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Abstract

Background: School education should improve science, technology, engineering, and mathematics (STEM) ability
not only in science and mathematics but also in technology and engineering. However, practice and research are
being conducted without clear definitions and methods for STEM education. Moreover, the positioning and
characteristics of the technology included in each STEM field are unclear. Therefore, it is necessary to propose an
appropriate framework for practice of STEM from the viewpoint of technology education. In response to this need,
this commentary proposes a conceptual framework for the appropriate practice of STEM education.

Results: First, we referred to the perspectives and thinking styles of the fields of science, technology, and
mathematics in the Japanese curriculum to specify the approach of the education system to each subject included
in STEM. Next, to determine the concept of engineering in STEM education, we referred to the definition of
engineering presented in Japan, the USA, and the UK. We positioned engineering, which means creating structures,
processes, systems, etc., as a practical STEM activity and attempted to relate it to the unique perspectives and
thinking styles of mathematics, science, and technology.

Conclusion: We proposed a conceptual framework for the appropriate practice of STEM education based on the
principles of subjects in the Japanese curriculum. The conceptual framework suggests that a means to improve the
practice of STEM education is to retain the principles of science, technology, and mathematics in the activity of
engineering. It can be inferred that the key point for practicing STEM education is to examine and design the
appropriate order and combination of the learning process and activities based on the proposed conceptual
framework. Although this framework is theoretical, it can be useful in determining an adequate practice of STEM
education and clarifying the relationship between STEM education and technology education.
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Introduction
STEM education worldwide
Science, technology, engineering, and mathematics
(STEM) have been promoted as an educational reform
project on a national scale in Europe, the USA, and else-
where. STEM education aims at enhancing the work-
force related to the STEM field and nurturing STEM

literacy in order to address the major challenges of the
twenty-first century (Bybee, 2010).
In the USA, a report from the Committee on STEM

Education, National Science and Technology Council
(2013) indicated that to maintain American superiority
in innovation, it would be necessary to ensure that the
STEM workforce has excellent skills and training. In the
UK, the Royal Society (2016) issued a guidebook called
“Making education your business” to support companies
in teaching STEM education to promote employment
and increase interest in the STEM field. Integrated edu-
cation in the STEM education system in K-12 schools
needs to be improved as a national policy to ensure that
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the future generation possesses adequate skills to work
in these fields.
Furthermore, STEM education is also required to fos-

ter skills such as problem-solving and nurturing literacy
in each STEM subject (Bybee, 2010). The literacy culti-
vated through STEM education can develop an individ-
ual’s decision-making ability, enabling them to
understand and address various real-world problems. It
is thought that STEM learning activity will cultivate
skills such as creativity, critical thinking, problem-
solving, and decision-making, while problems related to
the humanities such as politics, economics, and society
can also be considered to be linked to STEM knowledge
(Banks & Barlex, 2014; Daugherty, 2009). Daugherty in-
dicated the potential of STEM education “to prepare the
next generation of students with enhanced skills to solve
complex problems, consider consequences, think critic-
ally, collaborate across disciplinary boundaries, invent
and innovate, and compete with the best the world has
to offer.” Banks and Barlex suggested that in the UK, the
emphasis in STEM education is on understanding the
relationship between STEM and daily life, society, and
decision-making for creative problem-solving. Therefore,
when STEM education is implemented in each of the
STEM subjects, it is necessary to develop STEM know-
ledge and skills in relation to the other subjects, in
addition to learning each subject separately.
STEM education emphasizes activities to design and cre-

ate new products and systems as well as activities related to
the principles of inquiry and exploration. Through both ap-
proaches, STEM education can help students to acquire
and utilize knowledge and skills related to the STEM field,
to learn the practices of scientists and engineers in the real
world, and to think about problem-solving.

