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Abstract

Design and design thinking are vital to creativity and innovation, and have become
increasingly important in the current movement of developing and implementing
integrated STEM education. In this editorial, we build on existing research on design
and design thinking, and discuss how students’ learning and design thinking can be
developed through design activities in not only engineering and technology, but also
other disciplines as well as integrated STEM education.
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Introduction

In our first joint editorial (Li et al. 2019), we focused on the topic of thinking and
uncovered new questions through a brief review of conceptions of thinking, how they
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were developed, and related research. We also proposed that thinking needs to be
reconceptualized as plural, in contrast to traditional conception of thinking as a single
individual-based cognitive process. Specifically, we indicated that thinking can be
differentiated as multiple models with levels, and science, technology, engineering,
and mathematics (STEM) education is positioned to develop students’ thinking with
our newly proposed conception. In this editorial, we would like to extend the previous
discussion to focus on design and design thinking, and take the position of viewing
design thinking as a model of thinking that is important for every student to develop and
have in the twenty-first century. Furthermore, we discuss ways that STEM education is
positioned to provide diverse opportunities to facilitate students’ learning through
design and develop their design thinking.

In the following sections, we start by discussing the conceptions of design and
design thinking in general, followed by discussion of developing students’ design
thinking, as a model of thinking, through design activities not only in technology and
engineering, but also design activities and content learning in science and mathematics
as well as integrated STEM education.

Everyone Designs and can Design

Design, if referring to formal and professional activity, becomes a term that is often
reserved for some professionals, such as those in architecture, fashion, technology, and
engineering. The identity development of professional designers and engineers builds
on special training and years of practices, with their design activities often leading to
valuable end-products. Clearly, design is not a type of activity that is commonly used in
school education, except in art and vocational training, as many traditional school
subjects like mathematics and science aren’t viewed as disciplines in which students
design. The well-established knowledge structures and procedures in mathematics and
science have long been perceived as important for students to acquire and use as (often
disconnected and static) facts, procedures and skills (Banilower et al. 2013; Fisher
1990). Not surprisingly, design activity and design thinking have not been emphasized
in traditional school education as they can be easily perceived as creating new terms
and procedures, activities often viewed as belonging to professional mathematicians
and scientists, not students.

In contrast, engineering and technology are the professional fields that take design as
an important and distinguishing activity (e.g., Daly et al. 2012; Haupt 2018; Simon
1996). It is common and important for novices and experts alike to learn and think
about design in the fields of engineering and technology, and to develop a design
mindset. Thus, the recent introduction of engineering and technology in school educa-
tion brings new perspectives about what students can and should learn and do,
including design, and benefits students can realize from design activity, including the
development of design thinking (ITEA 2007; National Research Council 2009). As
design and design thinking also encourage different perspectives and approaches in
viewing and solving problems, they are vital to creativity and innovation. The impor-
tance of design and design thinking has indeed been recognized in school education
recently, especially in the current movement of STEM education (e.g., Honey et al.
2014; ITEA 2007; Katehi et al. 2009; NGSS Lead States 2013).
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The above contrast in what students can be expected to learn and develop across
different subjects suggests a subject fixation long in existence in school education. It is
not because design and design thinking are not important for students to do and develop
especially in the twenty-first century, but likely due to the fact that mathematics and
science have historically been perceived as not the ‘right’ type of school subjects in
which students design and develop design thinking. The development of students’
design thinking is thus left to those teachers of certain subjects such as engineering or
art, but not for others in traditional school subjects like mathematics and science (Li
et al. 2019). Such a perception needs to be changed!

If not restricted the meaning of design to formal activity in specific professional
fields, design can take place in many different ways from time to time. In fact, we all
carry out informal and formal designs in our daily and academic lives such as in travel
planning, house decorations, hair styling, experimental design in research, and instruc-
tional design in school education. Design can simply mean a person’s approach to
identifying and solving a problem in this human-made world. According to Cunning-
ham, founder and director of “Engineering is Elementary” (EiE, http://www.eie.org),
children are born engineers, and they have innate enthusiasm toward designing and
making their creations, taking things apart, and figuring out how things work
(Cunningham 2009). In fact, one important category of EiE curriculum design princi-
ples is to demonstrate that everyone engineers and everyone can engineer (Cunningham
and Lachapelle 2016). Consistently, we believe that everyone designs and everyone can
design. Without close attention to children’s design ideas and intuition, we may lose
opportunities to nurture their design thinking and creativity. It is imperative that school
curricula and instruction integrate design in students’ subject content learning, not just
in engineering and technology but also in other STEM subjects and beyond, and also
help foster their design intuition and thinking early on (e.g., Center for Childhood
Creativity 2018; Early Childhood STEM Working Group 2017).

