design of STEM
activities.

The STEM tasks can be broken down into small steps for students to work on the tasks step
by step. (Teacher G, after workshop, TM 2)

The percentage of teachers suggesting the teaching content should be related to
students’ life experience (TM 3) increased from 5 to 20%. Teacher P was the only
participant who mentioned this before the workshop, while four teachers stated this
view after the workshop; their responses were similar.

Teachers can start with phenomena and/or events that students are familiar with and incor-
porated with theories/principles. (Teacher P, before workshop, TM 3)

Use situations that are close to students’ daily life to facilitate them to immerse into the
situations. (Teacher R, after workshop, TM 3)

Connect the learning content with situations to make learning more related to daily life.
(Teacher N, after workshop, TM 3)

BesidesTM3 thatwas focused on students’ experiences, Teachers P andR initially
suggested that teaching should be interesting (TM 4). However, after the workshop,
they did not express this view about interesting; Teacher P changed to enhance the
fun of STEM learning, and Teacher R changed to cater for students’ interest. They
started to pay more attention to students’ learning. Moreover, teachers were writing
about the view of preparing appropriate aids and devices to cater for the students’
deficiencies (TM 5) before and after the workshop.

[It is important] to equip students with different tools and learning strategies for the ID
students to explore and inquire by themselves. (Teacher I, before workshop, TM 5)

Use instrument that can show pictures and animations. (Teacher G, after workshop, TM 5)

Teaching aids should be adjusted to make sure the students can use them safely. (Teacher T,
after workshop, TM 5)
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6.7.2 Teachers’ Opinions About the Adaptation of STEM
Activities for ID Students

The thematic analysis of the teachers’ written responses to the following questions—
Do you think this STEM activity is adaptable for ID students? What are the benefits
of STEM learning for ID students? How do you adapt the STEM activities for ID
students?—revealed that participants were able to provide suggestions for adaptation
after their participation in the PD program.

6.7.2.1 Possibility of Adaptation of STEM Activities for ID Students

The percentage of teachers who indicated that STEM activities are adaptable was
relatively high for most activities considered in the PD sessions: maglev car (100%),
quake-proof building (100%), renewable energy (95%), inquiring about butterflies
(95%), exploring the secret of light (90%), exploring marine pollution (85%), smart
garden (85%), andmaking sound visible (75%). Therewere somewhat fewer teachers
(45%) who considered that investigating directions by e-compass could be adapted
for ID students.

The teachers’ responses to the suitability of several technologies were somewhat
varied. Most (90%) of the teachers considered that holographic images are suitable
for ID students because they can support the learning of the characteristics of light,
human organs, animal characteristics, etc.

Holographic images can help ID students know about human organs, for them to feel like
watching the real structure of human organs. Students can learn in groups with each student
responsible for showing different organs. (Teacher G, adaptation: holographic images)

Most (85%) of the teachers believed that the mobile application Expedition and
LEGO WeDo 2.0 are suitable for ID students since the teaching content could be
designed according to the level of the student’s ability and knowledge.

Students with high ability can try to build blocks, and other students can observe the building
process. Expedition can guide students to learn relevant knowledge. (Teacher B, adaptation:
Expedition and LEGO WeDo 2.0)

About 60% of the teachers considered that VR and 3D printing are useful for ID
students while participating in STEM activities. In particular, VR technology would
give ID students the opportunity to observe aspects of the world that they are unlikely
to experience in daily life, such as the underwater world. Yet, 3D printing is slightly
challenging for some ID students with low ability.

VR can be used to experience different environments and to learn more about the character-
istics of animals or other objects. (Teacher A, adaptation: VR and 3D printing)

VR can be used for students to observe the marine organism and to tell the characteristics
of the underwater world, and this is suitable for ID students in different levels. Students
with better hand muscles can make some VR pictures and videos and share them with their
classmates. 3D printing is suitable for older students to operate, because it is demanding to
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use computer software and draw 3D graphics. 3D printing should be broken into small steps
for students to follow. (Teacher I, adaptation: VR and 3D printing)

Using VR to observe butterflies is more suitable for students with mild mental retardation,
while 3D printing is tough for them. (Teacher G, adaptation: VR and 3D printing)

However, over 75% of the teachers expressed concerns about the use of Micro:bit
and App Inventor with ID students. They believed these two technologies are too
demanding and beyond the ability of ID students.

In the use of Micro:bit to make a compass, it is difficult for the ID students to make it
by themselves because this is beyond their understanding and hand–muscle coordination
ability. It would be better if the teacher could prepare the Micro:bit compass for students’
use. (Teacher Q, adaptation: Micro:bit and App Inventor)

Coding with App Inventor is rather difficult as students do not have much knowledge about
coding. (Teacher B, adaptation: Micro:bit and App Inventor)

6.7.2.2 Benefits of STEM Learning for ID Students

In describing how to modify the STEM activities for ID students, the teachers also
explained why they could be adapted. This is the key factor affecting teachers’
intention to make suggestions for adapting these activities to the daily teaching and
learning of ID students.

First, the teachers considered that these STEM activities could be focused on
knowledge-oriented learning goals, which will help ID students achieve understand-
ings about science,music, and computer science. For instance, these activities involve
learning about natural phenomena of light characteristics, directions, force, magnet
characteristics, andmagnetic force and topics related to the environment and animals
such as animal characteristics, features of theEarth and other planets, themarine envi-
ronment, conditions for plant growing, renewable energy, earthquakes and building
structures.

Second, these STEM activities are useful for improving the ability of ID students
in aspects such as making and designing, logical thinking, strengthening muscles,
and video-shooting. For example, building a shark using LEGO blocks and using
an e-compass could improve the strength and flexibility of hand muscles. Students’
attitudes and values (e.g., sense of responsibility, love of nature, and energy-saving
notions) could be cultivated through learning about renewable energy and plant-
growing conditions. STEM activities (e.g., coding with Micro:bit, designing and
testing of maglev cars and quake-proof buildings) could improve students’ logical
thinking, scientific inquiry, and problem-solving skills.

6.7.2.3 Ways to Adapt the STEM Activities for ID Students

The teachers provided suggestions for each STEM activity to enhance their ID stu-
dents’ learning. The teachers mainly focused on the aspects of more steps to lower
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Table 6.2 Suggestions for Adaptation/modification of STEM Activities for ID Students

Suggestions Details/examples

Breaking down of tasks into smaller steps Construction of a bionic shark robot using
LEGO WeDo 2.0 can be broken down into
many small steps with visual aids
Step-by-step guides for assembly tasks will
help students master the procedures

Dividing tasks in accordance with students’
ability

Students with higher ability are more capable
of coding with App Inventor and Micro:bit
with less assistance needed, while those with
lower ability can work on other tasks such as
data collection or coding a few commands

Establishing background knowledge Background knowledge of solar power such
as the source of energy should be taught
before students design the solar-powered boat

Providing relevant tools Larger projectors can be used for the hologram
activity in exploring the secret of light
If possible, provide larger sized LEGO blocks
for students who have weaker hand muscles

Attending to safety precautions Students should be careful when carrying out
cutting tasks in the maglev car activity

the cognitive load, distribution of tasks to address the needs of specific students,
provision of background knowledge and relevant tools, and awareness of safety pre-
cautions. Table 6.2 shows the suggestions with details and examples provided by the
teachers to modify the STEM activities for their mild ID students.

First, more advice and assistance with details on designing the STEM activities
are needed for ID students with different cognitive and hands-on ability. Regarding
the concern of differences in students’ ability, the teachers suggested a division of
tasks between students with higher and lower level ability. Teachers could do some of
the assembly work in advance of class time and provide extra assistance for students
with lower ability.

Second, teachers agreed that relevant background knowledge related to STEM
activities should be provided to students before the actual activity. For provision
of relevant tools, some teachers suggested that providing specialized tools (e.g.,
larger projectors, large building blocks, and colored print materials) would assist in
observation and capturing of images.

Last, a few teachers mentioned concerns to ensure students’ safe use of cutting
tools in some assembly tasks. Furthermore, their experiences with STEM activities
during the PD program inspired the teachers to design STEM activities specifically
for ID students. For example, a campus treasure hunt game was suggested by one
teacher by adapting and modifying the exploring directions activity even though not
many teachers believed that investigating directions could be adapted for ID students.
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6.8 Conclusions

Based on the integration of the existing key learning areas of science education and
technology education in the school curriculum, this STEM education PD program
for special education teachers emphasized science inquiry while using technology
for making and designing with mathematical thinking. The PD sessions provided
the teachers with relevant knowledge about STEM education used in mainstream
schools and encouraged them to make appropriate modifications and adaptations to
create learning activities suitable for ID students.

The teachers’ perceptions of STEM education were positive and were enriched
by attending the PD program. The problem-solving they experienced to complete
the tasks helped them have a stronger sense that STEM education could improve
their students’ problem-solving ability. The teachers realized the benefit of STEM
learning in supporting students in different aspects of knowledge application, higher
order thinking, and cultivating interest. The peer-supported discussion and thinking
about how to help ID students with STEM learning and the teachers’ observations
of these students’ SEN led these teachers to recognize the importance of guidance
and assistance in support of student learning (Wakeman et al., 2013).

Based on the findings focusing on teachers’ suggestions for adaptation, special
school teachers should take into consideration two factors. First, STEM learning
activities should be designed to be closely related to science inquiry (Behzad &
Prabha, 2017; So, Zhan, Chow, & Leung, 2018). Second, although it is important for
ID students to knowmore about contemporary technologies, teacher support with the
provision of procedures of the essential/manageable steps is helpful for ID students
to complete science inquiry and engineering design tasks (Behzad & Prabha, 2017).
The insights and experience from this research are of value to teachers involved in
developing STEM education for ID students.
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Chapter 7
Teaching Engineering-Focused STEM
Curriculum: PCK Needed for Teachers

Szu-Chun Fan and Kuang-Chao Yu

7.1 Introduction

The cultivation of creativity, design thinking, problem-solving, critical thinking,
communication and coordination, and teamwork skills through interdisciplinary
science, technology, engineering, and mathematics (STEM) courses has recently
become a crucial issue in international education reform. Long-term departmental
and examination-oriented teaching patterns in the education system have hindered
students from applying their knowledge to solving real-world problems, particularly
in the fields of science, technology, and engineering. Education research reports from
around the world have detailed these problems (Blackley & Howell, 2015; Busi-
ness Roundtable, 2005; National Research Council [NRC], 2011; Sorenson, 2010;
Thomasian, 2011). Numerous countries have thus endeavored to implement reform
programs based on interdisciplinary STEM education with the objective of increas-
ing student interest in STEM subjects, cultivating STEM literacy among students,
and developing their ability to face future real-world problems to enhance national
competence (Pitt, 2009; Thomasian, 2011). The educational philosophy of STEM
centers on connecting acquired knowledge with real-world challenges through pur-
poseful problem-based learning and design processes. By increasing the ability of
students to discover, explore, and solve problems, STEM education has the poten-
tial to produce modern citizens equipped with problem-solving and critical thinking
competencies (Bybee, 2013).

Engineering design is the key to integrating STEM curricula. Engineering is a
design that must satisfy certain conditions, meet human needs, and solve problems,
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whereas technology is the process and the final result of such design. During the
engineering design process, engineers must integrate relevant scientific knowledge,
mathematical calculations, and technological applications in a procedure that begins
with a design concept and ends with an actual product. Therefore, engineering design
is regarded as the optimal approach to the design of integrated STEM curricula, com-
bining knowledge of diverse subjects through engineering. Teaching models—such
as project-based, problem-oriented, and situated learning (Morrison&Bartlett, 2009;
Sorenson, 2010)—provide a learning experience that develops worldwide vision.

The conventional teacher education process, however, focuses on cultivating
subject-specific competency, rarely considering the concept of integrating interdis-
ciplinary curricula. Moreover, teachers usually instruct in one subject only and lack
understanding of other subjects. Although teachers acknowledge the importance of
STEM curricula, they do not necessarily know how to start incorporating STEM into
their non-STEM curricula. Custer and Daugherty (2009) suggested that the large
knowledge structure behind highly integrated STEM curricula poses severe chal-
lenges to the planning of teacher education programs and professional development.
Asunda (2012) noted that, because STEM curricula cover a wide range of general
knowledge, defining and planning teaching content and methods as well as imple-
menting instructional evaluation may be difficult. Wells (2013) explicitly indicated
that conventional teacher education courses are unable to provide teachers with suf-
ficient subject expertise and confidence for delivering integrated interdisciplinary
curricula. Therefore, assisting teachers with their professional knowledge and com-
petence regarding STEM education is extremely crucial to the outcomes of STEM
curriculum implementation (Love & Wells, 2018).

Teachers are the major factor affecting the success of educational reform and
promotion of teaching philosophy (Fishman, Marx, Best, & Tal, 2003). For STEM
curricula focusing on interdisciplinary integration, the planning of various aspects—
including curriculum development, material design, teaching and assessment strate-
gies, and even the performance of onsite teaching—is a key element requiring careful
consideration. Teachers should thus learn the crucial points for planning engineering
design courses, the design of instructional methods and materials, and the appli-
cation of teaching strategies and assessment techniques. Moreover, they should be
familiar with the pedagogical knowledge of each STEM subject if they are to change
their departmentalized teaching model to the STEM teaching method centered on
engineering design, which guides students regarding the integration and application
of interdisciplinary knowledge. The objective of this chapter is to explore the peda-
gogical content knowledge (PCK) required for the implementation of engineering-
focused STEM curricula; the findings serve as a reference for teacher education and
professional development.
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7.2 Theoretical Foundation and Modules
of Engineering-Focused STEM Curricula

7.2.1 The Nature of STEM Curricula

Comprising the required knowledge, attitudes, and skills for solving real-life prob-
lems, STEM literacy is an indispensable capability in the twenty-first century
(Thomasian, 2011). STEM literacy requires comprehending and interpreting knowl-
edge of science, technology, engineering, and mathematics in the natural and arti-
ficial worlds, based on which constructive and rational care and reflections may be
proposed (Bybee, 2013). In modern society, the development of most scientific inno-
vations, engineering designs, and technology products relies on the integration and
application of science, technology, and mathematics. From the perspective of subject
content, science is cognition of the nature, knowledge, and concepts of science, with
an emphasis on exploring the principles of nature, developing the ability to make
objective decisions, and determining scientific issues or development from the per-
spectives of science and technology (NRC, 1996). Technology refers to the capability
of using, managing, and assessing technology, including abilities of comprehension,
application, critical thinking, problem-solving using technological knowledge, and
even participation in major technology-related decision-making (International Tech-
nology & Engineering Educators Association [ITEEA], 2007). Mathematics refers
to the ability to interpret and creatively apply mathematics for making evidence-
based judgments as well as for analyzing or solving problems through mathematical
thinking (American Association for the Advancement of Science, 1993). Finally,
engineering indicates the comprehensive use of scientific, technological, and math-
ematical knowledge for efficiently solving problems or satisfying needs in the real
world (Asunda, 2012). A few STEM curricula in recent years have been developed
focusing on engineering design; for example, Project Lead The Way engineering
courses (https://www.pltw.org/our-programs/pltw-engineering), Engineering byDe-
sign™Program (https://www.iteea.org/STEMCenter/EbD.aspx), and Engineering is
Elementary curriculum (https://www.eie.org/eie-curriculum).

7.2.2 Engineering-Focused STEM Curriculum: The
Engineering Design Process and Its Elements

Engineering design is the process by which engineers put their ideas into prac-
tice under the limitations of certain specifications and conditions. The fundamental
concept of engineering design is to solve unstructured problems, meet restrictive
conditions, create and develop various solutions, conduct analyses, make effective
design decisions, perform objective assessments, identify the optimal design, and
consider the design’s potential consequences (Atman et al., 2007; Carr, Bennett,

https://www.pltw.org/our-programs/pltw-engineering
https://www.iteea.org/STEMCenter/EbD.aspx
https://www.eie.org/eie-curriculum
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& Strobel, 2012). Therefore, engineering-focused STEM curricula are driven by
situated learning that engages students in the systematic problem-solving process
through engineering design activities. Scientific inquiry is integrated into the activ-
ity process and supplemented by mathematical knowledge to complete the analysis
and assessment required in the engineering design process (Kelley, 2010).

The Next Generation Science Standards (NRC, 2013) defined engineering design
as three practices: (a) the definition and delimiting of an engineering problem—
exerting utmost effort to clarify and fulfill the conditions, constraints, or relevant
problems required for solving the problem; (b) the design of possible solutions—
generating various solutions and then analyzing and evaluating the probability of
success for each solution before selecting the optimal option; and (c) the optimiza-
tion of the design solution—evaluating the significance of functions through sys-
tematic testing to optimize the final solution. Mentzer (2011) proposed six elements
in the process of engineering design, namely, problem definition, solution develop-
ment, analysis/modeling, experimentation, decision-making, and teamwork. ITEEA
(2007), Budynas and Nisbett (2011), and Householder and Hailey (2012) concluded
that the engineering design process in terms of technology education encompasses
the following:

• need for identification and problem definition,
• ascertaining standards and restrictive conditions,
• research and idea generation,
• potential solution exploration,
• synthesis for method selecting,
• modeling and simulation,
• development of a detailed design for the program,
• testing and evaluation,
• specification review,
• design optimization, and
• communication with others to elaborate upon the production process and results.

Carr et al. (2012) summarized the consensus on the core concepts of doing engi-
neering based on an analysis of K–12 STEM competence indicators and standards
in the United States as follows:

• identification of criteria, constraints, and problems;
• evaluation, redesign, and modification of products or models;
• evaluation of solution effectiveness;
• design of a product or process to solve the problems;
• offering reasons for proposing the design and solution;
• production of models, prototypes, and sketches;
• design of products and systems;
• selection of appropriate materials, optimal solutions, or effective methods;
• explanation of the factors crucial to the solutions and design;
• establishment of plans, layouts, designs, solutions, and processes;
• creation of solutions, prototypes, and graphics;
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• discussion of problems, designs, or solutions;
• conduct a briefing on the solutions and designs;
• definition of the problems;
• brainstorming to develop solutions, designs, and plans and identify design issues;
• construction of designs, prototypes, and models;
• application of criteria, constraints, and mathematical models;
• improvement of solutions or models; and
• proposal of elements such as flowcharts, system planning, solution design,
blueprints, and production processes.

These perspectives reveal that, although researchers have proposed diverse pro-
cedures described at distinct levels of detail, an in-depth review of the elements and
connotations indicates mutual core concepts (Lewis, 2005; Merrill, Custer, Daugh-
erty, Westrick, & Zeng, 2009; NRC, 2009, 2013). The present chapter deemed
that engineering-focused STEM curricula may achieve interdisciplinary applications
through a process comprising the following four segments: (a) the inquiry stage—
problem definition and analysis; (b) the development stage—solution planning and
forecasting; (c) the practice stage—modeling and testing of final products; and (d)
the reflection stage—review and optimization (Fig. 7.1). Teachers should have a
clear understanding of the connotations of the four segments when designing an
appropriate teaching process.

Fig. 7.1 Flowchart of
engineering design
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7.3 The PCK of STEM Subjects

7.3.1 Definition and Theoretical Foundation of PCK

PCK is the core of teacher knowledge and the basis of effective teaching. During the
teaching process, teachers should determine how to organize, characterize, and trans-
form particular topics according to the capabilities and interests of the learners to
ensure the advancement of teaching and achievement of the learning goals (Shulman,
1986, 1987). Shulman divided the fundamental professional teaching competencies
into the knowledge of general education and specific subject matter. General knowl-
edge of education or pedagogical knowledge (PK) involves general understandings
about teaching and assessment. Knowledge of subject matter comprises (a) content
knowledge (CK)—the implications of subject expertise; (b) PCK—the conversion of
subject expertise into teachable, learnable, and comprehensible knowledge; and (c)
curricular knowledge—the integration and organization of the materials correspond-
ing to relevant subject expertise according to the diverse levels of learners to develop
specific course content and the teaching process. The PCK summit model proposed
by Helmes and Stokes (2013) and Gess-Newsome and Carlson (2013) posited that
teachers should have general, non-subject-specific professional knowledge (i.e., PK)
as well as specific professional knowledge on a particular subject (i.e., CK). Thus,
PCK is a combination of content knowledge and pedagogical knowledge. The objec-
tive of PCK is to determine how a particular topic, problem, or issue can be integrated,
presented, and converted into teachable, learnable, and comprehensible knowledge
to be acquired by learners with varying interests or abilities.

Widely accepted and discussed, PCK remains relatively abstract and is conceptu-
alized differently for each subject. In the theoretical frameworks proposed by various
researchers, PCK is generally classified into seven major dimensions, which serve
as a framework for exploring the PCK needed for teaching STEM:

• Curriculum-oriented knowledge—knowledge related to the form and structure of
the overall curriculum and teaching activity design.

• Knowledge of educational purposes and curricula—the relevant knowledge of
the development of disciplinary content, organizational structure, and teaching
objectives.

• Content knowledge—the conceptual and procedural knowledge of the discipline.
• Knowledge of teaching strategies—the strategies used in the teaching process to
help students learn.

• Knowledge of educational context—knowledge with which teachers create a suit-
able teaching environment.

• Knowledge of learners—the teachers’ prior knowledge of learners and their con-
ceptions prior to commencement of a new unit.

• Knowledge of learning assessment—teachers using appropriate assessment tools
for evaluating students’ learning outcomes.
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7.3.2 Characteristics of Conventional PCK in STEM

Overall, the uniqueness of PCK is related to the characteristics and presentation of
subject expertise and each subject conventionally has its own PCK (Park & Oliver,
2008; van Dijk & Kattmann, 2007). The critical aspect is the differences caused
by the knowledge of educational purposes and curricula, content knowledge, and
curriculum-oriented knowledge. Such differences affect teaching strategies and the
evaluation of learning outcomes. In addition, each subject requires different knowl-
edge (e.g., planning and management of the laboratory and technology classroom)
in teaching scenarios. For instance, science education focuses on guiding students
to explore natural phenomena and principles. Conventional science education gen-
erally instructs in the outcomes of rigorous empirical research, and the teaching is
based on lecture, demonstration, and guided inquiry. By contrast, learner-centered
instruction has been prevalent in recent years and has orientations—such as process,
activity-driven, discovery, project-based, inquiry-based, and guided inquiry based—
for science education courses (Magnusson, Krajcik, & Borko, 1999).

Technology and engineering education focus on the cultivation of students’ liter-
acy in comprehending, selecting, and evaluating STEM knowledge in practices. The
ITEEA (2003) proposed that technology teachers should comprehend the facts and
skills taught in science and technology courses, understand learners’ opinions regard-
ing technology, be able to design and evaluate technology courses, adopt appropriate
teaching strategies, design and manage an effective teaching environment and space
for technology courses, and be responsible for their continual professional develop-
ment. Thus, from the perspective of curriculum orientation, technology education
often takes the form of practical skill development as well as orientation to designs,
projects, problems, and interdisciplinary integration.

7.4 PCK for Teaching Engineering-Focused STEM
Curricula

The integration of STEM content knowledge, which is applied in the practical and
analytical aspects of engineering and technology classrooms, will depend on the
ability of teachers to transform this knowledge into appropriate instruction for dif-
ferent grade levels (De Miranda, 2017). Engineering design incorporates various
disciplines and is taught in an organized and logical multidisciplinary structure.
Teachers should create a learning scenario that involves multidisciplinary knowl-
edge and closely resembles a real-world situation, assisting students to create their
own conceptual and procedural knowledge (Berry et al., 2004; Pinelli & Haynie,
2010; Toulmin & Groome, 2007). Due to variation in the nature of disciplines, sci-
ence has a well-established epistemology leading to an established organization of
knowledge. Technology, on the other hand, has no commonly agreed upon episte-
mology. Devising an effective approach to integrating various disciplines is a crucial



110 S.-C. Fan and K.-C. Yu

challenge in the design of STEM curricula (Lantz Jr., 2009). STEM curricula can
have diverse designs and forms depending on the particular course content, learners,
and instructional objectives. To further explore this topic, this chapter details the PCK
teachers should possess when implementing engineering-focused STEM curricula
on the basis of the proposed four segments of the engineering design process.