Concept of STEM and technology education
Kelley and Knowles (2016) suggested that educators and
schools lack a cohesive understanding of the practice of
STEM education. They pointed out that teachers need to
use deliberate methods to teach STEM content that foster
students’ understanding of how to learn STEM and solve
real-world problems. To this end, they emphasized that
building a strategy to integrate STEM concepts requires a
strong conceptual and foundational understanding of how
students learn and apply STEM content. Brown, Ernst,
DeLuca, and Kelly (2017) noted that STEM education is a
current educational issue that is not always consistently
defined. They describe STEM education as a course, unit,
or lesson that integrates two or more STEM areas and
presents an integrated approach to teaching and learning,
where discipline-specific content is not divided but is ad-
dressed and treated as a single dynamic. Although these
studies point out the problem of the lack of clear and

consistent definition in STEM education, they do not at-
tempt to provide one.
McGarr and Lynch (2017) also found that while there

is an acceptance among stakeholders that a focus on
STEM is important in supporting the global competi-
tiveness of the USA, there is “no common operational
definition or conceptualization of STEM.” In addition,
the Royal Society (2016) tried to promote corporate co-
operation in the implementation of STEM education but
did not clarify what its contents and methods should be.
As a result, there is a general concern that STEM educa-
tion practiced under various motivations and definitions
will further obscure its contents and methods.
Furthermore, there is a tendency for STEM education

to be discussed by educators and researchers mainly
from the standpoint of science and mathematics. The
necessity of increasing the focus on technology and en-
gineering in education has been pointed out (Daugherty,
2009; Successful STEM Education, 2013). Another fact
that complicates the overall definition of STEM educa-
tion is the different nature of subject curricula in differ-
ent countries. Therefore, it may be necessary to develop
a curriculum for STEM education according to the char-
acteristics of the relevant subject in each country.
From the viewpoint of technology education, Havice

(2009) noted that STEM education is a key pathway to
technological literacy. Havice also appealed to the cap-
acity of hands-on technology and engineering education
to bring the real world into the classroom, allowing stu-
dents to analyze problems, issues, and trends and to re-
spond to challenges with adaptability and flexibility.
Sanders (2009) explained the importance of establishing
a comprehensive and effective relationship with the ob-
jectives, content, and methods required for each STEM
subject. On the other hand, Reed (2018) emphasized that
technology education must maintain a relevant identity
as a STEM discipline and must also continue to be built
on the pillars that define the discipline in terms of con-
tent: an epistemological basis and a history of practice
that is inclusive of curriculum, teaching, and research.
Reed also warned that technology educators should not
focus too much on STEM education or divert attention
from the mission of technology education.
As shown above, both the definition and positioning of

STEM education are ambiguous, and its contents, methods,
and concepts are unclear. In addition, there is a bias towards
science and mathematics at the expense of technology and
engineering. STEM education is characterized by having
both creative and exploratory learning activities. In terms of
creative learning activities, it is necessary to promote STEM
education practice and research from the viewpoint of tech-
nology and engineering. To that end, several learning
models that can be helpful to the practice of STEM educa-
tion related to technology education are outlined below.
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STEM education model and technology education
The relationship between technology and other subjects
and fields has been noted by the International Technol-
ogy Education Association (ITEA, 2005), which became
the International Technology and Engineering Educators
Association (ITEEA) in 2010. The relationship with sci-
ence is still under consideration in the process of think-
ing about the design and development of technology and
engineering. Johns and Mentzer (2016) noted the rele-
vance of practice and activity for both engineering de-
sign and scientific inquiry, seen in activities such as
“planning and carrying out investigations,” “analyzing
and interpreting data,” “engaging in argument from
communicating information,” and “obtaining, evaluating,
and communicating information.” These shared activ-
ities suggest that scientific inquiry can be included in the
steps of the design process, during activities such as re-
search and data analysis.
The previous studies described below have attempted

to develop a curriculum for science and technology edu-
cation focused on the engineering process and scientific
inquiry. These factors can be applied as an approach to
STEM education, and studies have been conducted on
various learning models.
The 6E Learning byDeSIGN™ Model is a framework for