Design Thinking as a Model of Thinking that is Important to Every
Student

Studies on design and design thinking are not new, especially in engineering (e.g., Dym et al.
2005; Simon 1973, 1996). However, the meanings of design and design thinking are still
open to different interpretations in different professional fields (Exter et al. 2019; Johansson-
Sköldberg et al. 2013; Kolko 2018; Wrigley and Straker 2015). As examples, design in
business management often means deliberated and careful thinking and planning to be
creative and innovative, but design in engineering can sometimes be routine and taken for
granted (Johansson-Sköldberg et al. 2013). In education settings, design research calls for
theory-based interventions that can produce results pertinent and documentable to a specific
real context (Brown 1992; Cobb et al. 2003). The ambiguity over the meanings of design
and design thinking itself historically has also contributed to the difficulty of operationalizing
design concept for curriculum and instruction, even in the field of engineering (e.g., Dym
et al. 2005). For example, engineering education in universities has evolved from being
largely on an “engineering science”model as influenced by Simon’s work (1996), to being
reflective practices often characterized by project-based learning (PBL) and cornerstone
courses (Dym et al. 2005; Schön 1983).
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To study and characterize design thinking in engineering and other fields, various
approaches and perspectives have been developed and used, including (1) modeling
design process (e.g., Dym and Brown 2012; Schön 1983; Simon 1996), (2) comparing
experts and novices (e.g., Ahmed et al. 2003; Göker 1997; Kavakli and Gero 2002;
Tang and Gero 2001), (3) identifying and specifying design thinking strategies, tactics
and skills (e.g., Lawson 2006; Wendell et al. 2017), (4) examining specific cognitive
features, such as cognitive load (e.g., Sweller et al. 2019) and metacognition (Desoete
and Özsoy 2009; Kavousi et al. 2019; McLaren and Stables 2008), and (5) examining
action and thinking in design teams (Hu et al. 2018; McNeill et al. 1998; Stempfle and
Badke-Schaube 2002). Previous studies on design thinking have been fruitful, and also
diverse in terms of different aspects or dimensions being focused on. For example,
Razzouk and Shute’s review (2012) suggested that experts in design demonstrated
performance different from novices in multiple ways, including efficiency and effec-
tiveness based on their prior experience, metacognitive control, and the tendency of
starting with solution assumptions rather than problem analysis. Such results help us
develop a better understanding about not only the nature of expertise in design, but also
possible ways of specifying levels of design thinking.

In their study of expert-novice architects in designing a museum building, Tang
and Gero (2001) used a coding scheme that consists four levels: (a) the physical
level, which refers to the instances that have direct relevance to the external world,
comprising drawing, looking and moving actions; (b) the perceptual level, concerns
the instances of attending to visual-spatial features/relationships in an automatic
perceptual mechanism; (c) the functional level, relates to the instances of functional
references mapped between visual-spatial features/relationships and abstract con-
cepts, including meanings and functions; and (d) the conceptual level, which
represents the instances that process abstract concepts and the instances that process
physical and perceptual actions. According to Tang and Gero (2001), this four-level
scheme was initially developed by Suwa and Tversky (1997) in their study of
novice-expert architects’ design sketches. It can be classified into two distinguish-
able groups of actions: (1) lower level cognitive actions that reside at the physical
and perceptual levels and refer to interaction with the external world, including
actions for drawing, looking, and recognizing graphical features and spatial rela-
tionships; (2) higher level cognitive actions that stay at the functional and concep-
tual levels and refer to interactions with the designer’s internal world, including
actions for functional reference, goalsetting, making decisions, and utilizing de-
signers’ knowledge. Their study showed that while both the novice and expert
produced large amounts of drawing, looking, moving, and perceiving actions with
functional meaning attached to them, the expert produced statistically significant
more of these actions than the novice.

The four-level scheme used in Tang and Gero’s study (2001) is mainly a coding
framework for data analyses. Their results also show that both the novice and the expert
demonstrated actions in all four levels, and their documented differences were mainly
in terms of quantity, not quality. Although such a scheme may not be ready for use to
characterize the level of development in design thinking, for example, from a novice to
an expert designer, it suggests aspects that we can consider when thinking about
students’ design thinking development. This is a topic area that would need more
theoretical, empirical, and educational research.