7.4.1 Curriculum-Oriented Knowledge

Engineering-focused STEM curricula can generally be divided into content-based
and context-based forms. Content-based curricula target content knowledge, instruct-
ing through practice activities. Context-based curricula do not adopt conventional
departmental teaching forms and frameworks but adopt engineering design projects
as their main focus for introducing relevant scientific, mathematical, and technolog-
ical knowledge within the design process (i.e., from formulating a design concept to
final production); this type of curriculum creates coherent intersections between dis-
ciplines (Herschbach, 2011; Kertil & Gurel, 2016). Prior to developing engineering-
focused STEM curricula, teachers should familiarize themselves with the elements
and implementation process of engineering design, thus enabling them to select the
most appropriate curriculum type according to their teaching considerations.

7.4.2 Knowledge of Educational Purposes and Curricula

STEM places emphasis on giving students meaningful learning experiences through
interdisciplinary integrated learning, inducing interest in learning. When delivering
engineering-focused STEM curricula, teachers may convert concepts in the profes-
sional engineering field or contemporary social issues into project topics and problem
scenarios. However, project-based activities require extensive and integrative knowl-
edge frequently not yet possessed by students. Teachers should be familiar with the
category and outline for the relevant disciplines during teaching. Moreover, teachers
should comprehend the purposes of STEMcurricula to establish explicit instructional
objectives, thereby ensuring the relevance of each instructional activity.

7.4.3 Content Knowledge

Science, mathematics, technology, and other content knowledge play large roles in
the engineering design process. Reimers, Farmer, and Klein-Gardner (2015) high-
lighted that teachers of engineering should clarify how engineering design offers a
context for learning in science, mathematics, and other subjects. Teachers have the
responsibility of ascertaining the characteristics and related content of each subject
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and should instruct students how to apply their relevant knowledge to the design
process. During the inquiry stage, teachers should guide students to conclude the cri-
teria and constraints of the problem (Fig. 7.1). Subsequently, students learn to break
down a large problem into smaller, easier problems. This process usually requires the
use of information technology for data collection and mathematics-related abstract
thinking. During the stage inwhich solutions are devised, scientific andmathematical
knowledge is needed for modeling, simulation, and predictive analysis. In addition,
product production, testing, and modification during the practice stage require the
integration and application of technological and scientific knowledge. The reflec-
tion stage involves scientific experiments and mathematical data analysis. However,
most current K–12 STEM teachers are ill-equipped with multidisciplinary expertise.
Interdisciplinary teacher communities or teams may be required to satisfy the need
for this diverse CK.

7.4.4 Knowledge of Teaching Strategies

A STEM curriculum is an educational philosophy based on empiricism and con-
structivism; therefore, the instructional strategies employed in such curricula should
center on learners so as to provide a meaningful inquiry and learning experiences
as well as to emphasize knowledge construction and transformation. Aranda et al.
(2018) noted that in an engineering design-based science curriculum, teachers should
provide an interactive environment where students can fully discuss their ideas and
receive rich responses to their questions and practices. More specifically, in the
inquiry stage, teachers should use teaching strategies that involve clear task objec-
tives, didactic teaching, problem posing and discussion, and role-playing. In the
development stage, teaching strategies involving creative thinking, guided inquiry
teaching, and cooperative learning should be used. In the practice stage, teachers
should guide students through processes of inquiry experiments, practical learning,
and technology-related problem-solving. Finally, in the reflection stage, mechanisms
such as critical thinking, role-playing, and peer assessment should be employed. The
particular strategies used should, however, depend on the actual teaching conditions
of each teacher.

7.4.5 Knowledge of Educational Context

The learning environment used for the implementationof engineering-focusedSTEM
curricula should provide students with experience in diverse inquiries as well as sup-
port and assistance during practice activities. Furthermore, hardware, conventional
practices, and digital design may be integrated with production equipment to create a
practice space resembling a maker space (Saorín et al., 2017), providing the opportu-
nity for students to conduct self-directed learning. Knowledge of space management
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and equipment use is crucial for teachers. Teachers should create learning scenarios
with a positive, open learning atmosphere that encourages exploration and takes on
complex issues. Such an environment needs to grant students enough time to explore,
test, and modify (Taylor, 2016).

7.4.6 Knowledge of Learners

In the engineering design process, students who lack relevant experience may
encounter difficulty in using abstract concepts when attempting to develop solu-
tions even though they have relevant knowledge. Prior to the implementation of
engineering-focused STEM curricula, teachers should be aware of their students’
current knowledge as well as the required knowledge and skills for the engineering
design process so as to design appropriate activities. Meanwhile, teachers need to
prepare to assess and respond to students’ engineering design ideas and problems at
appropriate moments (Johnson, Wendell, & Watkins, 2017). Because the time pres-
sure induced by deadlines affects the manner in which students respond to a course,
teachers should offer sufficient time to explore and experiment and ensure timely
control of project progress, thereby preventing students from being perfunctory or
falling behind schedule.

7.4.7 Knowledge of Learning Assessment

Engineering-focused STEM curricula aim to enable students to determine the effect
of various realistic constraints on problem scenarios and potential solutions. Students
can learn to apply mathematical knowledge and construct models for forecasting and
analyzing the feasibility of strategies. Furthermore, embodying concepts through
technology optimizes the design of final products. Such curricula focus on the learn-
ing process rather than merely final project presentations. Therefore, teachers must
be capable of planning and implementing formative evaluations that assess students’
learning outcomes through appropriate assessment tools.

7.5 Issues Related to Engineering-Focused STEM
Curricula

Qualified teachersmust be familiar with the characteristics and content of their teach-
ing subjects as well as understand learner traits to determine why, what, and how to
teach. However, STEM education should be based on actual and complex problem
scenarios related to social context. Because excelling in a single domain is already
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fairly difficult for most teachers, expecting all teachers to have in-depth understand-
ing of all STEM subjects is unreasonable. Berlin and White (2012) reported that
teacher education for STEM curricula should provide teachers with opportunities to
access similar, complementary, coordinated, conceptual, and procedural knowledge
and skills, thus enabling teachers to gain a deep understanding of STEM content
knowledge. Professional development for teachers of interdisciplinary education
should be conducted by a group composed of teachers of various disciplines and
grades (Love &Wells, 2018). Interdisciplinary teachers should discuss the most fea-
sible curriculum based on school characteristics and resources, and the proposed
integrated curriculum should mirror students’ lives and learning needs (MacMath,
2011). Thus, strategic interdisciplinary collaboration increases the efficiency of inte-
grated courses.

To facilitate the promotion of engineering-focused STEM curricula, this chapter
proposed suggestions for the professional development of teachers, which may serve
as a reference for educators wishing to enhance teachers’ PCK. The following sug-
gestions are proposed in addition to the aforementioned content and PCK needs.

1. Short-term business internships could give teachers a deeper understanding of
engineering design operations. Teachers could acquire first-hand experience with
the design and production process in the engineering sector and employ this
experience in STEM courses.

2. STEM teachers should be innovative, work well in teams, and conduct self-
directed learning.

3. STEM teachers should be at least familiarwith one engineering-related discipline
(e.g., mechanical engineering, electrical engineering, or architecture) as a basis
for actively acquiring knowledge concerning technological development, which
then can serve as a foundation for development and design of a curriculum.

Regarding the field of education, most previous discussions of PCK have explored
a particular subject; they have rarely centered on STEM education as a whole. The
perspectives of this chapter may serve as a reference for STEM education promotion
as well as an appeal for more empirical research that can assist with the future
development of teacher education.
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Chapter 8
Exploring the Affordances
of Open-Source Sensors in Promoting
Authenticity in Mathematics Learning

Joshua Lee Shanwei, Kenneth Y. T. Lim, Yuen Ming De and Ahmed Hilmy

8.1 Introduction

There is a growing recognition of the need for authenticity in mathematics education.
Traditionally, mathematics lessons offer students inauthentic problems that do not
show the relevance and usefulness of mathematics in real life or how to connect what
students are taught in school to real-world issues, problems, and applications. The
emphasis on science, technology, engineering, and mathematics (STEM) education
in recent times could be perceived as a foundation and opportunity for innovation
and change in mathematics classrooms. While there are multiple conceptions and
approaches to STEM education, we emphasize authenticity and real-world situa-
tions as key factors in creating meaningful integration of the STEM disciplines and
incorporation of real-world challenges and problems into the curriculum.

Mathematics education in Singapore has traditionally been based on arbitrary or
fabricated contexts in rote learning, textbooks, and worksheets. In particular, the
secondary school topic of data handling is still commonly taught through contexts in
textbooks and worksheets that are often arbitrary to students. Where the data are not
contrived, they are often static when presented in printed textbooks or preset work-
sheets, rendering them outdated or relatively non-localized at the point of student
learning.

Lim’s (2015) conception of disciplinary intuitions highlights the importance of
learner intuitions as a basis of curricula design, evincing a need for educators to
craft authentic learning experiences in class to surface and subsequently leverage
these intuitions to promote deeper learning. Because of this disjunction between the
contrived contexts and data, and the students’ real-life experiences, learner intuitions
are unlikely to be leveraged. Lave (1992) identified a source of difficulty in students’
understanding of mathematics topics in a classroom setting as “the gulf between
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math learning in school and the everyday experience of children trying to bring their
intuitions to bear while learning math in school” (p. 77). A lack of consideration for
learner intuitions in formalized classroom instruction, typically emerging as inau-
thentic learning contexts, can result in disparities between what students intuitively
know outside the classroom and what is formally taught inside the classroom (Cho
& Hong, 2015).

Singaporean students’ traditional and present lack of experience in working with
real-world data starkly contrasts with the recognition of the importance of real-
world contexts in mathematics learning for leveraging learner intuitions and intrinsic
motivation in students. However, developments in the field of open-source sensors
have given rise to inexpensive, modular sensors with straightforward assembly and
localized setup that provide access to authentic, relevant, real-time data. Unlike other
traditional data sources in the classroom, data collected by these sensors are real,
localized, and current while still being easily retrieved, displayed, and worked on in
the classroom. This provides the mathematics classroom with a source of real-world
situations to spark students’ interests and help them connect what they do in the
classroom with their world around them.

8.2 Literature Review

Engaging and motivating students in mathematics lessons can be challenging. The
traditional approach of chalk and talk can sometimes be problematic where the
educator takes on the role of being the main source of the students’ learning and
of transmitting ideas, concepts, and information to the learner who is assumed to
be a blank slate that requires the teacher’s input (Burns & Brooks, 1970). The way
mathematics is taught and the way it is traditionally represented in mathematics
textbooks focuses primarily on procedural knowledge, that is, a sequence of steps
for solving a type of problem or a set of rules and algorithms to be memorized. This
representation encourages learners to suspend their existing understandings and prior
concepts that may be relevant to their learning and subscribe to the “teacher-imposed
methods of getting the correct answer” (Geist, 2010, p. 25). The emphasis on the
need for the repetition of steps, the memorization of mathematical formulas, and
the swiftness of solving problems can cause learners to perceive mathematics as a
high-risk subject (Geist, 2010; Popham, 2008).

Moreover, this method of teaching gives rise to a view of mathematics as abstract
and detached from reality. Even examples or story problems, which ask students
to apply their knowledge of mathematics to solve problems that happen in a real-
world scenario, “rarely invite students to use their common sense and their everyday
experiences to solve those problems” (Popovic&Lederman, 2015, p. 129); but rather,
questions such as figuring out when two trains will collide or how tall a lighthouse
is based on the shadow it casts are often unrelatable to a young student.
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There is an emerging shift from the traditional approach of teaching that empha-
sizes the learner’s ability to recall disconnected facts and follow prescribed pro-
cedures and operations to the new teaching approach of facilitating “learning that
enables critical thinking, flexible problem solving, and the transfer of skills and use
of knowledge in new situations” (Darling-Hammond et al., 2008, p. 2). Even as we
acknowledge that relating classroom mathematics to real-world contexts enhances
students’ understanding of mathematical ideas and motivates learning and applica-
tions (Gainsburg, 2008; Zeuli & Ben-Avie, 2003), how can schools and teachers,
pedagogically and technically, connect the mathematical concepts they teach with
their applications in real-world situations?

8.2.1 Stem

White (2014) suggested that the distinct disciplines of STEMwere originally selected
because these disciplines provide critical thinking skills that encourage students to
solve problems within their area of study. These disciplines were originally ordered
as science, mathematics, engineering, and technology—or SMET—that came from
an initiative created by theNational Science Foundation in theUnited States ofAmer-
ica. The acronym was changed to STEM in 2001, and the term continued to grow
in popularity and recognizability (Breiner, Harkness, Johnson, & Koehler, 2012).
While there is no commonly agreed operational definition or conceptualization of
STEM, most stakeholders seem to agree that STEM is about creating better teachers,
students, andworkforce in the twenty-first century (Breiner et al., 2012).Most people
agree that the desired outcome of STEM is to prepare students at all levels with the
skills necessary to compete in our rapidly advancing technological society. Allen,
Webb, and Matthews (2016) adopted a view of STEM education as intentionally
merging the separate disciplines in order to solve real-world problems. Therefore, a
STEM curriculum is an integration of two or more STEM-related disciplines (inter-
disciplinary) or a fusion of the four disciplines (transdisciplinary), which are used to
help students acknowledge or respond to problems that exist in society.

Furthermore, Johnson (2013) argued that true integration of STEM education
should be more than combining the subject areas, but specifically should be an
instructional approach “which integrates the teaching of science and mathematics
disciplines through the infusion of the practices of scientific inquiry, technological
and engineering design, mathematical analysis, and 21st century interdisciplinary
themes and skills” (p. 387). This definition deemphasizes content and emphasizes
processes and skills, which set it apart from the traditional definitions of science and
mathematics education.

The authors of this chapter view the implementation and use of technology that
enables and facilitates the inquiry and investigation of real-world phenomena and
data to solve real-world problems as a good starting point for implementing STEM
education, specifically, in this case studyof a traditionalmathematical class structured
into compartmentalized topics that did not rely on any authentic empirical data.
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Kaiser (2002) cautioned “it is typical for German mathematics teaching that real-
world examples discussed in lessons are not authentic real-world problems, but made
to illustrate mathematical contents. Therefore, these examples give a quite artificial
and far from reality impression” (p. 253). The introduction of authentic context and
data into a traditional mathematics class can develop STEM thought processes and
skills by solving real-world problems directly related to the learners.

8.2.2 Disciplinary Intuitions

Studies have suggested that conceptual knowledge (i.e., explicit or implicit under-
standing of the principles or relations) may have a greater influence on procedural
knowledge than the reverse procedures (Rittle-Johnson & Alibali, 1999). Insuffi-
cient attention has been paid to the inter-functional dialectic relationship between
scientific concepts and everyday concepts—disciplinary intuitions that build on ideas
from cognitive development, sociolinguistics, and constructivism. Vygotsky (1978,
p. 157) claimed that the development of everyday and scientific conceptionswere two
“parts of a single process: the development of concept formation which is affected
by varying external and internal conditions but is essentially a unitary process, not a
conflict of antagonistic, mutually exclusive forms of thinking.” These tacit nascent
understandings are disciplinary intuitions based on embryonic, unexamined, or unre-
inforced conceptions or misconceptions from lived experiences and early stages of
learning that learners bring to the classroom and risk being dismissed by teachers
who are working within curricular constraints, believing that misconceptions can to
be quickly set right by the formal curriculum.

Lim (2015) argued that, when teachers and learners are afforded opportunities
to acknowledge, surface, and negotiate these disciplinary intuitions, it will result in
much more enduring understandings on the part of the learners. The Disciplinary
Intuitions Model (Fig. 8.1) is based on the belief that learning is predicated upon a
person’s lived experiences. Learning that does not build upon intuitions from lived
experiences is purported to become purely theoretical information that will be diffi-
cult for students to apply in the real world. Writing specifically about mathematics
word problems used in schools, Lave (1992) observed that:

Children’s intuitions about the everyday world are in fact constantly violated in situations in
which they are asked to solve word problems. This discontinuity by itself may help create
the division between ‘real’ and ‘other’ mathematics by conveying the message that what the
children know about the real world is not valid. (p. 78)

Students who are unable to connect new knowledge with knowledge and concepts
that they already tacitly or explicitly know—due to an inability to connect the stimulus
in the instructional setting to the performance of the task in a generalization setting—
maymeaninglessly relegate the new stimulus to the theoretical in isolation from their
intuitions. Unable to construct new meanings with these new stimuli, students may
find understanding or remembering such stimuli difficult andmayfind it harder still to
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Fig. 8.1 Disciplinary Intuitions Model of learners’ cognition in the learning process

apply them to problems in the real world. Therefore, educators and their lessons need
to be informed not only by learners’ explicit conceptions andmisconceptions but also
by a further understanding of the tacit intuition learners bring to their learning. This
requires educators to construct learning environments that can surface and leverage
these learner intuitions. A carefully designed, shared work–play space can increase
the likelihood of the students making a connection between their lived experiences
and the learning context so that their intuitions from lived experiences can be engaged
in their thinking and learning processes. Educators will then be able to identify and
build upon these learner intuitions in class for deeper learning and address them
while they are still malleable.

8.2.3 Authentic Learning

Reeves, Herrington, and Oliver (2002) suggested that authentic learning is a student-
centric pedagogy whereby learning takes place in a crafted learning environment that
is situated in or simulates the real world. Students construct understanding based
on their past experiences, prior knowledge, current experiences, and sociocultural
factors involving real-world problems with practical, tangible solutions (Lombardi,
2007). The realism of this learning environment allows direct connections to be
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made by students between their lived experiences and the learning taking place in
the crafted learning environment or context. Therefore, learner intuitions can be
leveraged by setting up authentic learning environments.

Reeves et al. (2002) proposed a ten-element checklist that characterizes the authen-
tic learning experience. Lombardi (2007) explained and elaborated upon the indi-
vidual items and suggested how they may be adapted to any subject matter domain
(Table 8.1). The central theme running through most of these design elements is real-
world relevance in the learning process. Hence, using this list of design elements as
a checklist in the crafting of a lesson plan or learning package, educators can create
an authentic learning context that is as close to the real world as possible so that
students can relate lived experiences to the given learning context.

8.3 Case Study

Despite the growing rhetoric about STEM education, what this means for teaching
and learning in mathematics education is still largely under-conceptualized. This
research used a case study designed to explore and document a learning experience in
a secondary mathematics classroom that took into account STEM interdisciplinary
and real-life context, as well as disciplinary intuitions and the authentic learning
framework. The classroom activities and analyses were designed by the students’
regular mathematics teachers, who had several discussions with the project team.
The research team’s primary role was to assist in data collection and to conduct
workshops during the school’s regular personal development hours to introduce the
hardware and learning frameworks to the teachers.

8.3.1 Context

This set of lessons was designed and conducted with classes at Yio Chu Kang Sec-
ondary School (YCKSS), a coeducational government school in Singapore, in con-
junctionwith theNational Institute of Education, an autonomous institute ofNanyang
Technological University in Singapore. The intervention incorporated the use of data
collected by open-source sensors into the mathematics curriculum of the school. The
purpose of the instructional unit was to let students work with and learn from local-
ized data, thereby allowing them to practice their skills with real-world data collected
from their local environment. Through this intervention, this study aimed to investi-
gate the following research question: Can the use of real-time localized data enable
the construction of an authentic STEM learning context in a mathematics classroom?
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Table 8.1 Ten design elements of authentic learning (adapted from Lombardi, 2007)

Design element Description

1. Real-world relevance Authentic activities match the real-world tasks of
professionals in practice as nearly as possible.
Learning rises to the level of authenticity when it
asks students to work actively with abstract
concepts, facts, and formulae inside a realistic and
highly social context

2. Ill-defined problem Challenges cannot be solved easily by the
application of an existing algorithm. Instead,
authentic activities are relatively undefined and
open to multiple interpretations

3. Sustained investigation Problems cannot be solved in a matter of minutes
or even hours. Instead, authentic activities
comprise complex tasks to be investigated by
students over a sustained period of time, requiring
a significant investment of time and intellectual
resources.

4. Multiple and extraneous resources Authentic activities provide the opportunity for
students to examine the task from a variety of
theoretical and practical perspectives, using a
variety of resources, and requires students to
distinguish relevant from irrelevant information in
the process

5. Collaboration Success is not achievable by an individual learner
working alone. Authentic activities make
collaboration integral to the task, both within the
course and in the real world

6. Reflection (metacognition) Authentic activities enable learners to make
choices and reflect on their learning, both
individually and as a team or community

7. Interdisciplinary perspective Relevance is not confined to a single domain or
subject matter specialization. Instead, authentic
activities have consequences that extend beyond a
particular discipline, encouraging students to adopt
diverse roles and think in interdisciplinary terms

8. Integrated assessment Assessment is not merely summative in authentic
activities but is woven seamlessly into the major
task in a manner that reflects real-world evaluation
processes

9. Polished products Activities culminate in the creation of a whole
product rather than an exercise or sub-step in
preparation for something else

10. Multiple interpretations and
outcomes

Activities allow a range and diversity of outcomes
open to multiple solutions of an original nature,
rather than a single correct response obtained by
the application of rules and procedures
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8.3.2 Students’ Needs

YCKSS mathematics teachers began by identifying students’ needs and challenges
in learning data handling skills and content. The teachers identified three areas that
could be improved by a real-world, data-driven intervention: mathematical skills
related to the topic of mean, median, and mode; reasoning, communication, and
connections; and mathematical beliefs, interest, and motivation.

The teachers highlighted that conventionally, while their students may acquire
a theoretical understanding of what the different measures of central tendency are
and how to obtain them quantitatively, they were often unable to arrive at a clear
qualitative understanding of the pros and cons in using different measures or were
unable to articulate their understanding clearly. One common feedback the teachers
received is that secondary school mathematics is not relevant to the student’s life,
which they believe negatively affects student motivation in practicing mathematics.

8.3.3 Pedagogical Considerations

The teachers had several meetings to brainstorm on how to design a STEM learn-
ing environment using data in the mathematics classroom. They decided to base
their design on inquiry-based learning (Pedaste et al., 2015). The three-phase les-
son focused on solving a central problem using a teacher-guided, student-directed,
investigative inquiry-based activity consisting of:

1. Orientation and Conceptualization: Context, trigger, or question that sets up the
central problem to be solved, along with hypothesis generation.

2. Investigation: A systematic method to gather and process relevant information
through data or otherwise to solve the problem.

3. Conclusion: Synthesis of the findings to arrive at a conclusion or product in
response to the problem.

The foremost task was to come up with a trigger inquiry question that students are
likely tofind interesting or relevant to themand canbe answered through investigation
of current, localized, real-world data. The question selected was: Where is the best
spot to study in school? This question is relevant and understandable to the students,
who will also have diverse personal experiences in deciding where in the school to
go and do their work. The context was specified to after-school self-study, during the
time period of 3–6 p.m., in any locationwithin the school. The teachers decided on six
different environmental factors that may be relevant: temperature, humidity, visible
light, infrared radiation, ultraviolet radiation, and noise level across the possible
locations to determine the suitability of study. The locations will be determined
by the students in class. The resulting data will be analyzed and processed by the
students so that they could compare the factors across different locations and draw
logical conclusions. The goal was for the students to mathematically process the data
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and use the result to logically deduce their answer to the trigger inquiry question. A
lesson worksheet was crafted for the students that would allow them to collectively
record their activities and to express themselves in their own words.