instruction that leverages STEM technology and engineer-
ing (Barry, 2014; ITEEA, 2015). This model is based on the
Biological Sciences Curriculum Study’s (BSCS) 5E Instruc-
tional Model (Bybee, Taylor, et al., 2006). The ITEEA
(2012) developed EbD-TEEMS™ for the elementary curricu-
lum, which is a model and teaching resource designed to
help teachers provide a meaningful foundation in STEM
education. For example, “Agriculture Around Us” (ITEEA,
2012) is a unit for first graders. Lessons using the BSCS 5E
Instructional Model can be planned and practiced using
the framework of Engage, Explore, Explain, Elaborate, and
Evaluate. However, the BSCS 5E Instructional Model was
noted to be problematic as it did not fully elaborate the de-
sign process. In addition, the need for a learning model
combining engineering design and scientific inquiry has in-
creased. The 6E Learning byDeSIGN™ Model was created
by adapting the BSCS 5E Instructional Model to make it
more related to engineering design. This model is also re-
lated to mathematical modeling. The ITEEA (2016) also

introduced the teaching tool “Our World and Me” for the
sixth-grade elementary school curriculum, which comprises
three units using the framework of Engage, Explore, Ex-
plain, Engineer, Enrich, and Evaluate as a sequential lesson
structure.
In the simplified version of the model shown in Fig. 1,

the relationship between engineering design and scien-
tific inquiry can be interpreted as a one-way system.
As an example of a learning or instruction model

based on subjects, such as a design model for technology
and engineering, the BSCS model (Bybee, 1997), based
on science, is strongly related to the content and activ-
ities of individual subjects. With lessons that use the
BSCS model (Bybee, 1997), there is a tendency to pro-
vide subject-based teaching and evaluation. By contrast,
Wells (2016) presented the PIRPOSAL model, which
was developed as an approach to STEM education that
is not based on the individual subject framework.
As shown in Fig. 2 below, the center of the PIRPOSAL

model is Questioning, with the phases (drawn on the out-
side) comprising Problem Identification, Ideation, Research,
Potential Solution, Optimization, Solution Evaluation, Al-
terations, and Learned Outcomes. Each phase is associated
with Questioning as indicated by the double-headed arrow,
and the phases represent how engineers think and act in re-
lation to technological problem-solving. The phases are not
ordered but are positioned in activities relative to inner
Questioning, which is the departure point of learning. That
is, the teacher grasps the correspondence between a given
phase and Questioning and judges how to teach and pro-
vide instruction accordingly. Thus, Questioning plays a role
in terms of clarifying what knowledge is necessary to
proceed with the process. There are two thinking styles of
Questioning: the “convergent thinking” style means acces-
sing facts and verifiable information, while “divergent think-
ing” refers to inquiry through open-ended questions
without a single correct answer.
In the simplified version of this model shown in Fig. 2,

the relationship between engineering design and scien-
tific inquiry can be interpreted as a dynamic, interre-
lated, two-way activity.
In science education, design learning environments have

been found to promote deep learning of science content
and practices. Kolodner (2002) presented Learning by

Fig. 1 The 6E Learning byDeSIGN™ Model simplified by the authors with reference to ITEEA (2016)
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Design™, which is a project-based inquiry approach to
learning science contents and skills through hands-on ex-
perience by undertaking a design challenge. The Learning
by Design™ cycle consists of two processes shown in paral-
lel. One is the process of “design/redesign,” and the other is
the process of “investigate and explore.” Learners engage in
design challenges which create the need to investigate, and
that investigation is engaged in whenever the need arises
during the design process. The transition from “design/re-
design” to “investigate and explore” is represented by an
arrow labeled “need to know,” while the transition from “in-
vestigate and explore” to “design/redesign” is represented
by an arrow labeled “need to do.” This way of thinking is
helpful in considering the mutual relevance of the processes
of engineering and science.
In the simplified version of this model shown in Fig. 3,

the relationship between engineering design and scien-
tific inquiry can be interpreted as different activities
linked by the needs to “know” and “do.”
Each model described above considers the relation be-

tween scientific inquiry and the process of engineering
design. However, it is unclear how each model incorpo-
rates the unique contents, methods, and concepts of
mathematics, science, and technology and their involve-
ment in the engineering process. ITEEA (2018) pre-
sented three principles to drive STEM education in
“STEM4: The power of collaboration for change.” The

principles for STEM education should “advance the
learning of each individual STEM discipline” and “STEM
education should provide logical and authentic connec-
tions between and across the individual STEM disci-
plines.” The report also highlighted the importance of a
learning policy that emphasizes the discipline of each
subject and how it relates to STEM. In planning and
implementing STEM education, it is necessary to respect
the content, method, and concepts of the individual sub-
jects and to consider the necessity and importance of
building relationships between them.