Journal for STEM Education Research (2019) 2:93–10496



School education differs from professional education in terms of emphasizing
identity development in different professional fields such as architecture, fashion, and
engineering. In school education, design has been increasingly recognized not only as
an object for students to learn and experience (e.g., English 2018; McFadden and
Roehrig 2019), but also a general framework for school education (e.g., Wright and
Wrigley 2019) and an important approach for conceptualizing and developing integrat-
ed STEM education in K-12 schools (e.g., English 2016; Kelley and Knowles 2016).
Likewise, design thinking has been studied not only as a complex and integral part of
the design process in engineering (e.g., Dym et al. 2005) and school education (e.g.,
Strimel et al. 2019), but also as a general cognitive process involving creation,
experimentation, feedback collection, and redesign that can take place in many different
fields (Razzouk and Shute 2012) including business (e.g., Dunne and Martin 2006) and
instructional design (e.g., Cook 2006).

To develop students’ design thinking, we need to take a broad perspective about design
and design thinking that can capture both formal and informal design activities. Histori-
cally, thinking involved in design practices has been explored mainly through examining
professional designers’ practices. Johansson-Sköldberg et al. (2013) named this type of
thinking as “designerly thinking” and summarized related studies and theoretical perspec-
tives into five categories of “design and designerly thinking” (p. 124): the creation of
artifacts, a reflexive practice, a problem-solving activity, a way of reasoning/making sense
of things, and the creation of meaning. They then reserved the term “design thinking” for
the discourse where design practice and competence are used beyond the professional
design context (including architecture and art), for and with people without a scholarly
background in design, such as in management (p. 123). Design thinking can thus be
viewed as a simplified version of “designerly thinking”, and is feasible for activities taking
place in education, both for and with students.With the goal of identifying the features and
characteristics of design thinking in school education, Razzouk and Shute (2012) offered a
characterization of design thinking: “Design thinking is generally defined as an analytic
and creative process that engages a person in opportunities to experiment, create and
prototype models, gather feedback, and redesign.” (p. 330) This characterization provides
us a valuable perspective about design thinking that goes beyond possible restrictions
placed on design activity by disciplinary boundaries. Further in alignment with our
discussion in the first joint editorial (Li et al. 2019), design thinking can and should be
viewed as a model of thinking in school education to help nurture and develop for every
student in the twenty-first century.

Given the relatively new recognition of the importance of design and design
thinking in school education, there are many more questions than answers for re-
searchers and educators alike. For example, how to characterize the levels of students’
design thinking and related development remains a challenge, particularly for those
who care about the design of curriculum and instruction to develop students’ design
thinking (e.g., Wrigley and Straker 2015). We would certainly view this challenge also
as an opportunity for researchers and educators to study and understand the develop-
ment of design cognition. Educational constructs can be conceptualized and developed
in terms of different dimensions, such as the complexity of design tasks and the abstract
level of concepts needed in the design process. Experimental studies can then be carried
out to examine how different interventions may impact students’ development of
design thinking (e.g., Dasgupta 2019).
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Develop Students’ Design and Design Thinking in and through STEM
Education

How design and design thinking can and should be taught or used has been an issue of
importance in different professional fields. Different models have been identified and
developed for different purposes including education (e.g., Wright and Wrigley 2019;
Wrigley and Straker 2015) and assessment (e.g., Kretzschmar 2003). For example,
Wrigley and Straker (2015) proposed an educational design ladder based on a study of
what is taught (content) and how it is taught (assessment and learning modes) about
design thinking in universities worldwide. Specifically, they collected and reviewed 51
courses about design thinking in different disciplines including business, management,
innovation, and creativity, as selected from 28 universities internationally. Their review
and analyses of these courses led them to propose the five pedagogical stages in the
development of design thinking, ranging from low to high-order thinking skills antic-
ipated for different levels of design thinking. These levels of design thinking are
categorized as the foundational level, product level, project level, business level, and
professional level. They further characterize these five levels of design thinking
development in the cumulative nature of learning with Biggs’ Structure of the Observed
Learning Outcome (SOLO) taxonomy (1996): (1) knowledge comprehension, (2)
application, (3) analysis, (4) synthesis, and (5) evaluation. Given that the model is
derived from reviewing professional courses about design thinking in universities, it is
thus understandable that the depiction of different levels of design thinking tends to
illustrate how a professional in design may be prepared through the ladder.