A key tenet of a good investigative inquiry-based activity is the personal relevance
of the trigger to the students. Ryan (1995) and Ryan and Deci (2000a, 2000b) argued
that an increase in students’ perceivedvalue of or interest in an activitymoves students
further along the self-determination continuum toward being more motivated both
extrinsically and internally. Ormrod (2008) also believed this emotional engagement
positively influences the degree to which students choose to engage in classroom
activities. An investigative inquiry-based activity such as this that has real, personal
relevance fulfills many of the design elements in authentic learning.

• Real-world Relevance: The activities are in fact real-world questions that the stu-
dents find themselves answering every day. It stems from a real need found in the
students’ environment.

• Ill-defined Problem: Although the problem is one that is easily understood by the
student, there are various factors that need to be considered and the students need
to evaluate their findings to respond meaningfully to the problem. Moreover, the
result is open to debate and other considerations.

• Sustained Investigation:Thedata are collected throughout aweekduring the school
term, providing the students with variation and trends across different days.

• Multiple and Extraneous Resources: Students are given extraneous real-world data
and must contemplate the relevancy of each datum.

• Collaboration: This activity is designed to be a group investigative task; the group
needs to work together, discuss, and decide on an answer.

• Metacognition: Reflective learning is fostered through individual or group prompts
by the teacher in class or in the guiding questions in the worksheet.

• Multiple Interpretations and Outcomes: Solutions were not evaluated as dichoto-
mous (right or wrong). The activities allow for competing solutions with nuanced
evaluations and diverse interpretations of outcomes.

8.3.4 Technical Affordances

Theweather sensor network set up at the school consisted of five sensormotes—each
placed in a different part of the school—that transmitted data via wireless radio to
an Internet-connected hub device, which then uploaded the data to a cloud service
(i.e., Google Sheets). Teachers and students could access the cloud data to obtain
the sensor data remotely via their smart devices (e.g., computer, tablet, or mobile
phone).

Each sensor mote was constructed from the following components:

• Arduino UNOMicrocontroller Board: An open-source, programmable electronics
platform that is cheap, easily accessible, and supported by a wide ecosystem of
compatible extension parts.
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• XBee Radio Module: A medium-range, programmable radio module that can be
used to transmit data between devices up to 100 m away from each other.

• Temperature and Humidity Sensor: Integrated temperature and humidity sensor
that measures temperature in degrees celsius and relative humidity as a percentage.

• Sunlight Sensor: Measures visible light in lumens, infrared light in lumens, and
ultraviolet light in UV index.

• Noise Sensor: Measures noise levels.
• 5000 mAh Power Bank (portable charger): Arduino UNO microcontroller board
was powered by a power bank that could keep the device running for 5 days.

The hub device was constructed from the following components:

• Raspberry Pi Single-board Computer: A portable computing device with built-in
storage that runs an open-source operating system (Linux).

• XBee Radio Module: Same as the one attached to each sensor mote, but this one
was programmed to send and receive data from all five sensor motes.

8.3.5 Implementation

The teachers designed a 2-week lesson package for implementation during the regular
Secondary Mathematics 2 classes. The lesson package comprises a lesson plan for
teacher instructions and student activities and an accompanying student worksheet
to stimulate reflective thinking and consolidate learning.

The lesson package was carried out in two classes: the first was from February
12–21, 2018, and the second was one month later from March 12–22. The seeming
long duration of each lesson package includes the week-long data collection by the
sensors aswell as classroom instruction time.After the data collectionwas completed,
the students received and worked on the compiled data in their mathematics classes.
These lessons were observed by the research team.

The first lesson for each class introduced the investigative task of determining the
best study spot in the school based on environmental factors that would be conducive
to study. The students were divided into groups to study the relevant factors and
formulate their hypothesis on where the best location may be. At the end of the first
lesson, each group submitted a few locations they would like to investigate. Although
the teachers did not assign any specific locations, groups were encouraged to choose
different places to investigate. Some examples of the locations chosen were a canteen
or benches near the general office on the ground floor, study tables near classrooms
or the elevator on the second floor, and study tables on the third and fourth floors. The
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sensors hardware was packed into transparent lunchboxes and cable-tied to fixtures
in those locations (Fig. 8.2). The data were wirelessly collected for a week and stored
on spreadsheets on the cloud storage service.

Six different environmental readings were captured by the sensors: temperature,
humidity, visible light, infrared radiation, ultraviolet radiation, and sound or noise
level. Each sensor was set to record one set of readings every fiveminutes throughout
the week for a specified location. These data were formatted and printed for use by
the students during class time. Each group was given a printout of the data collected
for each location they picked (Fig. 8.3).

With the collected data, the teacher conducted lessons on data processing and
analysis, using the mathematical skills the students practiced in class. The teacher
reintroduced the investigation topic and explained how the data were generated.
Each group was given their relevant data printout; every student must complete
an individual worksheet (Figs. 8.4 and 8.5). The teacher facilitated each group’s
discussion and data handling processes by going around the class to engage students
in Socratic questioning and by responding to queries. Class discussions were then
conducted to consolidate, compare, and evaluate group results.

Fig. 8.2 Sensors set up in various locations that students wanted to investigate
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Fig. 8.3 Datasheet distributed to students for the lesson

8.4 Observations

Two separate group interviews were held—one after each class completed the entire
lesson. The aim of the interviews was to elicit students’ perspectives on their learning
experiences and their opinions on the curriculum. Students’ worksheetswere collated
and analyzed with the aid of the participating teacher to determine if students had
engaged meaningfully with the exercises.
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Fig. 8.4 A part of the student’s worksheet involving data analysis and processing
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Fig. 8.5 Astudent draws frompersonal experiences and intuitions to hypothesize a possible solution
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8.4.1 Students Appreciated the Use of Relatable Problems
and Real Data

A: Fun because we get to like play [and] use the real-life data instead of the textbook … so
like our knowledge about the school surroundings is better.

B: It just actually shows like … what the people from outside are actually dealing with …
because now in the textbook is more simplified … but when we grow older or get … jobs
maybe we have to deal with these kinds of things or maybe harder.

During the group interviews, students were asked what the differences are, if
any, between doing a mathematics lesson using localized data from their school,
compared to using arbitrary textbook data, or data collected from somewhere else in
the world. Of the students interviewed, the majority expressed they liked this lesson
similarly with localized data from their school because it is relevant to them.

Students also shared that they felt a disjunction between the real-world context
given in class and the actual process of data-collection outside of mathematics class
but within their school. Even though they understood that the data presented in class
were collected by sensors during the test period at their chosen venues, students
expressed their wish to be more directly and personally involved in the sensors’
setup and data collection process. They wanted to understand how the hardware of
the sensors resulted in the digital data in the spreadsheets.

8.4.2 Students Connected Mathematics to Everyday
Experiences

When asked to relate how different temperatures, brightness, and noise levels affect
their study environment, many students drew on their own personal lived experiences
to describe how the environmental factors affected them (Fig. 8.6).

The students gave different answers when asked to estimate an acceptable data
range for a conducive study environment. As seen in Fig. 8.7, these two students
held quite different views on the acceptable range on three factors. The questions and
activitywere constructed to connectmathematics topics to experiences, situations and
contexts outside of the mathematics classroom, including students’ own experiences
and understandings of the world, which is a critical element important to student
learning (Aguirre et al., 2013; Turner & Font, 2007). Connecting school mathematics
with everyday experiences can serve as valuable resources for learning (Civil, 2002,
2007) because realistic contexts and situations will enhance concepts and skills.
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Fig. 8.6 One example of a student responding to the worksheet with personal experiences

Fig. 8.7 Comparison between two students with different views on the acceptable range of the
quantities of three factors

8.4.3 Students Questioned the Textbook and Analyzed
Possible Solutions to Real-World Problems

There was an unexpected technical error in the setup that resulted in a 5-min period
wherein no data were recorded by the sensors or received by the cloud. The teacher
skillfully recognized this as a teachable moment and expounded to students how
zero-readings reflect the reality of imperfections in the real-world data collection,
versus textbook data that are fabricated and too perfect. This presented the students
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with a dilemma. For example, the formula for calculating mean is to add all the
values then divide by the number of values. But what do they do when one row in
the datasheet is a series of zeros due to the technical error. The students were unsure
if they should include those zeros in the calculation of their means, medians, and
modes. When trying to calculate the means, some groups were unable to decide if
they should “divide by 5 without the zeros or 6 to include the zeros.” Unable to come
to a group consensus, these groups turned to the teacher for help.

These student actions showed that they had managed to apply their understanding
of the lesson to an unexpected challenge presented by the primary data. They would
not have been able to correctly question the number of readings to incorporate in
their calculation had they not understood that the principle of calculating the mean
of a set of data equals to the value of all the data points divided by the number of
data points. More importantly, by discussing the validity of data points, they made
the leap from following formulas and instructions in their mathematics textbook to
considering the fuzzy, real-world problem of data validity.

In this example, the teacher recognized that the students’ reasoning for not includ-
ing the zero-readings demonstrated their understanding of what are meaningful data
and their ability to make a decision on rejecting data that do not help in interpreting
the results (Fig. 8.8). The mathematics class broadened from one of the applying for-
mulas to numbers in textbooks to a discussion on data analysis. One student described
it like this: “We will be losing another data (point), so the average will be lesser in
some way, it’s not accurate.” Another student verbally explained it as: “The mean
will drop down, because it’s a zero …, it’s a huge difference.”

Some groups wanted the teacher to provide an answer to what should be done
with regard to the zero-readings; however, the teacher skillfully challenged the stu-
dents, asking them to first try to explain what they thought they should do and why.
We observed that the students were experiencing a real-life authentic problem in
a mathematics lesson and were coming up with their own solutions, adapting their
behaviors, and making meaningful decisions. They did this by utilizing and manipu-
lating their prior knowledge, drawing upon their experiences and knowledge to guide
their choices and to help them determine their next steps within the context of the
problem. We find this to be a prime example of authentic learning in a STEM lesson,
which is equipping students with essential life skills.

8.5 Discussion

The results of this study support the hypothesis that open-source sensors enabled
the construction of an authentic STEM learning context that can be used in learning
environments to affect deepermathematical and problem-solving skills.We observed
that students broke down the main question into different parts, sustained working
with the data collected, rejected extraneous data like ultraviolet and infrared light
readings, collaborated in groups, and came up with multiple interpretations and
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Fig. 8.8 Example of a student’s work showing his/her choice in ignoring the zero-readings in the
calculation of the means

conclusions from the data collected. When asked in class and during the interviews,
several students could express why they felt the task had real-world relevance to
them.

Some students’ first impression of the data sheet was that there were too many
overwhelming numbers on the paper. This problem can be exacerbating for students
who lack confidence or students with learning difficulties like dyslexia. During the
interview, one student expressed a preference for the teaching of averages using
textbook data instead. This student may represent others who feel more comfortable
with traditional textbook examples, with less and often simplified data that are easier
to understand, or who may be weaker and less confident in their ability to handle
larger data sets. More research and lesson design can be conducted to engage these
learners and bring about their persistence and eagerness to engage in mathematical
challenges.

The students considered the lesson enjoyable andmeaningful. These studentswere
curious and cared about their school environment. They were motivated to discover
and improve the schools for themselves and others at the school. Rather than studying
a hypothetical problem in a textbook, they were examining a problem that mattered
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to them, and this led to relevance in their learning. In fact, they expressed an interest
to get involved in the data collection and related activities—setting up hardware,
determination of locations, problems to investigate, etc.

This led to a discussion of a shortcoming in this case study—the omission of one
of the key design elements in authentic learning and a common component of STEM
education—the interdisciplinary perspective. Lessons at YCKSS, and Singapore in
general, are largely based on the conventional isolation of disciplines within estab-
lished school systems that do not yet allow for cross-disciplinary or multidisciplinary
learning, much less interdisciplinary learning. Lombardi (2007) asserted that learn-
ing should take place across multiple disciplines in an interdisciplinary way because
it mirrors reality and real-world tasks that professionals encounter. Lessons designed
around the use of open-source hardware sensors are well suited for interdisciplinary
learning. For example, science and geography lessons can be designed to investigate
and monitor the local environment, the data can be processed and visualized in math-
ematics lessons, the construction of suitable casings for the sensor can be a design
and technology task, and the coding of the hardware can be an exercise in coding
lessons.

To make the tasks even more meaningful, we can construct a scenario that allows
students to create a useful, shared outcome. For example, the schools might set up a
study corner in the locations that the student determined is conducive to self-study
or building a model of the new study area to show changes they were planning
to implement, or perhaps the task can be to monitor the school garden or pond to
improve plant or fish growth.

8.6 Conclusion

Experiences that do not encourage children to makemeaning from their learning will
quickly be forgotten. Any learning experience should aim to instill authenticity into
every task, lesson, and unit to ensure that students are able to develop real-world,
problem-solving skills. Thanks to the emergence of a new set of technological tools,
we can offer students more authentic learning experiences. This study shows that
today’s technology can enable the construction of an authentic STEM learning con-
text that can be used to surface and leverage learner intuitions for deeper mathe-
matical learning. This case study is a localized study, crafted in conjunction with a
secondary school to meet its students’ needs. We think that there is the potential to
involve multiple departments to make the learning task interdisciplinary and even
more authentic for students. We hope that school systems can allow for such lessons
in future sensor-based interventions. Nevertheless, this work contributes to affirming
the use of open-source sensors in a myriad of STEM learning environments to target
student needs in schools today. With such a vast space of pedagogical design before
us, it is hoped that this work can inform the possible merits and caveats of this STEM
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pedagogy, inspire teachers and academics on related sensor-based interventions, and
help educators be more cognizant of the roots of the conceptions that students bring
to learning environments.
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Chapter 9
Changing STEM and Entrepreneurial
Thinking Teaching Practices
and Pedagogy Through a Professional
Learning Program

Lihua Xu, Coral Campbell and Linda Hobbs

9.1 Introduction

There is a strong emphasis, both in Australia and internationally, on the importance
of Science, Technology, Engineering, andMathematics (STEM) education across all
levels of schooling. In Australia, the push for schools to implement STEM education
is reflected in government policy documents, such as the National Innovation and
Science Agenda (Department of the Prime Minister and Cabinet, 2015), and the
endorsement of the National STEM School Education Strategy 2016–2026 by all
education ministers to focus on the development of mathematical, scientific, and
technological literacy and twenty-first century skills (Education Council, 2015). The
challenge for schools and those supporting teacher and school change is to translate
a STEM policy agenda into valid and coherent curricula.

STEM competencies are regarded as essential not only for STEM occupations,
but as the basis of a capable and informed citizenry (seeMarginson, Tytler, Freeman,
& Roberts, 2013). STEM offers a range of benefits for education and career oppor-
tunities of future generations (Timms, Moyle, Weldon, & Mitchell, 2018). On the
one hand, quality STEM education allows for the exploration of STEM disciplines
as interconnected bodies of knowledge and practices and a reconceptualization of
knowledge and skills for the twenty-first century and beyond. On the other hand,
STEM is believed to be a promising approach to draw more students into the future
STEM workforce and offer enhanced career opportunities for these students.

Education in STEM begins in primary schools (Prinsley & Johnston, 2015). Yet,
research shows the lack of confidence and competence of primary school teachers
in teaching STEM-related areas such as science and mathematics (Marginson et al.,
2013; Tytler, 2007). These have been regarded as one of the contributing factors to
low student interest in STEM-related areas (Schreiner & Sjøberg, 2004), reduced
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student performance in international assessments (Marginson et al., 2013; Timms
et al., 2018), and declining uptake of STEM beyond compulsory years (Kennedy,
Lyons, & Quinn, 2014; Thomas, Muchatuta, & Wood, 2009; Tytler, 2007; Wienk,
2017).

Despite an increasing number of approaches emerging to upskill primary school
teachers and build their capability for teaching STEM-related areas (Office of the
Chief Scientist, 2016), the challenges surrounding implementation of STEM educa-
tion in primary schools remain. The most critical challenge is how to meaningfully
embed STEM-related knowledge, skills, and dispositions across all grade levels and
curriculum areas through a whole-school approach. Increased quality and quantity
of STEM implementation in primary schools requires not only the development of
teachers to better understand and integrate content and pedagogical knowledge in
STEM areas, but also their ability to lead changes in their schools in relation to
teacher learning, curriculum, and instruction.

In this chapter, we report on school responses to a professional learning pro-
gram designed to build teacher capacity for STEM teaching. Research questions for
analysis are as follows:

• What aspects of the professional development program built teacher confidence
and capacity for STEM teaching through inquiry-based approaches?

• How did the teachers and schools respond to the professional learning program?

9.2 STEM Practices in Primary Schools

Primary school teachers in Australia are generalists who are usually responsible for
teaching all subject areas, including mathematics and science. For decades, research
has shown that primary teachers lack confidence and competence in teaching these
two subject areas and that this continues to be a problem in Australia and internation-
ally (Marginson et al., 2013; Roth, 2014). Recent initiatives to address this situation
include recommendingmathematics and science subject specializations in preservice
primary teacher education courses (Teacher Education Ministerial Advisory Group,
2014), improving primary teachers’ science and mathematics subject matter knowl-
edge, providing teachers with specific curriculum materials (Davis, Janssen, & van
Driel, 2016; Hackling, Peers, & Prain, 2007), and improving teachers’ knowledge of
specific teaching approaches (Herbert, Xu,&Kelly, 2017). However, these initiatives
typically focus on the top-up of teachers’ content and pedagogical knowledge for
teaching STEM subjects, rather than a more holistic approach that can be adapted
by teachers to develop their own approach to teaching and using STEM practices.

STEM subjects have tended to be taught separately in primary schools due to
existing curriculum structures. In the Australian curriculum (Australian Curriculum,
Assessment, and Reporting Authority [ACARA], 2016), STEM is addressed

through the learning areas of Science, Technologies and Mathematics, and through gen-
eral capabilities, particularly Numeracy, Information and Communication Technology (ICT)
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capability, and Critical and Creative Thinking. … Engineering is addressed in Design and
Technologies through a dedicated content description at each band that focuses on engineer-
ing principles and systems. It is presented across the curriculum through Science, Digital
Technologies and Mathematics. Engineering often provides a context for STEM learning.
(p. 6)

Increasingly, there is pressure to teach science and mathematics through inter-
disciplinary or integrated approaches (English, 2016) with the aim to develop stu-
dents’ interdisciplinary understanding of STEM subjects, their STEM skills such as
problem-solving and modeling (Ríordáin, Johnston, & Walshe, 2016), and to help
students recognize the role of STEM in many aspects of their lives. Vasquez, Snei-
der, and Comer (2013) proposed a framework using four levels to present increasing
degrees of integration for STEM areas: from disciplinary, to multidisciplinary, to
interdisciplinary, to transdisciplinary. As the level of integration increases, there is
more emphasis on the interconnections among different disciplines and the ability
of students to apply knowledge and skills from each discipline to solve real-world
problems. Bryan,Moore, Johnson, and Roehrig (2015) suggested that the integration
of STEM needs to be specific and purposeful with the consideration of both content
and context. They proposed three forms of STEM integration: (a) content integration
in which multiple STEM objectives are included in the learning process, (b) integra-
tion of supporting content in which the learning objectives of one area is supported
by another area, and (c) context integration in which the context of one area is used
for achieving the learning of the objectives in another area.

Despite the increased number of approaches proposed in the literature for STEM
integration in schools, research highlights some ongoing challenges, and complex-
ities to navigate through the current STEM landscape and to provide effective
approaches to STEM teaching practices (English, 2017). There are several significant
issues to be considered, including how the implementation of STEM may interfere
with the current school timetable and curriculum, how conversations between teach-
ers from different disciplines can be encouraged, and how to meaningfully integrate
STEM disciplines.

Professional learning programs that address some of these challenges have been
developed and implemented across Australia (see Timms et al., 2018, for a list of
government STEM policies and programs). Such professional learning programs
tend to focus on activities, subject matter content knowledge, curriculum resources,
and pedagogical strategies as approaches to teacher capacity building—the intention
of which is to generate change in current practice and can include dispositions,
knowledge, skills, attitudes, and motivation (Fullan, 2005). One example of such
an initiative is the Primary Mathematics and Science Specialists (PMSS) program
run by the Victorian Department of Education and Training. The focus of the PMSS
program is on the education of primary teachers to become science or mathematics
specialists, with the intention that these specialists would then lead capacity building
for other teachers within their schools (Campbell & Chittleborough, 2014). Given
the subject-specific focus of these initiatives, what is missing is attention to the broad
structures (including frameworks and language) to allow for the organic development
of a vision framework for guiding STEM practices in schools.
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9.3 The STEM and Entrepreneurship in Primary Schools
(SEPS) Program

STEM and Entrepreneurship in Primary Schools (SEPS) is a professional learn-
ing program designed to build teacher confidence and capacity for STEM teaching
through inquiry-based approaches. SEPS was funded by the Australian Department
of Industry, Innovation, and Science (https://www.business.gov.au/). The SEPS pro-
gram aimed to:

• build and improve teacher capability and innovation in the teaching of STEM and
entrepreneurship programs in primary schools in the Geelong region;

• raise awareness among primary school students of the value of STEM and
entrepreneurship; and

• increase participation among primary school students in STEM activities and
engagement in entrepreneurial challenges.

In 2018, 11 primary schools from the Geelong region of the state of Victoria
participated in three key events run by the Deakin team: a professional learning (PL)
workshop, a student maker faire, and a STEM education conference. Two teachers
from each school were committed to the PL programs for the entire year. At the start
of the program, teachers participated in a 2-day PL workshop at Deakin University.
The foci of the two intensive days were to (a) introduce conceptual frameworks for
guiding STEM curriculum planning and (b) build teachers’ knowledge of the variety
of STEM practices and pedagogies, enabling them to make informed and effective
decisions relating to STEM education in their own school context.

After the 2-day workshop, the teachers planned and implemented a STEM pro-
gram in their schools. Someof the students’work generated from theSTEMprograms
was displayed at theMaker Faire hosted at the university. At theMaker Faire, 180 stu-
dents participated in a range of activities, including sessions led by students, teachers,
and invited scientists. The last event of the SEPS programwas a 3-day national STEM
education conference at the university (https://www.deakin.edu.au/stem-education-
conference-2018) at which the participating teachers showcased their innovations
and key learnings to a delegation of teachers, educators, and educational researchers.

Prior to joining this program, these schools were at different points in relation
to their development and implementation of STEM programs. While a few schools
were at the very beginning of establishing a STEMprogram and resources, others had
been implementing it for some time, with one school offering a STEM program for
4 years. However, these existing STEM programs tended to be run separately either
in the form of extracurricular activities for a small group of students, embedded in
one of the curriculum areas (e.g., digital technology), or as a separate program run
by a specialist teacher. No school had established a whole-school approach in which
STEM was embedded across multiple curriculum areas and year levels. In order
to cater for the different needs of the participating schools, the SEPS program was
designed to provide teachers with conceptual frameworks for the purpose of guiding
their thinking in relation to both planning and implementing programs on STEM

https://www.business.gov.au/
https://www.deakin.edu.au/stem-education-conference-2018
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and entrepreneurship in their schools. Schools were expected to decide their own
development goals. As the program progressed, it was anticipated that the teachers
would focus not only on their own practices but also on work with other teachers to
lead sustainable STEM innovation across their school.

The 2-day workshop incorporated two frameworks: the SEPS Guiding Frame-
work and theSTEMEntrepreneurial Thinking (STEM-ET)VisionFramework. These
frameworks provided a comprehensive, multifaceted, coherent approach to address-
ing the subtle and complex challenge of preparing twenty-first century citizenswithin
the constraints of a traditional school system and curriculum. The frameworks give
teachers a common language that could be operationalized to support teacher and
school change.

9.3.1 SEPS Guiding Framework

The SEPS Guiding Framework (Fig. 9.1) was developed by the Deakin University
team for this project and incorporates earlier STEM research into innovation through
technology (Albion,Campbell,& Jobling, 2018) andSTEMpractices (Hobbs,Cripps
Clark, & Plant, 2018). The framework comprises four interconnected components
to support schools and teachers to frame and plan for curriculum and programs with
a strong focus on STEM and Entrepreneurial Thinking (ET).