Understanding STEM education in Japan
In Japan, it is difficult to say that there is an accepted insti-
tutional consensus on the theory of the content and meth-
odology of STEM education. While relationships between
STEM education and mathematics and science are consid-
ered, there seems to be no strong intention to conceive a
formal school curriculum in Japan that includes learning
content and methods based on the concepts of STEM edu-
cation. On the other hand, in informal education in Japan,
STEM education practice is being promoted without a clear
definition of its contents and methods. For example, in
cram schools and public lectures, there have been examples
of STEM education dealing with the manufacturing of ro-
bots, programming for measurement and control, and
digital fabrication. However, these contents and activities

Fig. 2 PIRPOSAL model simplified by the authors with reference to Wells (2016)

Fig. 3 The Learning by Design™ model simplified by the authors with reference to Kolodner (2002)
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are very close to the learning activities of technology educa-
tion, and they are not planned and implemented under the
clear provision of a STEM education framework. In this
light, it is necessary to fully establish the identity and char-
acter of technology and engineering in STEM education
(Harrison, 2011).
Considering STEM education in Japan from an inter-

national perspective, Ritz and Fan (2015) reported the
perceptions of 20 international technology education
scholars on their country’s involvement in STEM educa-
tion, and the following was pointed out in relation to
Japanese STEM education: “Japan is experimenting with
a version of STEM by bringing the abacus (soroban)
back into schools for helping grade 3–4 students to
strengthen their learning of mathematics and better
understand its key operations.” However, most Japanese
educators do not consider learning the abacus in math-
ematics to be part of STEM education. This is a serious
error and creates a major misunderstanding regarding
Japanese education. To solve such misunderstandings, it
is necessary to consider and propose the planning and
implementation of STEM education based on the
current situation of Japanese technology education.

The purpose of this commentary
In STEM education, there is no clear definition of the
goals, methods, and contents of abilities related to
STEM subjects. Such definitions are necessary to pro-
mote well-understood practices and enhance students’
abilities. In addition, when STEM education is imple-
mented in different countries, the particular characteris-
tics of the subjects in that country’s curriculum are
related to the outcomes of STEM education. Therefore,
it is useful to construct a conceptual framework that
takes into account the characteristics and perspectives of
each subject to enable the planning and implementation
of STEM education. Of the learning activities in STEM
education, many studies have been conducted on science
and mathematics, which mainly involve exploration.
However, there is a lack of studies from the standpoint
of technology and engineering, which are mainly creative
learning activities (Daugherty, 2009; Successful STEM
Education, 2013). Therefore, it is important to create a
conceptual framework that incorporates the characteris-
tics of science, mathematics, and engineering from the
viewpoint of technology education.
In this commentary, we propose a conceptual frame-

work for STEM education, based on the characteristics of
the relevant subjects in Japanese education, and ask what
contents learners can learn and what activities learners
will be able to do by examining the concept of engineering
in relation to the teaching of Japanese subjects. Based on
the new course of study in Japan, we will discuss how sci-
ence, mathematics, and engineering should be positioned

in the proper planning and implementation of STEM edu-
cation, with a focus on technology education. Through
this examination, we aim to propose an improved method
of implementing STEM education that fosters compre-
hensive literacy. This proposal will be useful to not only
help build an effective STEM education practice but also
to clarify the relationship between STEM education and
technology education.