Students’ Learning through (Engineering) Design in STEM Education

In school education, existing studies have shown that students can learn through design
and also develop their design thinking in and through STEM education. Specifically,
with the recent introduction of engineering into school education, there are a fast
growing set of programs and studies that document how engineering design can help
engage students and facilitate their learning of STEM content (e.g., Engineering is
Elementary (EiE). 2011; English and King 2015; Kelley and Sung 2017; Kelly and
Cunningham 2019; McFadden and Roehrig 2019; Schnittka 2012; Strimel et al. 2018)
and thinking development (e.g., Lubinski 2010; Uttal and Cohen 2012). For example,
Kelley and Sung (2017) investigated how the use of engineering design helped grade 5
students to learn science. They found that student participants increased the amount of
time spent on computational thinking by 34% when given a math-embedded design
task. Pre- and post-tests showed that students gained significant science content
knowledge, such as identifying the concept of conservation of mass on a multiple-
choice test. At the same time, however, most of the students struggled to transfer it to a
new situation. The acquisition of basic knowledge and practices in STEM is certainly
not enough. Kelley and Sung (2017) thus concluded that elementary science teachers
using engineering design as an approach to improve science learning also need to
provide additional opportunities for students to improve their ability to transfer science
and mathematical reasoning beyond the initial design tasks.

Kelly and Cunningham (2019) examined how engineering design provides unique
ways to support students’ collaborative sense-making, reasoning with evidence, and
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assessing knowledge. They drew from EiE engineering curricular units and their
implementation to identify epistemic tools, including the physical, symbolic, or discur-
sive artifacts that facilitate knowledge construction, that helped facilitate students in
three epistemic practices of engineering (1) constructing models and prototypes, (2)
making trade-offs between criteria and constraints for engineering design challenges,
and (3) communicating through uses of conventionalized verbal, written, and symbolic
modes of disciplinary discourses. Their analysis of curriculum products, student work,
and classroom discourse demonstrated how the use of these epistemic tools is important
for engaging students in these epistemic practices, and also helps foster creating,
sharing, and assessing knowledge claims. The results obtained by Kelly and
Cunningham (2019) highlighted the importance of specific epistemic tools identified
and used in engineering practices for K-12 education, and provide a ground feasible for
comparing and connecting with what scientific practices aim to accomplish in knowl-
edge learning and construction through the process (e.g., Duschl and Bybee 2014). It
presents an important topic area for us to further identify, examine, and compare
specific epistemic practices pertinent to different disciplines in STEM that can possibly
be connected or integrated to facilitate students’ content learning and thinking devel-
opment. Moreover, as STEM education is not culturally neutral (Early Childhood
STEM Working Group 2017), how culture plays a role in design activity and different
epistemic practices is also an important topic for improving students’ learning in STEM
and their design thinking in a diverse classroom and across regions.

Rather than focusing on the use of engineering design, some researchers and
educators tried to develop and use design as a general pedagogical approach to
engage students and help them learn in STEM and STEAM (with art specifically
included in STEM) (e.g., Chen and Lo 2019; English 2018; Orona et al. 2017). As
part of a 4-year longitudinal study, English (2018) reported a 4th-grade classroom
design-based problem solving activity that integrated the four STEM disciplines.
With a focus on a shoe design task, students built upon their learning from an initial
problem component that collected and analyzed data about shoe types, sizes, fabrics,
corresponding foot lengths etc., and obtained further knowledge about natural and
processed materials from the science curriculum and general information about shoe
designers, manufacturers and their work. Students were then organized into small
groups to design their own shoes. The process and results illustrated how student
learning progressed from knowledge application and the use of a sequence of design
strategies as beginning designers, redesigning, reconstructing, to informed design-
ing. The process, guided by a conceptual framework adapted from Crismond and
Adams (2012), was similar to the educational design ladder described above by
Wrigley and Straker (2015). Along the process of design development, English also
reported that students not only became more aware of the STEM knowledge they
were using or needed to use, but also were able to make knowledge-based decisions
and explanations. Different from the “progressivism” of immersion learning that was
criticized by Gee (2005), design activity in these studies is structured and used with
specific purposes and appropriate instructional support. The positive effects of
design activities in STEM clearly require careful instructional designs with specific
theoretical perspectives. Further efforts are needed to explore both specific mecha-
nisms and pedagogical constructs for developing and using design activity to
facilitate students’ content learning and thinking development.
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Students’ Design Practices Benefited from Integrated STEM Education

Recent research suggested that the benefits of design in STEM education goes both
ways: there are mutual benefits for design and integrated STEM education. In addition
to what is discussed above that design can help students learn and develop design
thinking, integrated STEM education can also benefit students in design practices (e.g.,
English 2018; Fan and Yu 2017).