Fig. 9.1 SEPS guiding framework
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The four components of the SEPSGuiding Framework—contexts, skillsets, inno-
vation, and take it further—allow schools to work through the process of identifying
a problem area within their curricula and school context for which a STEM program
incorporating entrepreneurship (innovation) can be developed and implemented. It
was expected that the SEPS Guiding Framework would be used in two ways: as a
framework to guide the development of STEM-ET programs for the whole school
and as a conceptual tool for teachers to develop their own approach to STEM-ET
teaching and learning.

9.3.2 A STEM-ET Vision Framework for Teachers
and Schools

The STEM-ET Vision Framework (Fig. 9.2) is an extension of the STEM Vision
Framework developed by Hobbs et al. (2018). By incorporating entrepreneurial
thinking, the STEM-ET Vision Framework enables educators to engage with the
STEM agenda through a targeted and deliberate framing of STEM linking with ET;

Fig. 9.2 STEM-ET vision framework (adapted from the Successful Students—STEM Program
[Hobbs et al. 2018])
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the STEM practices that can inform teaching, learning, and curriculum; how to build
teacher capacity and lead change in schools; and considerations to community and
industry links as meaningful contexts for learning.

The STEM-ET Vision Framework can be used in the following ways:

• As a vision for an approach to STEM-ET education guiding a professional devel-
opment project.

• For a school to develop a vision for STEM-ET that can function at multiple levels
within the school.

• For a teacher to develop their own approach to STEM-ET education, including a
professional development plan.

9.4 Overview of Approaches to STEM Education
by the SEPS Schools

The Deakin University team evaluated each of the three SEPS program events (i.e.,
PL workshop, maker faire, conference) to ascertain changing attitudes, perceptions,
and knowledge of students and teachers in relation to STEMandET. In addition to the
evaluation of each event using questionnaires, additional data were gathered to track
the changes in teacher capacity and student engagement in STEM and entrepreneur-
ship activities and practices. The research methods include document analysis and
semi structured interviews with teachers and principals in case study schools. Case
studies were undertaken in six SEPS schools to enable documentation of teacher,
curriculum, and school change as a result of teachers’ SEPS participation and to
establish the challenges and success criteria influencing the successful and sustain-
able implementation of STEM/entrepreneurship initiatives. All schools were invited
to be part of the case studies; however, for various reasons, five opted out.

For the purpose of identifying how the program influenced teacher and school
change, data from interviews with SEPS teachers and sometimes principals from the
six case study schools were analyzed to identify towhat extent and howSTEM (or for
some schools STEAMwith A as the Arts) was being implemented prior to the SEPS
program, what initiatives or actions that the SEPS teachers undertook during the
program, and their future plans. Ascertaining future plans enabled us to gain insights
into changes that might occur beyond the formal SEPS program. These findings are
summarized in Table 9.1. Following the table is a summary of some of the variations
and commonalities across the six case study schools.

On entry to the program, teachers’ STEM teaching capability and school STEM
programs were at different stages of maturity. These different stages of maturity are
discussed below in terms of the degree of progress made in the schools.

School M was at entry level as it had no explicit STEM programs. The moti-
vation to embrace STEM came mainly from the school leadership rather than the
teachers participating in the SEPS program; this, combined with a lack of STEM
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Table 9.1 Summary of Case Study School STEM Programs before, during, and after SEPS

School Pre-SEPS STEM
initiatives and directions

Implemented STEM
initiatives (terms 3 and 4
of 2018)

Future plans

A 1 h stand-alone lesson per
week for all grade levels.
Rotation of activities
focusing on digital
learning. No integration
across subjects

Grades 3–4 (Grade 3/4):
STEM rotation of
theme-based activities that
are based on challenge,
focused on design
thinking, incorporating
technology, and integrated

Whole school integrating
STEM into everything
rather than just
stand-alone sessions

B No STEM program. Some
inquiry units had science
focus. Science taught by a
science specialist. Digital
technology taught by a
specialist. Some
individual teachers
dabbled with STEM ideas
and digital technologies

Grades 3/4, 5/6: War on
Waste project where
students worked in one of
10 disciplinary groups
(e.g., mathematics,
science, reading, physical
education, art) to solve a
waste-related problem.
Digital technology
training for staff through
professional development

Grades 2–6: Class-based
projects using role-based
groups to solve complex
problems that were
determined by the
teachers and students

C Whole-school innovate
project where teachers
worked in teams to
investigate new ideas,
including STEAM and
sustainability teams.
Development of tinker
boxes for classroom
teachers to implement

Whole school: Continued
implementation of the
tinker boxes, with Grades
Preparatory (Prep)–2 box
set and Grades 3–6 box
set. Each box includes
construction, coding, and
design activities. Design
as individual (station),
small group, or
whole-class activities.
Grades Prep, 5/6: Inquiry-
and problem-based
activities incorporating
the design process as part
of the themed units’
implementation by
specific teachers.
Grade 5/6: entrepreneurial
activities (e.g., shark tank)

None identified

(continued)
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Table 9.1 (continued)

School Pre-SEPS STEM
initiatives and directions

Implemented STEM
initiatives (terms 3 and 4
of 2018)

Future plans

F Science specialist
program 1 h for two terms
for Grades 3–6.
STEAM class being
introduced in 2019 in
response to new school
direction and new building
with dedicated space

Grades 3–4, 5–6:
specialist-led STEAM
classes where students
complete
engineering-based
activities focusing on key
areas of the curriculum,
such as sustainability,
forces (through
hydraulics, and
pneumatics construction).
Some use of mathematics,
science, and technology
on a needs basis.
Partnerships with other
schools and industry
groups

Incorporate Grade 1/2 into
the rotation to allow more
students to be involved.
Work with classroom
teachers to embed
elements of the programs
where there is a natural fit
to their curriculum

M Inquiry topics,
stand-alone. Not labeled
as STEM-related

STEM lesson 1 h per
week.
STEM is a focus of
planning and delivery by
interconnecting the STEM
lessons with the current
classroom inquiry topic

None identified

R STEM specialist program
1 h per week; focus was
mainly on science and
some incorporation of
technology

Problem based where
problem is posed by
teacher and students go
through the
problem-solving and
design processes to solve
those problems (e.g., How
do we use government
money for our new oval?).
Link STEM activities with
what the classroom
teachers are doing

Topic-based units to cover
a number of STEM areas

teaching experience, meant that progress during the SEPS program focused mainly
on modifying existing programs.

School B was also at an entry level with no preexisting STEM program; however,
motivation to be involved in SEPS came from the teachers as a result of a school
community decision to embrace STEM. Strong teacher motivation and buy-in from
other teachers meant that substantial progress was made toward implementing a
STEM unit as a result of the contacts and ideas from the SEPS PL and from other
professional development and conferences in 2018.
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School A hadmade some progress toward implementing STEMas a set of rotation
activities that had a strong focus on digital learning. These activitieswere redeveloped
in 2018 in order to make them more STEM-like, which meant incorporating more
challenges and design elements and moving toward interdisciplinarity.

School C had made progress with STEAM implementation in 2017 through a
program of teacher research, which resulted in the introduction of tinker boxes to all
classrooms. This was continued in 2018 with an expectation that all teachers spend
50min every fortnight on activities. In addition, the SEPS teachers made adjustments
to their teaching by introducing project-based learning at Prep and Grade 5/6 as well
as an entrepreneurial activity in Grade 5/6.

School R had made some progress toward having a specialist deliver STEM with
a strong science focus. However, the specialist teacher changed part-way through
2018, and the new teacher (the remaining SEPS teacher) in this role was at a prelim-
inary stage in conceptualizing how best to frame and structure the STEM program.
Some progress was made in conceptualizing how to integrate the specialist programs
offered by the school as well as align the specialist STEM program with the class-
room inquiry focus. By the end of the year, the SEPS teacher hadmoved toward using
a problem-based approach during STEM lessons. For example, an inquiry unit called
Beneath My Feet being taught by Grades 3–6 teachers were supported by the STEM
specialist through a problem-based task focused on designing a new school oval; it
included questions relating to processes of preparing the ground, formal and esti-
mated dimensions and quantities, and financial literacy. A Paddock to Plate inquiry
unit in Grades 1–2 enabled a focus on lifecycles and hatching eggs in the STEM
classes.

School F had made substantial progress in their implementation of STEAM prior
to SEPS, with a new STEAM specialist class in 2018 building on a mature science
specialist program in previous years. There was substantial commitment from the
school leadership to developing a strong STEAM program that tied into their school
values of innovative, collaborative, and inspiring; it was facilitated by a newly built
dedicated STEAM teaching space. STEM units were implemented in 2018 focusing
on design-based learning. For example, a hydraulics and pneumatics unit could be
linked to the science and mathematics curriculum where relevant, such as push and
pull in Grades 1/2 and force and resistance in Grades 3/4.

These variations in entry points and progress highlight the need to be flexible
when planning professional development so that there are scope and potential for
all participants to attain success. Certainly during the 8 months of the SEPS pro-
gram, there was evidence of the SEPS teachers being involved in curriculum design
and pedagogy change as well as leading change in their schools. Some teachers
referred to running professional development for the whole teaching staff and spe-
cific teaching teams to encourage new activities or pedagogies, build teacher ability,
and conceptualize or reconceptualize STEM or STEAM for their school. School C
had done some of this work in 2017, while Schools B, F, and A mentioned specific
professional development delivered to other teachers in 2018. Across the six schools,
there was evidence of existing activities being revamped or redeveloped (Schools A
and B), introduction of new pedagogies or activities such as problem-based learning
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(Schools R and C) or project-based learning (School B), entrepreneurial thinking
either explicitly or implicitly through a focus on innovation activities (Schools B and
C), and design-based activities using a design cycle (all schools).

A case study follows that illustrates how the conceptual frameworks can be imple-
mented. School B was selected because the teachers and school were relatively new
to implementing comprehensive STEM programs and there was clear evidence of
all parts of the SEPS Guiding Framework in their description of activities in 2018.

9.5 Case Study of a SEPS School: School B

School B is a small primary school in a Victorian regional city. The school has a
student population of 191 students with about 40% from diverse backgrounds. The
school’s Index of Community Socio-Educational Advantage indicates a disadvan-
taged school population; as such, there is need for greater support for this student
body and community.Many of the school’s current programs focus onwell-being and
student’s emotional health and well-being and resilience development (https://www.
myschool.edu.au/). The broader school community has tended not to be strongly
involved in school programs (Interview, Teacher T, Nov. 2018).

According to the two SEPS teachers (both teaching Grade 3/4), prior to 2018,
there was no official STEM program at the school: “STEM didn’t exist” (Interview,
Teacher S, Nov. 2018). They had been running some science and digital technology
programs, and there had been amove to incorporate a “range of emergingSTEMprac-
tices that relate directly to creating problem-solving, innovative young children with
a sense of entrepreneurship” (Expression of Interest, Nov. 2017). In the last 2 years,
the school has had a digital technologies teacher who teaches coding; the school has
a one-to-one iPad program (i.e., all students have their own device) for Grades 3–6.
In addition, a specialist science teacher has been teaching separate science classes
through a 2-year curriculum cycle that the classroom teachers supplemented. Other
activities included participation in a nation-wide Robocup competition, attempts by
some teachers to introduce STEM in their classrooms, and involvement in a science-
focused leadership programwith the local secondary school for the Grade 6 children.
The two SEPS teachers had been developing units that, while focused on the science
topic, were becoming more integrated and more STEM-like.

In response to the SEPS PL, the two SEPS teachers took responsibility for review-
ing the school’s current program offerings. They purchased a range of technological
equipment, including programmable items such as Spheros™ (https://www.sphero.
com/education/), Makey Makey® (https://makeymakey.com/), and virtual reality
headsets. Most significantly, they redeveloped an old unit that no longer worked
to make it focused on STEM for Grades 3–6. After attending the SEPS PL and talk-
ing with other teachers in the network, the two SEPS teachers decided to introduce a
problem-based approach. Their first attempt was to create a problem for the students
to solve: turning unused cricket nets into a chicken coop. They realized that this was

https://www.myschool.edu.au/
https://www.sphero.com/education/
https://makeymakey.com/
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too big a project to start with as the children could not cope with the open problem-
solving and needed more guidance. They then worked with the other Grade 3/4
teachers to take a project-based approach and used a STEM-based theme focused on
a common global issue or problem. They selected the theme War on Waste that was
based on a recent Australian Broadcasting Corporation television series of the same
name.

The unit used the existing group working structure of the old unit where students
worked in discipline-based groups. After watching some of the War onWaste televi-
sion episodes, the students worked in ten groups, each exploring the theme through
the lens of a different discipline (e.g., mathematics, writing, physical education, sci-
ence, etc.). Students were assisted by their teachers to develop a focus and integrate
information across the groups where appropriate. For example, one group investi-
gated the science of composting and the mathematics group collected data on waste
composition. These data were then given to the composting group to support their
analysis and the writing group to prepare a persuasive text.

Through collaboration between groups, the teachers wanted the students to realize
that the problem was multifaceted and, therefore, required a wide range of thought
processes to arrive at multiple solutions. They identified problem-solving, critical
thinking, and critical analysis as the skills they hoped students would gain through
their project work. The teachers also raised students’ awareness of the problem
in different contexts: waste management locally at their school, waste in the local
community, and effects of waste globally. In terms of entrepreneurial approaches,
the STEM program was focused on engagement, but the teachers recognized the
entrepreneurial achievements of their students in some of the work they completed
in class, indicating that they “encourage (sic) entrepreneurial thinking … when it is
presented” (Interview, Teacher T, Nov. 2018).

An aim of the 2018 STEM program was to enhance student autonomy, but the
SEPS teachers recognized that with some students’ limited problem-solving skills
more teacher control was needed initially. Furthermore, they found that a project-
based approach was more suited to the students’ current learning needs. Because
this was a pilot and teachers were still learning how to support this type of learning,
rather than using this as a formal assessment opportunity, the teachers focused on
engaging the students in authentic learning: “at this point in time, [it’s] not assessed”
(Interview, Teacher T, Nov. 2018). However, the SEPS teachers referred to changes
in behavior relating to recycling and in attitude toward waste and the environment
and regarded this as a worthwhile outcome of the unit.

An important outcome of attending the SEPS PL was that the SEPS teachers felt
enabled to lead the direction of STEM in their school. During the year they provided
professional development for staff, particularly in the areas of digital technologies,
“to build staff competency” (Interview, Teacher S, Nov. 2018) so that they were
familiar with the technology and could seek opportunities to integrate it into their
regular classroom teaching. Since this in school professional development, some
teachers in the Grade 1/2 team used some of the digital tools in their teaching.

The SEPS teachers reported that the opportunity to network with other SEPS
teachers was particularly valuable in seeing several models of STEM implementation
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in practice. Speakingwith the other teachers enabled them to choose aspects of STEM
practices that were most appropriate to their own schools’ needs.

Obviously, there is an overarching network thing there. I suppose the schools we have
taken a bit from, probably School G [not a case study school], School F and then from the
[STEM] conference, also SchoolA and theway they have developed their inquiry. (Interview,
Teacher T, Nov. 2018)

For the future, the SEPS teachers intend toworkwith the otherGrades 2–6 teachers
to redesign the unit so that the students explore a theme for the entire year. The
theme will be determined by the classroom teacher; the intentions are that more
digital technology will be used where appropriate, that students will build on their
problem-solving skills, and that teachers will guide greater collaboration across the
student groups. The year will culminate in a whole-school exposition of students’
achievements involving the broader communities of parents, other schools, and local
industry.

The case study of School B provides a good example of progress made by a school
with limited existing STEM programs toward a purposefully built STEM program to
enable authentic learning experiences for its students. The SEPS teachers indicated
that things are moving slowly and steadily but much depends on individual teacher
buy-in. Overall, the school presents a picture of engagement in STEM across most
levels with a number of significant emerging programs in development. Leadership
support is available, and the teachers’ commitment to bring about change in STEM
was evident. The role of STEM leaderwas introduced in 2018, also demonstrating the
school’s commitment to implementing a quality and comprehensive STEMprogram.
The gradual release model employed by the two SEPS teachers in implementing the
STEM program attracted some initial buy-in from students and some teachers. This
was perceived as a stepping-stone toward building teacher capacity in the school in
order to develop a whole-school approach for STEM.

9.6 Discussion

Description of the six case study schools who participated in the SEPS program
demonstrated that a range of models were employed by the schools to implement
STEM, including

• Classroom teachers or whole departments (e.g., all Grades 3 and 4 classes) imple-
ment a STEM hour (Schools B and C).

• Classroom teachers deliver STEM as the focus of the inquiry unit (Schools C, B,
and M).

• STEM/science/technology specialist classes run separately to classroom teaching
(Schools A, B, C, F, M, and R).

• STEM specialist classes to enhance regular classroom programs (Schools M and
R).

• Specialist teacher classes work together (School R)
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• Individual classroom teachers incorporate STEM pedagogies where they can
(School C).

There was concerted effort by all the case study schools to consider moving away
from disconnected teaching of separate STEM areas (e.g., focused discretely on
science or digital technology) toward a more coherent, cross-disciplinary student
experience. For the schools that started with a specialist model, attempts were made
to connect the specialist program with regular classroom teaching so as to deliver a
more coherent STEM curriculum across the school. For the schools in which STEM
was built into the timetables of regular classroom teaching (e.g., inquiry unit), efforts
were made to embed STEM into other curriculum areas.

The SEPS program was designed to allow flexibility for schools in what they
decided towork on, improve, or developwhile undertaking the PL.We offered frame-
works (i.e., Guiding Framework and Vision Framework) that schools could select
from and be informed by rather than promoting particular pedagogies or approaches
(e.g., digital technologies, design-based thinking). It should be noted that PL in a
range of pedagogies and approaches was certainly part of the 2-day workshop. Sim-
ilar to the outcomes of the professional development reported in Hobbs et al. (2018),
which was based on a similar flexible approach to teacher professional development,
the variation in models of approaching STEM by the six case study schools illus-
trate how the two conceptual frameworks could support the needs of each school
in relation to teacher PL, STEM curriculum development, and STEM teaching and
learning, regardless of their starting point.

The four components of the Guiding Framework (Fig. 9.1), in particular, allowed
each school to develop its own goals for STEM improvement based on where they
were on entry to the program. The contexts component of the Guiding Framework
enabled teachers to decide what is relevant and meaningful for the students to work
on as authentic or real-life problems. This component arose out of advice received
from schools while planning the SEPS program that primary teachers need support to
develop meaningful links with community and industry. The framework recognizes
that schools tap into immediate, school, local, and global contexts while delivering
their curricula. School B demonstrated this well through their War on Waste theme,
with school, city, and global waste-related issues being explored by the students.
Dealing with authentic problems and contextualizing the curriculum are critical to
making STEM relevant for students’ current and future lives (Darby-Hobbs, 2013;
Tytler, 2007).

The focus on skill sets provided the teachers with a common language to artic-
ulate their knowledge of STEM and STEM education in meaningful ways to oth-
ers participating in SEPS as presentations at the STEM education conference and
maker faire, to other teachers in their schools by running professional development
through school-based meetings, and for focusing student learning and linking their
programs to the curriculum. Some of the key skills highlighted in the interviews
include problem-solving, critical thinking, and creativity.

The introduction of entrepreneurial thinking to the program added a new dimen-
sion to professional learning programs focusing on STEM. Entrepreneurship was
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featured in two components of the Guiding Framework: as one of the skills in the
skill set and innovation components. A few schools started to build ET as part of
their STEM programs. For example, the Shark Tank entrepreneurship program in
School C was modeled off a popular TV program of the same name where the con-
testants propose new inventions to meet a designated need. Other schools, such as
School F, recognized that ET is valuable and have plans to incorporate it explicitly
in the future where relevant. School B found that where students had autonomy and
choice in how they responded to the problem of waste, some engaged with ET. For
example, a 10-year-old girl devised the Straw NoMore Campaign banning straws in
pubs, clubs, and school canteens; another Grade 5/6 science group created a retire-
ment plan based on the retrievable gold in unused mobile phones.

The last component—Take it further—allowed schools to adapt,modify, or extend
existing curricula and programs to optimize student learning. Such attempts were
evident across all six case study schools, which are illustrated by School B with its
adaption of an existing program to a new format and adoption of the new War on
Waste theme. This component of the Guiding Framework recognizes that schools
have oftenmade somemoves to developing innovative STEMprograms. The teachers
were in no way compelled to develop new activities as part of the PL program but
were encouraged to think about how they could adapt existing activities or programs.

9.7 Conclusion

In this chapter, we described a professional learning program specifically designed
to build primary teachers’ ability to design and deliver STEM programs in their
schools. Despite the relative short length of the program (i.e., 8 months), the changes
occurring in schools are apparent. We argue that the SEPS Guiding Framework and
the STEM-ET Vision Framework can play an important role in facilitating change in
schools. These two frameworks provided ways for schools to decide how to respond
to the STEMagenda and how this can be enacted at various levels within the school—
whether by new programs, refocusing existing programs, modifications to teacher
pedagogies, new structures within the school, or new STEM leaders. These two
conceptual frameworks can be used to support the development of a STEM vision
for the whole school and the design of individual STEM programs that are grounded
in school context; they can also be a tool for facilitating teacher professional learning
within the school.

In a recent review of STEM literature and policy, Timms et al. (2018) recom-
mended three strategies for rethinking the STEM curriculum:

• Work from an agreed definition of STEM curriculum.
• Shift to an emphasis on STEM practices.
• Move toward an integrated STEM curriculum. (p. 25)

Our project demonstrates that those programs that worked in schools are home
grown and well-grounded in the context of the school, taking into consideration
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the capacities of the teachers and students, available resources, and constraints. The
diversity in both conceptualizing and working with STEM provides teachers with
opportunities to innovate in their responses to the STEM agenda and to learn from
each other. A one-size-fits-all approach is less likely to meet local issues and enable
real changes in practice. Future professional learning programs need to consider
multifaceted approaches to enable teacher learning and facilitate sustainable school
changes in the era of STEM.
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Chapter 10
Potential and Challenges in Integrating
Science and Mathematics
in the Classroom Through Real-World
Problems: A Case of Implementing
an Interdisciplinary Approach to STEM

Wanty Widjaja, Peter Hubber and George Aranda

10.1 Introduction

There has been a strong push to advocate science, technology, engineering, and
mathematics (STEM) integration in education (English, 2016;CaliforniaDepartment
of Education, 2014; Marginson, Tytler, Freeman, & Roberts, 2013), yet the literature
has been inconclusive as to what effective STEM integration entails. English (2016)
called for systematic research into the effectiveness of integrated STEM education
to develop students’ knowledge of content in the respective disciplines.

Among the issues of concern are different interpretations of STEM integration,
the nature and scope of such integration, and lack of balanced and transparent content
representations in STEM (Bryan, Moore, Johnson, & Roehrig, 2015; English, 2016;
English & King, 2015; Honey, Pearson, & Schweingruber, 2014; Marginson et al.,
2013). Furthermore, issues related to the lack of agreement around the pedagogical
approach to integrate the different disciplines remain unresolved (Leung, 2018).