The Japanese education system and technology
education
Qualities and abilities in Japanese education
First, we referred to the perspectives and thinking styles
of the fields of science, technology, and mathematics in
the Japanese curriculum to specify the education sys-
tem’s approach to each subject. In 2017, the Japanese
Ministry of Education, Culture, Sports, Science and
Technology (2017) devised a new course of study, mean-
ing an outline standard of the elementary and middle
school curricula, which was revised based on the global
trend toward the development of generic skills and com-
petencies. The qualities and abilities that the new course
of study aims to nurture throughout the school curricu-
lum are categorized as “knowledge and skills,” “thinking,
judgment, expression ability, etc.,” and “ability to make
use of learning, etc.”

“Perspectives and thinking styles” in Japanese education
MEXT outlines “perspectives and thinking styles” ac-
cording to the characteristics of each subject with the
intention that students should systematically acquire
those qualities and abilities. It also prescribes “perspec-
tives and thinking styles” as perceptions and ways of
thinking that allow students to assimilate elements
unique to each subject. This is considered important for
the learning of new “knowledge and skills” that are use-
ful in the real world, while associating them with exist-
ing “knowledge and skills.” In addition, “perspectives
and thinking styles” can enrich “thinking, judgment, and
expression ability” and form an understanding of how
this ability relates to society (Ministry of Education, Cul-
ture, Sports, Science and Technology, 2017).
In the new course of study, “perspectives and thinking

styles” is positioned as the core of learning for each sub-
ject and is intended to connect the learning of various
subjects to society. In junior high school, “perspectives
and thinking styles” for technology, science, and math-
ematics are defined as shown in Table 1.
Technological “perspectives and thinking styles” com-

prise “understanding phenomena in daily life and society
from the viewpoint of their relationship with technology
and to think about optimizing technology focusing on
social demand, safety, environmental burden, economic
efficiency, etc.” (Ministry of Education, Culture, Sports,
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Science and Technology, 2018a). This definition is inter-
preted as emphasizing optimization in making products
and systems, and optimization/systematization are con-
sidered characteristics of technological learning activity.
Scientific “perspectives and thinking styles” include

“understanding of the natural world and phenomena
from a scientific point of view, considering relationships
such as qualitative/quantitative and temporal/spatial,
and thinking about using scientific inquiry methods such
as comparing and relating” (Ministry of Education, Cul-
ture, Sports, Science and Technology, 2018b). This def-
inition is interpreted as emphasizing inquiry into
scientific theories and laws by considering the natural
world and phenomena. Thinking during inquiry also
means exploring theories/laws as a characteristic of sci-
entific learning activity.
The aims of mathematical “perspectives and thinking

styles” are “to understand phenomena focusing attention
on quantities, figures and their relationships, and to think
logically, integratedly, and developmentally” (Ministry of
Education, Culture, Sports, Science and Technology,
2018c). This definition is interpreted as emphasizing
thinking through numbers and symbols. Logical thinking
using numbers and symbols is considered a characteristic
of mathematical learning activity.

Engineering education in Japan
In Japan, engineering is not established as a distinct sub-
ject in compulsory education and exists solely as a dis-
ciplinary area of specialized and higher education.
Therefore, there is no real common concept of engineer-
ing. Nevertheless, it is adopted in the learning process in
technology education. Even in science, manufacturing is
incorporated as an activity of utilization and confirm-
ation of theories and laws. In mathematics, mathematical
modeling, which is regarded as a design-related activity,

is researched and practiced. Thus, it seems that the
framework of STEM education can be considered by
examining each subject’s relationship with engineering.

Definition of engineering by country
Next, to determine the concept of engineering in STEM
education, we referred to the definition of engineering
presented in Japan, the USA, and the UK.
Reed (2018) noted that engineering has been well de-

fined at the postsecondary level but is still evolving in
PreK-12 education in the USA. The way engineering is
understood is important for considering STEM educa-
tion, as there is no subject specifically titled “engineer-
ing” in elementary or secondary education in Japan.
The Review Committee on Educational Programs in En-

gineering (1998) defined engineering as “an academic dis-
cipline aimed at building useful things and comfortable
environments for public safety, health, and welfare that is
based on mathematics and natural sciences, sometimes
using knowledge of humanities and social sciences.”
The Engineering Academy of Japan (2006) noted that,

in Japan, the way in which engineering is conceived is
unique. Many Japanese universities have faculties of en-
gineering, and engineering is commonly recognized as
an academic discipline.
The ITEA (2000) presented a report titled “Standards

for Technological Literacy: Content for the Study of
Technology,” where engineering is defined as follows:

The profession of or work performed by an engin-
eer. Engineering involves the knowledge of the
mathematical and natural sciences (biological and
physical) gained by study, experience, and practice
that are applied with judgment and creativity to de-
velop ways to utilize the materials and forces of na-
ture for the benefit of mankind.