Specifically, Fan and Yu (2017) conducted a quasi-experimental study that com-
pared high school students’ learning outcomes between a group studying a STEM
engineering module and another group studying a technology education module. While
controlling for the content and other aspects of the two modules, they found that after
10 weeks of instruction, the students using the STEM engineering module significantly
outperformed the students studying the technology education module in the areas of
conceptual knowledge, higher-order thinking skills, and the engineering design project
activity. Their further analyses revealed that the key differences in the application of
design practice between these two groups included (a) their respective problem pre-
diction and (b) their analysis capabilities. The positive effect of the use of an integrative
STEM approach in high school technology education is well illustrated and document-
ed in their study. Likewise, English’s study (2018), as discussed above, demonstrated
the benefits for student learning in an integrated STEM curriculum and instruction.
Although it was not conducted as a quasi-experimental study with a comparison group
and different from Fan and Yu’s study (2017) that focused on engineering design,
English also demonstrated such benefits for students in developing their design prac-
tices and design thinking.

Embed the Development of Students’ Design Thinking Not Only in Technology

and Engineering, But Also in Mathematics and Science

One point that we would like to emphasize through this editorial is that everyone can
design both informally and formally, and not only in engineering and technology but
also in mathematics and science (i.e., change the subject fixation perception).

Designs in education research are not unfamiliar to education researchers (Burkhardt
and Schoenfeld 2003; Cobb et al. 2003), nor are experimental designs in chemistry,
physics and biology unfamiliar to scientists and science educators. We should help our
students pay close attention to the design process, idea generation and their thinking,
rather than focusing only on readily available facts and procedures.

The same applies to needed changes in viewing, teaching and learning mathematics,
a subject that is typically perceived as non-experimental and different from the other
STEM fields (e.g., English 2016). There are several ways for making such needed
changes. For example, the use of project-based learning (PBL) in the current movement
of STEM education can and should also be used in mathematics teaching and learning.
Over the past several years, Teaching Children Mathematics, a National Council of
Teachers of Mathematics (NCTM) professional publication focusing mainly on ele-
mentary mathematics teachers, has established a special section called iSTEM. It
publishes examples of investigations, projects, and instructional activities associated
with STEM, developed and used by and for teachers. For example, Orona et al. (2017)
shared an example of how standard units of measure can be understood and used in the
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context of a design-based problem solving activity. The article started with the intro-
duction of a multi-step engineering design process, then introduced how to apply it to a
problem-solving activity in a second-grade mathematics classroom. With their initial
learning of standard units of measurement and the engineering design process, students
were then challenged to conduct an investigation to create a cutout of a giant’s head to
match the giant’s hand-prints as provided. The students went through the whole process
of questioning, brainstorming, planning, constructing, improving, and sharing. Specif-
ically, students were challenged to find out the relationship between hand measurement
and body or facial features, by looking at themselves and measuring and drawing. The
process built on and expanded their knowledge of the engineering design process and
standard units of measurement.

Indeed, design is not unique to engineering and technology. There are many other
sources and materials that have been produced and shared to demonstrate the impor-
tance and use of design and design thinking in school education. For example,
Educational Designer (see https://www.educationaldesigner.org/ed/) is an
international free e-journal specifically on design and development in education. It
was established in 2008 by the International Society for Design and Development in
Education with the goal of promoting excellence in the research-based design, devel-
opment, and evaluation of educational materials in the fields of mathematics, science,
engineering, and technology. With the participation of mathematics educators in this
society and journal, readers can find resources related to design in mathematics
education in curriculum, instruction, research, and professional development.

Coda

It becomes clear and important to us, in school education, to take a broad perspective
on design and design thinking and not restrict design as only belonging to professional
fields such as architecture and engineering. While the introduction of engineering and
technology in school education helped us to realize the importance of design and design
thinking, it is at least as important for us to rethink how traditional school subjects like
mathematics and science can and should be taught and learned. Design is not only a
noun, but also a verb that can help bring changes to what school education can offer to
our students. There is a rapidly growing number of studies, such as those we discussed
above, that document how STEM education is well positioned to provide diverse
opportunities to benefit students’ learning and design practices.

At the same time, design thinking, as a model of thinking, is important for every student
to develop and have in the twenty-first century. Given the fact that previous studies mainly
focused on professional designers and engineers’ cognition, studies on students’ design
thinking and its development are still limited. Existing studies have illustrated that this is a
rich and fruitful area for scholarly discussion and research (e.g., Kavousi et al. 2019; Strimel
et al. 2019; Wind et al. 2019). Systematic studies on students’ design thinking and its
development, especially in and through STEM education, would help provide important
foundations for developing sound educational programs and instruction. This journal
encourages submission of related research on design and design thinking in STEM educa-
tion, a frontier in STEM education research that calls for new and robust scholarship (Li
2018).
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