Effective STEM integration entails explicit understanding of what STEM integra-
tionmeans and adequate knowledge of multidisciplinary content (Moore et al., 2014;
Stinson, Harkness, Meyer, & Stallworth, 2009; Williams et al., 2016). One of the
key barriers for integration documented in the literature is the different pedagogical
traditions in science and mathematics (Nadelson & Seifert, 2017; Schoenfeld 2004;
Tytler, 2016). Some researchers (e.g., Funner & Kumar, 2007) found that a lack of
instructional resources, support materials, and pedagogical guidance for inquiry hin-
ders teachers in linking and integrating science and mathematics in their classroom.
Another key barrier to STEM integration is the pervading system of disciplinary silos
in the school curriculum that is reflected in the teaching timetables (Gardner &Tillot-
son, 2018) as well as the boundaries between disciplines (Hobbs, 2012; Williams

W. Widjaja (B) · P. Hubber · G. Aranda
Faculty of Arts and Education, School of Education, Deakin University, Burwood, Australia
e-mail: w.widjaja@deakin.edu.au

© Springer Nature Singapore Pte Ltd. 2019
Y.-S. Hsu and Y.-F. Yeh (eds.), Asia-Pacific STEM Teaching Practices,
https://doi.org/10.1007/978-981-15-0768-7_10

157

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-0768-7_10&domain=pdf
mailto:w.widjaja@deakin.edu.au
https://doi.org/10.1007/978-981-15-0768-7_10


158 W. Widjaja et al.

et al., 2016). Nadelson and Seifert (2017) argued that schools need to restructure
their curriculum and alter the timing of instruction in order to create a school culture
and environment that supports an integrated STEM approach successfully.

There are multiple approaches to designing an integrated STEM curriculum,
which traverse along a continuum from a single discipline to a transdiscipline per-
spective (Vasquez, Sneider, & Comer, 2013; Williams et al., 2016). Leung (2018)
proposed the use of an inquiry-based modeling pedagogical cycle as a hybrid peda-
gogy to cross between scientific investigation andmathematical modeling. He under-
scored the importance of establishing students’ habits of mind (e.g., searching for
uncertainty, recognizing ambiguity, and learning from failure) as key features of the
inquiry modeling process. There is a need to understand constraints on innovations
toward STEM integration at the system, school, and teacher levels.

In this chapter, we explore and discuss possibilities and challenges in integrating
science and mathematics through real-world problems in the classroom, using a case
study of two teachers fromone secondary school thatwas implementing an interdisci-
plinary approach in STEM. In particular, this chapter addresses the research question:
To what extent does the use of real-world problems support student engagement in
interdisciplinary learning of science and mathematics?

10.2 Literature Review

10.2.1 STEM Integration Models

Empirical research on STEM integration remains elusive (Honey et al., 2014). Bet-
ter delineation of what constitutes productive STEM integration is needed to enable
theorization and conceptualization. There are multiple approaches to framing and
designing integrated STEM curriculum (Bryan et al., 2015; English, 2016; Vasquez
et al., 2013; Williams et al., 2016). Vasquez et al. (2013) proposed a model of inte-
gration that traverses along a continuum from disciplinary to multidisciplinary, inter-
disciplinary, and transdisciplinary.

The use of inquiry-based pedagogy as a pedagogical approach that supports inte-
gration across different disciplines in STEM has been documented in the literature
(English, 2016; Lehrer & Schauble, 2000; Tytler, 2016). Real-world problems, mod-
eling, and representation construction are central features to the interdisciplinary
approach (English, 2009; English & King, 2015; Ferri &Mousoulides, 2017; Lehrer
& Schauble, 2000; Tytler, 2016). Lehrer, Schauble, and Lucas (2008) asserted that
building and refiningmodels are central inquiry practices that characterize scientists’
work. Studies conducted in the field of mathematics education (Blum & Niss, 1991;
English, 2009, 2016) argue that mathematical modeling offers a vehicle for teach-
ers to engage students in exploring authentic problems involving complex systems
within an interdisciplinary context. This process is key in generating new knowledge
and understanding in bothmathematics and science. Furthermore, Bryan et al. (2015)
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argued that processes and practices such as science inquiry, engineering design, and
mathematical thinking and reasoning are essential in developing twenty-first century
skills and should be an integral part of the STEM integration approach.

10.2.2 STEM Integration Issues

The central argument for adopting an integrative approach in teaching science and
mathematics is driven by the intention to enable students to become aware of the
links between mathematics and science, and engage them in meaningful and deeper
learning (Ríordáin, Johnston, &Walshe, 2016; Treacy & O’Donoghue, 2014; Tytler,
2016). Corlu, Capraro, and Capraro (2014) underscored the importance of maintain-
ing each STEM discipline’s unique characteristics, depth, and rigor in the process of
integration. English (2016) argued for a more transparent and balanced approach on
each discipline in STEM integration and reiterated a similarly important point raised
by Shaughnessy (2013) and Moore et al. (2014) about the need to lift the profile of
mathematics and engineering in STEM integration.

Some processes and practices common to various disciplines can serve as an
integrative theme in STEM programs. For example, problem-solving and modeling
are very much part of mathematics and science. English (2009) advocated the use
of modeling in both mathematics and science to start in primary school and “not be
confined to the secondary school years and beyond” (p. 170).

Representations that express or symbolize an idea or relationship are important
within each STEM discipline in the way knowledge is constructed and learned.
Dreher, Kuntze, and Lerman (2016) pointed out that representations and their con-
nections play a key role for experts in the construction of mathematical knowledge
and for learners to build conceptual knowledge in the mathematics classroom. Johri,
Roth, and Olds (2013) expressed similar views for the discipline of engineering, as
did Latour (1999) for science. When considering the demands on the learner in an
integrated STEM environment, Honey et al. (2014) argued that “Students need to be
competent with discipline-specific representations and be able to translate between
discipline-specific representations thereby exhibiting what some scholars refer to as
‘representational fluency’.” (p. 71).

Bryan et al. (2015) and English (2009) highlighted the importance of designing
problems that are integrated into a classroom’s particular learning theme rather than
adding to an already crowded curriculum. Pearson (2017), reflecting on research
since his work on the Honey et al. (2014) report, recommended that in integrated
STEMcontexts students should be supported in building knowledge and skills within
and across disciplines and in deepening their knowledge and skills in individual
disciplines. Finally, it was recognized that more integration is not necessarily better
and that educators should be measured in the degree of integration according to their
learning goals and their students’ needs.

Researchers have identified different structures and pedagogical traditions in
mathematics and science as factors that make crossing the boundaries between these
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disciplines difficult (Hobbs, 2012; Tytler, 2016;Williams et al., 2016). Other barriers
to integration (Hobbs, 2012; Treacy&O’Donoghue, 2014; Tytler, 2016) include poor
teacher content knowledge and pedagogical content knowledge, teachers’ beliefs and
attitudes, and school structural factors such as lack of time for planning with other
teachers. Given the different backgrounds and school contexts that teachers bring
to integrated STEM, Vasquez et al. (2013) asserted that STEM integration can start
anywhere along the continuum. For example, teachers who have been implementing
a disciplinary approach might think about increasing their level of integration to a
multidisciplinary approach.

10.3 Methodology

This research project employed design-based research (DBR)methodology (Bannan-
Ritland, 2003; Design-Based Research Collective, 2003; van den Akker, Gravemei-
jer, McKenney, &Nieveen, 2006). The focus of DBR is on refining theoretical under-
standings through iterative cycles of design, enactment in authentic settings, analysis,
and redesign. DBR requires that teachers are prepared and supported in developing
a knowledge base sufficient to support the constructive process, both for individ-
ual students and for student–student and student–teacher interactions. The design
of learning environments is framed by social constructivism theory where students
participate individually and collectively through the use of real-world problems.

Researchwithin this study usedDBR to progress along a continuum framework of
STEM integration (Vasquez et al., 2013) as represented in Fig. 10.1. Researchers and
mathematics and science teachers worked together in an attempt to design problems
thatmeaningfully engaged and challenged students to use skills fromboth disciplines.

10.3.1 Research Context

The host secondary school caters to a diverse student population of around 1,300
students with 46 nationalities represented and international students enrolling each
year. The school has a comprehensive academic Victorian Certificate of Education
program and a dedicated STEM coordinator working across the middle and senior
years. The school has been implementing a STEM project within its curricula and
timetable structure since 2017. Three teachers participated in the first cycle of the
project in 2017, and two new teachers participated in the second cycle the following
year. In 2018, 24 students (11 girls and 13 boys) participated in the study; theyworked
in eight teams of 2–5 members each. In this chapter, findings from the second cycle
will be reported and discussed using teacher interviews from the mid-project and
student focus group discussions.



10 Potential and Challenges in Integrating Science … 161

Disciplinary 
Multidisciplinary 

Students learn 
concepts and 
skills separately 
in each disci-
pline, but in ref-
erence with a 
common theme. 

Interdisciplinary Transdisciplinary 

Students 
learn con-
cepts and 
skills sepa-
rately in 
each disci-
pline. 

Students learn 
concepts and 
skills from two 
or more disci-
plines that are 
tightly linked so 
as to deepen 
knowledge and 
skills. 

By undertaking 
real-world prob-
lems or projects, 
students apply 
knowledge and 
skills from two 
or more disci-
plines. 

Fig. 10.1 Increasing levels of integration. Adapted from “STEM Lesson Essentials, Grades 3–8:
Integrating Science, Technology, Engineering, and Mathematics” by Vasquez et al. (2013), p. 73.
Copyright 2013 by Heinemann Publishing Company

10.3.1.1 Description of the Task

The STEM task that was designed by the teachers in collaboration with the
researchers was interdisciplinary in nature and authentic in terms of its real-world
context. The task related to the context of roller coasters or skateboard parks where
students were required to model through the design and creation of a marble run
that had certain requirements. The task was framed to integrate STEM disciplines
and was designed to address the school curriculum under the science topic Energy
in the foreground with the mathematics topic percentages. The preliminary math-
ematics activity involved students exploring percentages using a suite of research-
based interactive computer simulations for teaching and learning physics, chemistry,
mathematics, and other sciences (PhET: https://phet.colorado.edu/) on their laptop.
In investigating the simulation of a skateboarder in action, the students undertook
a percentage calculation of energy changes that took place. Students were asked to
represent energy in different ways such as creating a diagram or writing. The pre-
liminary science activity involved students doing experiments with toys (e.g., balls
and rubber bands) to explore different types of energy and energy transfer.

The teachers created a common assessment task and rubric to assess student
learning outcomes. The key assessment criteria included the following:

• Student’s ability to demonstrate procedural fluency (e.g., being able to calculate a
percentage increase given starting and ending points).

https://phet.colorado.edu/
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• Student’s ability to identify, describe, and apply scientific concepts related to
energy (e.g., being able to identify and describe the differences between kinetic
and potential energy).

• Student’s ability to demonstrate skills associated with undertaking an open inquiry
(e.g., being able to develop questions about energy to be investigated).

• Student’s capacity to demonstrate the twenty-first century skills (e.g., creativity,
critical thinking, collaboration, and communication).

The students, working in groups of 2–5, were required to collaborate in the design
and creation of the marble run, present their marble run to the rest of the class, and
provide a written report as a summative task that addressed a detailed assessment
rubric.

10.4 Findings

The school context in which the teachers and students operated is what Clarke and
Hollingsworth (2002) referred to as the change environment. According to these
authors, the change environment can substantially have an impact on the success of
any new initiative that might be undertaken, which in this case was the adoption of
an interdisciplinary STEM approach within a real-world context.

While the change environment involved mathematics and science lessons being
timetabled separately, when the students were doing the STEM project, the math-
ematics aspect of the STEM project was addressed during the science lesson and
vice versa. To ensure continuity of student progress on the STEM project between
the two classes, the mathematics and science teachers updated each other following
their lessons. They also developed a detailed task description and assessment rubric
that was administered at the completion of the project. The teacher comments that
follow are excerpted from their mid-project interviews (MPI).

10.4.1 Potential of Real-World Problems

The application of the real-world context was a significant factor in the success of
the project. There was a view that the task teaches mathematics and science concepts
that the students applied in a real-world context.

I think it was the application part of it and the conversations around how to apply the
knowledge to – and the skills – to that application … that made it STEM and was … a
largely successful part of the project. (Science teacher, MPI)

The real-world context needs to be familiar to the students but not too familiar
and still be sufficiently complicated. This view was expressed by the mathematics
teacher who thought that the marble run context was appropriate.
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It was [a] familiar enough idea that they weren’t going to get lost on the context, but it had
enough complication and unfamiliarity with what was happening when a marble actually
goes down whatever they decided to make it go down. (Mathematics teacher, MPI)

The marble runs not only served as the STEM project but as springboard for other
ideas, such as exploring energy changes in a child’s toy and investigations of energy
changes in a bouncing ball. The science teacher noticed these activities engaged
students in exploring scientific ideas related to different types of energy as well as
energy transformation.

Some of the [practical work] that we did in terms of tennis balls and bouncing of balls …,
just to get the idea of kinetic gravitational potential … and then what that energy is turning
into when it hits the ground, … I think that went really well. (Science teacher, MPI)

10.4.2 Awareness of Science, Mathematics,
and Technology/Engineering Embedded in the STEM
Project

The students were quite comfortable in bringing in the science and mathematics
to the given problems. They were aware of the mathematics and science concepts
embedded in the task and were able to pinpoint discipline-related concepts they used
in the project as evidenced in the student generated reports (SGR) and the student
focus group discussion (SFG).

Our marble run sat on an angle and started at 80% and the marble went over a couple of
bumps and reached higher than the start, reaching around 100%. Our marble was able to
gain enough kinetic energy and friction to roll throughout the whole marble run and land
straight in the cup. (SGR)

I put, like, past knowledge that I’ve learnt in science about gravity and potential energy and
kinetic [energy] in the project, to figuring how it’s going to work. (SFG)

The teacher noted that studentswere undertakingmore problem-solving, hands-on
project than they would have normally undertaken in the classroom.

It [the project] actually gets them up and about and actually use the skills that they’ve learnt
in class to design something. (Science teacher, MPI)

Students enjoyed the hands-on aspects in addition to the discussions with the
teacher in exploring ways to solve the problems.

I enjoyed the project quite a lot, it was really interesting, like being able to put your thoughts
and actually build something that you want to build. (SFG)

When the marble didn’t and did work, we had to find ways to fix or improve the marble run,
we had to change our designs to better improve our success rate. (SGR)

The student-centered nature of the project was preferred over the completion of
recipe-type experiments and having to follow a series of steps or writing book notes.
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[It was] more fun and the teachers get to connect with the students … and you look forward
to it more than like learning about something else … instead of like writing in your book.
(SFG)

It’s more fun and the teachers get to connect with the students. (SFG)

Some students felt that the group composition of friends was distracting at times;
this was corroborated by the science teacher.

A couple of students felt that it was good to work with their friends; however, sometimes
they can get distracted a little bit more easily and not stay on task but that’s, I think, a class
matter. (Science teacher, MPI)

However, the STEMproject as open-ended and student-centered allowed students
to develop their collaborative, creative, and communication skills—all of which are
perceived as important to learn and develop.

There was lots of teamwork and skills, like to be able to contribute, everyone’s adding to
one piece of work actually really worked. (SFG)

I think they’re important because, say if one person did all the work then no one would, the
rest wouldn’t learn anything and it’d be hard to like think of everything by yourself. (SFG)

You could have an open mind and could create different things you wouldn’t normally create
in science, and we were able to be more independent. (Class presentation)

I think it was good to allow us to use our creativity to build it, and we didn’t have to follow
any rules. (Class presentation)

10.4.3 Views on STEM Integration

A STEM task needs to involve at least two discipline areas with a practical context
to apply ideas from these disciplines. The task needs to be embedded in an inquiry-
based approach that is very rich in both small-group and whole-class discussions.
This view was articulated by the science teacher.

Well, in terms of STEM as a whole, obviously the concept and the idea around STEM in
terms of integrating [2 to 4] different subjects … to come up and to design something that’s
practical … to apply knowledge that they’ve learnt in class. (Science teacher, MPI)

Similarly, the integration between mathematics and science in different activities
within the larger task was also valued.

They can actually utilize knowledge and try and implement that when they go to do the
different activities. So whether that’s … playing with toys or building a marble run or
utilizing pipes and figuring out what kind of angle they want … to generate or try and keep
the marble going. (Mathematics teacher, MPI)

However, from the mathematics teacher’s perspective, the STEM project had less
mathematics content than science content.
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I felt the Maths side has kind of taken a back seat. So, although I’ve talked about percentages
and we put percentages in the task … I’ve said to the kids, alright give me an example of
where one of the following heights is 150% more than the other one, and the kids have kind
of then got the idea and it’s been good to sort of talk about how percentages are relative, for
example, instead of being absolute. (Mathematics teacher, MPI)

The mathematics embedded in the task was explicit where the students needed to
create more than one hump in the track with one of the humps being at least 105%
higher than the other. What was not made explicit was other mathematics that might
be employed, for example, a scale drawing of the model in the design phase.

They’re very into drawing … they’re just off the top of their head kind of thing and then
you’ve got to convince them to put measurements on and try to get them to think about the
energy side of it. (Mathematics teacher, MPI)

Both technology and engineering cycles have specific stages in the construction of
the model/product. These are investigating, generating, producing, and evaluating.
In this project, the students were seen to rush through the phases of investigating
and generating. They were only drawing preliminary sketches to help them in taking
materials and constructing their models, which was noticed by the mathematics
teacher.

I don’t think they really went for any of the thinking-it-through design stuff, they just sort of
ticked that box as a token gesture. So, in terms of trying to get them to provide some sort of
representation of what they were doing and what they were thinking in terms of when they
actually went to go and do the marble run project itself, I don’t think they really took that
too seriously. (Mathematics teacher, MPI)

The teaching of representations as tools in undertaking the task was important to
the topic, and the teachers asserted that students need to pay more serious attention
to the design aspect that allows for a deeper discussion of the science concepts.

I understand the representations are a tool, but then if they’re not taking the tool seriously or
not thinking of it as something that’s productive and useful for them, then they’re not likely
to then use that to go to the next step and then use that properly. (Mathematics teacher, MPI)

There was a view that students need time and practice at the design cycle and that
there is a common language and specific representational tools they might employ
in addressing a design brief.

They’ve got a subject now, design technology … and it’d almost be good to look at what
other subjects are doing from that point of view with this in mind to see if there is some
common language there [so that] we can share with each other and utilize in those sorts
of processes even more widely than science and maths as part of the STEM. (Mathematics
teacher, MPI)

Implications are that students need appropriate representational tools that are
regularly used across the discipline areas.

That’s where ideas of representation might come. Each tool needs to be given a label which
the students have used and understand its affordances and constraints so when a task is
presented to them they can make the decision as to what tool is best. (Mathematics teacher,
MPI)
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If we were going to take that sort of stuff seriously with the critical thinking and all the rest
of it, we probably do need a common set of tools that are regularly used so the students get
familiar with them and start using them automatically themselves. (Science teacher, MPI)

10.5 Discussion and Implications

A key driver and facilitator of the interdisciplinary approach was the real-world
STEM task. The nature of the task in this case study was well designed in being
of a familiar context, which meant that the students could immediately engage with
the task, but at the same time was sufficiently open-ended and challenging for them.
The STEM task connected the key ideas underpinning the school curricula, namely,
percentages (mathematics), energy (science), and the design process (technology).
In general, the nature of the real-world task becomes an important aspect of engag-
ing students in interdisciplinary learning of science and mathematics as it enables
students to engage in authentic, active, and meaningful learning challenges (Lowrie,
Downes, & Leonard, 2018).

Nadelson and Seifert (2017) suggested that, when utilizing integrated STEM con-
texts, teachers must be aware of the need to identify contextual features that span
multiple disciplines and ensure a level of complexity aligned with their students’
STEM knowledge and learning capacity. They argued that the success of an inte-
grated STEMapproach is determined by the compatibility between the complexity of
the task and the students’ knowledge level. An integrated context in lessons provides
a common experience for students in exploring various aspects of STEM, where
students are required to apply knowledge and practices across multiple disciplines.
Through undertaking the STEM task, students learned the key concepts of energy
transfer, energy transformation, and energy type and applied their skill in working
with percentages. The students had completed the mathematical topic of percent-
ages just prior to being introduced to the STEM task. According to Shaughnessy
(2013, p. 234), “the M will become silent if not given significant attention” when
implementing a STEM task.

This raises the issue as towhat represents a good real-world taskwhen implement-
ing an interdisciplinary approach to science and mathematics. Should the science
and mathematics be equally represented? Should the curriculum ideas emerge and
be learned through undertaking the task or is it sufficient that students apply concepts
already learned? We believe that equal weighting and teaching of concepts need not
apply in all cases for a claim of interdisciplinary as the connection to and between
the disciplines results from the nature of the real-world context. This view concurs
with earlier points raised by other researchers (English, 2016, 2017; Shaughnessy,
2013; Treacy &O’Donoghue, 2014) about the need for a STEM task to have genuine
integration, that is, where the learning of one discipline does not override others. We
acknowledge that in this study achieving equal balance across disciplines particu-
larly for mathematics, engineering, and technology remains a challenge. However,
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we argue that integrated STEMcan be approached from several different perspectives
with different disciplines involved in different ways (Hobbs, Cripps Clark, & Plant,
2018) according to the wants and needs of teachers and students and the nature of
the real-world task. The exact nature of the benefits and challenges of these different
perspectives requires further research.

Apart from addressing the science and mathematics curricula to be taught, the
STEM task engaged the students in other science and mathematics topics (i.e., forces
[science]; measurement and graphs [mathematics]).While addressing themathemat-
ics and science curricula, the STEM task required the students to engage in a technol-
ogy/engineering design process and in doing so addressed aspects of the technology
curriculum. This raises the issue in that the nature of the real-world task can engage
students in several science and mathematics topics and other discipline areas.

Significant benefits lie in students getting insight into (a) the interconnections
across multiple concepts within and across discipline areas (English, 2016; English
& King, 2015; Shaughnessy, 2013) and (b) the processes of knowledge construc-
tion. Within this study, the STEM task required that students practice and develop
their skills to problem solve, scientifically investigate, and engage in technol-
ogy/engineering design (English & King, 2015; Marginson et al., 2013; Wang,
Moore, Roehrig, & Park, 2011). Such process skills are very much part of the cur-
riculum as are concepts and provide students with insights into the daily lives of
scientists, mathematicians, engineers, and technologists (Leung, 2018; Lowrie et al.,
2018).

Within this study, the real-world task and the change environment facilitated and
constrained the nature of the interdisciplinary approach undertaken by themathemat-
ics and science teachers. Clarke and Hollingsworth (2002) suggested that any change
in a teachers’ professional practice occurs within the constraints and affordances of
the change environment. They argued that school context

can impinge on a teacher’s professional growth at every stage of the professional development
process: access to opportunities for professional development; restriction or support for
particular types of participation; encouragement or discouragement to experiment with new
teaching techniques; and, administrative restrictions or support in the long-term application
of new ideas. (Clarke & Hollingsworth, 2002, p. 962)

Mathematics and science were timetabled separately, which meant that the teach-
ers needed to collaborate closely in both the planning and delivery stages. This is
consistent with the point of Vasquez (2014, p. 15) that “Developing integrated STEM
experience is not a linear process. It takes collaboration and preparation.” Continu-
ity for the students was realized through having to undertake the same task in both
their science and mathematics lessons and for them to address the one assessment
rubric, which not only addressed the science and mathematics concepts and skills
but also their technology/engineering design skills and general STEM competencies
such as creativity and teamwork. The real-world problem transcended the individ-
ual disciplines of science and mathematics; therefore, students were undertaking
a STEM project whether it occurred in a timetabled mathematics class or science
class. The STEM project drove the engagement and learning for the students—not
the disciplines of mathematics or science.
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In general, an interdisciplinary approach to teaching mathematics and science
should not be seen as one particular practice. Instead, it should be seen as a part of a
continuum of practices that connect STEM disciplines within a real-world problem
and connect the mandated curriculum within the constraints of the change envi-
ronment. Successful STEM integration requires teachers to see and experience an
integrated STEM task as enhancing and not adding to the existing curriculum (Bryan
et al., 2015).

Research has indicated that factors involved in professional learning that lead to
effective integrated STEMprograms include collective participation, active learning,
content knowledge, coherence, and duration (Johnson& Sondergeld, 2015). In terms
of coherence and duration, it is vital that planning the STEM initiative from the
perspective of the teachers be consistent with the school’s priorities. There was clear
importance placed on significant contact hours (at least 80 h) in developing strategies
to get insights into the tradition of mathematics for science teachers and vice versa
for the mathematics teachers. While these strategies focused on working within
the professional learning context, it highlights the importance of planning between
teachers.