For the first time in 2014, in its survey of academic
achievement, the National Assessment of Educational
Progress (NAEP) included “technology and engineering
literacy” as one of its objectives. The NAEP defined en-
gineering as “a systematic and often iterative approach
to designing objects, processes, and systems to meet hu-
man needs and wants” (National Assessment Governing
Board, 2013). These definitions highlight the engineering
design process such as the activities applied to create
things and systems.
In the USA, the National Academy of Engineering

(2008) defines engineering as follows:

No profession unleashes the spirit of innovation like
engineering. From research to real-world applica-
tions, engineers constantly discover how to improve
our lives by creating bold new solutions that connect

Table 1 “Perspectives and thinking styles” of technology,
science, and mathematics

Subject Perspective Thinking style

Technology (Ministry
of Education, Culture,
Sports, Science and
Technology, 2018a)

Focusing on social
demand, safety,
environmental
burden, economic
efficiency, etc.

Thinking to
optimize/
systematize

Science (Ministry of
Education, Culture,
Sports, Science and
Technology, 2018b)

Focusing on
relationships as
qualitative/quantitative
and temporal/spatial

Thinking to
explore theory/
laws

Mathematics (Ministry
of Education, Culture,
Sports, Science and
Technology, 2018c)

Focusing on quantities,
figures, and their
relationships

Thinking with
numbers/symbols

Note: The references Ministry of Education, Culture, Sports, Science and
Technology (2018a, 2018b, 2018c) are explanations of the courses of study for
technology, science, and mathematics education. The table was created by
interpreting and abbreviating the descriptions in these references
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science to life in unexpected, forward-thinking ways.
Few professions turn so many ideas into so many
realities. Few have such a direct and positive effect on
people’s everyday lives. We are counting on engineers
and their imaginations to help us meet the needs of
the 21st century.

In this definition, engineering is considered as a pro-
fession and is also seen as an activity for creating some-
thing useful from ideas.
In the UK, the Royal Academy of Engineering (Malpas,

2000) defined engineering as follows:

The knowledge required, and the process applied, to
conceive, design, make, build, operate, sustain, recycle
or retire, something of significant technical content
for a specified purpose; – a concept, a model, a prod-
uct, a device, a process, a system, a technology.

In this definition, engineering is regarded as the know-
ledge and process related to specific technical content.
Table 2 summarizes the various definitions of engin-

eering, which range widely to include scholarship, pro-
fessions, activities, knowledge, etc., and shows that they
are defined from various aspects. For example, reports
from the Review Committee on Educational Programs in
Engineering (1998) and the Engineering Academy of
Japan (2006) regard engineering and its scope as an aca-
demic field.
In “Standards for Technological Literacy: Content for

the Study of Technology” (ITEA, 2000) and National
Academy of Engineering (2008), engineering is considered
a profession. NAEP’s definition of engineering as a “sys-
tematic and often iterative approach” matches well with
the creative activities included in STEM (National Assess-
ment Governing Board, 2013). Currently, engineering in
STEM education can be assumed to be a creative activity

based on a “systematic and often iterative approach,”
which is used in the design process, for example.
James Dyson, who was involved in the development of

the curriculum for “Design and Technology,” a subject
in the UK’s national curriculum, recommends that the
design process be emphasized as an educational activity.
The James Dyson Foundation (2017) defines the design
process as engineers using “knowledge of science, tech-
nology, engineering, math and creative thinking to solve
problems. Engineers refer to the stages of the design
process as: Specify, Plan, Design, Build, Test, Analyze.
This process is iterative and non-linear.” The main pro-
cesses in Dyson’s definition are considered to be Design,
Build, and Test.
Based on these ideas, when conceiving the conceptual

framework of STEM in this research, we regarded engin-
eering as a design process, which is a creative activity, and
assumed that the main steps in the design process are De-
sign, Build, and Test. Given that similar learning processes
were used in the development of STEM education
(Boakes, 2019; Cook & Bush, 2018), we thought it was ap-
propriate to adopt the design process for our framework.

A proposed STEM framework
STEM education, which combines science, technology,
engineering, and mathematics, has the ability to increase
the potential and skills of children of the next generation
(Bybee, 2010). However, the theoretical framework of
STEM education is unclear (Kelley & Knowles, 2016).
From the viewpoint of technology education, it is im-
portant to clarify the difference between STEM educa-
tion and technology education. The present commentary
generated a framework for STEM education by combin-
ing the perspectives and thinking styles of mathematics,
science, and technology from the Japanese curriculum
with the concept of engineering as defined by Japan, the
USA, and the UK.
When interpreting engineering as work or activity, it is

regarded as having a close relationship with technology
education, such as in the subject “Design and Technol-
ogy” in the UK. Engineering activities are dealt with in
the same way in Japan and the UK because engineering
contents and ways of thinking are not defined as specific
subjects in either country. By referring to the PIRPOSAL
and Learning by Design™ models, the thinking styles of
each subject are conceived as the activities and require-
ments related to engineering.
We positioned engineering, which means creating

things, processes, systems, etc., as a practical STEM ac-
tivity and attempted to relate it to the unique perspec-
tives and thinking styles of mathematics, science, and
technology subjects in the Japanese course of study.
Figure 4 shows the design process (repeating the steps

Design, Build, and Test) and unique perspectives and

Table 2 Definitions of engineering by each association

Association Definition of engineering

Review Committee on
Educational Programs in
Engineering (1998)

Academic discipline

Engineering Academy of
Japan (2006)

Academic discipline

“Standards for Technological
Literacy: Content for Study
of Technology” (ITEA, 2000)

The profession of or
work performed by
an engineer

“Technology and Engineering
Literacy” (National Assessment
Governing Board, 2013)

Systematic and often
iterative approach

National Academy of
Engineering (2008)

Profession

The Royal Academy of Engineering
(Malpas, 2000)

Knowledge and process
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thinking styles of each subject (mathematics, science,
and technology) in a multi-layered manner that is re-
lated to the context of “need to know” and “need to do
for engineering.” This framework organizes each STEM
subject into activities and modes of thinking, demon-
strating that the policy to promote STEM education
through interdisciplinary cooperation assumes both the
commonality and uniqueness of science, technology, en-
gineering, and mathematics.
An example of “need to do for engineering” is that in

the process of Design or Build, it is necessary to create
products and systems using principles and theories re-
lated to factors such as materials, processes, and energy.
In prototyping and modeling, knowledge and thinking
styles are utilized to optimize materials and energy. As
an example of “need to know,” when the principles and
theory to be utilized are insufficient, the necessity to ac-
quire new knowledge arises.
Yet another example of “need to do for engineering” is

that, in the process of Build or Test, it is necessary to in-
spect and measure various aspects of a prototype or
model by using the perspectives and thinking styles of
quantitative formulas and symbols. On the other hand,
when it is not possible to appropriately represent various
aspects of a prototype or model, the necessity of learn-
ing, which requires the knowledge and thinking style of
mathematics etc., is an example of “need to know.” Fur-
thermore, when activities such as optimization are not
proving to be effective, it becomes necessary to learn ap-
propriate optimization processes and thinking in the
context of “need to know.”
In this way, when teaching the design process by repeat-

ing the steps Design, Build, and Test, the unique perspec-
tives and thinking styles of mathematics, science, and
technology contribute according to the context of “need
to know” and “need to do for engineering.” To facilitate
the process of repeating the steps Design, Build, and Test
to generate optimum products and systems, the unique

perspectives and thinking styles of mathematics, science,
and technology should be used functionally.
From the above, we consider that STEM education