Within this study, the science and mathematics teachers collaborated in the plan-
ning, delivery, and assessment of the STEM task. This took time; given that schools
often only provide teachers time to plan and collaborate within their discipline area,
an interdisciplinary approach requires a change in school culture as to the provision
in the timetable for interdisciplinary planning. In addition, these mathematics and
science teachers saw the need to learn more about the design process as espoused by
technology teachers. Schools should provide time for teachers to learn key elements
across each STEM discipline. This may lead to more efficient ways to address the
overall curriculum and common pedagogical approaches with a similar language
used by all the science teachers. One challenge of teaching integrated STEM in Aus-
tralia is that the Australian educational system is discipline based; moving toward
problem-based learning would require restructuring of planning and implementation
of the curriculum. Nadelson and Seifert (2017) pointed out that reconciling “the
historical structure of the schools, curriculum instruction, and assessment to create
a school culture and environment that supports an integrated STEM approach to
teaching and learning” (p. 223) needs to be addressed. A successful interdisciplinary
approach requires a school-wide perspective and support from teachers, administra-
tors, and students (Nadelson & Seifert, 2017; Sanders, 2012) and focuses on learning
outcomes for students (Siekmann & Korbel, 2016; Vasquez, 2014).
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Chapter 11
Framing and Assessing Scientific Inquiry
Practices

Russell Tytler and Peta White

11.1 Introduction

Inquiry as a core element of science curricula has a long history in the ideas of
educators like Schwab (1962, 1964) and Dewey (1996). Schwab (1962) argued for
the importance of representing the way science ideas are developed and validated as
against the prevailing strong focus on the products of scientific knowledge, which he
famously characterized as a “rhetoric of conclusions”. Osborne (2006) pointed out
that:

Four decades after Schwab’s (1962) argument that science should be taught as an ‘enquiry
into enquiry’, and almost a century since John Dewey (1916) advocated that classroom
learning be a student-centred process of enquiry, we still find ourselves struggling to achieve
such practices in the science classroom. (p. 2)

The literature is replete with descriptions of traditional science teaching and
learning as consisting largely of teacher presentation and closed questioning that
pays insufficient attention to the development of higher thinking processes (Edwards
& Mercer, 1987; Goodrum, Hackling, & Rennie, 2001). Similarly, practical work
largely consists of explicit instructions that reduce the experience of students to
procedural inquiry protocols, observations, and results intended to be illustrative of
knowledge already determined (Hassard & Dias, 2008; Holmes & Wieman, 2016).
In this case, students are not given access to the investigative challenges that would
expose them to higher order thinking and decision-making and leave untouched
the misleading empiricist epistemology that posits experimentation as determining
scientific insights in a non-problematic relationship (Carey, Evans, Honda, Jay, &
Unger, 1989).

One of the problems in talking or writing about inquiry is that it covers amultitude
of approaches to teaching and learning in science (Anderson, 2002; Chen & Tytler,
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2017). It is understood broadly as a pedagogy that has students posing questions
and exploring ideas prior to teacher explanation. The focus in this pedagogy is on
higher level thinking and reasoning. A more specific but important aspect of inquiry
involves students in practical investigations that focus on the specific processes by
which scientific knowledge is built through empirical evidence.

Recently, there has been increasing recognition of the need to develop students’
knowledge of the processes by which scientific knowledge is generated and vali-
dated—epistemic knowledge or knowledge of the epistemic processes of science
(Duschl, 2008). An important aspect of scientific literacy is knowledge of evidential
processes—the process by which theories are generated and tested. A substantial
research interest in argumentation has grown out of this concern (Simon, Erduran,
& Osborne, 2006). In our own research drawing on increasing recognition of the
importance of multimodal representations in the generation of scientific knowledge
(Gooding, 2004; Latour, 1999) and the importance of modeling processes as the
basis for scientific knowledge building (Lehrer & Schauble, 2012), we emphasize in
our inquiry work the importance of students’ imaginative construction of explana-
tory representations and models as part of their classroom activities (Tytler, Prain,
Hubber, & Waldrip, 2013).

11.2 Curriculum Framing of Inquiry Processes

Recent calls for science education reform have focused on the need to have students
develop the sets of skills that will prepare them for a complex future in their lives and
work. Such twenty-first century skills include complex problem-solving, critical and
creative reasoning, collaboration, communication, and digital literacy. Contemporary
science curricula increasingly emphasize inquiry and higher order skills and under-
standings of the nature of scientific endeavor, for instance in the USA through the
Next Generation Science Standards (National Research Council, 2013), in Australia
through an inquiry skills strand (Australian Assessment, Curriculum, and Reporting
Authority [ACARA], 2013), and in Taiwan through the Curriculum Guideline of
Science and Technology (Ministry of Education, 2013).

Further, current emphases in science, technology, engineering, and mathemat-
ics (STEM) education foreground the importance of teaching and learning through
authentic problem-based contexts that bring science into contact with mathematics,
engineering, and digital technologies. These demands place an extra burden on the
identification of core scientific processes that can be flexibly applied—and assess-
ment approaches that clarify—and support these.

Yet, alongside these emphases on higher level inquiry and problem-solving skills
applied in context, there is an increasing emphasis on accountability measures for
curriculum and teaching and learning that include standardized and decontextualized
testing and outcome tracking. These trends are inmany respects contradictory, in that
the demands for reliable and valid testing regimes tend to preclude assessments that
are complex and/or contextual as higher order competencies tend to require.
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There is a history of development of performance assessments (Palm, 2008) that
we argue are effective but limited in scope for encouraging or measuring students’
capacity for responding to the complexity inherent in real contexts. System-wide per-
formance assessments tend to be very expensive in terms of development, administra-
tion time, and results analysis.Moreover, trends in educational assessment emphasize
a more complex and generative role for assessment than the traditional summative
role, with assessment for and as learning gaining in importance as a foundation
for responsive teaching and learning that can help teachers articulate and develop
students’ inquiry skills.

It has become common in education to refer to the multiple ‘purposes’ of assessment. But a
conceptual breakthrough is made by recognising that there is only one fundamental purpose
of assessment in education. That purpose is to establish and understand where learners are
in an aspect of their learning at the time of assessment. (Masters, 2015, p. 2)

Thus, given this focus on assessment for formative purposes, there is a need to
develop inquiry skills assessment that is contextual and school based and to assess
and support students’ inquiry skill development.

Existing traditions in science teaching and learning, including in practical work,
tend to emphasize teacher-dominated knowledge delivery pedagogies and set piece,
procedurally focused, illustrative, practical work. Such a tradition has epistemolog-
ical and pedagogical entailments that dominate science teaching and learning cul-
tures. Developing effective assessment regimes is, therefore, important for the pro-
fessional learning of teachers so as to establish a language and pedagogy that support
the development of the higher order inquiry processes. Such situated, school-based
assessments of inquiry skills, should

1. Support assessment of inquiry skills for and as learning, carried out as part of
core inquiry teaching and learning processes;

2. Represent contemporary perspectives on the nature of scientific inquiry;
3. Emphasize higher level performance, including problem-solving, model-based

reasoning, and the coordination of ideas with evidence; and
4. Support teacher epistemological and pedagogical development that will enable

a sharper and more pervasive focus in classroom practice on inquiry skills and
epistemic knowledge.

In this chapter, we describe two Australian initiatives aimed at developing instru-
ments that incorporate targeted practical activity to support and assess students’
inquiry skill development. In neither case has a fully validated instrument been devel-
oped, but our aim is to describe the nature of the approach, teacher adaptations of the
instruments, and teacher perceptions and practice in order to lay out the principles
and challenges involved in assessing inquiry in context.
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11.3 The Cases

The first initiative is a lower secondary school project—the Victorian node of
the Australian Advancing Science and Engineering through Laboratory Learn-
ing (ASELL) for Schools project (https://blogs.deakin.edu.au/asell-for-schools-vic/
asell-for-schools/)—that involved the development of practical laboratory activities
for schools. Experience from this project led to the Victorian team developing an
approach to inquiry informing practical work design with an explicit focus on both
contemporary science and student representational work.

The second initiative was funded by the Victorian Department of Education and
Training as part of a major PrimaryMathematics and Science Specialist (PMSS) pro-
gram. It involved the refinement and informal validation of science inquiry assess-
ment activities, which was used to evaluate the wider program aimed at educating
primary science specialists.

In both cases, the project materials and assessment were aligned with the inquiry
skills strand of the Victorian Curriculum (Victorian Curriculum and Assessment
Authority, 2015), which bears a close resemblance to the Australian Curriculum
(ACARA, 2013) outcome framework. The inquiry skills framework in the Victorian
Curriculum can be seen in the first column of the Inquiry Scaffold Tool (Fig. 11.1;
Deakin University, n.d.). In each case, one or more of the authors was involved in
developing the instruments and investigating teacher responses to them.

11.3.1 Case 1: The Victorian Node of ASELL
for Schools—Inquiry Scaffold Tool

The ASELL for schools project was national (i.e., taken up in many Australian
states), funded under the Australian Mathematics and Science Partnership Program,
and aimed to develop or redevelop laboratory learning activities (LLA). At the heart
of an LLA is the understanding that science is everywhere and that science activities
should guide students into deeper conceptual understanding while also developing
inquiry skills to replicate how scientists conduct research. The Victorian Node of the
ASELL for Schools (ASELL-SVN) project added additional dimensions to engage
with local educational priorities and practices, including the three curriculum strands:
science understandings, science as a human endeavor, and science inquiry skills. The
project worked to design new, or redesign existing, LLAs that incorporate these three
strands in innovative ways.

Five principles framed the development of each LLA. First, the use of inquiry-
based learning to model scientific practices for students and give them increasingly
more independence in all steps of the scientific process. Second, attempts to engage
students with conceptual learning that successfully link hands-on laboratory activi-
ties to conceptual knowledge, helping the student make deeper connections. Third,

https://blogs.deakin.edu.au/asell-for-schools-vic/asell-for-schools/
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the use of the representation construction approach to give students the opportu-
nity to demonstrate and develop their knowledge not only with words but also with
multimodal representations (e.g., diagrams, roleplays, animations). Fourth, a focus
on the assessment of inquiry skills to provide teachers with encouragement to focus
on one or two of the inquiry skill outcomes in each LLA. This builds students’
skills toward being able to conduct open-ended investigations, which is required at
the upper secondary school level in Victoria. The Inquiry Scaffold Tool (explained
below) is introduced and used to scaffold teaching and learning for each inquiry skill
outcome. Finally, a focus on incorporating contemporary science practice to make
science contextual and relevant to students and help them link conceptual knowledge
learned in the classroom to real-life applications of science, often through current
research projects representing scientists and their data.

To illustrate the application of the principles, an example of one LLA is offered.
This activity was one of five developed in conjunction with the project called Intro-
ducingModernMaterials. This project arose fromacollaboration between theRecon-
ceptualising Mathematics and Science Teacher Education Project (http://remstep.
org.au/), the Deakin University Institute of Frontier Materials (IFM), and ASELL-
SVN. Modern materials have changed drastically over the last 50 years with the
development of communications technologies such as mobile phones or tablets, new
fabrics including sportswear with carefully engineered properties, lightweight vehi-
cles, and space-age technologies such as nanotechnologies and smart materials. The
activities introduced a number of important ideas related to modern materials: (a) the
nature of modern materials and their uses; (b) the practices of scientists, engineers,
and mathematicians at IFM as they invent and produce these materials; (c) what it is
like to be a scientist or engineer at IFM; and (d) how to think about the properties of
modern materials and how they work.

The website offers this activity and additional material can be seen at this address
https://blogs.deakin.edu.au/remstep/. The specific activity described here is called
composite materials and can be found at this website https://blogs.deakin.edu.au/
remstep/materials-activities/composite-materials/. The activity enables student to
experience and investigate the way combining the properties of twomaterials (Styro-
foam and duct tape) can result in a composite material of different properties, in this
case, significantly increased strength. During the process, the students learn about
tension and compression forces. This LLA unpacks how composite materials can
respond differently to unbalanced forces. The LLA encourages students to design
and conduct a strength test, which is a common engineering investigation. Much
of the language used includes engineering terminology and in real ways engages
students in the everyday practices of an engineer. The use of engineering inves-
tigations and language is an important part of STEM education that is often not
considered. Curriculum outcomes explored through this activity include science as
human endeavor, science understandings—physical science, design and technology
outcomes in technological contexts, and science inquiry skills.

The ASELL-SVN project offered workshops hosted by teachers, who invited col-
leagues and students to join for the day.During eachworkshop, twoLLAswere trialed
and feedback sought with the aim of improving the documentation and activity. Both

http://remstep.org.au/
https://blogs.deakin.edu.au/remstep/
https://blogs.deakin.edu.au/remstep/materials-activities/composite-materials/
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students and teachers provided valuable insights. The students then participated in
a hands-on session with a research scientist or engineer while the teachers partici-
pated in a pedagogically focused session. It was during the conduct of the teacher
sessions that the ASELL-SVN academics realized the need to focus explicitly on the
assessment of inquiry skills.

Disappointingly, in a survey canvassing teacher responses regarding their confi-
dence with inquiry teaching and assessment, very few teachers (out of the ~400 sur-
veyed) indicated that they felt competent and satisfied with their teaching practice.
This prompted the development by the ASELL-SVN team of the Inquiry Scaffold
Tool (Fig. 11.1; Deakin University, n.d.).

The scaffold tool is an extension of previous schemes (National Institutes of
Health, 2005; National Research Council, 2000) to conceptualize different degrees
of openness in inquiry investigations, from prescribed and teacher directed activity
through to open and student-led activity, across different dimensions of investigation.
The tool was refined through an iterative process of development by the ASELL-
SVN team and trialing in discussion with teachers at workshops over 3 years. The
refinement process involved teammeetingswhere teacher feedbackwas analyzed and
the scaffold tool descriptors refined to offer a coherent progression for each skill.
The movement across levels is based on increasing independence and sophistication
of student inquiry processes, which is consistent with the growth in skills described
by the Victorian Curriculum.

Thewebsite introducing the Inquiry Scaffold Tool (DeakinUniversity, n.d.)makes
the following points:

• The tool offers a conception of the way that teachers provide students with inquiry scaf-
folding at different levels. Across the levels in the tool, the dimension of change is the
degree of agency and responsibility accorded the student for making informed decisions
and exhibiting independent inquiry skills. At the prescription level, the teacher strongly
frames inquiry, and models the skills through direction;

• The tool offers a way of thinking about the degree of scaffolding put around each skill,
with support being reduced at each successive level;

• Teachers should focus on one or two of the seven inquiry skills in each laboratory learning
activity; and

• Teaching inquiry skills necessitates direct teaching and skill learning prior to assessing
the development of each skill. (para. 2)

Practical activities are designed so that for any particular inquiry skill, the level
of scaffolding can be described according to a developmental progression:

Prescription: The student performs the skill strongly scaffolded by explicit instructions.
This might involve a highly directive worksheet, or teacher instruction.

Confirmation: The student makes constrained choices within a set of instructions, or
strongly guided class discussion. There is minimal room for variation.

Structured inquiry:The student interprets andmodifies inquiry processes within an explicit
framework. This may involve prior class discussion.

Guided inquiry: The student is involved in substantial decision making and interpretation
within a broad outline of suggestions of possible approaches.
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Open inquiry: The student engages with a question or problem that they have posed and
are invested in, and conducts an investigation with minimal guidance. (para. 4)

There is flexibility built into the Inquiry Scaffold Tool. For instance,

even if an inquiry was intended to develop the open inquiry level of a skill, in supporting
individual students the teacher would provide [targeted] guidance characteristic of the lower
levels. The tool therefore supports the application of individualized learning and [differen-
tiated support and assessment.] (para. 5).

In theASELL-SVNproject, teachers are encouraged to not start againwith design-
ing learning activities for students, but to redesign existing practical activities, adapt-
ing the focus more explicitly toward the teaching and learning of the inquiry skills. In
this task the Inquiry Scaffold Tool is used tomap the outcome focuswith each activity
through the identification of which inquiry skills are most appropriately addressed
through the LLA. The task is then to identify where to decrease the inquiry skill scaf-
folding, making it appropriate for both the context and the lesson’s intended learning
outcomes.

Aspart of a school’s programof students’ inquiry skill development, it is envisaged
that the Inquiry Scaffold Tool (Deakin University, n.d.) could be used in a number
of ways:

• To plan a structured program to support the development of individual inquiry skills;

• To map the inquiry skill outcome for each practical activity and provide suggestions for
differentiation of student learning;

• To map all inquiry skill outcomes across a unit or year level, scaffolding the development
of each skill; and

• To map inquiry skills across all years, building student capacity toward the open investi-
gations found in the senior secondary sciences. (para. 6)

The Inquiry Scaffold Tool is thus designed with two major purposes in mind: to
support teachers to design inquiry tasks (e.g., LLAs) that focus explicitly on skill
development, and to support the staged assessment of inquiry skills. For the latter
purpose, as an example, a teacher might design or use an LLA that is at a guided
inquiry level for the analyzing and evaluating skill thenproviding through instructions
or class discussion the principles of analysis. Students, in carrying out the LLA, may
then operate at lower levels, needing different amounts of teacher suggestions or
support to complete the task successfully. Assessment then involves recording the
level of support needed, togetherwith judgment of the level of performance evidenced
in students’ reports.

11.3.2 Case 2: The Science Inquiry Assessment Tool

The science inquiry assessment (SIA)was conceived as part of the evaluation process
for the PMSS program, which involved 40+ teachers training to be specialists and
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supporting science reform in their schools. The pedagogies emphasized in the pro-
gram were broadly inquiry-based. Given the lack of a state-wide science assessment
regime and the degree of topic choice in the curriculum, it made sense that the SIA
represented the major aspect of evaluation of student outcomes.

Afirst draft of the inquiry assessment tasks, developed in-house by theDepartment
of Education and Training, was trialedwith schools involved in the Science Specialist
program in 2012. Schools in that first year provided feedback on task appropriateness,
language, and task rubrics. Schools reported spending excessive time carrying out the
assessment for some tasks and called for tasks to be more streamlined and adjusted
for consistency to grade levels. A review and redevelopment were carried out by a
Deakin University team, managed by the first author, in preparation for a 2014 trial.
Items that required more than one hour of class time were redesigned with attention
to equipment demands, the rubrics reviewed and refined, and replacement tasks
developed to ensure that each pair of assessments (pre and post) were equivalent.
The instrument consisted of two tasks for each year level, generallywith three inquiry
skills assessed. The two tasks were adjusted to be equivalent in skill focus and type
of activity. One task was to be administered in the early part of the year (March) and
the other in the later part of the year (September) to measure growth.

The subsequent refinement and informal validation of the instrument involved a
number of processes. First, in a session with the science specialists, groups worked
with one assessment task each, exploring the appropriateness of the activity for the
intended year level. Specialists were asked to discuss what sort of responses would
be expected so as to match the rubric descriptions. Groups then provided feedback
on the age-appropriateness of the task, the practicalities of running the task for the
teacher, and the clarity of the rubric.

Figure 11.2 shows a sample task for Grade 4 (9-year-old children) that focused
on the inquiry skills of questioning and predicting, planning and conducting, and
evaluating. The instrument consists of (a) a task description that prescribes the actions
of teachers in setting up the task, supporting students, and recording responses and
(b) a rubric that gives descriptors at progression points spaced at half-year intervals.
The rubric consists of general descriptors, refined by the team, and also a descriptor
interpreting it for the specific activity. The instrumentwas refined and used by schools
during 2014. The challenges we faced in developing and refining the instrument are
illustrative of inquiry assessment processes. These were:

• Designing tasks that were practical in the time available, were age appropriate,
and allowed a continuum of responses across the target skills.

• Providing clarity of instructions to teachers who may not be fully familiar with the
science concepts or may not possess experience in recognizing the different levels
of inquiry skill. We were conscious that the instrument potentially represented a
significant professional learning opportunity for schools and teachers.

• Making decisions about how to prescribe different levels of intervention for teach-
ers that would balance a need to leave students room to display skills independently
but provide scaffolding for studentswho could display the skill with different levels
of support.
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Fig. 11.2 a Sample inquiry skills assessment task (For Grade 4 level). b Assessment rubric for the
inquiry skills task shown in Fig. 11.2a
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Assessment Rubric 
Instructions: This rubric is for the teacher to use when working through the task. Highlight the skill level at which the student 

is achieving in the three areas. 

Curriculum Progression Point 

3.0 3.5 4.0 4.5 

Q
ue

st
io

ni
ng

 a
nd

 p
re

di
ct

in
g

With guidance, poses 
questions in familiar 
and structured contexts 
and suggests ways to 
investigate these, and 
predictions of out-
comes. 

With guidance sug-
gests questions about 
why the different sug-
ars may dissolve differ-
ently.

Generates questions 
that can be tested 
with simple teacher-
led investigations  

Generates ques-
tions and specula-
tions about why the 
different sugars 
may dissolve differ-
ently 

With guidance, iden-
tifies questions in fa-
miliar contexts that 
can be investigated 
scientifically, and 
makes predictions 
based on prior 
knowledge 
Generates questions 
about different condi-
tions and predicts 
outcomes. 

With guidance from 
the teacher or others, 
poses questions ap-
propriate for scien-
tific investigation 
and makes predic-
tions and justifies 
these. 
With support articu-
lates questions in a 
way that can be 
tested and relates 
these to scientific 
ideas. 

Pl
an

ni
n g

 a
nd

 c
on

du
ct

in
g

Within teacher guided 
discussions, suggests 
and plans ways of in-
vestigating the answers 
to questions, and uses 
appropriate tools to 
make and record obser-
vations, including 
some use of formal 
measurements 

With prompting can 
sensibly discuss plans 
and follow guidance in 
making and recording 
observations. 

With the support of 
the group plans and 
conduct the investi-
gation, and record 
results. 

Suggests ways to plan 
and conduct investi-
gations to answer 
questions. 
Identifies the varia-
bles in an experiment 
and with support 
plans for variable 
control 
Suggests ways to 
compare sugars and 
recognises variables 
on prompting. Inde-
pendently makes and 
records times. 

Can plan and con-
duct a fair test with 
minimal guidance. 

E
va

lu
at

in
g

Suggests reasons for 
differences in findings 
and considers how to 
improve investigative 
methods. 

With guidance iden-
tifies where im-
provements to their 
investigation could 
be made. 

Reflect on their inves-
tigation including 
suggests reasons why 
methods were fair or 
not 

Independently de-
scribes ways to im-
prove the fairness of 
their investigation. 

Fig. 11.2 (continued)
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• Creating rubric wording that was distinct for each progression point, avoiding as
much as possible resorting to adjectives that describe different degrees of the same
performance, and interpreting these generic skill levels in the particular case of
the task.We were conscious that this involved a considerable degree of on-balance
judgment.

The instrumentwas used by the 34 schools involved in the project (involving 5,861
matched student results) to track progress across a 6-month time span. Analysis by
the project evaluation team showed a pretest–posttest growth that varied by school
and grade level, with a mean growth that was 14% above the expected growth over
that period. This represented a successful outcome for the initiative and also provided
some confidence in the reliability of the instrument.

Following this application of the instrument and to provide some further validation
concerning the possibility of consistency in use, the science specialists brought sam-
ples of student work for moderation discussions at a programworkshop. The purpose
was to investigate the teachers’ experience with the instrument, their approaches to
ensure consistency of judgment within and across year levels, and the potential for
developing a consistent language and view of inquiry skills across teachers at the
school. Groups discussed and reported on a variety of strategies used to (a) manage
the assessment processes and to establish consistency within and across year levels
and (b) make reliable judgments about student performance across the class. The
discussion included the following dimensions:

Practicalities of running the assessment: Specialists reported being very sensitive
to the problem of requiring a significant time commitment by teachers to this task and
to the difficulty gathering meaningful data for each student. Several strategies were
used to ensure efficient recording of student levels of response, including checklists,
the use of iPads by teachers or in one case by students to expedite recording, and the
strategic support of teachers using ancillary staff during the session.