should retain the unique perspectives and thinking styles of
science, technology, and mathematics in the design process,
which is part of the activity of engineering. In the planning
and provision of school education, it is necessary to accur-
ately understand the multi-layered relationship between the
design process (repeating the steps Design, Build, and Test)
and the unique perspectives and thinking styles of each
subject, which are selected and conducted from the context
of “need to know” and “need to do for engineering” accord-
ing to the nature of the subject matter. It can be inferred
that designing an appropriate order and combination of the
design process (Design, Build, and Test) and the unique
perspectives and thinking styles of each subject will lead to
fulfilling STEM education lessons.
However, engineering activities such as the design

process cannot cover all areas of science, technology,
and mathematics learning. Therefore, both education
specific to each subject and the idea of interrelated
STEM education are necessary.

Discussion
The framework of STEM education is still being consid-
ered in relation to the engineering process and scientific
inquiry as it was in the past. To date, the objectives, con-
tents, and activities of science, technology, engineering,
and mathematics education have not been clearly posi-
tioned. From the perspective of technology education, it
is important to consider the positioning of technology in
STEM, and it would be useful to generate suggestions
for practicing appropriate STEM education. Therefore,
in this commentary, based on the principles of subjects
in the Japanese curriculum, we proposed a conceptual
framework for the appropriate practice of STEM educa-
tion based on the uniqueness and heterogeneity of sci-
ence, technology, engineering, and mathematics.

Fig. 4 Relationships between the engineering design process and science, technology, and mathematics
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The proposed conceptual framework mainly refers to
the Learning by Design™ model in which the processes
of “design/redesign” and “investigate and explore” exist
in parallel (Kolodner, 2002). We considered engineering,
meaning the production of things, processes, systems,
etc., in terms of practical STEM activities, and attempted
to link it with the principles, perspectives, and thinking
styles of science, technology, and mathematics. Specific-
ally, the processes of Design, Build, and Test and the
perspectives and thinking styles of each subject were re-
lated in a multi-layered manner in the context of “need
to do for engineering” and “need to know.”
The conceptual framework suggests that STEM educa-

tion should retain the principles of science, technology,
and mathematics in the activity of engineering. This idea
is similar to the policy that ITEEA (2018) set out as a
principle for the practice and research of STEM educa-
tion. In other words, in school education, it is necessary
to properly understand and grasp the multi-layered rele-
vance of “need to do for engineering” and “need to
know” activities and the design process of Design, Build,
and Test according to the nature of the subject matter.
It can be inferred that the key point for practicing STEM
education is to examine and design the appropriate
order and combination of the learning process and activ-
ities based on the proposed conceptual framework. This
conceptual framework can help educational policy-
makers and architects of STEM education practices to
construct an appropriate curriculum that identifies com-
prehensive STEM concepts and subject principles, par-
ticularly in the Japanese context.
From the above, STEM education comprises problem-

solving activities related to the design process and scien-
tific inquiry and appropriately utilizes knowledge from
each STEM subject, as well as attempting to develop
comprehensive and practical skills pertaining to the
STEM field. In order to appropriately utilize learning
from each subject, it is necessary to grasp the principle
of that subject. Therefore, technology education is vital
for the appropriate practice and planning of STEM
education.
However, the framework proposed in this commentary

is only theoretical and cannot yet offer a concrete teach-
ing practice and learning activity. In the future, this limi-
tation may present difficulties when applying this
theoretical framework to the real-world characteristics
of technology education.

Conclusion
We proposed a conceptual framework for the appropri-
ate practice of STEM education based on the principles
of subjects in the Japanese curriculum. The conceptual
framework suggests that the practice of STEM education
should retain the principles of science, technology, and

mathematics in the activity of engineering. It can be in-
ferred that the key point for practicing STEM education
is to examine and design the appropriate order and com-
bination of the learning process and activities based on
the proposed conceptual framework. This way of think-
ing gives STEM education policymakers and curriculum
developers a useful perspective for STEM education
practice and research. Although this framework is purely
theoretical, it can be useful to determine an adequate
practice of STEM education and avoid confusion be-
tween STEM education and technology education.
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