Recording strategies: Teachers reported informal strategies formaking assessment
judgments, including at times a need to make judgments at the group level if they
did not have direct access to student discussions as they made decisions, and also the
advantage of knowing students well, which they felt enabled them to interpret levels
of response to the task.

Developing consistency of judgment: Discussion within groups indicated that,
with appropriate negotiation of interpretations of responses, it was possible to achieve
agreement on assessment levels. Specialists reported moderation processes within
year levels at their schools, but there was less confidence concerning consistency
across levels. Specialists reported that the rubric wording developed specific to the
tasks was very useful for achieving consistency.

Developing a culture of inquiry teaching and learning: Specialists reported dif-
ficulty in having teachers accept that these tasks should be seen as introductions to
more deliberate inquiry approaches in teaching science in primary schools. We inter-
pret this as indicating the degree of difficulty in achieving cultural shifts in schools
in relation to science curriculum practice.
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11.4 Discussion

The experience of the ASELL-SVN and SIA teams in working through these inquiry
skill assessments with teachers provided clear evidence of the need for teacher devel-
opment around understanding and assessing inquiry skills. It was apparent during
the workshops with secondary school science teachers that they had little experience
using practical work to support skill development and little or no conception of tar-
geting particular skills through structured activities. Similarly, the primary science
specialists viewed the SIA as important and interesting, but found the strong and
explicit focus on particular inquiry skills challenging; this was especially the case
for teachers without a strong science background.

In both projects, we developed a view that for inquiry skill development it was
important that an activity focus explicitly on a small number of skills. Often, in
practical or investigative work, rubrics deal with all skills in a post hoc assessment.
However, if teachers are to genuinely provide targeted support for students in these
skills, the design of activities and support structures that focus on one skill—but
no more than three—provides the needed clarity. We argue that the development of
inquiry skills requires a more deliberate and targeted program than the happenstance
approaches that currently prevail. Teachers need support in creating activities, or
modifying existing activities, to target specific skills in this way. They need support
in developing a language around these skills in order to clearly articulate what the
skill entails in different situations and to provide targeted scaffolds to groups of
students or the whole class in preparing for or engaging with practical activity.

While it proved difficult in the SIA project to clearly articulate language for the
skills that was distinct at half-yearly progression points, in both cases the teams felt
that progression in these skills was able to be articulated in a coherent way and that
the curriculum frameworkwas effective in supporting this. However, it was also clear
that interpretation of the general language for particular context demanded consid-
erable judgment and that teachers would need support to generate these judgments.
The problem here was the ambiguity of interpreting particular words in specific situ-
ations. Similarly, in the Inquiry Scaffold Tool, the progression in investigative design
provision was able to be articulated in a way that made sense to teachers. Here, how-
ever, the difficulty was how to describe the type of scaffold that could be provided to
support students at the confirmation or structured inquiry level since these supports
could be provided in worksheet instructions, in preparatory class discussions, or in
other ways.

Within the ASELL-SVN project, teachers were encouraged and trained to take
practical activities and modify them to emphasize particular skills. The SIA activ-
ities are examples of such modifications, focusing on three skills for each activity.
We believe it would be important and very useful, however, to develop resources
that provide exemplars of such targeted investigative activities for all levels of the
curriculum. In particular, we need to find ways to develop a language of inquiry skill
development and assessment that is scalable to the system level. It was clear, in the
case of the SIA validation discussions, that teachers do not readily see how these
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assessments might translate naturally into ways of conceptualizing practical work
more generally as skill development. A further challenge is how to develop processes
by which teachers can track progression of these skills over a year.

It was also clear, in developing these inquiry skill activities and interpretations,
that the skills cannot be seen as independent of conceptual knowledge. The conduct
of investigations both depends on and leads to new knowledge. This was definitely
the case when considering these activities as representing relations between ideas
and evidence. Primary science specialists in the SIA validation workshop pointed
out that teachers had seen a strong link between inquiry skills and mathematical
processes of data representation; therefore, inquiry skills should not be seen as inde-
pendent of knowledge creation in the STEM subjects. This is the basis, in fact, of
an Australian Research Council project we are currently undertaking to explore the
interdisciplinary blending of science and mathematics (https://imslearning.org/). A
strong strand of the program is the development of mathematics associated with
data modeling, including concepts of variation and sampling. In an ecology unit, for
instance, students were supported to develop approaches to counting living things
in quadrats and constructing representations—tallies, tables and graphs, and dia-
grams—comparing counts across different habitats. Thus, the learning of scientific
epistemic practices of sampling and dealing with variation is intimately bound up
with mathematical concepts of chance and variation, samples, and population.

Associated with this, we have been working on guided inquiry approaches in
which students are challenged to visually represent explanations as part of interpret-
ing their inquiry findings. This principle is one of those driving the development of
ASELL-SVN activities. Too often, there is an empiricist underpinning of experimen-
tation that assumes results speak for themselves in variable control experiments. For
instance, in one investigation of the dissolving of food dye in hot compared to cold
water involving Grade 6 (12-year-old children), the teacher emphasized the need
to generate a representation as an explanatory model rather than the usual report-
ing of findings with cursory interpretation. The teacher wrote on the board, during
discussion

Explain the spread of the food coloring.

Explain how temperature affected your observations.

Represent your explanations using diagrams or drawings.

Remember: Use the information we have discovered about solids, liquids, and gases.

Figure 11.3 shows a part of one student’s work, interpreting the results at the
sub-micro level.

Thus, we argue that in focusing strategically on the development of inquiry skills,
attention needs to be paid to the link between experimental findings and explanatory
modeling so as reflect core epistemic processes of science. It is not enough to simply
report results and treat inquiry skills as procedural competencies.

https://imslearning.org/
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Fig. 11.3 Part of a student’s poster explanation of the pattern of dissolving food dye in hot water
compared to cold
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Chapter 12
Assessment Challenges in STEM
Reforms and Innovations

Su-Chi Fang and Ying-Shao Hsu

12.1 Introduction

STEM education, by design, crosses disciplinary boundaries. It has been interpreted
along an integration continuum as a collection of core concepts and skills from iso-
lated disciplines (multidisciplinary), linked concepts and skills from two or more
disciplines (interdisciplinary), or application of concepts or skills from more than
two disciplines to real-life problems or projects (transdisciplinary) (Vasquez, Snei-
der, & Comer, 2013). However, there seems to be no agreement on the definition of
STEM. The term integrated STEM is intentionally and specifically used for inter-
preting STEM education as teaching and learning STEM knowledge and practices
in a more connected manner and within the context of real-world issues (National
Academy of Engineering & National Research Council [NRC], 2014). More specif-
ically, the intention of integrated STEM education is to provide authentic learning
contexts where students can learn, consolidate, and apply disciplinary knowledge
and skills in an integrated manner through solving real-world problems and creating
engineering solutions. Assessments of STEM learning, therefore, need to align with
this specific intention and to construct trustworthy indicators of students’ STEM
learning outcomes.

In contrast to disciplinary-based learning, integrated STEM teaching and learning
purposely offer ample opportunities for the development of competencies and higher
order thinking skills other than simply learning isolated subject content knowledge.
Thus, to assess STEM learning effectively as well as adequately, teachers and educa-
tors must develop an inclusive assessment system that allows students to demonstrate
their ability to apply integrated knowledge in different contexts, to solve problems
successfully, or to create adequate solutions through various types of assessments.
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In other words, assessment for integrated learning needs to consider not only various
aspects of learning outcomes but also include various and valid assessment types
or formats that can truly reflect what students have learned in an integrated STEM
environment.

In addition to considering what is to be examined in assessments, it is crucial
to contemplate when in terms of the delivery points for assessment during STEM
instruction. Depending on the time of administration and the purposes of the data,
assessments can be classified into three types: diagnostic, formative, and summative.
Diagnostic assessments may be used for appraising students’ prior knowledge and
skills before instruction, and these data can inform the teacher’s lesson planning and
differentiated instruction. The purpose of formative assessments is to evaluate what
students have learned after a short period of time. These data can inform learners’
actions and help the teacher document students’ learning status, provide remediation
for unrealized outcomes, and adjust future teaching. Summative assessments are
normally administrated at the end of different levels of learning processes, such as a
chapter, a semester, or a grade level. An inclusive assessment system for STEMneeds
to encompass these three types of assessments so that students’ learning progression
can be captured consistently and comparably.

Despite that STEM education has been a major movement in the past decade
(Martín-Páez, Aguilera, Perales-Palacios, & Vílchez-González, 2019), research
efforts and teacher preparation and professional programs appear to focus more on
STEM instructional design.Assessment approaches and their development are nearly
overlooked (Sondergeld, Koskey, Stone, & Peters-Burton, 2015). Thus, this chapter
is intended to initiate and facilitate conversations and discussions on the assessment
issues related to integrated STEM teaching and learning. First, we reviewed the
STEM education research database used in Chap. 1 (Hsu & Fang, this book) in an
attempt to understand current assessment issues and approaches for STEM learning.
Second, we employed the idea of the assessment triangle proposed by NRC (2001)
as a critical lens to further examine the current assessments for STEM learning and
to identify significant assessment issues in STEM education. Third, we extended the
notions of what and when in assessments to a broader scale and used these insights
as a foundation for a multilevel-multifaceted STEM assessment framework.

12.2 Current Assessments for STEM Learning:
Perspectives from a Review of STEM Research

The exploration of current assessments used for STEM learning was confined to the
database of studies in Chap. 1 that had adopted assessment(s) or tool(s) to exam-
ine student learning achievement (12 articles). Three major types of assessment
were identified from the review: subject-content-knowledge-focused tests (2 arti-
cles), standardized tests (6 articles), and project-specific assessments (4 articles).
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12.2.1 Subject-Content-Knowledge-Focused Assessment
Tests

The subject-content-knowledge-focused tests are used formeasuring students’ under-
standing of a particular concept. Korur, Efe, Erdogan, and Tunç (2017) used
the simple machine achievement test; this test includes true/false, matching, and
multiple-choice items to investigate the effects of different instructional approaches
(e.g., teacher-directed instruction and scaffolded-design-based learning) on students’
understanding of the concepts of a simple machine after the STEM learning experi-
ence (i.e., design a toy crane). Similarly, Schnittka, Evans, Won, and Drape (2016)
adopted the heat and transfer evaluation, a 12-multiple-choice-item test, to determine
the students’ concept attainment after the engineering-design-based, after-school
learning on the topic Save the Penguins.

12.2.2 Standardized Tests

The standardizedmeasures that focused on content knowledge in separate disciplines
were prevalent in large-scale STEM studies, such as grade point average (GPA),
AmericanCollege Testing (ACT), and statewide test scores. These assessment results
were normally obtained from the government and were used for indicating longitudi-
nal impacts of a STEM program on students’ academic achievements. Han, Capraro,
and Capraro (2015) explored how students’ demographic backgrounds and perfor-
mance proficiency levels affected students’ mathematics achievements after a 3-year
STEM-PBL (i.e., project-based learning) intervention. They used the mathematics
scores from theTexasAssessment ofKnowledge and Skills as their outcome variable.
Dickerson, Eckhoff, Stewart, Chappell, and Hath-cock (2014) compared the state-
standardized test scores on science, mathematics, and English reading for students
who attended a pullout STEM program with those who did not attend the STEM
program. Likewise, Micari, Van Winkle, and Pazos (2016), Means, Wang, Young,
Peters, and Lynch (2016), andMeans et al. (2017) adoptedGPA and/or ACT scores to
evaluate what extent the students’ learning experiences of a university Gateway Sci-
ence Workshop program or inclusive STEM high schools influenced their academic
learning outcomes. Unlike the above studies that simply used standardized tests to
measure students’ academic learning outcomes, Lamb, Akmal, and Petrie (2015)
considered how a whole-school integrated STEM program might impact integrated
constructs in addition to the content knowledge. They identified two integrated con-
structs—spatial visualization and mental rotation—and adopted the paper-folding
test and Shepard and Metzler Mental Rotation Test to evaluate students’ cognitive
development after the integrated STEM program.
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12.2.3 Project-Specific Assessment Tests

Project-specific assessments were usually developed by researchers or teachers to
evaluate student performance and artifacts duringor after a particular STEMprogram.
Two of the four project-specific assessment studies were concernedwith students’ in-
process performance, so they developed and used the tests as formative evaluations.
King and English (2016) involved students in an optical engineering design activ-
ity. They analyzed students’ workbook design sketches to understand how students
applied STEM concepts in a design process. A five-level coding scheme developed
from the empirical data indicated students’ various degrees of sophistication and
accuracy in applying core science and mathematics concepts in the design process.
Chien and Chu (2017) required students to complete a worksheet at each learn-
ing phase during an 8-week STEAM engineering program on CO2-car design. The
worksheet consisted of questions for evaluating students’ STEAM knowledge, data
collection, design drafts, group discussion records, forest outcomes, race outcomes,
correction-and-improvement discussion records, and opinions and feedback on the
course.

Guzey, Ring-Whalen, Harwell, and Peralta (2019) developed science and engi-
neering achievement tests based on some public item banks: TIMSS, National
Assessment of Educational Progress (NAEP), and American Association for the
Advancement of Science. The tests were used for examining students’ yearly learn-
ing outcomes and how they are related to different engineering integration approaches
(e.g., add-on, implicit, explicit) during the three design-focused life science units.
Sahin, Gulacar, and Stuessy (2015) adopted an online self-report survey that required
students to indicate the degree to which their participation in an International Sus-
tainable World Energy, Engineering, and Environmental project supported them to
improve their abilities in 10 selected twenty-first-century skills.

In summary, the review showed that the types of assessments are diverse in these
STEM studies but that most were focused on content knowledge in separate dis-
ciplines. Few studies assessed and discussed how students’ inquiry abilities, higher
order thinking skills, or creativity could be improved in STEM learning. The subject-
content-knowledge-focused tests had relatively narrow content foci whereas the stan-
dardized tests were likely to have items that only partly aligned with an integrated
STEM curriculum or program. The project-specific assessments, on the other hand,
were inclined to evaluate very specific learning performances during a particular
STEM learning experience. Therefore, the application of these tests was limited in
specific STEM learning contexts. It is worth noting that only one (Lamb et al., 2015)
of the 12 studies reviewed measured spatial visualization and mental rotation as
integrated constructs and attempted to explore STEM learning in a more integrated
manner. We would argue that an integrated STEM curriculum by design requires
students to learn the four disciplines in a more connected, holistic way. Therefore,
integrated STEM assessments should identify the set of knowledge—integrated or
separate—and core competencies to be learned, developed, and applied during learn-
ing activities, which can be monitored during and tested at the end of the program.
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12.3 Issues in Assessing Students’ Learning Outcomes
Through STEM

The reviewing results presented in the previous section is based on the analysis of
what and when viewpoints. The assessments in the 12 studies were delivered across
different levels (when), but most were focused on disciplinary knowledge instead
of the expected learning emphasized in integrated STEM—such as inquiry abilities,
problem-solving abilities, higher order thinking skills, or other competencies (what).
As mentioned earlier, assessment is one of the significant features in the educational
system and indeed assessments are not separate from but entangled with standards,
teaching, and learning. Quality assessments have to align with standards, school
curriculum, and classroom instruction; the design and development of assessments
should correspond with standards and instructional goals.

12.3.1 The Alignment Between Assessment and Integrated
STEM Curriculum

Knowing What Students’ Know: The Science and Design of Educational Assess-
ment (NRC, 2001) proposed the assessment triangle (i.e., cognition, observation,
interpretation) that describes assessment as a process of reasoning from evidence.
Specifically, the cognition corner of the triangle implies the set of essential knowl-
edge and skills being identified in the learning process with the lens provided by a
particular theory of learning. The observation corner represents the assessment tasks
through which students can perform their understandings and skills corresponding
to those identified in the cognitive model. The interpretation corner refers to the
selection and application of the methods and tools being applied in order to rea-
son from the data obtained in the observations. Importantly, the three elements in
the assessment triangle are connected and interdependent—they must be “in syn-
chrony” (NRC, 2001, p. 44). The notion of synchrony highlighted in the assessment
triangle provides a more critical and holistic view to examine our review of current
assessments for STEM learning.

As shown in Chap. 1 (Hsu & Fang, this book), our review indicated that some
studies did not specify the goals of the STEM programs, nor did they express how
their curricula and instruction were informed and transformed based on their goals.
The lack of well-defined goals may bring serious consequences to assessment devel-
opment—If you do not know where you want to go, then any direction will suffice.
It is worth noting that, without clear goals, the interpretation of assessment data
in terms of the impact of the STEM program on certain aspects of student learn-
ing performance might also be problematic and misleading. Moreover, the learning
objectives in the reviewed studies were not clearly defined; most of the STEM pro-
grams set their goals in a very general manner, for example, to maintain and increase
students’ interest in science and technology or to learn about STEM content and
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careers. More specific learning objectives such as the intended knowledge, prac-
tices, or skills (the cognition corner) to be learned and developed were not explicitly
described. Although the studies explained both the purpose and the procedures to use
the assessment tools, how the assessments are aligned with and linked to the goals
were often overlooked. In other words, the cognition, observation, and interpretation
aspects of the assessment triangle in the current assessments for STEM reports were
not clearly defined, nor were they coherently connected or synchronized.

12.3.2 Assessments for Integrated Learning

As stated in the introduction of this chapter, it is commonly accepted that STEM
learning values interdisciplinary or transdisciplinary views of knowledge and prac-
tices. However, the current assessments for STEM learning in the reviewed research
tended to purely focus on the evaluation of isolated content knowledge in separate
disciplines, which is a multidisciplinary view of STEM. The tasks used in the cur-
rent assessments did not align with the integrated learning experience in which the
individual STEM disciplinary contents are integrated into real-world problems or
engineering design process interlaced with open-ended inquiry. Assessment needs
to align with interdisciplinary, transdisciplinary, or integrated views of STEM teach-
ing and learning; therefore, we need to design and develop assessment tasks that
require students to apply integrated knowledge, engineering, and scientific practices
and to integrate inquiry, design, and reasoning so as to solve real-world problems or
produce innovative solutions. That is to say, it is crucial to reconsider the observation
corner of the assessment triangle in terms of the types of data that can be counted as
evidence in integrated STEM learning.

One significant question that should be raised and contemplated in STEM educa-
tion assessment is what needs to be assessed, when does it need to be done, and
how should these data be collected. The 12 studies reviewed demonstrated that
STEM curricula are highly diverse. Integrated STEM is often situated in real-world
contexts, where different contexts involve different sets of content knowledge and
practices and require application of various higher order thinking skills. However,
educators and researchers have not reached consensus about what competencies
or concepts need to be developed via integrated STEM. Moreover, individual differ-
ences in student-centered learning environments may further complicate the problem
about how to assess students’ progress on these focused competencies and concep-
tual understandings. Some curriculum reform documents have started to address this
issue; A Framework for K–12 Science Education (NRC, 2012) proposed bringing
engineering practices into inquiry as a way to teach science, and the Next Gener-
ation Science Standards (NRC, 2013) developed a set of standards for integrating
engineering into science learning across grade levels. These standards suggest pos-
sible competencies and a knowledge hierarchy for STEM learning. However, more
research is needed to identify which are core STEM competencies and how to best
arrange them in a cohesive, coherent manner.
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12.4 Measuring the Impacts of Integrated STEM
Curricula: The Idea of a Multilevel-Multifaceted
Approach

The studies reviewed in this chapter involve various integrated STEMcurricula being
implemented at different scales: single learning unit, multiple learning units, whole-
school program, and inclusive STEM high schools. As the implementation scales
of the integrated STEM curricula were different, the assessments applied to the
evaluation of the curricula varied in its nature and purpose. The different scales
of curricula can be seen as a learning continuum, and the assessments led us to
contemplate how learning transfer can be assessed and monitored in STEM learning.
That is, how the impacts of integrated STEM learning can be measured across a
single unit of study, several units of study, a whole year of schooling, or a total
school program.

Ruiz-Primo, Shavelson, Hamilton, and Klein (2002) pointed out that measuring
the impacts of educational reform is challenging. This is because the reform goals
and standards are likely to be translated into diverse programs and practices across
different levels of the educational system from states to districts and schools. We
contend that the situation in integrated STEM education is actually similar to that
in educational reform. As shown in the reviewed studies and elsewhere, integrated
STEM curricula take various forms and scales across different schools, districts,
and states. Furthermore, similar situations pose major challenges to evaluation as
the impact of integrated STEM curricula/educational reform is presumably variable
across settings.Ruiz-Primo et al. (2002) proposed amultilevel-multifaceted approach
to address the challenge of evaluating educational reform, and we suggest that this
approach is potentially useful formeasuring the impacts of integratedSTEMlearning.

A multilevel-multifaceted approach consists of two notions. The first notion is
that learning achievement is multifaceted; thus, different types of assessments are
required to attend to different facets of knowledge and skills. The second notion
concerns multiple levels of assessment varying from the closest to the distant point
in relation to the enactment of the curriculum (i.e., immediate, close, proximal,
distal, remote). The design of integrated STEM assessments, therefore, needs to
include various types of tests or data collection techniques addressing students’
development of disciplinary or integrated knowledge, competencies, literacy, and
attitudes at multiple levels of proximity, as shown in Fig. 12.1.

Well-integrated instruction provides opportunities for students to apply and con-
nect STEM concepts, enhance their use of higher level thinking skills (e.g., problem-
solving abilities and computational thinking skills), and cultivate their attitude toward
STEM-related professions. For example, a knowledge integration framework com-
posed of four phases—eliciting ideas, adding ideas, distinguishing ideas, and sort-
ing out ideas—provides guidelines to help students develop and connect concepts
across different disciplines (Linn & Eylon, 2011). Other instructional approaches
(e.g., problem-based learning and engineering design) embedded in STEM lessons
provide students with experiences of how to integrate and apply concepts across
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Fig. 12.1 The multilevel-multifaceted STEM assessment framework

disciplines in real-world situations (Lou, Shih, Ray Diez, & Tseng, 2011). What
students have learned in these integrated learning environments might be very dif-
ferent from that in traditional, disciplinary-based learning environments. Thus, the
various facets of STEM learning need to be identified and included in the assess-
ments. In our assessment framework for STEM learning (Fig. 12.1), the facets of
STEM learning we propose correspond to different dimensions of learning outcomes
that occurred during learning activities—including knowledge integration, compe-
tencies (e.g., problem-solving ability and computational thinking skills), literacies
(e.g., technology and engineering literacy), and attitude (e.g., career interests and
motivation)—need to be incorporated.

The dimension ofmultiple levels of proximity is associatedwith assessment deliv-
ery points. The assessments are administered at several levels to monitor students’
learning and to indicate how far the STEM learning outcomes transfer. Different lev-
els of assessment administration also imply varied intentions and purposes and serve
different functions. At the immediate level, teachers use embedded assessments such
as worksheets to track students’ learning. Thus, instant feedback can be provided
to address students’ needs during the learning process. The purposes of immediate
assessments, therefore, are to diagnose students’ learning and to inform the follow-
ing instruction. At the close level, teachers may need to develop scoring rubrics to
evaluate student performance or to appraise the project reports or artifacts created
during STEM learning activities. At the proximal level, teachers may give students
different STEM problems to solve in order to examine how well they are able to
transfer what they have learned. At the distal level, student learning performances
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are assessed based on the national standards. At the remote level, assessments are
conducted via general measurements of international comparison tests such as PISA.
Indeed, the functions of the assessments are not determined by the levels they are
but depend on how the data are used. Assessment results can be summative for the
currently finished learning stage (assessment of learning); however, at the same time,
it can be seen as a formative report for a long-term learning process (assessment for
learning).

STEM-related competencies are often recognized as problem-solving abilities
(English, Hudson, & Dawes, 2013; English, King, & Smeed, 2017) and computa-
tional thinking skills (Sengupta, Dickes, & Farris, 2018;Weese&Feldhausen, 2017).
English et al. (2017) utilized engineering design to guide students to learn design-
based problem-solving; they used an open-coding technique to interpret students’
activity booklets and identify the features of problem-solving (e.g., designing and
constructing, assessing design, and redesigning and reconstructing). According to
the idea of assessment as learning proposed by Earl (2013), if teacher evaluation
criteria are provided during learning or students generate their own evaluating crite-
ria, students can monitor what they are learning personally or in groups and reflect
on their observations to make modifications, adjustments, or major changes in what
they understand or create.

One commonly used approach for measuring computational thinking skills is
evidence-centered assessment (Weese & Feldhausen, 2017) that provides a real-
time tool for teachers to obtain information about what students are struggling with
or how they are succeeding during STEM learning (Basawapatna, Repenning, &
Koh, 2015). Based on that information, teachers can diagnose students’ learning
difficulties and identify students’ learning patterns of computational thinking so that
they can inform, adjust, or redesign the ways they teach. Some researchers develop
self-efficacy surveys to detect students’ belief that they can accomplish a STEM task
as evidence of their computational thinking ability (Weese & Feldhausen, 2017).

It is assumed that when students participated in STEM learning activities they
had more chances to increase their exposure to STEM knowledge and then enhance
their career interests in STEM-related jobs (Lou et al., 2011). Some studies have
looked into how STEM education promotes students’ career interests and motivation
(Guzey, Harwell, &Moore, 2014; Tseng, Chang, Lou, & Chen, 2013). A survey was
a common approach to assess students’ attitude toward STEM, for example, Guzey
et al. (2014) developed a survey instrument that measured student attitude toward
STEM learning and STEM career.

Technological and engineering literacy (TEL) is broadly defined as the capacity
to use, understand, and evaluate technology as well as to understand technological
principles and strategies needed to develop solutions and achieve goals.

The TEL assessment is designed to measure three interconnected areas of tech-
nology and engineering experience in and out of the classroom: technology and soci-
ety, design and systems, and information and communication technology (National
Assessment Governing Board, 2013). Exemplar assessment items for these goal
areas can be found under technological and engineering literacy on the NAEP web-
site (https://www.nationsreportcard.gov/tel/about/assessment-framework-design/).

https://www.nationsreportcard.gov/tel/about/assessment-framework-design/
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12.5 An Example of Enacting the Multilevel-Multifaceted
STEM Assessment Framework

This section provides an example of the multilevel-multifaceted STEM assessment
framework regarding advancing integrated STEM learning via engineering design
(English et al., 2017). English and her colleagues applied a five-step process of
engineering design to guide students’ learning of design-based problem-solving
including problem scoping (understand problem boundaries), idea creation (formu-
late ideas and develop a plan), designing and constructing (sketch design, interpret
design, transform to models), assessing design (check constraints and test mod-
els), and redesigning and reconstructing (sketch second design and transform to
models). They selected earthquakes as a problem to engage sixth-grade students in
constructing a building to withstand earthquake damage using toothpicks and plas-
ticine. English et al. used a technique of open coding to interpret students’ activity
booklets and identify the features of students’ sketches, such as meeting the con-
straints, accurately labeling materials, displaying engineering techniques, indicating
measurements, costs and material qualities, and accurately labeling shapes or fea-
tures of the structures. These sketching features can be recognized as abilities within
design-based problem-solving, such as designing and constructing (e.g., accurately
labeling materials, displaying engineering techniques, accurately labeling shapes or
features of the structures) and assessing design (e.g., meeting the constraints; indicat-
ing measurements, costs, and material qualities). Furthermore, they examined how
students applied their STEMdisciplinary knowledge using an interview protocol that
asked students about (a) their learning from the first and second building tests and (b)
the redesign changes they would make and why. The evidence of students’ learning
STEM disciplinary knowledge related to the earthquakes problem included concepts
such as the base of the building, weight, complexity of the design, material use,
balance, stability, strength of the structure, and mathematics use for measurements.

This example of assessing artifacts and student responses demonstrated how a
multifaceted STEM assessment that included design-based, problem-solving abili-
ties and STEM disciplinary knowledge can be developed during integrated STEM
learning. The addition of a distal assessment of design-based problem-solving abil-
ities to detect how students transfer their problem-solving abilities to a different
problem such as building a safe bridge or a solar automatic trolley (Tseng et al.,
2013) makes a multilevel STEM assessment applicable. The multilevel-multifaceted
STEM assessment framework (Fig. 12.1) can serve as guidance for STEM educa-
tors and researchers to examine students’ STEM learning performance and transfer
during their continuity of integrated STEM education.
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12.6 Conclusion

This review of 12 research studies revealed that there are varied types of assessment
adopted for evaluating student learning outcomes at different scales for a single
learning unit, multiple learning units, a whole-school program, and an inclusive
STEM high school. The findings show that students can benefit from integrated
STEM learning experiences in many ways. Nevertheless, it is noted that most of
the assessments were focused on disciplinary knowledge. More research is needed
for developing competency-based assessments to investigate how and to what extent
STEM learning can cultivate students’ development of inquiry abilities, higher order
thinking skills, or creativity. The assessment triangle underscores a coherent, cohe-
sive linkage between the intended knowledge and skills (cognition), the assessment
tasks (observation), and the analysis and interpretation of assessment results (inter-
pretation). Therefore, it is important to, first, identify the intended STEM learning
outcomes (knowledge, attitudes, or skills) to be developed in the learning process
and, second, contemplate how to design assessments that really create evidence of
STEM learning. Themultilevel-multifaceted STEMassessment framework proposed
in the chapter provides guidance on the design and development of assessments for
determining various facets of learning outcomes at different levels of proximity.
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Chapter 13
Epilogue—Understanding STEM
for STEM Education: Toward a Systems
Approach

Sibel Erduran

13.1 Introduction

In recent years, there have been numerous calls and initiatives to highlight the impor-
tance of science, technology, engineering, and mathematics (STEM) and its teaching
in secondary education. As some of the chapters in this book also highlight, many
international curricula (e.g., Chap. 5) and research studies (e.g., Chap. 10) have taken
STEM education as a focal point of advocacy and investigation. This book provides
a comprehensive overview of some of the key trends in international research and
development efforts in STEM education in different national contexts (e.g., Taiwan,
Korea, Australia). The primary purpose of this final chapter is twofold: (a) to review
some of the key themes raised in the book in order to provide a summary of the main
themes covered in the 12 chapters, resulting in some qualitative trends in the way
that educators are engaging in research on STEM education, and (b) to consider the
implications for potential future research and development efforts on STEM educa-
tion. The chapters are multifaceted in content; hence, any review will be limited by
definition. The approach underpinning the chapter is to thematically organize some
major issues represented in the chapters in order to provide a summary of the overall
content. Issues related to curriculum, domain knowledge, teaching, learning, school
culture, and assessment will be highlighted in relation to STEM education. Subse-
quently, the implications of these issues for future research and development will be
considered in anticipation of extending the agenda of the book.
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13.2 Summary of Key Themes

The introductory chapter provides a fairly extensive account of the background to
research on STEM education. Hsu and Fang problematize how and to what extent
integrated STEM learning experiences may foster student creativity, support the
development of higher order thinking skills, and impact their epistemological beliefs
and views about science learning (Chap. 1). A significant contribution of the chapter
is a framework that the authors propose for the development of STEM curricula. The
framework involves the following steps: (a) identify core competencies, (b) select a
real-world context or problem, (c) prepare supporting resources and tools, (d) design
a series of activities to engage students, and (e) develop an evaluation rubric for
assessing the selected core competencies. The theme of curriculum development is
again picked up in Chap. 2 when Chu, Son, Martin, and Treagust contrast integrated
STEM provision in Korea and Australia. The latter authors provide examples of
how Korea incorporated an arts-integrated STEM orientation while Australia has
had no such orientation—although other broad themes such as intercultural under-
standing, literacy, and sustainability have been advocated in the curriculum. Chu and
colleagues illustrate the benefits and challenges of arts-integrated STEM approaches
for teachers’ classroom practice in both countries.

Two chapters deal with issues related to domain knowledge in STEM. In Chap. 7,
Fan and Yu stress the core value of STEM education as providing balanced opportu-
nities of hands-on and minds-on learning. They focus on engineering design, which
raises questions about teachers’ pedagogical content knowledge. The domain of
mathematics is covered in Chap. 8 where Lee, Lim, De, and Hilmy describe the
process of learner intuitions and disciplinary intuitions in STEM. To illustrate the
process of enacting a STEM curriculum in a Singapore public school, they present
an in-depth case study of a collaborative effort to develop a STEM learning frame-
work into the secondarymathematics curriculum of the school dealingwith averages.
The purpose of this effort was to promote greater authenticity in students’ learning
of mathematical data handling skills, applications, and interests using a real-world
learning context involving localized data collection from open-source sensors and
a real-world problem-solving task. The authors found that a STEM learning frame-
work supported by open-source sensors can indeed be used to create an authentic
learning environment, which in turn can surface and leverage learner intuitions and
enhance learning.

The central role of teachers and teaching in STEM education is acknowledged in
numerous chapters. Hsu and Fang in Chap. 1 highlight the significance of educating
teachers, both preservice and in-service teachers, in STEM given the relative unfa-
miliarity of STEM in school subjects. A series of chapters then provide accounts
of how teachers’ knowledge of STEM and STEM teaching can be improved. In
Chap. 3, Chan, Yeh, and Hsu propose a theoretical framework for examining and
analyzing teachers’ practical knowledge for STEM teaching. Chan and colleagues
synthesize literature to identify features of teacher knowledge needed for effective



13 Epilogue—Understanding STEM for STEM Education … 207

STEM teaching. On the other hand, Chan and Yip in Chap. 5 report on STEM edu-
cation in Hong Kong where it became a mandatory part of the science curricula for
secondary schools in 2016. The authors observe that curriculum reform poses a great
challenge to teachers who were educated to be discipline-specific. They compare
an experienced and novice teachers’ conceptions about STEM and their practical
knowledge for STEM teaching using in-depth interviews. The theme of teaching and
teachers is extended in Chaps. 4 and 9 where the broader teacher community aspects
are discussed. In Chap. 4, Yeh and Hsu discuss a study conducted in a high school
in Taiwan where a professional learning community model was used to develop a
series of STEM curricula. They describe the model including its courses, and they
score the teachers’ instructional knowledge of STEM. Xu, Campbell, and Hobbs
in Chap. 9, on the other hand, reflect on teachers from primary schools in Aus-
tralia who were involved in a professional learning program specifically designed
to build their confidence and capacity for teaching STEM through inquiry-based
approaches. They draw on data of changing teacher STEM pedagogy to generate
insight into the diverse responses that schools can have to professional learning in
STEM and entrepreneurial thinking. The findings of the study indicate the impor-
tance of research-informed frameworks that are flexible enough to be applied to
schools.

The argument for teaching of STEM in an integrated fashion is ultimately based
on the need to facilitate students’ learning in a meaningful manner and to develop
a range of skills such as problem-solving and critical thinking. Two chapters in the
book deal with student learning of STEM. In Chap. 6, So, Li, and He explore a
fairly under-examined topic of special educational needs (SEN) in relation to STEM
education. They investigate special school teachers as part of a STEM education
professional development program. They note a positive response from teachers in
designing STEM learning for special educational needs. The researchers put forward
the recommendations by the teachers for the adaptation of resources and strategies
for SEN purposes. For example, the teachers suggested strategies to meet students’
needs with smaller steps/procedures, division of tasks among students with different
abilities, provision of relevant background knowledge, and being equipped with
relevant tools and awareness of safety precautions. Among other strategies, So and
colleagues suggest (a) integrating advance technologies (e.g., 3D-printing, robotics,
virtual reality, microprocessors) to achieve technology focus in learning and (b)
organizing a variety of outside-school STEM activities (e.g., exhibition, company
visits) to motivate students to acquire through experience the necessary STEM skills.
Furthermore, assessment has always been a challenge to new initiatives in learning
and teaching.

A significant challenge in the integration of STEM in teaching and learning can
be a lack of coherence with both formative and summative assessments. When the
goals of the curriculum switch from the teaching of a particular domain like sci-
ence to the goal of teaching topics that bring all STEM subjects together, a new
vision is needed for assessment. Three chapters in the book deal with issues related
to assessment. In Chap. 6, So, Li, and He propose strategies to measure the pos-
itive effects of STEM education on students’ STEM perception, attitudes, skills,
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and career aspirations. This framework, though related to assessment, is primarily
a research orientation. Two other chapters deal with assessment in the context of
STEM education in a more direct sense. In Chap. 11, Tytler and White argue that
the focus on STEM as an interdisciplinary construct has placed greater emphasis on
the contextual applications of science and mathematics practices. For science, this
has resulted in a need to more clearly articulate the nature of scientific epistemic
practice, including supporting and assessing scientific inquiry skills. They describe a
project that involved the development and trialing of secondary level practical inquiry
activities representing contemporary STEM practices and ideas. Teachers and stu-
dents engaging with these activities were introduced to an inquiry scaffold tool that
articulated key features of scientific practices and made explicit how to develop and
refine practical work to focus on specific skills. The authors highlight the need to
develop strategies to focus on these specific practices and the need to develop com-
patible assessment approaches. As examples of how these skills might be assessed
in practice, they draw on a separate project in which they refined a set of assessment
tasks that situated inquiry skills within engaging contexts and procedures for teach-
ers to make judgments about student performance levels. Tytler and White reflect on
their experiences of working with teachers with examples of tasks and rubric devel-
opment. In a more extensive analysis, Fang and Hsu explore current assessments
used for STEM learning through a review of research on STEM (Chap. 12). The
authors address the problems that emerged in the review by proposing a multilevel-
multifaceted STEM assessment framework to support the design and development
of useful assessments for STEM learning. For example, they identify STEM-related
competencies as problem-solving abilities and computational thinking skills.

The book raises questions about the role of school culture in promoting STEM
teaching and learning. Curriculum and assessment frameworks can be designed to
facilitate integration of STEM in educational contexts. Teaching can be enhanced
through professional development. The role of domain knowledge can be consid-
ered. The particular learning needs of the students can be used to inform teaching.
However, without a change in school cultures, it is questionable to what extent the
implementation of STEM education will be effective at the school level. In Chap. 10,
Widjaja, Loong, Hubber, and Aranda report a design-based research methodology
in a case study of two teachers from one secondary school that was implement-
ing an interdisciplinary approach in STEM. The findings of their research indicated
increased student engagement and enjoyment from the use of real-world problems
and apparent student autonomy and ownership of the project. The teachers thought
more deeply about how to better integrate interdisciplinary skills and knowledge in
their teaching, and they experienced a greater sense of satisfaction in making learn-
ing meaningful for students. The challenges that teachers face include the integration
of the learning of two subject disciplines into one interdisciplinary discipline that
has real-world applications and the time needed to plan collaboratively. The authors
draw attention to how an interdisciplinary approach requires a change in school cul-
ture as to the provision in the timetable for interdisciplinary planning and to the
enculturation of inquiry-based learning.
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Overall, the chapter authors of this book convincingly demonstrate the many
opportunities and successes, as well as challenges, inmaking STEMeducation a real-
ity in everyday schools. The diversity of national contexts provides insight into how
different educational systems are approaching STEM education, including poten-
tial integration of the arts as in the case of the Korean curriculum (see Chap. 2).
An implicit assumption in the book as well as in the broader community engaged in
STEMeducation is that the integration of science, technology, engineering, andmath-
ematics is justified on the basis of how these disciplines share particular approaches
such as critical thinking and problem-solving. The role of domain knowledge is
also widely recognized where the particular nuances of concepts and problems in
mathematics and science, for instance, are problematized (see Chap. 8). However,
the fundamental question remains about which aspects of the STEM disciplines are
being considered for educational purposes. For instance, reference to data collection
and analysis in STEM concerns particular epistemic practices underpinning the dis-
ciplines; reference to the need to foster critical thinking because this is an important
aspect of STEM disciplines implicitly refers to the cognitive aspects of STEM as
well as scientific ethos surrounding STEM communities (i.e., particular norms about
critically evaluating claims and, thus, fostering a sense of skepticism).

13.3 Implications for Future Research

Future efforts in STEM education research and development will benefit from a
consideration of not only a fuller articulation of the epistemic and cognitive features
of STEM subjects but also the broader social and institutional dimensions. In our
recent work, we proposed a framework on the nature of science (NOS; Erduran &
Dagher, 2014) that considers NOS as a cognitive-epistemic and social-institutional
system (see Table 13.1). In other words, a systems approach is used to highlight
some high-level categories through which the various dimensions of science can be
articulated as part of a bigger system.

The categories can be interpreted in both a domain-specific (e.g., chemistry, biol-
ogy) as well as domain-general (e.g., science versus non-science) manner. By impli-
cation, the framework can be applied to STEM education in order to clarify the
various nuances between the disciplinary commonalities and differences between
science, technology, engineering, and mathematics. For example, even though all
STEM disciplines use observations,

• Can there be variations in the way that engineers and scientists engage in obser-
vations?

• What organizations drive the technology world and how do they compare to those
where mathematicians are situated?

The categories are comprehensive enough to capture such diverse questions. For
example, they relate to the issues of interdisciplinarity and school culture raised
in Chap. 10 as well as the issue of epistemic practices of the disciplines raised in
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Table 13.1 Cognitive-epistemic and social-institutional dimensions of nature of science (from
Erduran & Dagher, 2014)

Cognitive-epistemic system dimensions

Aims and values The scientific enterprise is underpinned by adherence
to a set of values that guide scientific practices. These
aims and values are often implicit and they may
include accuracy, objectivity, consistency, skepticism,
rationality, simplicity, empirical adequacy, prediction,
testability, novelty, fruitfulness, commitment to logic,
viability, and explanatory power

Scientific practices The scientific enterprise encompasses a wide range of
cognitive, epistemic, and discursive practices.
Scientific practices such as observation, classification,
and experimentation utilize a variety of methods to
gather observational, historical, or experimental data.
Cognitive practices such as explaining, modeling, and
predicting are closely linked to discursive practices
involving argumentation and reasoning

Methods and methodological rules Scientists engage in disciplined inquiry by utilizing a
variety of observational, investigative, and analytical
methods to generate reliable evidence and construct
theories, laws, and models in a given science discipline,
which are guided by particular methodological rules.
Scientific methods are revisionary in nature, with
different methods producing different forms of
evidence, leading to clearer understandings and more
coherent explanations of scientific phenomena

Scientific knowledge Theories, laws, and models (TLM) are interrelated
products of the scientific enterprise that generate
and/or validate scientific knowledge and provide
logical and consistent explanations to develop
scientific understanding. Scientific knowledge is
holistic and relational, and TLM are conceptualized as
a coherent network, not as discrete and disconnected
fragments of knowledge

Social-institutional system dimensions

Professional activities Scientists engage in a number of professional activities
to enable them to communicate their research,
including conference attendance and presentation,
writing manuscripts for peer-reviewed journals,
reviewing papers, developing grant proposals, and
securing funding

Scientific ethos Scientists are expected to abide by a set of norms both
within their own work and during their interactions
with colleagues and scientists from other institutions.
These norms may include organized skepticism,
universalism, communalism and disinterestedness,
freedom and openness, intellectual honesty, respect for
research subjects, and respect for the environment

(continued)
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Table 13.1 (continued)

Cognitive-epistemic system dimensions

Social certification and dissemination By presenting their work at conferences and writing
manuscripts for peer-reviewed journals, scientists’
work is reviewed and critically evaluated by their
peers. This form of social quality control aids in the
validation of new scientific knowledge by the broader
scientific community

Social values of science The scientific enterprise embodies various social values
including social utility, respecting the environment,
freedom, decentralizing power, honesty, addressing
human needs, and equality of intellectual authority

Social organizations and interactions Science is socially organized in various institutions
including universities and research centers. The nature
of social interactions among members of a research
team working on different projects is governed by an
organizational hierarchy. In a wider organizational
context, the institute of science has been linked to
industry and the defense force

Political power structures The scientific enterprise operates within a political
environment that imposes its own values and interests.
Science is not universal, and the outcomes of science
are not always beneficial for individuals, groups,
communities, or cultures

Financial systems The scientific enterprise is mediated by economic
factors. Scientists require funding in order to carry out
their work, and state and national level governing
bodies provide significant levels of funding to
universities and research centers. As such, these
organizations have an influence on the types of
scientific research funded and ultimately conducted

Chap. 11. They can act as tools to organize, analyze, or scrutinize what aspect of
STEM is included or excluded in STEM education. They can point to what might
be missing in existing STEM initiatives including, for instance, the power dynamics
that might govern how STEM professionals engage with each other or with other
stakeholders such as the industry and political organizations.

The international curriculum standards landscape is now ripe for the need for such
articulation. Consider, for instance, the following passage from the influential Next
Generation Science Standards in the USA:

The goal of engineering design is to find a systematic solution to problems that is based on
scientific knowledge and models of the material world. Each proposed solution results from
a process of balancing competing criteria of desired functions, technical feasibility, cost,
safety, aesthetics, and compliance with legal requirements. The optimal choice depends on
how well the proposed solutions meet criteria and constraints. (National Research Council,
2013, p. 409)
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Such statements call for consideration of the epistemic aims of science and engi-
neering including modeling (i.e., aims and values category from Table 13.1) as well
as the broader social features such as costs associated with design solutions (i.e.,
financial systems category). Furthermore, the disciplinary nuances in what counts
as methods in science versus engineering, as well as how knowledge gets validated
through social certification in technology versus mathematics, can be researched.
In terms of educational development, STEM education will benefit from a systemic
evaluation of how STEM curricula and resources as well as instructional strategies
and assessment frameworks indeed encompass the nature of STEM in a way that is
inclusive of its various dimensions and not only the epistemic and cognitive dimen-
sions.

Engagement in the broader social and institutional aspects of STEM further raises
questions about the stakeholders (i.e., teachers, students, curriculum developers,
assessment designers) engaged in the design, implementation, and evaluation of
STEM initiatives. In other words,

• Who is being engaged in STEM education?
• What is their disciplinary affiliation?
• What community norms are they using to be engaged in STEM education?

The design of teachers’ professional development programs, for instance, will
benefit from a broad but nuanced take on the disciplinary similarities as well as dif-
ferences in the STEM subjects. After all, many teachers will themselves have been
trained to be part of a professional community that calls for disciplinary specificity.
A science teacher is not only someone who is preoccupied with the teaching of the
subject knowledge of science; he or she is also someone who is a member of a partic-
ular professional community by training. Indeed, even within the particular domain
of science, one would encounter the issue of identity among teachers, identifying
themselves as a physicist, chemist, biologist, or earth scientist (e.g., Vareals, House,
&Wenzel, 2005). These aspects are not simply interesting contextual features—they
are paramount to how teachers will understand and perceive STEM and engage in
its teaching.

Much research and development work remains to be done in STEM education. A
systemic approach to understanding what counts as STEM for STEM education is
likely not only to clarify the underpinning theoretical constructs of STEM education
but also to open up new avenues for research and development. For example, the
approach raises questions such as:

• What are the institutional contexts of STEM professionals?
• Which professional communities do engineers and mathematicians operate in and
how?

• What are the implications of their practices for educational practice?
• Are their differences between how scientists and artificial intelligence experts
conceptualize models?

• How can we ensure that future STEM professionals can be enculturated into the
community norms of their disciplines effectively?
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This book provides a robust account of the contemporary space that educators
occupy in dealing with related but yet unexplored questions. It provides a research-
informed and evidence-based approach; as such, it is a useful resource on which to
base future efforts.
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